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Preface to the Second Edition

The four hundred problems in the first edition of this book were largely
based on the original collection of exercises in my Springer Graduate Text
A First Course in Noncommutative Rings, ca. 1991. A second edition of this
ring theory text has since come out in 2001. Among the special features of
this edition was the inclusion of a large number of newly designed exercises,
many of which have not appeared in other books before.

It has been my intention to make the solutions to these new exercises
available. Since Fzxercises in Classical Ring Theory has also gone out of
print recently, this seemed a propitious time to issue a new edition of our
Problem Book. In this second edition, typographical errors were corrected,
various improvements on problem solutions were made, and the Comments
on many individual problems have been expanded and updated. All in all,
we have added eighty-five exercises to the first edition, some of which are
quite challenging. In particular, all exercises in the second edition of First
Course are solved here, with essentially the same reference numbers. As
before, we envisage this book to be useful in at least three ways: (1) as
a companion to First Course (second edition), (2) as a source book for
self-study in problem-solving, and (3) as a convenient reference for much
of the folklore in classical ring theory that is not easily available elsewhere.

Hearty thanks are due to my U.C. colleagues K. Goodearl and H.W.
Lenstra, Jr. who suggested several delightful exercises for this new edition.

While we have tried our best to ensure the accuracy of the text, occa-
sional slips are perhaps inevitable. I'll welcome comments from my read-
ers on the problems covered in this book, and invite them to send me
their corrections and suggestions for further improvements at the address
lam@math.berkeley.edu.

Berkeley, California T.Y.L.
01/02/03
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Preface to the First Edition

This is a book I wished I had found when, many years ago, I first learned
the subject of ring theory. All those years have flown by, but I still did not
find that book. So finally I decided to write it myself.

All the books I have written so far were developed from my lectures;
this one is no exception. After writing A First Course in Noncommutative
Rings (Springer-Verlag GTM 131, hereafter referred to as “FC”), I taught
ring theory in Berkeley again in the fall of 1993, using F'C as text. Since the
main theory is already fully developed in FC, I asked my students to read
the book at home, so that we could use part of the class time for doing the
exercises from F'C. The combination of lectures and problem sessions turned
out to be a great success. By the end of the course, we covered a significant
portion of FC and solved a good number of problems. There were 329
exercises in F'C; while teaching the course, I compiled 71 additional ones.
The resulting four hundred exercises, with their full solutions, comprise this
ring theory problem book.

There are many good reasons for a problem book to be written in ring
theory, or for that matter in any subject of mathematics. First, the solutions
to different exercises serve to illustrate the problem-solving process and
show how general theorems in ring theory are applied in special situations.
Second, the compilation of solutions to interesting and unusual exercises
extends and completes the standard treatment of the subject in textbooks.
Last, but not least, a problem book provides a natural place in which to
record leisurely some of the folklore of the subject: the “tricks of the trade”
in ring theory, which are well known to the experts in the field but may not
be familiar to others, and for which there is usually no good reference. With
all of the above objectives in mind, I offer this modest problem book for
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the use and enjoyment of students, teachers and researchers in ring theory
and other closely allied fields.

This book is organized in the same way as FC, in eight chapters and
twenty-five sections. It deals mainly with the “classical” parts of ring theory,
starting with the Wedderburn-Artin theory of semisimple rings, Jacobson’s
theory of the radical, and the representation theory of groups and algebras,
then continuing with prime and semiprime rings, primitive and semiprim-
itive rings, division rings, ordered rings, local and semilocal rings, and the
theory of idempotents, and ending with perfect and semiperfect rings. For
the reader’s information, we should note that this book does not include
problems in the vast areas of module theory (e.g., projectivity, injectivity,
and flatness), category theory (e.g., equivalences and dualities), or rings of
quotients (e.g., Ore rings and Goldie rings). A selection of exercises in these
areas will appear later in the author’s Lectures on Modules and Rings.

While many problems in this book are chosen from FC, an effort has
been made to render them as independent as possible from the latter. In
particular, the statements of all problems are complete and self-contained
and should be accessible to readers familiar with the subject at hand, either
through F'C or another ring theory text at the same level. But of course,
solving ring theory problems requires a considerable tool kit of theorems
and results. For such, I find it convenient to rely on the basic exposition in
FC. (Results therein will be referred to in the form FC-(x.y).) For readers
who may be using this book independently of FC, an additional challenge
will be, indeed, to try to follow the proposed solutions and to figure out
along the way exactly what are the theorems in FC needed to justify the
different steps in a problem solution! Very possibly, meeting this challenge
will be as rewarding an experience as solving the problem itself.

For the reader’s convenience, each section in this book begins with a
short introduction giving the general background and the theoretical ba-
sis for the problems that follow. All problems are solved in full, in most
cases with a lot more details than can be found in the original sources (if
they exist). A majority of the solutions are accompanied by a Comment
section giving relevant bibliographical, historical or anecdotal information,
pointing out relations to other exercises, or offering ideas on further im-
provements and generalizations. These Comment sections rounding out the
solutions of the exercises are intended to be a particularly useful feature of
this problem book.

The exercises in this book are of varying degrees of difficulty. Some
are fairly routine and can be solved in a few lines. Others might require a
good deal of thought and take up to a page for their solution. A handful
of problems are chosen from research papers in the literature; the solutions
of some of these might take a couple of pages. Problems of this latter kind
are usually identified by giving an attribution to their sources. A majority
of the other problems are from the folklore of the subject; with these,
no attempt is made to trace the results to their origin. Thus, the lack of
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a reference for any particular problem only reflects my opinion that the
problem is “in the public domain,” and should in no case be construed as a
claim to originality. On the other hand, the responsibility for any errors or
flaws in the presentation of the solutions to any problems remains squarely
my own. In the future, I would indeed very much like to receive from
my readers communications concerning misprints, corrections, alternative
solutions, etc., so that these can be taken into account in case later editions
are possible.

Writing solutions to 400 ring-theoretic exercises was a daunting task,
even though I had the advantage of choosing them in the first place. The
arduous process of working out and checking these solutions could not
have been completed without the help of others. Notes on many of the
problems were distributed to my Berkeley class of fall 1993; I thank all
students in this class for reading and checking my notes and making con-
tributions toward the solutions. Dan Shapiro and Jean-Pierre Tignol have
both given their time generously to this project, not only by checking some
of my solutions but also by making many valuable suggestions for im-
provements. Their mathematical insights have greatly enhanced the qual-
ity of this work. Other colleagues have helped by providing examples and
counterexamples, suggesting alternative solutions, pointing out references
and answering my mathematical queries: among them, I should especially
thank George Bergman, Rosa Camps, Keith Conrad, Warren Dicks, Ken-
neth Goodearl, Martin Isaacs, Irving Kaplansky, Hendrik Lenstra, André
Leroy, Alun Morris and Barbara Osofsky. From start to finish, Tom von
Foerster at Springer-Verlag has guided this project with a gentle hand; I
remain deeply appreciative of his editorial acumen and thank him heartily
for his kind cooperation.

As usual, members of my family deserve major credit for the timely
completion of my work. The writing of this book called for no small sac-
rifices on the part of my wife Chee-King and our four children, Juwen,
Fumei, Juleen, and Dee-Dee; it is thus only fitting that I dedicate this
modest volume to them in appreciation for their patience, understanding
and unswerving support.

Berkeley, California T.Y.L.
April 1994
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Notes to the Reader

The four hundred and eighty-five (485) exercises in the eight chapters of
this book are organized into twenty-five consecutively numbered sections.
As we have explained in the Preface, many of these exercises are chosen
from the author’s A First Course in Noncommutative Rings, (2nd edition),
hereafter referred to as FC. A cross-reference such as FC-(12.7) refers to
the result (12.7) in FC. Exercise 12.7 will refer to the exercise so labeled
in §12 in this book. In referring to an exercise appearing (or to appear)
in the same section, we shall sometimes drop the section number from the
reference. Thus, when we refer to “Exercise 77 within §12, we shall mean
Exercise 12.7.

The ring theory conventions used in this book are the same as those
introduced in F'C. Thus, a ring R means a ring with identity (unless other-
wise specified). A subring of R means a subring containing the identity of
R (unless otherwise specified). The word “ideal” always means a two-sided
ideal; an adjective such as “noetherian” likewise means both right and left
noetherian. A ring homomorphism from R to S is supposed to take the
identity of R to that of S. Left and right R-modules are always assumed to
be unital; homomorphisms between modules are (usually) written on the
opposite side of the scalars. “Semisimple rings” are in the sense of Wed-
derburn, Noether and Artin: these are rings R that are semisimple as (left
or right) modules over themselves. Rings with Jacobson radical zero are
called Jacobson semisimple (or semiprimitive) rings.

Throughout the text, we use the standard notations of modern math-
ematics. For the reader’s convenience, a partial list of the notations com-
monly used in basic algebra and ring theory is given on the following pages.
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Some Frequently Used Notations

NN
3

H=ame

NN =0z
M 5
#NIN =
&

)

|A|, Card A

A\B
A—B
tr

det

(@)
Z(G)
Ce(4)
H<G
[G: H|
[K : F]
[K : D]y, [K: D],

KG
Gal(K/F)
Mg, gN
M@ N
M®r N
Hompg(M, N)
Endp (M)
soc(M)
length(M), ¢(M)
nM (or M™)
Hi R;

char R

ring of integers

integers modulo n (or Z/nZ)

field of rational numbers

field of real numbers

field of complex numbers

finite field with ¢ elements

set of n x n matrices with entries from S
symmetric group on {1,2,...,n}
alternating group on {1,2,...,n}

used interchangeably for inclusion
strict inclusions

used interchangeably for the cardinality
of the set A

set-theoretic difference

surjective mapping from A onto B
Kronecker deltas

matrix units

trace (of a matrix or a field element)
determinant of a matrix

cyclic group generated by x

center of the group (or the ring) G
centralizer of A in G

H is a normal subgroup of G

index of subgroup H in a group G

field extension degree

left, right dimensions of K 2 D

as D-vector space

G-fixed points on K

Galois group of the field extension K/F
right R-module M, left R-module NV
direct sum of M and N

tensor product of Mr and rN

group of R-homomorphisms from M to N
ring of R-endomorphisms of M

socle of M

(composition) length of M
M@ - -®M (n times)

direct product of the rings {R;}
characteristic of the ring R

opposite ring of R

group of units of the ring R
multiplicative group of the division ring D
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GL(V) group of linear automorphisms of a vector space V'

GL,(R) group of invertible n x n matrices over R

SL,(R) group of n x n matrices of determinant 1
over a commutative ring R

rad R Jacobson radical of R

Nil*(R) upper nilradical of R

Nilx(R) lower nilradical (or prime radical) of R

Nil (R) ideal of nilpotent elements in a commutative ring R

soc(gR), soc(RR) socle of R as left, right R-module

anng(S), ann,(S) left, right annihilators of the set S

kG, E[G] (semi)group ring of the (semi)group G
over the ring k

klx; 1i € 1] polynomial ring over k with (commuting)
variables {z; : i € I'}

k{z;:iel) free ring over k generated by {x; : i € I}

k[x; o] skew polynomial ring with respect to an
endomorphism o on k

klx; 6] differential polynomial ring with respect to a
derivation ¢ on k

G, G| commutator subgroup of the group G

R, R] additive subgroup of the ring R generated by
all [a,b] = ab — ba

f.g. finitely generated

ACC ascending chain condition

DCC descending chain condition

LHS left-hand side

RHS right-hand side



This page intentionally left blank



Chapter 1
Wedderburn-Artin Theory

81. Basic Terminology and Examples

The exercises in this beginning section cover the basic aspects of rings,
ideals (both 1-sided and 2-sided), zero-divisors and units, isomorphisms of
modules and rings, the chain conditions, and Dedekind-finiteness. A ring R
is said to be Dedekind-finite if ab =1 in R implies that ba = 1. The chain
conditions are the usual noetherian (ACC) or artinian (DCC) conditions
which can be imposed on submodules of a module, or on 1-sided or 2-sided
ideals of a ring.

Some of the exercises in this section lie at the foundations of noncom-
mutative ring theory, and will be used freely in all later exercises. These
include, for instance, the computation of the center of a matrix ring (Exer-
cise 9), the computation of the endomorphism ring for n (identical) copies
of a module (Exercise 20), and the basic facts pertaining to direct decom-
positions of a ring into 1-sided or 2-sided ideals (Exercises 7 and 8).

Throughout these exercises, the word “ring” means an associative (but
not necessarily commutative) ring with an identity element 1. (On a few
isolated occasions, we shall deal with rings without an identity.! Whenever
this happens, it will be clearly stated.) The word “subring” always means
a subring containing the identity element of the larger ring. If R = {0}, R
is called the zero ring; note that this is the case iff 1 =0 in R. If R # {0}
and ab=0=a=0o0r b=0, R is said to be a domain.

Without exception, the word “ideal” refers to a 2-sided ideal. One-sided
ideals are referred to as left ideals or right ideals. The units in a ring R are

! Rings without identities are dubbed “rngs” by Louis Rowen.
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the elements of R with both left and right inverses (which must be equal).
The set
UR)={a € R: a isa unit}

is a group under multiplication, and is called the group of units of R. If
R # {0} and U(R) = R\{0}, R is said to be a division ring. To verify that
a nonzero ring R is a division ring, it suffices to check that every a € R\{0}
is right-invertible: see Exercise 2 below.

All (say, left) R-modules g M are assumed to be unital, that is, 1-m =
m for all m € M.

Exercises for §1

Ex. 1.1. Let (R, +, x) be a system satisfying all axioms of a ring with iden-
tity, except possibly a + b =0+ a. Show that a + b=b+ aforalla, b € R,
so R is indeed a ring.

Solution. By the two distributive laws, we have

(a+b)(1+1)=a(l+1)+b(1l+1)=a+a+b+b,
(a+b)(14+1)=(a+bl+(a+bl=a+b+a+b.

Using the additive group laws, we deduce that a + b = b+ a for alla, b € R.

Ex. 1.2. It was mentioned above that a nonzero ring R is a division ring
iff every a € R\{0} is right-invertible. Supply a proof for this statement.

Solution. For the “if” part, it suffices to show that ab=1=—=ba =1
in R. From ab=1, we have b# 0, so bc =1 for some ¢ € R. Now left
multiplication by a shows ¢ = a, so indeed ba = 1.

Ex. 1.3. Show that the characteristic of a domain is either 0 or a prime
number.

Solution. Suppose the domain R has characteristic n # 0. If n is not a
prime, then n =niny where 1<n; <n. But then n;1#0, and
(n11)(n2l) = nl = 0 contradicts the fact that R is a domain.

Ex. 1.4. True or False: “If ab is a unit, then a,b are units”? Show the
following for any ring R:

(a) If a™ is a unit in R, then a is a unit in R.
(b) If a is left-invertible and not a right 0-divisor, then « is a unit in R.
(¢) If R is a domain, then R is Dedekind-finite.

Solution. The statement in quotes is false in general. If R is a ring that is
not Dedekind-finite, then, for suitable a, b € R, we have ab = 1 # ba. Here,
ab is a unit, but neither a nor b is a unit. (Conversely, it is easy to see that,
if R is Dedekind-finite, then the statement becomes true.)
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For (a), note that if a"c = ca™ =1, then a has a right inverse a" !¢

and a left inverse ca”™!, so a € U(R). For (b), say ba = 1. Then
(ab—1Na=a—a=0.

If a is not a right 0-divisor, then ab =1 and so a € U(R). (c) follows im-

mediately from (b).

Ex. 1.4*%. Let a € R, where R is any ring.

(1) Show that if a has a left inverse, then a is not a left 0-divisor.
(2) Show that the converse holds if a € aRa.

Solution. (1) Say ba = 1. Then ac = 0 implies ¢ = (ba)c = b(ac) = 0.
(2) Write a = ara, and assume «a is not a left O-divisor. Then a(1 —ra) =0
yields ra = 1, so a has left inverse 7.

Comment. In general, an element a € R is called (von Neumann) regular if
a € aRa. If every a € R is regular, R is said to be a von Neumann regular
ring.

Ex. 1.5. Give an example of an element z in a ring R such that Rz C zR.

Solution. Let R be the ring of 2 x 2 upper triangular matrices over a
10
0 0

k0 kE k
Rx—(o 0>, and JCR—(O O)'

Therefore, Rx C xR. Alternatively, we can take R to be any non-Dedekind-
finite ring, say with xy =1 # yx. Then xR contains 1 so xR = R, but
1 ¢ Rz implies that Rz C R = zR.

nonzero ring k, and let x = ( ) A simple calculation shows that

Ex. 1.6. Let a,b be elements in a ring R. If 1 — ba is left-invertible (resp.
invertible), show that 1 — ab is left-invertible (resp. invertible), and con-
struct a left inverse (resp. inverse) for it explicitly.

Solution. The left ideal R(1 — ab) contains
Rb(1 — ab) = R(1 — ba)b = Rb,

so it also contains (1 — ab) + ab = 1. This shows that 1 — ab is left-invertible.
This proof lends itself easily to an explicit construction: if u(1 — ba) =1,
then

b=wu(l—ba)b=ub(l—ab), so
l=1—ab+ab=1—ab+ aub(l —ab) = (1 + audb)(1 — ab).

Hence,
(1—ab)™ =1+a(l —ba)" b,

where 27! denotes “a left inverse” of z. The case when 1 — ba is invertible
follows by combining the “left-invertible” and “right-invertible” cases.
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Comment. The formula for (1 — ab)~! above occurs often in linear algebra
books (for n x n matrices). Kaplansky taught me a way in which you can
always rediscover this formula, “even if you are thrown up on a desert
island with all your books and papers lost.” Using the formal expression
for inverting 1 — z in a power series, one writes (on sand):

(1 —ab)™' =1+ ab + abab + ababab + - - -
=1+4+a(l+ba+ baba+---)b
=1+a(l —ba)"'b.

Once you hit on this correct formula, a direct verification (for 1-sided or
2-sided inverses) is a breeze.?

For an analogue of this exercise for rings possibly without an identity,
see Exercise 4.2.

Ex. 1.7. Let By,..., B, be left ideals (resp. ideals) in a ring R. Show that
R=DB;® - @ B, iff there exist idempotents (resp. central idempotents)
€1,...,e, with sum 1 such that e;e; = 0 whenever ¢ # j, and B; = Re; for
all 7. In the case where the B;’s are ideals, if R = By & - -- @ B,,, then each
B; is a ring with identity e;, and we have an isomorphism between R and
the direct product of rings By X -+ X B,. Show that any isomorphism of
R with a finite direct product of rings arises in this way.

Solution. Suppose e;’s are idempotents with the given properties, and
B; = Re;. Then, whenever

ajer + -+ ane, =0,

right multiplication by e; shows that a;e; = 0. This shows that we have a
decomposition
R=B1&---®B,.

Conversely, suppose we are given such a decomposition, where each B; is
a left ideal. Write 1 = e; + - -+ + e,, where e; € B;. Left multiplying by e;,
we get

€, = e;e1 + -+ eieln.

This shows that e; = €?, and e;e; =0 for i # j. For any b € B;, we also
have
b=bey+---+be;+ -+ bey,

so b = be; € Re;. This shows that B; = Re;. If each e; is central, B; = Re; =
e; R is clearly an ideal. Conversely, if each B; is an ideal, the above work
shows that b = be; = e;b for any b € B;, so B; is a ring with identity e;.
Since B;B; = 0 for ¢ # j, it follows that each e; is central. We finish easily

2 This trick was also mentioned in an article of P.R. Halmos in Math. Intelli-
gencer 3 (1981), 147-153. Halmos attributed the trick to N. Jacobson.
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by showing that
By x---xB, - R
defined by
(biy...,bp)—bi+--+b, €R

is an isomorphism of rings. The last part of the Exercise is now routine: we
omit it.

Ex.1.8. Let R= B; ® --- ® B, where the B;’s are ideals of R. Show that
any left ideal (resp. ideal) I of R has the form [ = I; & --- @ I,, where, for
each i, I; is a left ideal (resp. ideal) of the ring B;.

Solution. Let I; = I N B;, and write B; = Re; as in Exercise 1.7. We claim
that € I; C I is an equality. Indeed, for any a € I, we have

a=la=ea+---+eya

with e;a = ae; € I N B; = I;. Therefore, I = P I;, where I, is a left ideal
of R (and also of B;). If T is an ideal of R, clearly I, is an ideal of R (and
also of B;).

Ex. 1.9. Show that for any ring R, the center of the matrix ring M,,(R)
consists of the diagonal matrices r - I,, where r belongs to the center of R.

Solution. Let E;; be the matrix units. If r € Z(R), then
(T . I")(CLEM) = raEij = (CLE,;j)(T‘In),

sor-I, € Z(S), where S = M, (R). Conversely, consider
M = Z’I“ijE,‘j S Z(S)

From M Ey, = Erxi M, we see easily that M is a diagonal matrix. This
and M Ey; = Ex M together imply that rg, = ry forall k, I, so M =r - I,
for some r € R. Since this commutes with all a - I),(a € R), we must have
r € Z(R).

Ex. 1.10. Let p be a fixed prime.

(a) Show that any ring (with identity) of order p? is commutative.

(b) Show that there exists a noncommutative ring without identity of order

P

(c) Show that there exists a noncommutative ring (with identity) of order
P’

Solution. (a) If the additive order of 1 is p?, then R =71 is clearly

commutative. If the additive order of 1 is p, then R=7Z-1® Z - a for any

a ¢ 7Z-1, and again R is commutative.

(c) The ring of 2 x 2 upper triangular matrices over F, is clearly a non-
commutative ring with identity of order p3.
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(b) For any nonzero ring k,

- {( 1) woet

is a right ideal of My(k). Therefore, (R, +, x) satisfies all the axioms of a
ring, except perhaps the identity axiom. An easy verification shows that R
has in fact no identity. Finally,

1 0y/0 1} (0 1 thllO_OO
0 0/\o o)~ \o o "™ {0 o/lo o) ~\o o)
so R is a noncommutative “rng”. Note that, if we represent the elements of

R in the simpler form (a,b) (a,b € k), then the multiplication in R can
be expressed by

(1) (a,b)(c,d) = (ac, ad).
In particular, if k = F,, we get a noncommutative “rng” of cardinality p?.

Comment. We can define another multiplication on S = k2 by
(2) (a,b) * (¢,d) = ((a + b)e, (a + b)d) .

Then, (S, +, *) is also a noncommutative “rng”. This is just another “copy”
of (R, +, x). In fact, ¢ : S — R given by

o(a,b) = (a+ b,b)
is a “rng” isomorphism from S to R. Note that S is also isomorphic to

the “subrng” of My (k) consisting of matrices of the form (Z Z), with an

isomorphism given by (a,b) — (Z 2)

Ex. 1.11. Let R be a ring possibly without an identity. An element e € R
is called a left (resp. right) identity for R if ea = a (resp. ae = a) for every
a € R.

(a) Show that a left identity for R need not be a right identity.
(b) Show that if R has a unique left identity e, then e is also a right identity.

Solution. (a) For the “rng” R constructed in (b) of Exercise 10, any
(1,b) € R is a left identity, but not a right identity.

(b) Suppose e € R is a unique left identity for R. Then for any a,c € R,
(e +ae—a)c=c+ac—ac=c.

Therefore, e + ae — a = e, which implies ae = a (for any a € R).
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Ex. 1.12. A left R-module M is said to be hopfian (after the topologist
H. Hopf) if any surjective R-endomorphism of M is an automorphism.

(1) Show that any noetherian module M is hopfian.

(2) Show that the left regular module rR is hopfian iff R is Dedekind-
finite.

(3) Deduce from (1), (2) that any left noetherian ring R is Dedekind-finite.

Solution. (1) Let o: M — M be surjective and M be noetherian. The
ascending chain
kerao C kera? C - --

must stop, so ker o’ = ker ! for some i. If a(m) = 0, write m = af(m')
for some m’ € M. Then

0 = aai(m')) = ' ()
implies that 0 = a’(m’) = m, so a € Autr(M).

(2) Suppose rR is hopfian, and suppose ab = 1. Then z — xb defines a
surjective endomorphism « of gR. Therefore, a is an automorphism. Since

a(ba) = bab =b = «a(1),

we must have ba = 1, so R is Dedekind-finite. The converse is proved by
reversing this argument.

(3) Since rR is a noetherian module, it is hopfian by (1), so R is Dedekind-
finite by (2).

Comment. (a) In the proof of (3), a weaker ascending chain condition would
have sufficed. In fact, an endomorphism « : gR — grR is given by right
multiplication by b = a(1), and o’ is given by right multiplication by b’.
Thus, ker (') = ann,(b') and we need only assume that any left annihilator
chain

anng(b) C anng(b?) C - - -

stabilizes in order to ensure that rR is hopfian by the argument used for
(1) in the exercise.

(b) By (1) of the exercise, any left noetherian ring R has the property that
any finitely generated left R-module is hopfian. There are other classes of
rings with this property too: see the Comments on Exercises 4.16 and 20.9.
The Comment on the latter contains also a characterization of rings whose
finitely generated modules are all hopfian.

(¢) The hopfian property can also be studied in the category of groups: a
group G is said to be hopfian if any surjective endomorphism of G is an

3 In particular, R being hopfian is a left-right symmetric notion.
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automorphism. The same proof used in (1) above shows that, if the normal
subgroups of a group G satisfy the ACC, then G is hopfian. For instance, all
polycyclic groups are hopfian (see p. 394 of Sims’ book “Computation with
Finitely Presented Groups,” Cambridge Univ. Press, 1994), and all free
groups of finite rank are also hopfian (see p. 109 of the book “Combinatorial
Group Theory” by Magnus, Karrass, and Solitar, J. Wiley Interscience,
1966).

(d) One can also formulate a dual version of “hopfian,” and obtain the
notion of “cohopfian”: see Exercise 4.16 below.

Ex. 1.13. Let A be an algebra over a field £ such that every element of A
is algebraic over k.

(a) Show that A is Dedekind-finite.

(b) Show that a left 0-divisor of A is also a right O-divisor.

(c) Show that a nonzero element of A is a unit iff it is not a 0-divisor.

(d) Let B be a subalgebra of A, and b € B. Show that b is a unit in B iff
it is a unit in A.

Solution. Consider any nonzero element b € A, and let
apb” + -+ and™ =0 (a; €k, ap #0# am,n >m)
be a polynomial of smallest degree satisfied by b. If m > 0, then
c=a,b" 14+ 4 anbmt£0,

and we have c¢b = bc = 0. In this case, b is both a left 0-divisor and a right
0-divisor. If m = 0, then, for

d=a,b" '+ +a,

we have db = bd = —ag € k*. In this case, b is a unit in A. This gives (a),
(b) and (c). If b € B is as in (d) and b is a unit in A, the above also shows
that

bt =—ay'd € k] C B.

Comment. An algebra satisfying the hypothesis of this exercise is called an
algebraic algebra over k. For other interesting properties of such an algebra,
see Exercises 12.6B, 13.11, and 23.6(2).

Ex. 1.14. (Kaplansky) Suppose an element a in a ring has a right inverse
b but no left inverse. Show that a has infinitely many right inverses. (In
particular, if a ring is finite, it must be Dedekind-finite.)

Solution. Suppose we have already constructed n distinct right inverses
b1, ..., by, for a. We shall show that there exist at least n + 1 distinct right
inverses for a. Indeed, consider the elements

¢i=1-bia (1<i<n),
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which have the property that
ac; = a(l — b;a) = 0.

If ¢; = ¢j, then b;a = bja, and right multiplication by b; shows that b; = b;.
This shows that ci,...,c, are distinct. Also, each ¢; # 0, since a has no
left inverse. Therefore,

{bl,bl +Cl7...,b1 +Cn}
are n + 1 distinct right inverses for a.

Alternative Solution. Consider the elements
dj = (1 —=ba)a’ (j>1),

which have the property that ad; = 0. We claim that the d;’s are distinct.
Indeed, if d; = d; for some ¢ > j, then, right multiplying (1—ba)a’ = (1 —
ba)a? by b, we get

(1—ba)a"™7 =1 —ba (since a’b/ =1).

But then o
[(1 —ba)a" 7~ +bla =1,

a contradiction. Since the d;’s are distinct, {d; +b:j > 1} is an infinite
set of right inverses for a.

Comment. The first solution above is essentially that given in C.W. Bitzer’s
paper, “Inverses in rings with unity,” Amer. Math. Monthly 70 (1963),
315. As for the second solution, a more elaborate construction is possible.
Given ab =1 # ba in a ring, Jacobson has shown that the elements e;; =
bi(l — ba)aj give a set of “matrix units” in the sense that e;; ew = ;i ea
(where §;;, are the Kronecker deltas). For more details, see F'C-(21.26).

Ex. 1.15. Let A = C[z; 0], where o denotes complex conjugation on C.
(a) Show that Z(A) = R[z?].

(b) Show that A/A - (22 + 1) is isomorphic to H, the division ring of real
quaternions.

(c) Show that A/A - (x* 4 1) is isomorphic to My (C).

Solution. (a) Here A is the ring of all “skew polynomials” Y a;2? (a; € C),
multiplied according to the rule xa = o(a)z for a € C. Since 02 = 1,

r?a = 0*(a)2® = ax® forall acC.

This shows that R[z?] C Z(A). Conversely, consider any f = a,a" €
Z(A). From fa = af, we have a,0"(a) = aa, for all a € C. Setting a = i,
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we see that a, = 0 for odd r. Therefore, f = 3" ass2?. From fz = xf, we
see further that o(ass) = ass, so f € Rlx?].

(b) Since 22 +1 € Z(A), A- (22 + 1) is an ideal, so we can form the quo-
tient ring

A=A/A- (22 +1).
Expressing the ring of real quaternions in the form H = C & Cj, we can
define p : A — H by ¢(x) = j, and ¢(a) = a for all a € C. Since ja = o(a)j
in H for any a € C, ¢ gives a ring homomorphism from A to H. This induces
a ring homomorphism % : A — H, since ¢(2? + 1) = j2 + 1 = 0. In view of

Pla+bxr) =a+bj (for a,b € C),
is clearly an isomorphism.

9
(c) Changing notations, we write here A = A/A - (z* + 1). Define ¢ : A —
M (C) by

o= (1 §) wd wl@=(

£ G )€ P)- (5 96 )

¢ gives a ring homomorphism from A to My(C). Again, ¢ induces a ring
homomorphism @ : A — My (C), since

. 0 i\" i 0\’
ez +1) = 10 +1= 0 i +I=0.

By a straightforward computation, for by, ¢ € R:

3
'3 (Z (br + iCk)xk>

k=0

S 2
Q
—
S
N~—

Since

[ bo+coi +i(by + cai)  —(b3 +ic3) +i(by + 1)
a bl - Cli + Z(b3 - C3i) bo - iCo + Z(bg — Cgi) '

Clearly, this is the zero matrix only if all by, ¢ = 0. Therefore, ¥ is one-
one. Since @ is an R-homomorphism and both A and My (C) have dimension
8 over R, it follows that ¥ is an isomorphism. (Note that @ here is not a
homomorphism of left C-vector spaces, since @ is not the identity map from
C C AtoCCMy(C))

Ex. 1.16. Let K be a division ring with center k.

(1) Show that the center of the polynomial ring R = Kz is k[z].

(2) For any a € K\k, show that the ideal generated by x — a in K[z] is the
unit ideal.

(3) Show that any ideal I C R has the form R - h where h € k[x].
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Solution. (1) Clearly k[z] C Z(R). Conversely, if

f=) aa' € Z(R),
then fa =af for all a € K shows that each a; € Z(K) =k, and hence
I € klz].
(2) Fix b € K such that ab # ba. Then (x —a) (the ideal generated by
x — a) contains
b(x —a) — (x —a)b=ab—ba € U(K),
so (x —a) = R.

(3) We may assume I # 0, and fix a monic polynomial of the least degree
in I. By the usual Euclidean algorithm argument, we see that I = R - h.
For any a € K, we have ha € I = R-h, so ha =rh for some r € R. By
comparing the leading terms, we see that » € K, and in fact » = a. Thus,
ha = ah for any a € K, which means that h € k[x].

Ex. 1.17. Let x,y be elements in a ring R such that Rx = Ry. Show
that there exists a right R-module isomorphism f: xR — yR such that

fl@)=y.
Solution. Define f(xr) = yr for any r € R. Note that if xr = zr’, then
z(r —r’) = 0 implies that

y(r—7r') € Re(r —1') = 0.

This shows that yr = yr’, so f is well-defined. Clearly, f is an R-module
epimorphism from xR to yR, with f(z) = y. Finally, if 2r € ker(f), then
yr =0 and we have zr € (Ry)r = 0. Therefore, f is the isomorphism we
want.

Ex. 1.18. For any ring k, let

A:{(Z Z) a+c:b+d6k}.

Show that A is a subring of My (k), and that it is isomorphic to the ring R
of 2 x 2 lower triangular matrices over k.

11
0 1

666 -6 )

We see easily that the set of these matrices is exactly A. Therefore, A is
just a “conjugate” of the subring R in the ring M (k). In particular, A = R.

Solution. Let o = < > Then a~!Ra consists of the matrices
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(We can define mutually inverse isomorphisms f: R— A and g: A — R
explicitly by
z 0\ [(z—-y z—-y—=z
f(y Z>_< vy oo oyt= )6A’ wd

a b\ _ f(a+c O
g(c d>_( c d—c)eR’
where a +c=0b+d.)

Comment. A similar construction shows that A is also isomorphic to the
ring S of 2 x 2 upper triangular matrices over k. (The fact that R = S is a
special case of Exercise 1.22(1) below.)

Ex. 1.19. Let R be a domain. If R has a minimal left ideal, show that R
is a division ring. (In particular, a left artinian domain must be a division
ring.)

Solution. Let I C R be a minimal left ideal, and fix an element a # 0 in
I. Then I = Ra = Ra?. In particular, a = ra? for some r € R. Cancelling
a, we have 1 =ra € I, so I = R. The minimality of I shows that R has no
left ideals other than (0) and R, so R is a division ring (cf. Exercise 1.2).

Ex. 1.20. Let E = Endgr(M) be the ring of endomorphisms of an R-
module M, and let nM denote the direct sum of n copies of M. Show that
Endg(nM) is isomorphic to M, (EF) (the ring of n x n matrices over E).

Solution. Say M is a right R-module, and we write endomorphisms on
the left. Let €5 : M — nM be the jth inclusion, and m; : nM — M be the
ith projection. For any endomorphism £ : nM — nM, let f;; be the com-
position m;F'e; € E. Define a map

a: Endg(nM) — M, (E)

by a(F) = (fij). Routine calculations show that « is an isomorphism of
rings.

Ex. 1.21. Let R be a finite ring. Show that there exists an infinite sequence

ny < ng < ng < --- of natural numbers such that, for any x € R, we have
xnl :3?"2 :xns = ...,

Solution. Label the elements of R as xi, xa,..., . Since there are
at most k distinct elements in the set {zi,2%,%,...}, there must exist
r1 < rg < --- such that

==
By considering {z5', z3%,...}, we see similarly that there exist a subse-

quence s1 < 83 < -+ of {r;} such that
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Repeating this construction a finite number of times, we arrive at a se-
quence ni < ng < ... such that

x'ﬂl:x?@: fOI' 1§'L§k

For the next two problems, note that an anti-isomorphism ¢ : k — k'
(from a ring k to another ring k') is an additive isomorphism with e(ab) =
e(b)e(a) for all a,b € k (and hence (1) = 1). An involution € on a ring k is
an anti-automorphism ¢ : k — k with €2 = Idj.

Ex. 1.22. For any ring k, let A =M, (k) and let R (resp. S) denote the
ring of n x n upper (resp. lower) triangular matrices over k.

(1) Show that R~ S.

(2) Suppose k has an anti-automorphism (resp. involution). Show that the
same is true for A, R and S.

(3) Under the assumption of (2), show that R, S, R°P,S°P are all isomor-
phic.

Solution. To simplify the notations, we shall work in the (sufficiently typ-
ical) case n = 3.

(1) Let E =

_ o O

0 1
1 0] and let « be the inner automorphism of A defined
0 0
):

by E (with a? =1Id4). An easy calculation shows that

a b c i h g
ald e =\|f e d
g h i c b a

In particular, « restricts to a ring isomorphism from R to S.

(2) Suppose € : k — k is an anti-automorphism (resp. involution). Compos-
ing the transpose map with € on matrix entries, we can define §p: A — A
with
a b ¢ e(a) e(d) e(g)
dold e f]=1eb) ele) elh)
g h i e(e) e(f) e()

It is easy to check that this §p is an anti-automorphism (resp. involution)
of A, and therefore so is § : = a0 §y given by

a b c (i) e(f) e(e)
dld e fl=1|eh) e
g h i
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By inspection, we see that this § restricts to anti-automorphisms (resp.
involutions) on the subrings R and S of A.

(3) follows immediately from (1) and (2). (Conversely, one can also show
that R =2 RP = k = k°P.)

Comment. In (2) above, a and 0y commute as operators on A. Thus, we
have a commutative diagram

3, ) 9, 3 9,

In particular, (R,0) and (S,0) are isomorphic “as rings with involutions,”
with isomorphism defined by «a.

Ex. 1.22A. Let R be the upper triangular ring (% §2>
2

(1) Show that every right 0-divisor in R is a left 0-divisor.
(2) Using (1), show that R is not isomorphic to its opposite ring R°P.

Solution. (1) Suppose oo = is not a left 0-divisor. Then m must

m a

0 n
. (m @\. . o 01 .

be odd, for otherwise < 0 n> is right annihilated by (0 O)' In addition,

we must have i = 1, for otherwise 7 = 0, and « would be right annihilated

1

divisor, for

_(fx Z\ (m a\ [xm zxa+7Z . _
O—(O y)(O 1)—(0 7 )zw-O,y-z-O.
(2) If R~ R°P, (1) would imply that every left O-divisor in R is a right

0-divisor. Now 3 = ((2) (1)) is a left O-divisor since (g (1)> (8 é) =0,

but
0= r zZ 2 0\ (22
“\0 ¥ 0 1) \o0

shows that 3 is not a right 0-divisor—a contradiction.

by (8 a) since ma +a € 2Z -a = 0. But then « is also not a right 0-

< W
N———
8
|
o
<Y
|
|
I
o
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Ex. 1.22B. Let R be the upper triangular ring <Zék %2
2

), where k > 2.

(1) Compute the set N of nilpotent elements of R.
(2) By comparing the left and right annihilators of N, show that R % R°P.

Solution. (1) Let A = 2Zyx C Zgx. Then <61 ZOQ) C N, since any ele-

ment in the former has kth power equal to zero. Conversely, if <m a) €

0 mn
N, then T € Zox and T € Zy must both be nilpotent, so ™ € A and 7 = 0.

This shows that N = (61 ZO2>

(2) Let B = 25~1Zy C Zow. From

2b ¢\ (z z\ (2 Ty

o o/\o g/ " \o o)
B 7Zs
0 O

G663

and the fact that k > 2, we see easily that anny(N) = <

it follows that ann,(N) = ( > On the other hand, from

B Zs
0 Zo
have |ann, (N)| = 4, and |ann,(N)| = 8. Since the nilpotent elements of R
correspond to those of R°P (under the one-one correspondence a < a°P),
this surely implies that R 2 R°P.

> . Thus we

Comment. 1 thank H.W. Lenstra, Jr. for suggesting this finite modifica-
tion of Ex. 1.22A. In later parlance (from Ch. 3), N here is exactly the
Jacobson radical of R, and ann,(N) and ann, (N) are respectively the right
and left socles of the ring R: see Ex. 4.20. We note, however, that the
assumption k > 2 is essential since, for k£ = 1, the ring R admits an invo-

lution <g Z) — (g ;) by (the solution to) Ex. 1.22, so in particular,

R = R°P, and the example no longer works.

It seems likely that, by taking k = 2 above, the ring of 16 elements
obtained in this exercise is the smallest ring R such that R 2 R°P. We
leave this matter to the curious reader.

7 7 n?Z 7
that R = S, and that these are rings with involutions.

Ex. 1.23. Forafixedn >1,let R = (Z nZ) and S = (Z Z). Show



16 Chapter 1. Wedderburn-Artin Theory

Solution. As in the solution to Exercise 22, the inner automorphism of

0 1 a b d c . . .
My (Z) defined by (1 O> sends <c d> to (b a) , S0 it restricts to a ring
isomorphism « from R to S. Next, applying Exercise 22(2) with e = Idz, we

get an involution ¢ on My(Z) sending <i Z) to <(Ci Z) By restriction,

0 defines involutions on the subrings R and S of My (Z).
Alternative Solution. Define 5 : R — R by
a b a nc
ﬁ(c d) - <b/n d)'

A direct calculation shows that § is an involution on R. An involution ~
on S can be defined similarly. Now consider the transpose map ¢t : R — S,

which is an anti-isomorphism. By composing R LA RLS , we obtain an
isomorphism o’ : R — S given by

(e a)= ()

Comment. Here, (R,J),(S,0) are isomorphic as rings with involutions
(with isomorphism defined by «), and (R, 3), (S, ) are isomorphic as rings
with involutions (with isomorphism defined by o). How about (R, J) and

(R,B)?
Ex. 1.24. Let R be the ring defined in Exercise 23, where n > 1 is fixed.
(1) Show that m € Z is a square in R iff m is a square in Z/nZ.

(2) Let R = (% 222) where p is an odd prime. Show that 2p € R?, p €

R?, but 2 € R? iff 2 is a square in Z/pZ.
Solution. (1) First suppose m is a square in R. Then
(%) mI:<a b) (a b>:<a2+bc b(2a—|—d)>
¢ d)\c d cla+d) d*+be
for some a, b, ¢, d € Z with n | b. Therefore,
m = a®+bc=a® (mod n).

Conversely, if m = a? (mod n) for some a € Z, then m = a? + nc for some
¢, and (*) holds with b =n and d = —a.

(2) Applying (1) with n =m = 2p, we see that 2p € R?. Next, we apply
(1) with n = 2p and m = p. Since

P’ —p=plp—1) € 2PZ,
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p is a square in Z/2pZ, so p € R?. Finally, we apply (1) with n = 2p and
m = 2. By (1), 2 € R? iff 2 is a square in Z/2pZ. Since

Z]2p7 = 7./27 x L] pZ,
this holds iff 2 is a square in Z/pZ.

Ex. 1.25. (Vaserstein) Let a, b, ¢ be such that ab+ ¢ =1 in a ring R. If
there exists « € R such that a + cx € U(R), show that there exists y € R
such that b+ yc € U(R).

Solution. Write u = a + cx € U(R). We claim that the element y : = (1 —
br)u~! works, i.e.

v:=b+ (1 —-bx)u"tcc UR).
To see this, note that

ve =bx+ (1 —bx)u " (u—a)=1-(1—-bzx)u'a,
ve(l —ba) =1 —ba — (1 — bx)u'a(l — ba)
=1—ba—(1-bx)u'(1—ab)a
=1-[b+1—-bx)u"da=1-va.
Therefore, for
w:=a+z(l—ba),
we have vw = 1. We finish by showing that wv =1 (for then v € U(R)).
Note that
wb = ab+ xb(1 — ab) = ab + zbc,
w(l —bx) = a+ x(1 — ba) — abx — xbex
=a+ (1 —ab)x — xzb(a + cx)
=a+ cx — xbu,

w(l — bz)u"te = ¢ — zbe.
Adding the first and the last equation yields wv = ab+ ¢ = 1, as desired.

Comment. This interesting exercise is a special case of a result of L.N.
Vaserstein in algebraic K-theory (see his paper “Stable rank of rings and
dimensionality of topological spaces”, Funct. Anal. Appl. 5 (1971), 102
110). The above solution is an adaption of Vaserstein’s proof, taken from
K.R. Goodearl’s paper “Cancellation of low-rank vector bundles,” Pac. J.
Math. 113 (1984), 289-302. To put this exercise in perspective, we need
the following definition from §20: A ring R is said to have “right stable
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range 17 if, whenever aR 4+ cR = R, the coset a + c¢R contains a unit. “Left
stable range 1”7 is defined similarly, using principal left ideals. The exercise
above implies that these two conditions are in fact equivalent!

Ex. 1.26. For any right ideal A in a ring R, the idealizer of A is defined
to be

Ir(A)={reR: rAC A}.

(1) Show that Iz(A) is the largest subring of R that contains A as an ideal.
(2) The ring Er(A) :=1Ir(A)/A is known as the eigenring of the right
ideal A. Show that Eg(A) = Endg(R/A) as rings. (Note that, in a way,
this “computes” the endomorphism ring of an arbitrary cyclic module over
any ring.)

Solution. (1) It is straightforward to check that Ig(A) is a subring of R.
Since A-AC A, ACIgr(A). Clearly A is an ideal in Iz(A). Conversely,
if A is an ideal in some subring S C R, then r € S implies 7A C A, so
r € Ir(A). This shows that S C Ig(A).

(2) Define A :Ig(A) — Endg(R/A) by taking A(r) (r € Ig(A)) to be left
multiplication by 7. (Since 74 C A, \(r) is a well-defined endomorphism of
the module (R/A)g.) Now A(r) is the zero endomorphism iff rR C A, that
is, r € A. Since A is a ring homomorphism, it induces a ring embedding
Er(A) — Endg(R/A). We finish by showing that this map is onto. Given

¢ € Endg(R/A), write ¢(1) = 7, where r € R. Then

@) =p(l-z)=T-2=T

for any « € R. In particular, for = € A, we see that ra € A, so r € [r(A),
and we have p = A(r).

(It is of interest to note that, in case A is a mawximal right ideal of R,
then (2) coupled with Schur’s Lemma FC-(3.6) implies that the eigenring
Er(A) is a division ring.)

Ex. 1.27. Let R = M, (k) where k is a ring, and let A be the right ideal of
R consisting of matrices whose first r rows are zero. Compute the idealizer
Ir(A) and the eigenring Eg(A).

Solution. Write a matrix § € R in the block form (: i), where

x € M,.(k), and similarly, write a € A in the block form a = (2 2) Since

e 9CY-(2 7).
z w u v wu  wv
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the condition for SA C A amounts to y = 0. Therefore, Ig(A) is given by
the ring of “block lower-triangular” matrices { (z 3}) } Quotienting out

the ideal { <2 g) }, we get the eigenring Er(A) = M,.(k).

Ex. 1.28. Do the same for the right ideal A = xR in the free k-ring R =
k(x,y), and for the right ideal A = xR where =i + j + k in the ring

R=Z&Zi®Zj® Lk
of quaternions with integer coefficients.

Solution. (1) Let R = k(x,y) and A = zR. For r € R, we have r € Iz(A)
iff r-x € xR. Writing r = rg + r1 where r( is the constant term of r, we
see that

r-x=ror+nriz €xR iff r €xR.

This shows that Ig(A) = k + =R, from which we get
Er(A) = (k+zR)/zR = k.

(2) Let R=ZDZi®7Zj®Zk and A=2xR, where © =i+ j+ k. Since
2 = —3, we have 3R C xR. Writing “bar” for the projection map R —
R = R/3R, we check easily that the right annihilator of Z in R has 9 ele-
ments. Since |R| = 3%, it follows that

(%) [R:zR]=|[R:ZR] =81/9=0.
Now zR is not an ideal in R, so we have

R2DIg(xzR) D xzR+7Z 2 xR.
From (*), we see that Ig(zR) = xR + Z, and

Er(zR) =Ig(zR)/xR = Z/3Z.

The next two exercises on idealizers are based on observations of
H. Lenstra and the author.

Ex. 1.29A. For a right ideal A in a ring R, let S = Iz(A) be the idealizer
of A. Among the following four conditions, show that (1), (2) are equivalent,
and (3), (4) are equivalent:

(1) End(gs(R/A)) is a commutative ring.

(2) A is an ideal of R, and R/A is a commutative ring.

(3) A is a maximal right ideal and R/A is a cyclic left S-module.

(4) Ais an ideal of R, and R/A is a division ring.
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Solution. (2) = (1). Here, S = R since A is an ideal. Thus,
End(s(R/A)) = End(r(R/A)) = End(gr/a(R/A)) = R/A,
which is (by assumption) a commutative ring.

(1) = (2). For r € R, let p, denote right multiplication by r on R/A.
This is meaningful since R/A is a right R-module, and we have p, €
End(s(R/A)). Thus, for any r, v’ € R, (1) yields an equation p,p, = pypr-.
Applying the two sides of this equation to the coset 1+ A € R/A, we get
rr’ + A =r'r + A, which clearly implies (2).

(4) = (3) is clear, since S = R under the assumption (4).

(3) = (4). Under (3), (R/A)r is a simple module, so Schur’s Lemma (FC-
(3.6)) and Ex. 1.26 imply that the eigenring E := S/A is a division ring. If
s(R/A) is cyclic, R/A is a 1-dimensional left E-vector space. Since S/A is
a nonzero E-subspace in R/A, we must have S = R, from which (4) follows
immediately.

Ex. 1.29B. Let R be a ring with center C. Show that a right ideal A of
R is an ideal if any of the following holds:

(5) End(c(R/A)) is a commutative ring;
(6) R/A is a cyclic left C-module;
(7) The factor group R/A is cyclic, or isomorphic to a subgroup of Q.

Solution. Keep the notations in Ex. 1.29A. Since S D C, End(s(R/A)) is
a subring of End(¢(R/A)). Therefore, we have (5) = (1) = (2).

Next, suppose (6) holds. Then ¢(R/A) can be identified with C/I for
some ideal I of C'. Then

End(c(R/A)) 2 End(c(C/1)) =2 End(c,(C/I)) = C/I

is a commutative ring, so we have (6) = (5) = (2).

Finally, under (7), any Z-endomorphism of R/A is induced by multipli-
cation by an integer or a rational number. Since End(g(R/A)) is a subring
of End(z(R/A)), we have (7) = (1) = (2).

Comment. Note that the condition (7) can be further expanded, as there
are many other abelian groups whose endomorphism rings are commuta-
tive. These include, for instance, the Priifer p-group (the p-primary com-
ponent of Q/Z), the group of p-adic integers, etc. Therefore, if R/A is
any one of these groups, A must be an ideal of R. On the other hand, if
R/A % (Zy,)™ or Z™ (as groups) where n > 2, A need not be an ideal any
more. Easy examples are provided by Ex. 1.27 and Ex. 1.28.

Ex. 1.30. If m and m’ are maximal right ideals in a ring R, show that
the (simple) right R-modules R/m and R/m’ are isomorphic iff there exists
an element r € R\m such that rm’ C m. In this case, show that m and m’
contain exactly the same ideals of R.
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Solution. We first note the following generalization of the idea of an ide-
alizer in Ex. 1.26. If A, A" are right ideals of R, we can form the additive
group

I=IAA):={reR:rA" C A},

which contains A as a subgroup. As before, we can check easily that sending
r € I to the left multiplication by r defines a group isomorphism

A:I/A — Hompg(R/A', R/A).

It follows, therefore, that R/A =~ R/A’ as R-modules iff there exists an
element r € I such that

rR+A=R, and ra€c A= zc A

The situation becomes a lot simpler if A, A" are replaced by the maximal
right ideals m and m’. Since R/m and R/m’ are simple R-modules, they
are isomorphic iff there is a nonzero homomorphism from R/m’ to R/m.
Thus, the isomorphism criterion boils down to I(m’, m) # m; that is, there
exists an element r € R\m such that rm’ C m.

In this case, we have rR + m = R (by the maximality of m). If J is any
ideal contained in m’, then

J=(rR+m)J=rJ+mJCrm'+m=m.

By symmetry, it follows that m and m’ contain exactly the same ideals
of R. Of course, this conclusion could also have been obtained from the
observation that all ideals in m are contained in a largest one, namely, the
annihilator of the right module R/m. The extra argument given above,
however, serves to illustrate the utility of the isomorphism criterion in this
exercise.

Comment. A good example to keep in mind is R = M, (Q), with m (resp.
m’) the maximal right ideal of matrices with first (resp. second) row zero.
Here, R/m and R/m’ are both isomorphic to the (simple) right R-module
Q™. For the element r in the solution above, we can take any matrix with
a first row (0,1,0,...,0).

In general, if two maximal right ideals m, m’ in a ring R contain exactly
the same ideals of R, it does not follow that R/m = R/m’. For instance,
we can take R to be any simple ring with two nonisomorphic simple right
R-modules R/m and R/m’.

Ex. 1.31. Let I be a right ideal in a polynomial ring A = R[z1,...,z,],
where R is any ring.

(1) If I - g = 0 for some nonzero g € A, show that I - r = 0 for some nonzero
rcR.
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(2) Assume R is a commutative ring or a reduced ring, and let f € A.
If f-g =0 for some nonzero g € A, show that f-r =0 for some nonzero
r € R.

(3) Show that the conclusion of (2) need not hold if R is an arbitrary ring.

Solution. (1) We induct on n. First assume n =1 and write A = R][z].
Let g € A\{0} be of minimal degree such that I - g = 0, say g = bax? + - - -,
b#0. If d >0, then f-b#0 for some f=>,a;z" € 1. We must have
a;g # 0 for some 4 (for otherwise a;b = 0 for all ¢ and hence f - b = 0). Now
pick j to be the largest integer such that a;g # 0. From

ozf.g:(ajxj+...+a0).g7

we have ajb =0, so deg(a;g) < d. But I-(a;g) C I-g =0, which contra-
dicts the choice of g. Thus, we must have d =0 and ¢g € R.

For the inductive step, write A = B[z,], where B = R[z1,...,Zn_1].
Each polynomial f € A can be written in the form Y, h;z?, (h; € B). For
convenience, let us call the h;’s the “coefficients” of f. Assume I-g =0,
where g # 0 in A. By the paragraph above, we may assume that g € B. Let
I’ be the right ideal in B generated by all “coefficients” of the polynomials
in I. Since g does not involve x,, (and T is a right ideal), we see easily that
I-g=0=I"-g=0.By the inductive hypothesis, there exists r € R\{0}
such that I’ - r = 0. From this, we have, of course, I - r = 0, as desired.

(2) If R is commutative, we have (fA)g = fgA =0, so (1) applies. If R
is reduced, a leading term argument (plus induction) shows that A is
also reduced. Thus (gf)? = g(fg)f =0 implies that gf =0, and hence
(fAg)? = 0. It follows that (fA)g = 0, so (1) applies again.

(3) We look for a counterexample R, which, by (2), must be neither commu-
tative nor reduced. An obvious choice is a matrix ring R = My(S), where
S is a nonzero ring. Fortuitously, this does work! To see this, let f = a + bx
and g = ¢+ dz, where

~1 0 0 1 00 11
S ) B R G B O

in R. We have ac = bd = 0 € R and also

-1 -1 1 1
avie= (3 )+ (5 Doen

so fg =0 € A. However, for any r € R, f -r = 0 implies r = 0. To see this,

let r = (‘2 3) From f-r =0, we have

__(~1 0\ (p ¢ (0 1\ (P 4«
Oar<0 O>(s t)’ and Obr(o O>(s t)’

which forces p=¢=0=s=1t,sor=0¢€ R.
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Comment. (1) of this exercise is due to N. McCoy; see his paper in the
MAA Monthly 64 (1957), 28-29. In the commutative case, (2) was obtained
earlier by McCoy in the MAA Monthly 49 (1942), 286-295. Part (3) was a
problem proposed by L.G. Jones and A. Rosenberg in the MAA Monthly 57
(1950), 692. The solution above, given by L. Weiner, appeared in the MAA
Monthly 59 (1952), 336-337. Weiner also observed that the conclusion of
(2) need not hold for nonassociative (e.g. Jordan) algebras. More references
to related work in the literature were given in McCoy’s 1957 paper.

It is natural to study also the 0-divisor problem for a power series ring
B = R[[z]]. D.E. Fields proved that, if R is commutative and noetherian,
the analogue of McCoy’s result holds: if f € B is killed by some nonzero
g € B, then f is killed by some nonzero r € R; see his paper in Proc. A.M.S.
27 (1971), 427-433. An example in this paper, due to R. Gilmer, showed
that the noetherian assumption in this result cannot be removed.

Ex. 1.32. Show that, if A = R[z] where R is a commutative ring, then for
f=>,a;x" € A:

(%) f € U(A) <= ap € U(R) and a; is nilpotent for 7 > 1.
Does either implication hold for an arbitrary ring R?

Solution. The “if” part is clear since, in any commutative ring, the sum
of a unit and a nilpotent element is always a unit. For the “only if” part,
a rather slick proof using basic commutative algebra (mainly the fact that
the intersection of prime ideals in R is equal to Nil(R)) is given in FC-pp.
67-68. For the sake of completeness, let us record below a proof that uses
a “bare-hands” approach, accessible to every beginning student in algebra.

Assume that f € U(A). It is easy to see that ap € U(R). We are done if
we can show that a,, is nilpotent in case n > 1 (for then f — a,z™ is also
a unit, and we can repeat the argument). Let

I={beR:ab=0 forsomet>1}.

Say fg =1, where g = by + -+ - + b, x™ € A. We claim that b; € I for every
1. If this is the case, there exists ¢ > 1 such that aflbl- =0 for all 7, and so
at, = fal g = 0, as desired. The claim is certainly true if i = m. Inductively,
if bi11,...,b, € I, then, comparing the coefficients of 2" *% in the equation
fg =1, we have

anb; + an_1bip1 +ap—2bipo +---=0.
For s sufficiently large, we then have a5™'b; = —a,_1asb;s1 — -+ =0, so

b; € I as claimed.
Note that the proofs above showed that (x) holds as long as the a;’s
commute with each other: we don’t really need the commutativity of R.
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If the a;’s do not all commute, neither implication in (%) is true (in

general). To see this, let R = M3(.S) as in the solution to Ex. 1.31(3), where
S is a nonzero ring. For a counterexample to “=", take

11 0 0
a—(o 1)EU(R), and C_<1 O)ER.

Then, b := ca = ((1) (1)) is not nilpotent (it is a nonzero idempotent), but

since c is nilpotent,
a+bx=(1+cr)ac UA) - -UR)=TU(A).

For a counterexample to “<=", let f = a + cx, where a and c are as above.
We claim that f ¢ U(A). To see this, assume there exists an equation

(a+cx)(do+ dix+---+dpa"™) =1, where d; € R.

Comparing coeflicients of the two sides, we have

() ado=1, adi+cdy=0, ..., ad,+cdp—1 =0, and ed, =0.
Solving successively for dy, d, ..., d,, we get
do=a"', di=-a"tea™, do=a"tea tea™t, ...

that is, d; = (—1)*(a"1c)%a™! for i < n. Thus, the last equation in () gives

-1 0
—-1.\n -1,._
clate)"=0.But a e = <1 O)’SO

ator= (0 N (4 = (80,

a contradiction!

Comment. While “<=" is not true in general, there is a closely related
question on the units of A = R|z] that has remained a difficult open prob-
lem in ring theory for years: if I C R is an ideal each of whose elements is
nilpotent, is 1 + I[x] C U(A)? An affirmative answer to this question would
amount to a solution to the famous Kothe Conjecture in classical ring the-
ory: for more details on this, see Ex. (10.25) (especially statement (4)).

Ex. 1.33. Let k be a ring. Show that (1) the ring A generated over k by z,
y with the relations 2% = 0 and xy + yz? = 1 is the zero ring, and (2) the
ring B generated over k by x, y with the relations 22> = 0 and 2y +yz = 1
is isomorphic to the matrix ring My (k[t]).
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Solution. (1) Right multiplying xy + yz? = 1 by x in A, we get zyr = x.
Left multiplying the same equation by 22, we get z2yz? = 2. Therefore,
22 = x(ryx)r = 2% =0, and so 1 = 2y + yr? = xy. Left multiplying this
by z yields x = 2%y =0 and hence 1 = zy +yx? = 0 € A, proving that
A= (0).

(2) Define a ring homomorphism ¢ : B — My(k[t]) by ¢ | k = Idg, and

e =(1 o) ww=(7 3)

(It is easy to check that ¢ respects the relations 22 = 0 and zy + yz = 1
on B.) We have ¢(y?) =t - I, so

(+) p(y*") =t" I, and @y t) = (tn+1 0>'

Expressing B in the form k[y] 4+ k[y]x, we can write an arbitrary element
v € B in the form a + Bz, where a = Y a;4', and =Y by’ (with a;,
b; € k). In view of (%),

ag + ast + agt? + - - ai + ast + ast? + - - -
p(a) = 2 3 ... 2. )
ait + ast® + ast® + ag + ast + aqt” +
byt + b3t® + bst3 + - - 0
(p(ﬁx)_<bo+62t+b4t2+... 0/)°

If (y) = 0, we must have all a; = 0, and therefore all b; = 0. This shows
© is one-one. The form of the matrices above also shows that ¢ is onto, so
B = My (k[t]).

Ex. 1.34. Let a be an element in a ring such that ma = 0 = a® , where
m > 1 and r > 0 are given integers. Show that (14 a)™ = 1.

Solution. The proof is by induction on r. The case r = 0 being clear, we
assume 7 > 0. Since ma = 0, the binomial theorem gives (1 + a)™ = 1 + a?b
where b is a polynomial in ¢ with integer coefficients. Since

m(a?b) =0 and (aZb)Ti1 =a®p? =0,
the inductive hypothesis (applied to the element a?b) implies that

1

1=(1+a®)™  =[1+a)™™ =0+a)™,
as desired.
Comment. For a nice application of this exercise, see Ex. 5.11.

Ex. 1.35. Let A, B be left ideals in a ring R. Show that for any idempotent
e € R, we have the following two distributive laws:

(1) eRN(A+ B)=(eRNA)+ (eRN B), and
(2) eR+ (ANB)=(eR+ A)N (eR + B).
(3) Show that (1) and (2) no longer hold if eR is replaced by Re.
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Solution. (1) We need only prove the inclusion “C”. Let z = a + b € eR,
where @ € A and b € B. Then

r=ex=eca+ebe (eRNA)+ (eRNDB),

since ea € eRN A and eb € eRN B.
(2) Here, we need only prove the inclusion “2”. For any element x € (eR +
A)N (eR + B), we can write

r=er+a=es+b, wherer,sc€ R,ac A, and b € B.

Then ex =er4+ea=z—a+ea, so x—ex € A. Similarly, x —ex € B.
Thus,
x=ex+ (z—ex) €eR+ (AN B),

as desired.

(3) To find the desired counterexamples, take e = ((1) 8) in the matrix
ring R = M(Q), and

a=n(oo)={G D) men DG 0}

Since Re = {(Z 8) }, we have ReN A= Ren B = (0). On the other

hand, A+ B =R so ReN(A+ B) = Re. This shows that (1) does not
hold if eR is replaced by Re. Also, note that Re + A = R and Re + B = R,
so their intersection is R. On the other hand,

Re+ (AN B) = Re+ (0) = Re,

so (2) also fails if eR is replaced by Re.

§2. Semisimplicity

A left module M over a ring R is said to be semisimple if it has one of the
following equivalent properties:

(1) Every submodule N C M is a direct summand of M,
(2) M is the sum of a family of simple submodules, or
(3) M is the direct sum of a family of simple submodules.

Here, a simple module means a nonzero R-module M such that the only
submodules of M are (0) and M. Each simple (left) R-module is isomorphic
to R/m for some maximal left ideal m in R.
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A general module is “seldom” semisimple. For instance, over R = Z,
M = Z/AZ is not semisimple, since N = 2Z /47 is not a direct summand.
Over the polynomial ring R = Q[z], the module M = Q? on which x acts

. . 1 . ..
by the nilpotent matrix <8 O> (ze; =0, zeg =€) is not semisimple,

since the R-submodule N = Qe; C M is not a direct summand.

One of the most wonderful properties for a ring R to have is that all
its (say, left) modules are semisimple. In this case, R is said to be a (left)
semisimple ring. For this, it suffices to check that the left regular module p R
be semisimple (F'C-(2.5)), and there are other characterizations in terms
of projective and injective modules (FC-(2.8), (2.9)). As it turns out, the
definition of a semisimple ring is left-right symmetric (FC-(3.7)), so the
“left”, “right” adjectives may be ignored.

The exercises in this section deal with examples (and nonexamples)
of semisimple rings, and some of their ideal-theoretic properties. Of fun-
damental importance is Exercise 7 which says all “reasonable” finiteness
conditions on a semisimple module are equivalent (finite generation, finite
length, noetherian, and artinian).

Exercises for §2

Ex. 2.1. Is any subring of a left semisimple ring left semisimple? Can any
ring be embedded as a subring of a left semisimple ring?

Solution. The answer to the first question is “no”: for instance, Z is a
subring of the semisimple ring Q, but Z is not a semisimple ring. The
answer to the second question is also “no”: for instance, A = Ry X Ry X - -
(where R; are nonzero rings) cannot be embedded as a subring of a (left)
semisimple ring. Indeed, if A is a subring of a ring R, then R will have
nonzero idempotents eq, e, ... with e;e; = 0 for i # j. But then

RO Rey ® Res ®---

and this implies that R is not left noetherian (let alone left semisimple).
Similarly, if k is any nonzero ring, A = k[x1,z2, ...] with the relations

xz; =0 (for all 4, 5)

cannot be embedded in a left semisimple ring. Indeed, if A is a subring of
a ring R, then
Rxl gRl‘1+RI2 g_

(by an easy proof), and again R is not left noetherian (let alone left semisim-
ple).
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Ex. 2.2. Let {F; : i € I'} be a family of fields. Show that the direct product
R =T], F; is a semisimple ring iff the indexing set I is finite.

Solution. First suppose R is semisimple. The solution of the previous
exercise shows that I must be finite. Conversely, assume [ is finite, and
consider any ideal A C R. By Exercise 1.8, A = @, F; for asubset J C I.
Clearly, A is a direct summand of gR, so grR is a semisimple module, as
desired.

Ex. 2.3A. Determine which of the following are semisimple Z-modules
(where Z,, denotes Z/nZ):

Za Qa Q/Za Z47 Z67 ZIQ; Z2 X Z2 X Z2 Xoweey and
Z2@Z3@Z5@"', ZQXZgXZ5X-~~.
Solution. Z, Q, and Zy X Z3 X Zs X --- are not torsion abelian groups, so

they are not semisimple Z-modules. Z, is also not a semisimple Z-module,
since 2Z,4 is not a direct summand. Since Z15 and Q/Z both contain a copy
of Z4, they are also not semisimple. On the other hand, Zg = Zy & Z3 and
Zo ® 73 ® Zs @ --- are obviously semisimple. Finally, Zo X Zg X Zg X - - -
is a Zso-vector space; this makes it semisimple over Zs, and hence over Z.

Ex. 2.3B. What are the semisimple Z-modules? (Characterize them in
terms of their structure as abelian groups.)

Solution. Note that Z-modules are just abelian groups, so the simple Z-
modules are the abelian simple groups, namely, the groups Z,, where p
ranges over all prime numbers. Therefore, semisimple Z-modules are just
direct sums of copies of such Z,’s, and are, in particular torsion abelian
groups. The ideas used in working with the examples in the previous exer-
cise lead easily to a proof of the following: an abelian group A is semisimple
as a Z-module iff A is torsion and its p-primary part is killed by p for each
prime number p.

Comment. The above description of semisimple modules also holds over
any commutative principal ideal domain. (Simply replace the p’s above by
a “representative set” of the irreducible elements of the PID.)

Ex. 2.4. Let R be the (commutative) ring of all real-valued continuous
functions on [0, 1]. Is R a semisimple ring?

Solution. The answer is “no”. Indeed, assume R is semisimple. Consider
the ideal

I={feR:f(0)=0}
Then [ is a direct summand of zpR, and Exercise 1.7 implies that I = Re
for some idempotent e € I. But

e(z)? = e(x) = e(x) € {0,1}
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for any x € [0,1]. Since e(0) =0, continuity of e forces e to be the 0-
function, so I = 0; a contradiction.

Alternative Solution. Consider the ideals

In:{feR:f([l/nvl]):()}’

where n > 1. It is easy to see that I} 2 Iy D ---, so R is not an artinian
ring. In particular, R is not semisimple.

Ex. 2.5. Let R be a (left) semisimple ring. Show that, for any right ideal
I and any left ideal J in R, IJ=1INJ.If I, J, K are ideals in R, prove
the following two distributive laws:

INJ+K)=(INnJ)+(INK),
I+(JUNK)=(I+J)n(I+K).

Solution. First, it is clear that IJ C I and IJ C J, so IJCINJ. To
prove the reverse inclusion, write J = Rf where f = f2 € J (cf. Exercise
1.7). For any a € INJ, write a =rf € I, where r € R. Thena=rf- f €
1J, as desired. Assuming that I, J, K are ideals, we have

INJ+K)=IJ+K)=1IJ+IK=(UnJ)+(INK),
I+ NHNUI+K)=I+J)I+K)=I+JK=I+(JNK).

Comment. The property IJ = I N J in the first part of the Exercise turns
out to characterize von Neumann regular rings: see Exercise 4.14 below.
The fact that semisimple rings are von Neumann regular is explicitly noted
in FC-(4.24).

In this exercise, if we assume the (equivalent) fact that R is right
semisimple, then any right ideal I C R has the form eR for some idem-
potent e € R. Thus, according to Ex. 1.35, the two distributive laws above
already hold for any right ideal I and left ideals J, K in R.

Ex. 2.6. Let R be a right semisimple ring. For z,y € R, show that Rx =
Ry iff x = uy for some unit u € U(R).

Solution. If x = uy where u € U(R), then Rz = Ruy = Ry. Conversely,
assume Rz = Ry. By Exercise 1.17, there exists a right R-isomorphism
f :yR — xR such that f(y) = x. Write

Rr=yR®A=2R® B,

where A, B are right ideals. By considering the composition factors of
Rpg, yR and xR, we see that A = B as right R-modules. Therefore, f can be
extended to an automorphism g of Rr. Letting u = g(1) € U(R), we have

= f(y) = g(y) = g(ly) = uy.
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Comment. The conclusion of the Exercise is false in general if R is not a
(right) semisimple ring. For instance, if R is a non-Dedekind-finite ring with
elements z, z such that zx = 1 # xz, then Rx = R1 since Rx contains zz =
1, but x # ul for any v € U(R). However, the conclusion of the Exercise
is true if R is a domain: if we write x = uy and y = vz for u, v € R, then
(assuming x # 0), © = uwvz implies uv = 1, and similarly y = vuy implies
vu = 1. Thus, u € U(R).

Ex. 2.7. Show that for a semisimple module M over any ring R, the
following conditions are equivalent:

(1) M is finitely generated;

(2) M is noetherian;

(3) M is artinian;

(4) M is a finite direct sum of simple modules.

Solution. (1) = (4). Let M = P,.; M; where the M;’s are simple mod-
ules. If M is generated by my,...,m,, we have {m1,...,m,} C @, ; M;
for a finite subset J C I. Therefore, M = @, ; M; (which of course implies
that J =I).

(4) = (2) = (1) and (4) = (3) are trivial, so we are done if we can show
(3) = (4). Let M = @, ; M; as above. If I is infinite, this decomposition of
M would lead to a strictly descending chain of submodules of M. Therefore,
I must be finite, and we have (4).

Ex. 2.8. Let M be a semisimple (say, left) module over a ring. Let {V; :
i € I't be a complete set of nonisomorphic simple modules which occur
as submodules of M. Let M, be the sum of all submodules of M which
are isomorphic to V;. It is easy to show that M = @z M;: the M;’s are
called the isotypic components of M. In the following, we assume that each
M; is finitely generated. By Exercise 7, this means that each M; = m;V;
for suitable integers m;. Let IV be any submodule of M. Show that N =
P, n;V; for suitable n; < m;, and that M/N = &, (m; — n;)V;.

Solution. Write N = €, N;, where the N;’s are the isotypic components
of N. Then N; C M;, so we have N; = n,;V; for some n; < m;. By the
Jordan-Hélder Theorem, M;/N; = (m; — n;)V;. Therefore, we have N &
P, n;V; and
M/N = P (Mi/N;) = @B (mi — ni)Vi.
i i

Comment. The exercises above can be equivalently stated in the form of a
cancellation theorem: If N ® K = N' ® K’ is a semisimple module whose
isotypic components are all finitely generated, then N = N' implies that
K =~ K'. Note that the finiteness assumption is essential to such a cancel-

lation. For instance, if
M = V1 fan) V1 D ,
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the isomorphism type of a submodule N C M is certainly not sufficient to
determine the isomorphism type of M/N. (For N = M, M/N = 0; but for

N’ZOEBVl@Vl@"‘,

M/N' = V. And yet N = N'.) For another cancellation result not requiring
any semisimplicity assumption, see Exercise 20.2 below.

Ex. 2.9. Let U, V be modules over a commutative ring R. If U or V is
semisimple, show that U ® g V' (viewed as an R-module in the usual way)
is also semisimple. How about the converse?

Solution. For the first statement, it suffices to handle the case where V'
is semisimple. Since tensor product distributes over direct sums, we may
further assume that V' is simple, say V' = R/m where m is a maximal ideal
of R.But thenm - (U ®g V) =0, s0 U ®p V is a vector space over the field
R/m. Thus, U @ V is semisimple over R/m, and also over R.

The converse statement does not hold in general. For instance, Z4 and
Zg are not semisimple over Z, but Z4 ® Zg = 0 is.

Comment. Information on another kind of tensor products (over group
rings) is available from Ex. 8.29 and Ex. 8.30.

Ex. 2.10. Let U, V be semisimple modules over a commutative ring. Is
Hompg (U, V) (viewed as an R-module in the usual way) also semisimple?

Solution. If one of U, V is finitely generated, the answer is “yes”, by the
same argument given in the solution to Ex. 2.9. In general, however, the
answer is “no”, as we can show by the following example over R = 7Z. Take
U=V = @p Z,, where p ranges over all primes. Let € € E := Homg(V,V)
be the identity map from V to V. We claim that € has infinite additive
order in E (which certainly implies that E is not a semisimple Z-module).
For any natural number n, take a prime p > n. Then

=

(n-£)(0,...,1,0,...)=(0,...,7m,0,...) #0
if the T appears in the coordinate corresponding to Z,. Therefore, n - £ #
0 € FE, as claimed.

Ex. 2.11. If gV is a simple module over a commutative ring R, show that
any direct product of copies of V' is semisimple. Does this hold over an
arbitrary ring R?

Solution. Representing V' in the form R/m where m is a maximal ideal
of R, we can solve the first part as in the solution to Ex. 2.9. However,
the same conclusion does not hold (in general) without the commutativity
assumption. To produce a counterexample, let V' be a right vector space
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over a division ring D with a basis {e1, es, ... }, and let R = End(Vp). Then
V' is a simple left R-module. The map

p: RR— P:=V xV x ... defined by ¢(r) = (rej,res,...)

is easily checked to be an R-module isomorphism. In particular, grP is
cyclic. On the other hand, rP is obviously not noetherian, so it is not
semisimple (by Ex. 7).

As a matter of fact, we can also easily name a nonsplit submodule of
P. The direct sum V&V & --- is nonsplit in P since it is not finitely
generated, whereas a direct summand of P must be cyclic.

Comment. If we think of R as the ring of column-finite N x N matrices over
D, the isomorphism ¢ corresponds to the decomposition of this matrix
ring into a direct product of its “column spaces”. Such a decomposition
is quite useful. For instance, it explains why rR is not Dedekind-finite
(rRR®V = gR),and it is also applicable toward Ex. 3.14. For more precise
information on direct products of simple (and semisimple) modules, see the
two later exercises Ex. 20.13 and Ex. 20.14.

Ex. 2.12. Let V be a left R-module with elements ey, e, . .. such that, for
any n, there exists r € R such re,,re,11, ... are almost all 0, but not all 0.
Show that S: =V @&V @& --- is not a direct summand of P:=V x V x ---
(so in particular, P is not a semisimple R-module).

Solution. This exercise is directly inspired by the last part of the solution
to the previous exercise. Assume that P =5 @ T for some R-submodule
T C P. Write

(61,62,...):(81,52,...)+(t1,t2,...)

where (s1,82,...) €S, and (t1,t2,...) € T. Then the exists an index n
such that ¢; = e; for all ¢ > n. Let r € R be such that re,,re,t1,... are
almost all 0 but not all 0. Then

T(t1, ooty tngty o) = (Ft1, .o Ttp_1, 7€, T€nt1, ... ) £ 0

lies in S as well as in T', a contradiction.

83. Structure of Semisimple Rings

The exercises in this section are mostly based on the Wedderburn-Artin
Theorem, which classifies the semisimple rings. According to this theorem,
a ring R is semisimple iff

R=M,, (D) x --- x M, (D,),
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where the D,’s are division rings. Here, r is the number of distinct iso-
morphism types of the simple left R-modules, say, My, ..., M,; n; is the
number of times M, occurs as a composition factor in gR; and D; is the
endomorphism ring of M;, defined as a ring of right operators on M;.

Each semisimple ring is uniquely decomposed into a direct sum of its
simple components. The simple components which can occur are precisely
the artinian simple rings, or equivalently, simple rings which have minimal
left ideals. (Recall that a ring S is simple if S # 0 and the only ideals
in S are (0) and S.) In general, there are many nonartinian simple rings.
Various examples are given in F'C-§3, but a general theory for such rings
is decidedly beyond our reach.

Many exercises in this section are folklore in the subject, e.g. the Dou-
ble Annihilator Property (Exercise 12) and the Dedekind-finiteness (Ex-
ercise 10) of a semisimple ring. Especially recommended is Exercise 6A,
which says that if gM is a semisimple module, then so is Mg where
E = End(gM). This is easy when rM is finitely generated (for then the
ring F is semisimple), but quite a bit more tricky in general. Exercises 14,
15 and 16 offer useful basic information on the ring of linear transformations
on a (possibly infinite-dimensional) vector space over a division ring.

In two additional exercises ((21) and (22)), we sketch a computation
for the smallest number of elements p(M) needed to generate a finitely
generated module M over a semisimple ring. The fact that the expression
for (M) (in the artinian simple ring case) involves Knuth’s “ceiling func-
tion” of the composition length is a bit of a surprise to beginners in module
theory. It certainly serves warning that everything is not the same as for
vector spaces over fields!

Exercises for §3

Ex. 3.0. Show that, if M is a simple module over a ring R, then as an
abelian group, M is isomorphic to a direct sum of copies of Q, or a direct
sum of copies of Z, for some prime p.

Solution. By Schur’s Lemma (FC-(3.6)), the R-endomorphism ring of M
is a division ring D. Let F' be the prime field of D. We may view M as a
D-vector space, so M is also an F-vector space. As such, M is isomorphic
to a direct sum of copies of F. This gives the desired conclusion since we
have either F' = Q, or F' = Z, for some prime p.

Comment. The solution above offers perhaps the best “conceptual view” of
this exercise. However, a direct proof not using Schur’s Lemma is possible
too. One observes that, if M has p-torsion for any prime p, then pM =
0; otherwise, argue that pM = M for any prime p so M is a torsionfree
divisible group. These remarks quickly lead us to the desired conclusions.
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Ex. 3.1. Show that if R is semisimple, so is M, (R).
Solution. Let R = [[;_, M, (D;), where the D;’s are suitable division
rings. Then
Mn(R) = HMn(Mm (Dz)) = HMnm(DZ),

which is a semisimple ring.
Ex. 3.2. Let R be a domain. Show that if M, (R) is semisimple, then R
is a division ring.
Solution. Consider any chain Iy D Iy O --- of left ideals in R. Then
M, (I1) 2 Mp(l2) 2 -+

is a chain of left ideals in M, (R), so it must become stationary. This implies
that I; O I O - - - also becomes stationary, so R is left artinian. By Exercise
1.19, R must be a division ring.

Ex. 3.3. Let R be a semisimple ring.

(a) Show that any ideal of R is a sum of simple components of R.

(b) Using (a), show that any quotient ring of R is semisimple.

(c) Show that a simple artinian ring S is isomorphic to a simple component
of R iff there is a surjective ring homomorphism from R onto S.

Solution. (a) follows directly from Exercise 1.8.

(b) Write R = Ry X --- X R, where the R;’s are the simple components of
R. Consider any quotient ring R/I of R. After a reindexing, we may assume
that I = Ry @ --- ® R, for some s < r. Therefore,

R/I®Rsy1 XX R,
is a semisimple ring.

(¢) If S= R;, we can find a surjective ring homomorphism from R to S
by utilizing the ¢th projection of R = Ry X --- X R,.. Conversely, suppose
¢ : R — S is a surjective ring homomorphism. After a reindexing, we may
assume that

ker(p) =Ry X -+ x R._1.

Therefore, S = R/ ker(p) = R,.

Comment. The solution to (c) shows that it remains true if we replace the
words “simple artinian” by “indecomposable”. (A nonzero ring is said to
be indecomposable if it is not the direct product of two nonzero rings.)

Ex. 3.4. Show that the center of a simple ring is a field, and the center of
a semisimple ring is a finite direct product of fields.
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Solution. Suppose R is a simple ring, and let 0 # a € Z(R). Then Ra is
an ideal, so Ra = R. This implies that a € U(R). But clearly a=! € Z(R),
so Z(R) is a field. Next, assume R is a semisimple ring, and let

R =[] M., (D)
i=1
where the D;’s are division rings. By Exercise 1.9,
Z2(D) =[] 2 M. (D) = ] Z(Dy),

where the Z(D;)’s are fields.

Comment. It follows in particular from this exercise that the center of
a (semi)simple ring is (semi)simple. For results on the centers of other
classes of rings, see Exercises 5.0 (J-semisimple rings), 10.0 (prime rings),
10.1 (semiprime rings), 11.11 (primitive rings), 19.6 (local rings), 20.12
(semilocal rings), 21.7 (von Neumann regular rings), and 21.25 (artinian
and noetherian rings).

Ex. 3.5. Let M be a finitely generated left R-module and E = End(gM).
Show that if R is semisimple (resp. simple artinian), then so is E.

Solution. First assume R is semisimple, and let Sy, ..., S, be a complete
set of simple left R-modules. Then

M:MIEB"'@MT7

where M; is the sum of all submodules of M which are isomorphic to S;.
Since M is finitely generated, M; = n;S; for suitable integers n;. Therefore,

EndgM = [[EndgM; = [[ M, (EndrS;)

by Exercise 1.20. By Schur’s Lemma, all EndgS; are division rings, so
Endr M is semisimple. If, in fact, R is simple artinian, we have r =1 in
the calculation above. Therefore, Endg M = M,,, (EndgS;) is also a simple
artinian ring.

Comment. In the case where rp M is not finitely generated, E is no longer

semisimple. However, it turns out that M is always finitely generated over
E: see Ex. 11.6*.

Ex. 3.6A. Let M be a left R-module and E = End(gM). If gM is a
semisimple R-module, show that Mg is a semisimple E-module.
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Solution. Every nonzero element m of M can be written as my + - -+ + m,,
where each Rm; is simple. We claim that each m; E is a simple E-module.
Once this is proved, then m is contained in the semisimple F-module
> m;E, and we are done. To show that m;E is a simple EF-module, it
suffices to check that, for any e € F such that m;e # 0, m;eE contains m;.
Consider the R-epimorphism ¢ : Rm; — Rmje given by right multiplica-
tion by e. Since Rm; is simple, ¢ is an isomorphism. Let ¢ : Rm;e — Rm;
be the inverse of ¢, and extend ¢ to an f € E. (We can take f to be zero,
for instance, on an R-module complement of Rm;e.) Now

mief = (mge)p = (mie)go_1 =m;,

as desired.

Comment. This exercise came from Chevalley’s book “Fundamental Con-
cepts of Algebra” (Exercise 27 on p. 133). The hint to that exercise sug-
gested a reduction to the case when the semisimple R-module M is “iso-
typic” (i.e. a sum of copies of a simple module). In this case, Chevalley
claimed that Mp is a simple module. This is, unfortunately, incorrect. For
instance, if k is any division ring, R = M, (k), and M is the unique simple
left R-module, then rM is certainly isotypic, but E = k (see FC-p. 34),
and Mg is not simple if n > 1. Note that the solution we offered for the
exercise did not depend on the reduction to the isotypic case.

Ex. 3.6B. In the above Exercise, if Mg is a semisimple E-module, is g M
necessarily a semisimple R-module?

Solution. The answer is “no” in general. To construct an example, let R
be the ring of 2 x 2 upper triangular matrices over a field k, and let M
be the left R-module k? with the R-action given by matrix multiplication
from the left. An easy computation shows that F = End(gM) = k (cf. FC-
p.110); in particular, ME is a semisimple E-module. We claim that pM is
not a semisimple R-module. In fact, consider the R-submodule

v {():aci)em

If (i) ¢ N, then ¢ #0,s0 R - (i) contains

0 ac™? b\ _f(a
0 O c) \0O
for all a € k. This shows that N is not an R-direct summand of M, so gM

is not semisimple.

Comment. The module M over the triangular matrix ring R can be used as
a counterexample on quite a number of different occasions. Aside from the
above exercise, we also use M and R in Exercises 1.5, 11.21, 21.5 and 22.3B.
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Ex. 3.7. Let R be a simple ring that is finite-dimensional over its center
k. (k is a field by Exercise 4 above.) Let M be a finitely generated left
R-module and let E = End(gM). Show that

(dimy, M)? = (dimg R)(dimz E).

Solution. Say R = M, (D), where D is a division ring, with Z(D) =
Z(R) =k. Let V be the unique simple left R-module, so M = mV for
some m. For d = dimy D, we have dim;M = m - dim;V = mnd. Since

E 2 M,,(EndgV) = M,, (D),
it follows that

(dimg R)(dimy, E) = (n*d)(m?d) = (mnd)? = (dimy M)?.

Ex. 3.8. For R as in Exercise 7, show that R is isomorphic to a matrix
algebra over its center k iff R has a nonzero left ideal 2 with (dim;2)? <

Solution. If R = M, (k), we can take 2 to be R - Fy; for which
(dimy2)? = n? = dimyR.

Conversely, suppose R has a nonzero left ideal 21 with (dim;2()? < dimyR.
Let us use the notations introduced in the solution to Exercise 7. Then

(nd)? = (dim;,V)? < (dim20)? < dimy, R = n?d.
This implies that d = 1, so D = k and R = M, (k).

Ex. 3.9. (a) Let R, S be rings such that M,,(R) = M, (S). Does this
imply that m =n and R = S? (b) Let us call a ring A a matrix ring if
A = M,,(R) for some integer m > 2 and some ring R. True or False: “A
homomorphic image of a matrix ring is also a matrix ring”?

Solution. (a) The answer is “no”. For instance, for R = M3(Q) and S =
M;3(Q), we have R 22 S (by dimension considerations), but Mz(R) = My(5)
since both rings are isomorphic to Mg(Q).

(b) The statement is indeed true. A homomorphic image S of A = M,,,(R)
has the form A/I where I is an ideal of A. But by FC-(3.1), I = M,, ()
for some ideal A C R. Therefore,

S % M (R) /My, () = My, (R/2A).

If m > 2, then S is indeed a matrix ring.
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Comment. In view of the counterexample we gave, it would be more reason-
able to ask in (a): Does M,,(R) = M,,(S) imply R = S? In a large number
of cases, the answer to this new question is “yes.” For instance, if R, S are
commutative rings, M, (R) = M,,(S) implies

R=Z(Mn(R)) = Z (M, (5)) = 5,

by Exercise 1.9. If R, S are both left artinian rings, it can be shown that
the answer is also “yes.” However, if R, S are left noetherian rings, the
answer is, in general, “no.” In fact, there exist pairs of (left and right)
noetherian rings R % S such that M, (R) = M,,(S) for every n > 2. For a
detailed discussion of this, see the author’s booklet “Modules with Isomor-
phic Multiples, and Rings with Isomorphic Matrix Rings,” Monog. No. 35,
L’Enseig. Math., Geneva, Switzerland, 1999.

Ex. 3.10. Let R be any semisimple ring.

(1) Show that R is Dedekind-finite, i.e. ab = 1 implies ba = 1 in R.
(2) If a € R is such that I = aR is an ideal in R, then I = Ra.
(3) Every element a € R can be written as a unit times an idempotent.

Solution. By the Wedderburn-Artin Theorem, we are reduced to the case
when R = M, (D) where D is a division ring.

(1) Think of R as End(Vp) where V is the space of column n-tuples over D.
If ab =1 in R, then clearly ker(b) = 0, and this implies that b € Aut(Vp).
In particular, ba =1 € R.

(2) Since R = M, (D) is now a simple ring, we have either I = 0 or I = R. If
I =0, then a =0 and Ra = I holds. If I = R, then ab = 1 for some b € R.
By (1), ba = 1, so Ra = I also holds.

(3) By the theorem on Reduction to Echelon Forms, we can find invertible
n X n matrices b,c € R such that

d := bac = diag(1,...,1,0,...,0) (an idempotent).
We have now
a= (0"t (ede™) = ue
where u : = b~ '¢™! is a unit and e : = cdc™! is an idempotent.

Comment. (A) The conclusion in (1) also follows from Exercise 1.12, since a
semisimple ring is always left noetherian. (B) The property (3) for semisim-
ple rings goes back a long way, and was explicitly pointed out (and proved)
by K. Asano, “Uber Hauptidealringe mit Kettensatz”, Osaka Math. J. 1
(1949), 52-61. In current terminology, (3) expresses the fact that semisim-
ple rings are “unit-regular”: for a more general view of this, see Exercises
4.14B and 4.14C.
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Ex. 3.11. Let R be an n?-dimensional algebra over a field k. Show
that R = M, (k) (as k-algebras) iff R is simple and has an element r
whose minimal polynomial over k has the form (x — a;) - (z — a,,) where
a1y ...,0, € k.

Solution. First, suppose R = M, (k). Then R is simple, and the matrix
with 1’s on the line above the diagonal and 0’s elsewhere has minimal
polynomial z". Conversely, suppose R is simple and has an element r whose
minimal polynomial over k is (x —aq)---(x — ay), where aq,...,a, € k.
Then we have a strictly descending chain of left ideals

() R2R(r—a) 2 R(r—an)(r —a2) 2+ 2 R(r —ar) - (r —a,) = 0.

For, if R(r—ay)---(r—a;)=R(r—ay)---(r —aj4+1) for some 14, right
multiplication by (r — a;42) - - - (r — a,,) would give

(r—ay)---(r—a)(r—ap2) - (r—an) =0€R,

which is impossible. Now, express R in the form M, (D) where D is a
division k-algebra of, say, dimension d. Then n? = m?d, and rR has com-
position length m. Appealing to (x), we have m? > n? = m?2d, so d = 1,
n=m, and R = M, (k).

Ex. 3.12. For a subset S in a ring R, let anny(S) = {a € R:aS =0}
and ann,(S) = {a € R: Sa = 0}. Let R be a semisimple ring, I be a left
ideal and J be a right ideal in R. Show that ann, (ann,(I)) =1 and
ann, (anng(J)) = J.

Solution. By symmetry, it is sufficient to prove the above “Double An-
nihilator Property” for I. Let I = Re, where e = e (see Exercise 1.7),
and let f =1—e. We claim that ann,(I) = fR. Indeed, since I- fR =
RefR =0, we have fR C ann,(I). Conversely, if a € ann,.(I), then ea = 0
so a = a — ea € fR. This proves ann, (/) = fR, and hence similarly

anng (ann, (1)) = anng(fR) = Re = I.

Comment. An artinian ring satisfying the Double Annihilator Properties

in this Exercise is known as a quasi-Frobenius ring. The conclusion of the

Exercise is therefore that any semisimple ring is a quasi-Frobenius ring.
The following is an interesting explicit illustration for the equation

ann,(Re) = (1 —¢e)R
in a matrix ring R = M,,(k), where k is any ring. Take

e=FEn+FEx+- -+ E.
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where the F;;’s are the matrix units. By explicit calculations, we see easily
that

0 ----- 0
k- k O 0
: o ----- 0
Re= : , (I—e)R= [ k
k- k 0 0 :
. , : n—r
r k... k

and that the right annihilator of the former is precisely the latter.

Ex. 3.13. Let R be a simple, infinite-dimensional algebra over a field k.
Show that any nonzero left R-module V is also infinite-dimensional over k.

Solution. The left action of R on V leads to a k-algebra homomorphism
¢ : R — End(V}). Since V' # 0 and R is a simple ring, ¢ must be one-one.
If dimy V' < oo, this would imply that dimy R < co. Therefore, V' must be
infinite-dimensional over k.

Ex. 3.14. (Over certain rings, the “rank” of a free module may not be de-
fined.) Let D be a division ring, V = @, e;D, and E = End(Vp). Define

f1, f2 € Eby fi(en) = ean, falen) = ean—1 for n > 1. Show that {f1, fa}
form a free E-basis for Er. Therefore, as right E-modules, E = E?; using

this, show that E™ = E™ for any finite m,n > 0!

Solution. Define g1, g2 € E by

91(627171) = 07 91(6271) = €n, and
g2(e2n—1) = €n, ga(e2n) =0

for n > 1. An easy calculation shows that

fig1 + fage=1€ E, and gafi =g1f2=0.

The former shows that {fi, fo} span Eg. To show that fi, fo are linearly
independent in Eg, suppose fihy + foho =0, where h; € E. Then, for h :
= f1h1 = 7f2h2, we have

h = (fig1 + fag2)h = (f191)(—fah2) + (f2g2)(f1h1) = 0.

Since f1, fo are injective maps, it follows that h; = hy = 0. Therefore, E =
E? as right E-modules, and by induction, E = E™ for all n > 0.

Alternatively, if we fix a D-isomorphism o : V' — V & V and apply the
functor Homp(V, —), we get a group isomorphism §: F — E @ E. After
checking that 3 respects the right E-action, we see that Ep & E%. (Actu-
ally, this second solution “implies” the first solution. By choosing « suitably,
we can get f1, fo above as 371(1,0) and 371(0,1).)
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For yet another view, recall from the solution to Ex. 2.11 that, viewing
V naturally as a left F-module, we have an E-isomorphism g F =2V x V X
-+ . This clearly gives pE? & gE, and taking E-duals yields E% & Ep.

Comment. Taking endomorphism rings of the E-modules Er = E% and
applying Exercise 1.20, we deduce that

E 2 End(FEg) 2 End(E%) 2 M, (FE).
Thus, all matrix rings over E turn out to be isomorphic!

Ex. 3.15. Show that the ring F above has exactly three ideals: 0, E, and
the ideal consisting of endomorphisms of finite rank.

We omit the solution since this exercise is only a special case of the
next one. Nevertheless, the reader should solve this exercise first before
attempting the more ambitious Ex. 16.

Ex. 3.16. Generalize the exercise above to the case of E = End(Vp), where
dimpV = « is an arbitrary infinite cardinal.

Solution. For any infinite cardinal g < «, let

Eg ={f € E: rank(f) < 8},

where rank(f) denotes the cardinal number dimp f(V'). Since rank(¢’ fg) <
rank(f), Es is an ideal of E. We claim that the ideals of E are (0), E and
the Eg’s. For this, we need the following crucial fact.

(x)  If f,h € E are such that rank(h) < rank(f), then h € EfE.

Indeed, write
V =ker(h) ® Vi = ker(f) @ Va.

Fix a basis {u; : i € I'} for V1, and a basis {v; : j € J} for Vo. We have
|I| = rank(h) < rank(f) = |J|,

so let us assume, for convenience, that I C J. Define g € E such that
g (ker(h)) =0, and g(u;) = v; for all ¢ € I. Noting that {f(v;):j € J} are
linearly independent, we can also find ¢’ € E such that ¢’ (f(v;)) = h(u;)
for all i € I. Then h = ¢'fg. In fact, both sides are zero on ker(h), and on
u; (1 € I) we have
9'f9(ui) = g'f(vi) = h(u;).

This proves ().

Now consider any ideal 20 # 0, E. Then, for any f € 2, rank(f) < a. For,
if rank(f) = a = rank(Id), then (x) implies Id € EfE C 2, a contradiction.
Since the class of cardinal numbers is well-ordered, there exists a cardinal
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B < a which is least among cardinals larger than rank(f) for every f € 2.
We leave to the reader the easy task of verifying that [ is an infinite
cardinal. Clearly, A C Eg by the definition of Eg. We finish by showing
that Eg C 2. Let h € Eg, so rank(h) < . By the choice of 3, we must
have rank(h) < rank(f) for some f € 2. But then, by (x), h€ EfE C 2,
as desired.

Comment. This exercise implies that E, is the unique maximal ideal of F;
in particular, E/F,, is a simple ring. Another consequence of the exercise
is that the ideals of E are linearly ordered with respect to inclusion.

Ex. 3.17. (K. A. Hirsch) Let k be a field of characteristic zero, and (a;;) be
an m X m skew symmetric matrix over k. Let R be the k-algebra generated
by x1,..., %, with the relations x;2; — ;2; = a;; for all 4, j. Show that R
is a simple ring iff det(a;;) # 0. In particular, R is always nonsimple if m
is odd.

Solution. Consider a linear change of variables given by z} = y
where C = (¢;;) € GLyy, (k). We have

Cijl'j

- § Circjs(xrxs_xsxr)
T8

= § CirQrsCijs-
r,s

If we write

= E CirQrsCis,
r,s
/

then wixl; — ol = af;, and we have A’ = CACT where A = (a;;) and
= (a} ), and “T” denotes the transpose. Therefore, we are free to per-
form any congruence transformation on A. After a suitable congruence

transformation, we may therefore assume that A consists of a number
of diagonal blocks <_01 é), together with a zero block of size t > 0. If

t > 0, then det(A) =0, and z,, generates a proper ideal in R. If ¢t =0,
then det(A) # 0 and m = 2n for some n. Here, R is the nth Weyl algebra
Ay (k). Since k has characteristic zero, R is a simple ring by FC-(3.17).

Comment. Hirsch’s paper “A note on non-commutative polynomials” ap-

peared in J. London Math. Soc. 12 (1937), 264-266.

Ex. 3.18. (Quebbemann) Let k be a field of characteristic zero, and let R
be the Weyl algebra A;(k) with generators z,y and relation zy — yx = 1.
Let p(y) € kly] be a fixed polynomial.
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(a) Show that R - (z — p(y)) is a maximal left ideal in R, and that the simple
R-module V = R/R - (z — p(y)) has R-endomorphism ring equal to k.

(b) Show that R — End(V%) is injective but not an isomorphism.

Solution. We can identify V' as an abelian group with k[y]. In order to
use this identification effectively, we must describe the action of y and x
on “V = k[y]”. Of course, the y action is just left multiplication by y. To
describe the z action, consider any v(y) € k[y]. Since

2+ 0ly) = o)+ 5 = o) (= p(0) + pU)ol) + G

we see that  — p(y) acts on V = k[y] as differentiation with respect to y.
To show that rV is simple, consider any v(y) # 0, say of degree m. Then
(x — p(y))™ - v(y) is a nonzero constant in k. This shows that R - v(y) =V,
so V' is simple. Now consider any f € EndgV and let f(1) = g(y). Then,
in V= kly|:

0=F((z-p) 1)=(z-pW) 9y = %,
so g € k. But then

fw) = fvy)- 1) =vy)g,

so f is just multiplication by the constant g € k. This completes the proof
of (a). The natural map « : R — End(V}) must be injective since R is a
simple ring. However, since V} is infinite-dimensional, End(V}) is not a
simple ring, by Exercise 15. Therefore, ¢ is not an isomorphism.

Comment. For any two rings R, S, an (R, S)-bimodule M is said to be
faithfully balanced if the natural ring homomorphisms R — End(Mg) and
S — End(gM) giving the left and right actions are both isomorphisms.
For instance, g Rp is a faithfully balanced (R, R)-bimodule. For any sim-
ple ring R, and any nonzero left ideal 2l C R with endomorphism ring
D = End(g%), Rieffel’s Theorem FC-(3.11) says that g2Ap is a faithfully
balanced bimodule. The exercise above shows that Rieffel’s result fails if
one tries to replace the left ideal 2 by a simple left R-module.

Quebbemann’s paper on Weyl algebras appeared in J. Alg. 59 (1979),
311-312. The present exercise is only a special case of Quebbemann’s main
result, which says that any finite-dimensional division k-algebra D with
Z(D) =k is the ring of endomorphisms of a suitable simple left module
U over R= A;(k) (if char k =0). Thus, for any such D, there always
exists an (R, D)-bimodule pUp with D — End(grU) an isomorphism but
R — End(Up) only a monomorphism, not an isomorphism.

Ex. 3.19. True or False: “If I is a minimal left ideal in a ring R, then
M, (I) is a minimal left ideal in M, (R)”?
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Solution. In general, M, (1) is a left ideal in M, (R). However, it need not
be a minimal left ideal. To construct an example, let R = My(k), where k

is a field. Take I to be the minimal left ideal (Z 8) in R. Then

dimg M, (I) = n*dimyI = 2n?.

However, for S = M, (R) = My, (k), the unique simple left S-module M
has k-dimension 2n, so M,,(I) 2 n - M as left S-modules. In particular, if
n > 1, M, (I) is not a minimal left ideal in S = M, (R). Even more simply,
k is a minimal left ideal of k, but M, (k) is not a minimal left ideal of M, (k)
ifn > 1.

Ex. 3.20. Let 2;(1 <i < n) be ideals in a ring R, and let 2A =, ;. If
each R/2; is semisimple, show that R/2l is semisimple.

Solution. Each 2; is a finite intersection of maximal ideals m C R for
which R/m is simple artinian. Therefore, we may as well assume that each
R/; is simple artinian. In particular, each 2; is a maximal ideal. We may
further assume that ; # A; for ¢ # j. Then A; +A; = R whenever i # j,
and the Chinese Remainder Theorem implies that

R/ = ﬁ R/%;,
=1

which is a semisimple ring.

Comment. If {20;} is an infinite family of ideals, the exercise no longer
holds. For instance, in the ring R=Q x Q x ---, let

Qli = {(al,ag,...) Loa; = 0} (Z Z 1)

Then R/2; = Q is semisimple, but A =2; =0, and R/2A =R is not
semisimple.

In the terminology of §12, this exercise says that a subdirect product of
finitely many semisimple rings remains semisimple. For analogues of this

for J-semisimple rings and for von Neumann regular rings, see Exercises
4.12A and 4.12D.

Ex. 3.21. For any finitely generated left module M over a ring R, let
(M) denote the smallest number of elements that can be used to generate
M. If R is an artinian simple ring, find a formula for p(M) in terms of
£(M), the composition length of M.

Solution. Say pR = nV where V is the unique simple left R-module, and
n = {(rR). We claim that

p(M) = [6(M)/n],
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where [-] is Knuth’s notation for the “ceiling function.” ([«] is defined
to be the smallest integer > «.) To prove this formula, let ¢ = ¢(M), and
k = [¢/n]. Since ¢ < kn, there exists an epimorphism rRF — M. Since
rRF can be generated by k elements, u(M) < k. If M can be generated by
k — 1 elements, then there exists an epimorphism zpR*~! — M, and we get

(M) < L(RFY) = (k- 1)n.
This contradicts the definition of k, so we must have pu(M) = k, as claimed.

Ex. 3.22. (1) Generalize the computation of p(M) in the above exercise
to the case of a finitely generated left module M over a semisimple ring R.
(2) Show that y is subadditive, in the sense that u(M & N) < u(M) + p(N)
for finitely generated R-modules M, N.

(3) Show that N C M = u(N) < u(M).

Solution. We shall solve Part (1) by reducing the calculation of u(M) to
the case of modules over artinian simple rings. Let

M=M®@- &M,

be the decomposition of M into its isotypic components (cf. Exercise 2.8).
Let
R=R @& - O R,

where R; is the simple component of R corresponding to M;. Since R;M; =
0 for j # ¢, we have pur(M;) = pg,(M;). We now accomplish the desired
reduction by proving that

(%) p(M) = max {pg, (M), ..., pr, (M)} -

The inequality “>” is easy, since each M; may be viewed as an epimorphic
image of M. To prove the inequality “<”, let us assume (in order to simplify
the notation) that r = 2. Say n = ur(My), m = ur(Ms), with n > m. Let
{z1,...,z,} be generators for My, and {y1,...,yn} be generators for Ms.
We finish by showing that x1 + y1,...,2, + yn generate M = M; & Ms.
Indeed, for (z,y) € My @ Ms, write

v=> am (€E€R), y=Y By (8 €Ry).
Then, in the module M:

Z(aﬁ—ﬁl T+ y) = Zasz—Zﬂzyz—x%—y,

so u(M) < n, as desired.

Part (2) of the exercise is trivial (and holds over any ring R). For Part
(3), we can use Part (1) to reduce to the case of modules over artinian simple
rings. In this case, the inequality pu(N) < p(M) in (3) follows immediately
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from the formula derived in Exercise 21, since N C M implies £(N) < ¢(M).
Alternatively, since R is semisimple, N C M implies that there exists an
R-epimorphism M — N, which gives u(N) < u(M) right away.

Ex. 3.23. Show that a nonzero ring R is simple iff each simple left R-
module is faithful.

Solution. First assume R is simple and let M be a simple left R-module.
Then ann(M) # R. Since ann(M) is an ideal, we must have ann(M) = 0,
so M is faithful. Conversely, assume that R is not simple. Then R has an
ideal I # 0, R. Let m be a maximal left ideal containing I and let M = R/m.
Then g M is simple, but it is not faithful since IM = 0.

Ex. 3.24. (Jacobson) A subset S in a ring R is said to be nil (resp.
nilpotent) if every s € S is nilpotent (resp. if S™ = 0 for some m, where
S™ denotes the set of all products sy - - - s, with s; € 5).

(1) Let R = M, (D) where D is a division ring. Let S C R be a nonempty
nil set which is closed under multiplication. Show that S™ = 0.

(2) Let R be any semisimple ring. Show that any nonempty nil set S C R
closed under multiplication is nilpotent.

Solution. (2) follows from (1) by applying the Wedderburn-Artin Theo-
rem and by projecting S to the simple components of R. In the follow-
ing, we assume R = M, (D) as in (1), and identify R with End(Vp) where
dimpV = n. Note that, in this case, any nilpotent set S, C R will auto-
matically satisfy S} = 0. This follows readily by considering the chain of
D-subspaces

VDS, VDSV D....

(For any subset T'C R, TV denotes the D-subspace {}  tyv;: t; €T,
v; € V})

Clearly, the set S C R in (1) contains 0. Consider all nilpotent subsets
S; C S (e.g. {0,s} for any s € S). Since S =0 for all 4, Zorn’s Lemma
can be applied to show the existence of a mazimal nilpotent subset S, C S.
We see easily that {0} € S,. Let U = S,V. Then 0 #£ U # V, so dimpU,
dimpV/U are both < n. Consider

Sy :={seS: sUCU}.

Clearly S; D S,, and S? C S;. Invoking an inductive hypothesis at this
point, we may assume S; is nilpotent on U and on V/U. Then S itself is
nilpotent, and so S; = S,. In particular, for any s € S\S,, we have sS, ¢ S,
(for otherwise

sU =sS,V CS,V=U

implies s € 51 = S,).
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Assume, for the moment, that S, # S. Take s € S\S,. Then ss; € S,
for some s; € S,, and, since ss; € S, (ss1)s2 € S, for some so € S,, etc.
But then we get

s(s182++-sn) € S,

where all s; € S,, contradicting the fact that
s(s182--+8p) =0€ S,.
Therefore, we must have S = S, and so S™ = 0.

Comment. In the ring theory literature, there are many generalizations of
(2) in the above exercise to other rings, due to Hopkins, Levitzki, Goldie,
Herstein, Small, Lanski, J.W. Fisher, and others. Loosely speaking, if R
satisfies certain finiteness conditions, then one hopes to prove that a nil set
S C R closed under multiplication is nilpotent. For instance, the result of
Lanski says that this is true in any right Goldie ring, and in particular in
any right noetherian ring; see his paper in Canadian J. Math. 21 (1969),
904-907.

Ex. 3.25. Suppose a ring R has exactly seven left ideals # 0, R. Show that
one of these must be an ideal (and give some examples of such a ring R).

Solution. Assume otherwise. Then R has no nontrivial ideals, so it is a
simple ring. Having only a finite number of left ideals, R must also be
left artinian. Therefore, by Wedderburn’s theorem, R = M, (D) for some
division ring D, where, of course, n > 2. If n > 3, it is easy to produce (by
column constructions) more than seven nontrivial left ideals in R. Thus,
we must have n = 2. In this case, consider the map

a : {lines through 0 in (D?)p} — {nontrivial left ideals in R},

defined by taking annihilators. Using linear algebra in the plane, we check
readily that « is a 1-1 correspondence. Therefore, the number of nontrivial
left ideals in R is |D| + 1. Thus, we have |D| = 6, which is impossible!
Two obvious examples of the rings R under consideration are the com-
mutative rings Z4 X Z4 and Zss. For a noncommutative example, consider

]g Z), where k is a finite field. Using FC-(1.17)(1), one

computes that R has exactly |k| + 3 nontrivial left ideals, so taking k = Fy
gives what we want.

the ring R = <

Comment. The fact that « is a bijection, which is particularly easy to
see for (D?)p, generalizes nicely to the finite-dimensional vector space
(D™)p. Here, taking annihilators defines a bijection (in fact a lattice anti-
isomorphism) from the subspaces of D™ to the left ideals in M,, (D). (This
can be shown, e.g. using the semisimplicity of M, (D); for more information
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on this, see Ex. 11.15.) Applying this also for n = 3 (along with n = 2), we
see that the number 7 is only the “tip of the iceberg”: the exercise remains
equally valid if we replace 7 by 11, 13, 15, 16, 19, 23, 25, 27, ..., and many
other numbers!

I learned this exercise from K. Goodearl, who informed me that (an
equivalent form of) it once appeared as a question in a written qualifying
examination at the University of Washington. The original form of the
question was: “Show that a simple ring cannot have exactly nine left ideals.”
I recast this question into its present form (Ex. 3.25) so as to “hide away”
the fact that the exercise is really all about simple artinian rings and the
Artin-Wedderburn Theorem! Hopefully, a reader will have more fun and joy
figuring this out on his or her own, and solving the exercise accordingly.



Chapter 2
Jacobson Radical Theory

84. The Jacobson Radical

The Jacobson radical of a ring R, denoted by rad R, is the intersection of the
maximal left ideals of R. This notion is left-right symmetric; in particular,
rad R is an ideal of R. A good way to understand rad R is to think of it as
the ideal of elements annihilating all left (resp. right) simple R-modules.
The Jacobson radical is also closely tied in with U(R), the group of units
of R. In fact, rad R is the largest ideal I such that 1+ I C U(R).

The definition of rad R led N. Jacobson to a new notion of semisimplic-
ity: a ring R is called Jacobson semisimple (or J-semisimple for short) if
rad R =0. The (classical) semisimple rings studied in Chapter 1 are just
the artinian J-semisimple rings.

Two famous results involving the use of rad R are the Hopkins-Levitzki
Theorem and Nakayama’s Lemma. The former implies that left artinian
rings are left noetherian, and the latter says that, if zrM is nonzero
and finitely generated, then (rad R)M # M. These results are deservedly
among the cornerstones of noncommutative ring theory today.

Of equal importance is the class of von Neumann regular rings, which
occur somewhere “between” semisimple rings and J-semisimple rings. By
definition, these are the rings R in which every element a can be “factored”
into aza for some xz € R (depending on a). Such rings can be character-
ized by a “weak” semisimplicity property: every finitely generated left ideal
should be a direct summand of g R. Von Neumann regular rings occur nat-
urally as rings of operators in functional analysis. The theory of such rings
is very rich, and constitutes an important field of study.



50 Chapter 2. Jacobson Radical Theory

The exercises in this section begin with an introduction to the Jacobson
radical theory for rings possibly without an identity. This is not essential
for the problems in the later sections, but it is nice to know how this theory
is developed. The other exercises deal with folklore results concerning rad
R, for instance lifting invertible matrices from R/I to R where I C rad R
(Exercise 21). The Brown-McCoy radical, not nearly as useful as rad R,
receives only a fleeting mention in Exercise 8. Various other kinds of radicals
will be dealt with in the Exercises for §10. A few exercises are devoted to
von Neumann regular rings and their characterizations: see Exercises 13-
15. In Exercise 14B, we introduce the notion of a unit-regular ring which
has played an increasingly important role in the recent research on von
Neumann regular rings. More exercises in this direction can be found in
§12, 621, and §22.

Exercises for §4

In FC, we deal only with rings with an identity element. In particular, the
theory of the Jacobson radical was developed in that text for rings with an
identity. However, by doing things a little more carefully, the whole theory
can be carried over to rings possibly without an identity. In Exercises 1-7
below, we sketch the steps necessary in developing this more general theory;
in these exercises, R denotes a ring possibly without 1 (or a “rng” according
to Louis Rowen).

Ex. 4.1. In R, define a o b = a + b — ab. Show that this binary operation
is associative, and that (R, o) is a monoid with zero as the identity element.

Solution. For any a,b,c € R, we have

(aob)oc=(a+b—ab)oc=a+b+c—ab—ac—bc+ abe,
=ao(b+c—bc)=ao(boc).

Furthermore, ac0 =a+0—a0=a and Oca=0+a—0a =0, so (R,0)
is indeed a monoid with zero as the identity element.

Ex. 4.2. An element a € R is called left (resp. right) quasi-regular if a has
a left (resp. right) inverse in the monoid (R, o) with identity. If a is both
left and right quasi-regular, we say that a is quasi-reqular.

(1) Show that if ab is left quasi-regular, then so is ba.

(2) Show that any nilpotent element is quasi-regular.

(3) Show that, if R has an identity 1, the map ¢ : (R,0) — (R, x) sending
a to 1 — a is a monoid isomorphism. In this case, an element « is left (right)
quasi-regular iff 1 — a has a left (resp. right) inverse with respect to ring
multiplication.
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Solution. (1) Say coab =0, so ¢ = (ca — a)b. Left-multiplying by b and
right-multiplying by a, we get bca = b(ca — a)ba. Therefore,
b(ca — a) o ba = b(ca — a) + ba — b(ca — a)ba
= bca — b(ca — a)ba = 0,
so ba is also left quasi-regular.

(2) Say a"*t! = 0. Then

2

ao(—a—a®>—-—a")=—-a®>—---—a"+ala+a*+---+a") =0,

and similarly
(—a—a®>—---—a")oa=0.

(3) Assume now 1 € R. For any a,b € R, we have

wla)pd) = (1—a)(1—5b)=1—(a+b— ab)
=gp(a+b—ab) =¢(aod).

And of course, ¢(0) =1—0=1. Clearly, ¢ is one-one and onto, so it is
a monoid isomorphism. Therefore, a € R is (say) left quasi-regular with a
“left quasi-inverse” b iff 1 — a is left invertible in R with a left inverse 1 — b.

Comment. Any ring R (with or without identity) can always be embedded
in a ring S with identity. The map

pra—=1—a

then defines a monoid embedding of (R, o) into (S, x). This explains why
the associative law should hold for (R, o). It also explains the construction
of a left quasi-inverse for ba in (1) (cf. Exercise 1.6), and the construction
of a left quasi-inverse for the nilpotent element a in (2).

Our definition of @ 0 b = a 4+ b — ab follows the original one by Jacobson
(see his book “Structure of Rings” in the AMS Colloquium Publications).
Some later authors found it more convenient to use an alternate definition:
a*b=a+ b+ ab. Since

(—a) * (=b) = =(aob),

we can easily go from one set-up to the other by changing signs. For in-
stance, to say that a € R is left quasi-regular in one set-up simply amounts
to saying that —a is left quasi-regular in the other set-up.

Ex. 4.3. A set I C R is called quasi-regular (resp. left or right quasi-
regular) if every element of I is quasi-regular (resp. left or right quasi-
regular). Show that if a left ideal I C R is left quasi-regular, then it is
quasi-regular.
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Solution. We must show that every b € I is right quasi-regular. Choose
a € R such that aob = 0. Then a = ab — b € I so there exists b’ € R with
b’ oa = 0. But then

b=0ob=(boa)ob="bo(aoh)="V,
so we have boa = 0, as desired.
Ex. 4.4. Define the Jacobson radical of R by
rad R = {a € R : Ra is left quasi-regular}.

Show that rad R is a quasi-regular ideal which contains every quasi-regular
left (resp. right) ideal of R. (In particular, rad R contains every nil left or
right ideal of R.) Show that, if R has an identity, the definition of rad R
here agrees with the one given in the Introduction to this section.

Solution. To show that rad R is a left ideal, it suffices to check that,
if a,b € rad R, then r(a + b) is left quasi-regular for any r € R. For any
¢,d € R, note that

codor(a+b)=cold+ra+rb—dr(a+b)]
=co[dora+ (r—dr)b].

Choose d such that dora = 0; then choose ¢ such that co (r —dr)b = 0.
The above equation shows that cod is a left quasi-inverse of r(a + b),
as desired. To show that rad R s also a right ideal, we must check that
a €rad R and s € R imply as € rad R. For any r € R, sra is left quasi-
regular, so by Exercise 2, r(as) is also left quasi-regular. This shows that
as € rad R.

Nezxt, we show that rad R is a quasi-reqular ideal. In view of Exercise 3,
it suffices to show that every element a € rad R is left quasi-regular.! Since
a® € Ra is left quasi-regular, there exists b € R such that boa? = 0. But
then

(bo(—a))oa=bo((—a)oa)=boa®=0
shows that a is left quasi-regular.

By definition, rad R contains every quasi-regular left ideal. Let I be
any quasi-regular right ideal. For a € I, aR is right quasi-regular, therefore
quasi-regular by the right analogue of Exercise 3. Applying Exercise 2, we
see that Ra is (left) quasi-regular, so I C rad R, as desired.

Finally, assume that 1 € R. By Exercise 1, the radical just defined can
be described as

{a € R:1—ra is left-invertible for any r € R}.

This is precisely the Jacobson radical for the ring R with identity: cf. FC-
(4.1).

! This is non-trivial since a may not lie in Ra!
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Comment. 1If we define the radical to be the intersection of all “modular”
maximal left ideals (see Exercise 5), some of the above verifications can be
simplified. However, modularity is a rather intricate notion. It is therefore
of independent interest to define and characterize the radical (and prove
its left-right symmetry) using only the notion of quasi-regularity, without
appealing to the notion of modularity.

Ex. 4.5. A left ideal I C R is said to be modular (or regular?) if there
exists e € R which serves as a “right identity mod I7; i.e. re = r (mod I)
for every r € R.

(a) Show that if I C R is a modular left ideal, then I can be embedded in
a modular maximal left ideal of R.

(b) Show that rad R is the intersection of all modular maximal left (resp.
right) ideals of R.

Solution. (a) Fix the element e above. For any left ideal I’ D I, we have
I' #Riff e ¢ I'. (For the “only if” part, note that if e € I’ then, for any
r € R, we have r € re + I C I'.) Therefore, we can apply Zorn’s Lemma to
the family of left ideals

{I': T"#R and I' D I}

to prove the existence of a maximal left ideal m containing I. Clearly, m is
also modular, and e ¢ m.

(b) Let J be the intersection of all modular maximal left ideals of R. (If
there are no modular maximal left ideals, we define J = R.) First we prove
J Crad R. Consider any a € rad R. Then e : = za is not left quasi-regular
for some x € R. It is easy to check that

I={r—re:reR}

is a modular left ideal. Since e & I, we have I # R. By (a), I C m for some
modular maximal left ideal m, with e € m. In particular, e = xa & J, so
a g J. We now finish by proving that rad R C J. Assume the contrary.
Then rad R ¢ m for some modular maximal left ideal m. In particular, rad
R+ m = R. Let e € R be such that r = re (mod m) for all r € R. Write
e =a+ b where a € rad R and b € m. Then e — a € m so e — ae € m. Since
rad R is left quasi-regular, there exists ¢’ € R such that a’ + a —da’a = 0.
But then

e=e—(d'+a—da)e=(e—ae)—d(e—ae)em,
a contradiction.

2 We mention this alternate term only because it is sometimes used in the litera-
ture. Since “regular” has too many meanings, we shall avoid using it altogether.
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Ex. 4.6. A left R-module M is said to be simple (or irreducible) if R - M #
0 and M has no R-submodules other than (0) and M. Show that rM is
simple iff M = R/m (as left R-modules) for a suitable modular maximal
left ideal m C R. Show that rad R is the intersection A of the annihilators
of all simple left R-modules.

Solution. Let M be simple. Then Rm # 0 for some m € M, and so Rm =
M. Let ¢ : R — M be the R-epimorphism defined by ¢(r) = rm, and let
m = ker(p). Then m is a maximal left ideal of R. Since m € M = Rm, there
exists e € R such that m = em. For any r € R:

p(r—re)=r—reym=rm—rm=0.

Therefore r = re (mod m), so m is modular, with R/m = M.

Conversely, let M = R/m, where m is a modular maximal left ideal.
Let e € R be such that » = re (mod m) for all » € R. Then Re = M; in
particular, R- M # 0.

Finally, we show rad R = A. For any modular maximal left ideal m, we
have (rad R) R C rad R C m by Exercise 5. Therefore, (rad R) - R/m = 0,
sorad R C A. Conversely, if a € A, then aR C m for any modular maximal
left ideal, so aR C rad R. Since rad R is quasi-regular, so is aR; hence
a € rad R (cf. Exercise 4).

Comment. For a given maximal left ideal m, C R, let M = R/m,, and
consider the following statement:

(%) M is a simple R-module iff m, is modular.

We have shown above that the “if” part is true. However, the “only if”
part is false in general! Let R be the ring (without identity) of cardinality
p? constructed in the solution to Exercise 1.10(b). Let

m, = {(d,d): deF,}.

This is a left ideal of index p in R, so it is maximal. Let M = R/m,. Clearly
RM # 0, s0 M is a simple R-module. For any (z,y) € R, we have

(0’ 1)($,y) - (Ov 1) = (070) - (07 1) = (07 _1) g M.

Therefore, m, is not modular. However, if we carry through the first part
of the proof of the Exercise, we will be able to represent M as R/m for a
suitable modular maximal left ideal. Indeed, if we choose m = (1,0) to be
a cyclic generator of M, we can take m to be

{(e,d) : (e,d)(1,0) € mp} = {(c,d): (¢,0) € my}
={(0,d): deF,}.
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Choose e € R such that em = m; for example, e = (1,0). As predicted by
our earlier proof:

(a,b)(1,0) — (a,b) = (a,0) — (a,b) = (0,~b) em  (V(a,b) € R),

so m is indeed modular, with R/m = M = R/m,. In particular, rad R C m.
On the other hand, m? = 0 implies that m C rad R, so we have in this
example rad R = m.

One final observation: although (x) is false in general, it is true in case
m, happens to be an ideal (e.g. when R is commutative). Indeed, if M =
R/m, is simple, then, using the notation in the beginning of the Solution,
we have m, C ker ¢, so m, = ker ¢, which is modular!

Ex. 4.7. Show that rad (R/rad R) =0, and that, if I is an ideal in R,
then, viewing I as a ring, rad I = I Nrad R. This shows, in particular,
that a ring R may be equal to its Jacobson radical: if this is the case, R is
said to be a radical ring. Show that R is a radical ring iff it has no simple
left (resp. right) modules.

Solution. Let m O rad R be a typical modular maximal left ideal. Clearly
m/rad R is a modular maximal left ideal of R/rad R. Since (| m =rad R
by Exercise 5, we see that rad (R/rad R) = 0.

For any ideal I C R, consider a € I Nrad R. For any b € R, ba has a
left quasi-inverse r € R. But then

r=rba—ba € I,

so ba is left quasi-regular as an element of the ring I. In particular, this
shows that a € rad I. Conversely, consider any a € rad I. Since (Ra)? C Ia,
(Ra)? is quasi-regular, so (Ra)? C rad R. The image of Ra, being nilpotent
in R/rad R, must be zero, since rad (R/rad R) = 0. Therefore, Ra C rad R.
In particular, Ra is quasi-regular, so a € I Nrad R.

The last conclusion of the Exercise characterizing radical rings follows
easily from Exercise 6.

Comment. As in the text, we may define a ring R (possibly without 1) to
be J-semisimple if rad R = 0. Let R* = R & Z be the ring obtained from R
by formally adjoining an identity (the 1 in Z). Using the Exercise and the
J-semisimplicity of Z, it is easy to show that rad R = rad R*. In particular,
R is J-semisimple iff R* is J-semisimple.

The notion of a radical ring is a new ingredient in the theory of rings
without identity. In simple terms, a ring R is a radical ring iff every element
a € R has a (say left) quasi-inverse in R. By the last paragraph, radical
rings may be thought of as the radicals of rings with identity. For instance,
any nil ring R (every a € R is nilpotent) is radical. In this connection, it is
of interest to mention that Sasiada has constructed an example of a simple
radical ring; see E. Sasiada and P.M. Cohn, J. Algebra 5 (1967), 373-377.
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More recently, A. Smoktunowicz has constructed an example of a simple
nil ring; see Comm. Algebra 30 (2002), 27-59.

In the following problems, we return to our standing assumption that
all rings to be considered have an identity element.

Ex. 4.8. Anideal I C R is called a mazimal ideal of R if there is no ideal
of R strictly between I and R. Show that any maximal ideal I of R is
the annihilator of some simple left R-module, but not conversely. Defining
rad’ R to be the intersection of all maximal ideals of R, show that rad
R C rad’R, and give an example to show that this may be a strict inclusion.
(rad’ R is called the Brown-McCoy radical of R.)

Solution. Let V = R/m, where m is a maximal left ideal of R containing
I. Then IV =0, so I C ann(V). Since ann(V) is an ideal of R, the maxi-
mality of I implies that I = ann(V'). By FC-(4.2), it follows that rad R C I.
Therefore, rad R C rad’ R.

Consider V = @;-, e;k where k is any division ring, and let R =
End(Vj). Then V is a simple left R-module. However, anng(V) = 0 is not
a maximal ideal in R (see Exercise 3.15). By FIC-(4.27), R is von Neumann
regular, so by FC-(4.24), rad R = 0. On the other hand, the only maximal
ideal of R is

I={feR: dim f(V) < oo}
(by Exercise 3.15), so we have here rad’ R =1 D rad R = 0.

Comment. Of course, if R is a commutative ring, then rad’ R =rad R.
The same holds for simple and semisimple rings (since, in these cases, both
radicals are zero).

If R is a ring possibly without identity, the Brown-McCoy radical rad’ R
may be defined as the intersection of all modular maximal ideals of R
(where “modular” is now understood in the 2-sided sense). The radical
rad’ R is useful in the theory of Banach algebras, under the alternative
name “strong radical.” In p. 490 of his book on Banach algebras (Cambridge
University Press, 1994), T. Palmer observed that “The Jacobson radical of
familiar Banach algebras is usually a pathological portion. This is not true
of the strong radical.” For instance, if H is a separable Hilbert space, then
the strong radical of B(H), the ring of all bounded operators, turns out to
be the ideal of all compact operators.

Ex. 4.9. Let R be a J-semisimple domain and a be a nonzero central
element of R. Show that the intersection of all maximal left ideals not
containing a is zero.

Solution. Let x be an element in this intersection. We claim that ax €
rad R. Once we have proved this, the hypotheses on R imply that ax =0
and hence x = 0. To prove the claim, let us show that, for any maximal left
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ideal m, we have ax € m. If a € m, this is clear since a € Z(R). If a ¢ m,
then by the choice of x we have x € m, and hence ax € m.

Ex. 4.10. Show that if f : R — S is a surjective ring homomorphism, then
f(rad R) C rad S. Give an example to show that f(rad R) may be smaller
than rad S.

Solution. The inclusion f(rad R) C rad S is clear since, for any maximal
left ideal m of S, the inverse image f~!(m) is a maximal left ideal of R.
(Note that the result f(rad R) C rad S here may also be viewed as a special
case of F'C-(5.7).) To give an example of strict inclusion, let R = Z and let
f be the natural projection of R onto S = Z/47Z. Here,

f(rad R) = f(0) =0,
but rad S = 2Z/4Z # 0.

Ex. 4.11. If an ideal I C R is such that R/I is J-semisimple, show that
I Drad R. (Therefore, rad R is the smallest ideal I C R such that R/I is
J-semisimple.)

Solution. The J-semisimplicity of R/I means that the intersection of the
maximal left ideals of R containing [ is exactly I. It follows that rad R,
the intersection of all the maximal left ideals of R, is contained in I.

Ex. 4.12A. Let 2; (i € I) be ideals in a ring R, and let A = (), ;. True
or False: “If each R/%; is J-semisimple, then so is R/A”?

Solution. For each ¢, the J-semisimplicity of R/2l; implies that 2l; is an
intersection of maximal left ideals of R. Therefore, so is 2 =", ;. This
shows the J-semisimplicity of R/.

Comment. (1) In the terminology of §12, the affirmative solution to the
Exercise implies that any subdirect product of J-semisimple rings is J-
semisimple.

(2) Using this exercise, we can also give a new solution to the earlier Exer-
cise 3.20. It suffices to show that, if 2, B are ideals with AN B = 0, and
R/, R/B are semisimple, then R is semisimple. Now B maps injectively
into R/2, so B is artinian, as is g(R/2). This implies that g R is artinian.
Since R is J-semisimple, it must be semisimple, by FC-(4.14).

Ex. 4.12B. Show that, for any direct product of rings [] R;, rad (][] R;)
= [[rad R;.

Solution. Let y = (y;) € [[ Ri- By FC-(4.1), y € rad (][ R;) amounts to
1 — zy being left-invertible for any x = (x;) € [[ R;. This, in turn, amounts
to 1 — x;y; being left-invertible in R;, for any z; € R; (and any ). There-
fore, y € rad ([[ R;) iff y; € rad R; for all 1.
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It follows that a direct product of J-semisimple rings is J-semisimple.
But this is only a special case of (1) in the Comment on the last exercise.

Ex. 4.12C. For a triangular ring T = (]0% ]\5/{) (where M is an (R, S)-
. . _ (rad(R) M .
bimodule), show that rad(T") = < 0 rad(S))' Apply this to compute

the radical of the ring T, (k) of n X n upper triangular matrices over any
ring k.

J M
0o J
to check that I is an ideal of T, with T/I = R/J x S/J’. The latter ring
is J-semisimple by Ex. 4.12B, so we have rad(T) C I by Ex. 4.11. This
will be an equality, as asserted, if we can show that 1+ I C U(T). Now

any element of 1 + I has the form <g T), where m € M, u € U(R), and

Solution. Let J =rad(R), J =rad(S), and I = ( > It is routine

-1 =11
v € U(S). This is indeed in U(T'), since it has inverse (uo b U_nlw ) .

To compute rad(T,,(k)) for any ring k, we can treat T, (k) as a triangu-
lar ring with R = k, S = T,,_1(k), and M = k"1 (as (R, S)-bimodule). Us-
ing the above, and invoking an inductive hypothesis, we see that rad(Ty,(k))
consists of m x n upper triangular matrices with diagonal entries from
rad(k). The same conclusion could also have been obtained, without induc-
tion, by a judicious application of the method used in the first paragraph.)

Comment. Analogues of the result in this exercise also hold for other types
of radicals; see Ex. 10.23*.

Ex. 4.12D. Redo Ex. 12A with “J-semisimple” replaced by “von Neu-
mann regular”.

Solution. We use the notations in Ex. 12A, but surprisingly, the conclu-
sions here are a little different. If the indexing set [ is infinite, the answer
is “no”. For instance, taking A, = (p) for primes p in R =7Z, we have
A =(,2A, = (0). Here, each R/, = Z/pZ is a field and hence von Neu-
mann regular, but R/ 2 Z is not von Neumann regular.

To treat the case |I| < oo, let I = {1,2,...,n}. We claim that here the
answer is “yes”. It suffices to prove this for n = 2, and we may assume 24; N
A; = (0). Consider any a € R. Since R/2; and R/, are von Neumann
regular, there exist x, y € R such that (1 — az)a € 2; and a(1 — ya) € As.
Then

(1 —azx)a(l —ya) €A1 NA3 =0.

This yields a = a(z + y — zay)a, so R is von Neumann regular.
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Comment. Note that the argument above produces an explicit “pseudo-
inverse” of a from given pseudo-inverses of a in R/2; and in R/%As. As
in the Comment on Ex. 4.12A, we may conclude that any finite subdirect
product of von Neumann regular rings is von Neumann regular.

Ex. 4.13. Let R be the ring of all continuous real-valued functions on a
topological space A. Show that R is J-semisimple, but “in most cases” not
von Neumann regular.

Solution. The following are clearly maximal ideals of R:

m, = {f € R: f(a) =0},

where a € A. Therefore,

rad R C ﬂma:{fGR:f(A)zo}:O.
acA

To see that in most cases R is not von Neumann regular, consider any non-
singleton connected compact Hausdorff space A. Then the only idempotents
in R are 0 and 1. Assume R is von Neumann regular. For any nonzero
f € R, fR =eR for some idempotent e € R, so we must have fR = R, i.e.
f € U(R). Therefore, R is a field. The known classification theorem for
maximal ideals of R then implies that |A| = 1, a contradiction.

Ex. 4.14. Show that a ring R is von Neumann regular iff IJ = 1IN J for
every right ideal I and every left ideal J in R.

Solution. First assume R is von Neumann regular. For I, J as above, it
suffices to show that ITNJ C IJ. Let a € I NJ. There exists € R such
that a = axa. Thus, a € (IR)J C IJ. Conversely, assume that IJ =1N.J
for any right ideal I and any left ideal J. For any a € R, we have then

a € (aR)N (Ra) = (aR)(Ra) = aRa.

Comment. What about the equation IJ = I N J for left ideals I and right
ideals J (or for right ideals I, J)? The answer is a rather pleasant surprise:
the equation holds in these other cases iff R is a von Neumann regular ring

without nonzero nilpotent elements (a so-called strongly regular ring). See
Exercises 12.6A and 22.4B below!

Ex. 4.14A;. Let R = Endj (M) where M is a right module over a ring k.
Show that an element f € R is von Neumann regular iff ker(f) and im(f)
are both direct summands of M.

Solution. In F(C-(4.27), it was shown that, if M}, is semisimple, then R is
von Neumann regular. This exercise may be viewed as a generalization of
that result. In fact, the solution here is just a sharpening of the proof of
F(C-(4.27). First, suppose f € R is such that

ker(f)® P=M =im(f) ® Q,
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where P, () are k-submodules of M. Then
f|P:P—im(f)

is an isomorphism. Defining g € R such that ¢(Q) = 0*) and g | im(f) is
the inverse of f | P, we get f = fgf. Conversely, if f € R can be written

as fgf for some g € R, then the surjection M EN im(f) is split by the map
g (since, for every m € M, fg(f(m)) = f(m)). This shows that

M = ker(f) & im(g ).
Dually, the injection im(f) — M is split by the map fg, so
M = im(f) & ker(fg).

Comment. In the case where M is a projective k-module, we may simplify
the “iff” condition to “im(f) is a direct summand of M.” For, if this holds,
then im(f) is also a projective module, and hence the surjection f: M —
im(f) splits, which implies that ker(f) is a direct summand of M. Dually,
one can show that, in case M is an injective k-module, then the “iff”
condition in this exercise can be simplified to “ker(f) is a direct summand
of M.” In general, of course, neither simplification is possible.

Ex. 4.14A,. (1) If R is a commutative principal ideal domain, show that
the von Neumann regular elements of M, (R) are precisely matrices of the
form UAV, where U, V € GL,(R), and A = diag(1,...,1,0,...,0).

4 9 2
(2) Let B= (3 5 7| (“Chinese Magic Square”)(),
8§ 1 6
1 1 0
or B= 2 5 2 ].Is B a von Neumann regular element in the ring
-2 -8 —4

Mj3(Z)? If it is, find all matrices X € M3(Z) such that B = BXB.

Solution. (1) First observe that, if u, v are units in any ring .S, then an
element a € S is von Neumann reqular iff uav is. (To see this, it suffices to
prove the “only if” part. Suppose a = asa for some s € S; as in Ex. 12D,

) We take g(Q) = 0 only for convenience. In fact, g | Q could have been taken
to be any homomorphism from @ to M.

() In the words of A. Bremner (Notices AMS 50 (2003), p. 357), “Magic squares
are ancient and common to several civilizations. They were sometimes used
as amulets and viewed as possessing talismanic powers. The first references

4 9 2
appear to be Chinese, with the familiar square (3 5 7) known as the
8 1 6

lo shu.”
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we call any such s a “pseudo-inverse” of a. To find a pseudo-inverse t for
uav, we need to solve the equation: uav = (uav)t(uav). This amounts to
a = a(vtu)a, so it suffices to choose t = v=tsu~!, and all pseudo-inverses
for uav arise in this way.) Applying this remark to M, (R), it follows that,
for U, V, A as in (1), UAV is von Neumann regular (since A = A% = A3
is). Conversely, let B be any von Neumann regular element in M, (R). By
the Smith Normal Form Theorem, there exist P, @ € GL,(R) such that

PBQ = diag(by,...,by),

where b; 1 € b;R for each i < n. By the remark above, diag(by,...,b,) is
von Neumann regular. Thus, upon interpreting M, (R) as Endg(R"),

im(diag(by,...,b,)) =01 R®---®Hb,RC R"

must be a direct summand of R"™ (by Ex. 4.14A;). This is possible only if
each b; R is either 0 or R. Since the “elementary divisors” b; are determined
up to units anyway, we may assume that

diag(b,...,b,) = diag(1,...,1,0,...,0) := A,

and so B=UAV for U= P ! and V = Q! in GL,(R).

(2) Here, R = Z. If B is the Chinese Magic Square (with magic sum 15),
we have det(B) = 15 x 24. Computing determinants shows that B cannot
be written in the form BX B in M3(Z), so B is not von Neumann regular.
Next, let B be the second matrix in (2). For this choice of B, we offer
two different solutions. First, by performing elementary row and column
operations on B, we can easily bring it to the Smith Normal Form. Sup-
pressing the calculations, we have, e.g., PBQ = diag(1, 1,0), where

1 00 1 -1 2
P=|-2 1 0], and Q=0 1 -2 (in GL3(Z)).
-2 2 1 0o -1 3

By (1), B is von Neumann regular, and the pseudo-inverses for B are of the
form QY P, where Y ranges over the pseudo-inverses for the idempotent
matrix A = diag(1,1,0). By inspection of the equation AY A = A, we see

1 0 ¢
easily that Y can be any matrix of the form {0 1 d |. Thus, the pseudo-
a b e

inverses of B are expressed in the form of a 5-parameter linear family QY P,
with integer parameters a, b, ¢, d, e. If we set all parameters equal to 0
(that is, taking Y = A), we get the following specific pseudo-inverse for B:

1 -1 0\ /1 00 3 -1 0
(x) QvP=QAP=(0 1 o||-2 1 0|=[-2 1 o0
0 -1 0/ \-2 2 1 2 -1 0



62 Chapter 2. Jacobson Radical Theory

For a second solution, we note that the method of proof for Ex. 4.14A; is
in fact good enough for “constructing” all pseudo-inverses for B € End(Z?),
as soon as we know that B is von Neumann regular. Starting from scratch,
let {eq,e2,e3} be the unit vector basis for Z3, and let (1, (B2, B3 be the
three columns of B. To see that B € End(Z?) is von Neumann regular, we
need to determine if the subgroup im(B) generated by {81, 52,03} splits
in Z3 (see Comment on Ex. 4.14A1). By column transformations, we have

1 1 0 1 0 0 1 0 0
B=[2 5 2|=|2 3 2|2 1 2
—2 -8 —4 2 -6 —4 —2 -2 —4

Thus, im(B) is generated by £, = (1,2,—2)" and 3 := (0,1,-2)t = 85 —
B1 — B3. Since {B1, 3, e3} is (clearly) a basis for Z3, im(B) splits in Z3, so
B is von Neumann regular. From the solution to Ex. 4.14A4, it follows that
all pseudo-inverses X for B can be determined by taking X | im(B) to be
any splitting of B : Z3 — im(B), and taking X | e3Z to be arbitrary. By an
easy computation, we have ker(B) = (—2,2, —3)" - Z. Since

1= B(er), and [B=fs— 1 — 3= DB(ex —e —e3),

the most general pseudo-inverse X € End(Z3) is defined by:

1 —2 -1 —2 —-1—-2v
XBP)=(0|+w| 2|, X@B)=|1|+v]| 2 ]|=]|1+20 [,
0 -3 -1 -3 —-1—-3v

and X (e3) = (z,y,2)?, for integer parameters v, w, z, y, z. Now 3 = es —
2e3, so the equations above give

—1-2v+422
X(e2) =X(B+2e3)=| 1+2v+2y
—1-3v+22

Finally, 01 = e1 + 2e5 — 2e3 yields

3—2w+4v —2x
X(Bl) :X(ﬂl) 72X(€2)+2X(63) = —2+2w—4v—2y
2 —3w+ 6v—2z

Introducing a new parameter u = w — 2v, we see that a pseudo-inverse for
B has the following general form:

3—2u—2r —-1—-2v+2r «x
X=1-24+2u—-2y 14+2v+2y vy
2—-3u—2z —-1—-3v+2z =z

For u=v =2 =y =2 =0, this retrieves, by a “nice coincidence”, the
pseudo-inverse obtained earlier in (x)!
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Ex. 4.14A3. For any ring R, show that the following statements are equiv-
alent:

(1) R is semisimple.

(2) The endomorphism ring of every right R-module M is von Neumann
regular.

(3) The endomorphism ring of some infinite-rank free right R-module F is
von Neumann regular.

(4) Any countably generated right ideal A C R splits in Rp.

Solution. (1) = (2) follows from Ex. 14A; since Mp is semisimple, and
(2) = (3) is a tautology.

(3) = (4). Let F and A be as in (3) and (4). Certainly, A is the image of
some R-homomorphism from F' to R. If we identify Rr with a fixed rank
1 free direct summand of F', then A is the image of some R-endomorphism
of F. Since End(Fr) is von Neumann regular, Ex. 4.14A; implies that A
is a direct summand of Fg, and hence of R.

(4) = (1). Under assumption (4), R is certainly von Neumann regular.
By FC-(4.25), (1) will follow if we can show that R is right noetherian.
Assume, instead, that there exists a strictly ascending chain of right ideals
in R. From this, we can construct a strictly ascending chain

(*) agRCayR+aRCaR+asR+asRC --- (in R)

The union A of this chain is a countably generated right ideal, and hence
a direct summand of Rg by (4). But this means that A = eR for some e =
e? € R. Since e belongs to some a; R + - - - + a, R, the chain (x) stabilizes
after n steps—a contradiction.

Comment. If R is a von Neumann regular ring, it can be shown that the
endomorphism ring of a free module of finite rank is also von Neumann
regular: see Ex. 6.20 and Ex. 21.10B below. The problem whether the same
holds for free modules of infinite rank was raised in L.A. Skornyakov’s
book “Complemented Modular Lattices and Regular Rings,” Oliver and
Boyd, Edinburgh-London, 1964. (See Problem 16 on p. 165.) The negative
answer, together with the main parts of this exercise, appeared in G.M.
Cukerman’s paper, “Rings of endomorphisms of free modules” (in Russian),
Sibersk. Mat. Z. 7 (1966), 1161-1167. The same results were rediscovered
a few years later by R.F. Shanny, in “Regular endomorphism rings of free
modules,” J. London Math. Soc. 4 (1971), 353-354. I thank K. Goodearl
for bringing this exercise to my attention, and for pointing out the relevant
literature referenced above.

Ex. 4.14B. For any ring R, show that the following are equivalent:

(1) For any a € R, there exists a unit u € U(R) such that a = aua.
(2) Every a € R can be written as a unit times an idempotent.
(2") Every a € R can be written as an idempotent times a unit.
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If R satisfies (1), it is said to be unit-regular.

(3) Show that any unit-regular ring R is Dedekind-finite.
Solution. By left-right symmetry, it suffices to prove (1) <= (2).

(1) = (2). Write @ = aua where v € U(R). If e : = ua, then

62 = uaua = ua = €,

1

and a = u~ “e, as desired.

(2) = (1). Given a € R, write a = ve where v € U(R) and e? = e. The latter

implies v la = v~ tav~ta, so a = av"'a, as desired.

(3) Suppose ab=1 € R, where R is unit-regular. Write a = aua, where
u € U(R). Then 1 = ab = auab = au, so a = u~! € U(R).

Comment. (1) The important notion of a unit-regular ring was introduced
by G. Ehrlich: see her paper in Portugal. Math. 27 (1968), 209-212.

(2) Note that, by Exercise 3.10, any semisimple ring is unit-regular.

(3) In general, a von Neumann regular ring R may not be Dedekind-finite.
Therefore, R may fail to be unit-regular.

Ex. 4.14C. (Ehrlich, Handelman) Let M be a right module over a
ring k such that R = End;(M) is von Neumann regular. Show that R
is unit-regular iff, whenever M = K & N = K’ & N’ (in the category of
k-modules), N = N’ implies K = K.

Solution. The proof of the sufficiency part is a direct modification of the
argument used in Exercise 14A;. For a € R, write

M =ker(a) ® P = Q & im(a)

as in that exercise. Since a defines an isomorphism from P to im(a), the
hypothesis implies that ker(a) = Q(= coker(a)). Defining u € U(R) such
that u is an isomorphism from @ to ker(a), and w : im(a) — P is the inverse
of a|P : P — im(a), we have a = aua € R.

For the necessity part, assume R is unit-regular. Suppose

M=K¢N=K &N,

where N = N’. Define a € R such that a(K) = 0 and a|N is a fixed isomor-
phism from N to N'. Write a = aua, where u € U(R). As in Exercise 14A 1,

(%) M = ker(a) ® im(ua) = K @ u(N').

Since u defines an isomorphism from N’ to u(N’), it induces an isomor-
phism from M/N’ to M/u(N"). Noting that M/N’' =2 K" and M /u(N') =
K (from (%)), we conclude that K =~ K’.
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Comment. Under the assumption that R is von Neumann regular, the
above argument also suffices to show that: a € R can be written in the
form aua where u € U(R) iff ker(a) = coker(a) as k-modules.

For the relevant literature, see G. Ehrlich, “Units and one-sided units
in regular rings,” Trans. AMS 216 (1976), 81-90, and D. Handelman, “Per-
spectivity and cancellation in regular rings”, J. Algebra 48 (1977), 1-16.

Ex. 4.14D. Let M be a semisimple right k-module. Show that R =
Endj (M) is unit-regular iff the isotypic components M; of M (as defined
in Exercise 2.8) are all finitely generated.

Solution. First assume that some isotypic component, say M, is not
finitely generated. Then M; is an infinite direct sum of a simple k-module,
so it is easy to find an epimorphism f; : My — M7 which is not an iso-
morphism. Extending f; by the identity map on the other M;’s, we get
an f: M — M which is an epimorphism but not an isomorphism. Now for
any splitting g for f, we have fg =1 # gf. By Exercise 14B(3), R cannot
be unit-regular.
Next, assume all M;’s are finitely generated. By Exercise 2.8,

M=K®&N=K ®N' and NN = K~K'

By Exercises 14A; and 14C, we conclude that R is unit-regular. Alterna-
tively, we can give a more direct argument. Since M; is finitely generated,
R; : = Endg(M;) is a simple artinian ring, so it is unit-regular by Exercise
3.10(3). It is easy to see that

R = Endy(®:M;) = [ Ri,

so it follows that R is also unit-regular.

Ex. 4.15. For a commutative ring R, show that the following are equiva-
lent:

(1) R has Krull dimension 0.3

(2) rad R is nil and R/rad R is von Neumann regular.

(3) For any a € R, the descending chain Ra D Ra? D ... stabilizes.

(4) For any a € R, there exists n > 1 such that a™ is regular (i.e. such that
a™ € a"Ra™).

Specializing the above result, show that the following are also equiva-
lent:

(A) R is reduced (no nonzero nilpotents), and K-dim R = 0.
(B) R is von Neumann regular.
(C) The localizations of R at its maximal ideals are all fields.

3 Recall that the Krull dimension of a commutative ring R is the supremum of
the lengths of chains of prime ideals in R. In particular, K-dim R = 0 means
that all prime ideals in R are maximal ideals.
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Solution. (1) = (2). By (1), rad R is the intersection of all prime ideals,
so it is nil. For the rest, we may assume that rad R = 0. For any a € R,
it suffices to show that Ra = Ra?. Let p be any prime ideal of R. Since
R is reduced, so is Rp,. But pR, is the only prime ideal of R,, so we have
pR, = 0. Therefore, Ry is a field. In particular, Rya = R, a?. Tt follows that
(Ra/Ra?), = 0 for every prime ideal p C R; hence Ra = Ra?, as desired.

(2) = (3). Let a € R. By (2), @ = @?b € R/rad R for some b € R, so (a —
a’b)™ = 0 for some n > 1. Expanding the LHS and transposing, we get
a™ € Ra™t!, and hence Ra”™ = Ra"t! = .- ..

(3) = (4) is clear.

(4) = (1). Let p be any prime ideal, and a & p. By (4), a™ = a*"b for some
b € Rand somen > 1. Then a™(1 — a™b) = 0 implies that 1 — a™b € p. This
shows that R/p is a field, so p is a maximal ideal.

Upon specializing to reduced rings, (1) becomes (A) and (2) becomes
(B), so we have (A) < (B). The implication (A) = (C) is already done in
(1) = (2) above, and (C) = (A) follows from a similar standard local-global
argument in commutative algebra.

Comment. This exercise is related to Exercise 14B, in that any commuta-
tive von Neumann regular ring is unit-regular in the sense of that exercise.
In fact, as long as all idempotents are central in a von Neumann regular
ring R, then R is unit-regular: see Exercises 12.6A and 12.6C below.

For more information on the conditions (3) and (4) in the noncommu-
tative case, see the Comments on Exercises 4.17 and 23.5 below.

Ex. 4.16. (Cf. Exercise 1.12) A left R-module M is said to be cohopfian
if any injective R-endomorphism of M is an automorphism.

(1) Show that any artinian module M is cohopfian.
(2) Show that the left regular module gR is cohopfian iff every non right-
0-divisor in R is a unit. In this case, show that rR is also hopfian.

Solution. (1) Let o : M — M be injective, and M be artinian. The de-
scending chain

im(a) 2 im(a?) D -
must stabilize, so im(a?) = im(a’*!) for some i. For any m € M, we have
al(m) = a'T(m’) for some m’ € M. But then o!(m — a(m’)) = 0 implies

that m = a(m’), so o € Autg(M).

(2) The first statement is clear since injective endomorphisms of pR are
given by right multiplications by non right-0-divisors, and automorphisms
of gR are given by right multiplications by units. Now suppose non right-
0-divisors are units, and suppose ab = 1. Then

ra=0=— xab=0=— 2 =0,
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so a is not a right-O-divisor. It follows that a € U(R), so we have shown
that R is Dedekind-finite. By Exercise 1.12(2), gR is hopfian.

Comment. The fact that g R is cohopfian = r R is hopfian may be viewed
as an analogue of the fact that g R is artinian = rR is noetherian. It is,
however, easy to see that g R is hopfian need not imply that g R is cohopfian
(e.g. take R = Z). Note also that, for R-modules in general, p M is cohopfian
# pM is hopfian (e.g. take the module

M={¢CeC: CQizlforsomei}

over Z). Finally, one can also show that grR cohofian == Rpg cohopfian.

Some classes of rings R have the property that every finitely generated
left R-module is cohopfian. By (1) of the Exercise, left artinian rings have
this property. Another class of rings with this property is the class of re-
duced von Neumann regular rings. (Over such rings, finitely generated left
modules are also hopfian. For the proofs, see (3.2) and (6.16) of Goodearl’s
book on von Neumann regular rings, Krieger Publ. Co., Malabar, Florida,
1991.) For more information on these matters, see the next exercise, as well
as Exercise 20.9 and Exercises 23.8-23.11.

Ex. 4.16*. Let ¢ : R — S be a ring homomorphism such that S is finitely
generated when it is viewed as a left R-module via ¢. If, over R, all finitely
generated left modules are hopfian (resp. cohopfian), show that the same
property holds over S.

Solution. Let f: M — M be a surjective (resp. injective) endomorphism
of a finitely generated left S-module M. Via ¢, we may view M as a left
R-module, and, since S is finitely generated, so is g M. Viewing f: M —
M as a surjective (resp. injective) R-homomorphism, we infer from the
assumption on R that f is an R-isomorphism, and hence an S-isomorphism.

Ex. 4.17. Let R be a ring in which all descending chains
RaDRa>DRa®>D--- (for a € R)

stabilize. Show that R is Dedekind-finite, and every non right-0-divisor in
R is a unit.

Solution. By (2) of Exercise 4.16, it is sufficient to show that g R is cohop-
fian. Let a: gR — rR be an injective R-endomorphism. Then « is right
multiplication by a : = a(1), and o is right multiplication by a‘. Therefore,
im(a’) = Ra®. Since the chain

RaDRa’>D---

stabilizes, the argument in (1) of Exercise 4.16 shows that « is an isomor-
phism.
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Comment. Rings in which all descending chains
RaDRa>DRa®D---

stabilize are known as strongly m-regular rings. In Exercise 23.5, it will be
shown that this is a left-right symmetric notion. It follows that, in such a
ring, “left-0-divisor” and “right-0-divisor” are both synonymous with “non-
unit.” In particular, this is the case for any left artinian ring. For a direct
proof of this last fact, see Exercise 21.23. There are, however, no analogues
of the above results for (even 2-sided) noetherian rings. For instance, in the

noetherian ring
(7 Z)2Z
n=(o %2%)

the element a = (g ?) is not a right 0-divisor. But it is a left O-divisor,

and a fortiori a nonunit (see FC-p. 3).
Among commutative rings, the strongly m-regular ones are just those
with Krull dimension 0, according to Exercise 4.15.

Ex. 4.18. The socle soc(M) of a left module M over a ring R is defined
to be the sum of all simple submodules of M. Show that

soc(M) C{m e M : (rad R)-m = 0},
with equality if R/rad R is an artinian ring.

Solution. The first conclusion follows from the fact that (rad R)V = 0 for
any simple left R-module V. Now assume R/rad R is artinian. Let

N={meM: (rad R)-m = 0},

which is an R-submodule of M. Viewing N as a module over the semisimple
ring R/rad R, we see that rN is semisimple. Therefore, N C soc(M), as
desired.

Comment. If R/rad R is artinian, R is said to be a semilocal ring. If R is
not semilocal, the submodule N defined above may be larger than soc(M).
For instance, for R = Z, we have rad R =0, so N is always equal to M.
However, if M is not semisimple, we have soc(M) C M.

Ex. 4.19. Show that for any ring R, soc(grR) (= sum of all minimal left
ideals of R) is an ideal of R. Using this, give a new proof for the fact that
if R is a simple ring which has a minimal left ideal, then R is a semisimple
ring.

Solution. For any minimal left ideal I C R and any r € R, Ir is a ho-
momorphic image of gI, so Ir is either 0 or another minimal left ideal.
Since soc(gR) =>_ I, we see that soc(gR) is an ideal. Now suppose R
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is a simple ring which has a minimal left ideal. Then soc(gR) # 0 and so
soc(gR) = R. This means that g R is a semisimple module, so (by FC-(2.5))
R is a semisimple ring.

Ex. 4.20. For any left artinian ring R with Jacobson radical J, show that
soc(RR)={re R: Jr=0} and soc(Rg)={reR: rJ=0}
Using this, construct an artinian ring R in which soc(gR) # soc(RRg).

Solution. Since R/rad R is artinian, the two desired equations follow by
applying Exercise 18 (and its right analogue) to the modules g R and Rg.
To construct an artinian ring R for which the two socles differ, take R =

((% g) For this 3-dimensional Q-algebra, we have rad R = 8 (% ,

which has right annihilator (% %) and left annihilator (8 g), SO

soc(rR) # soc(RRg).
Comment. Actually, another choice of the triangular ring gives a smaller,
and more interesting, example. Let R be the triangular ring (of cardinal-

ity 2572 k > 2) in Ex. 1.22B. By the solution to that exercise, we have
soc(gR) C soc(RRr), with cardinalities 4 and 8 respectively.

Ex. 4.21. For any ring R, let GL,,(R) denote the group of units of M,,(R).
Show that for any ideal I C rad R, the natural map GL,,(R) — GL,(R/I)
is surjective.

Solution. First consider the case n = 1. For x € R, the argument in FC-
(4.8) shows that = € U(R) iff T € U(R/I). Therefore, U(R) — U(R/I) is
surjective. Applying this to the matrix ring M, (R) and its ideal

M, (I) € M, (rad R) = rad M, (R) (see FC-p. 57),
we see that
UM, (R)) = UMy (R) /My (1)) = UM, (R/T))
is onto; that is, GL,(R) — GL,(R/I) is onto.

Comment. The hypothesis I C rad R in the Exercise is essential. Without
this hypothesis, even U(R) — U(R/I) need not be onto. For instance, take
R =7 and I = pZ, where p is any prime number > 5.

Ex. 4.22. Using the definition of rad R as the intersection of the maximal
left ideals, show directly that rad R is an ideal.

Solution. For y € rad R, r € R, and m any maximal left ideal, we must
show that yr € m. Assume otherwise; then Rr+m = R. Consider the
left R-module homomorphism ¢ : R — R/m defined by ¢(x) = ZF. Since



70 Chapter 2. Jacobson Radical Theory

Rr+m = R, ¢ is onto. This implies that ker(y) is a maximal left ideal.
Therefore, y € ker(p), so we have 0 = ¢(y) = Y7, a contradiction.

Comment. With the reader’s indulgence, we return for a moment to rings
R possibly without an identity. Let J; (resp. J,.) be the intersection of the
maximal left (resp. right) ideals of R. Kaplansky pointed out that J, (resp.
J,) is always an ideal of R. In fact, this follows from the proof above, since
the identity element was never used! In view of Exercise 5(b), we have
Jo, J Crad R, and, if R has a left (resp. right) identity, then

Jy CJ.=rad R (resp. J, C J; =rad R).

However, as also noted by Kaplansky, J; # J,. in general. For instance, let
R be the “rng” of cardinality p? constructed in Exercise 1.10(b). It is easy
to check that the only right ideals are (0), R, and

m={(0,d): deF,}.

Since R has a left identity (1,0), we have J. =rad R=m. But m is a
maximal left ideal, and

my = {(d,d): deTF,}

is another, so Jy = (0). (It follows that m is the only modular maximal left
ideal.)

Ex. 4.23. (Herstein) In commutative algebra, it is well known (as a conse-
quence of Krull’s Intersection Theorem) that, for any commutative noethe-
rian R, (),>; (rad R)™ = 0. Show that this need not be true for noncom-
mutative right noetherian rings.

Solution. Let A be a commutative discrete valuation ring with a uni-

formizer m(# 0) and quotient field K. Consider the ring R = (61 §>,

which is right noetherian (but not left noetherian) by FC-(1.22). It is easy

to check that
TA K
I = ( - 0)

R/J = (A/mA) x K.

is an ideal of R, and that

Since the latter is a semisimple ring, we have rad R C J by Exercise 11.
On the other hand, 1 + J consists of matrices of the form

<1+7ra b

0 1) (a€e A, beK),
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which are clearly units of R. Therefore, J C rad R. We have now J = rad R,
from which it is easy to see that

n_ (T"A K
(rad R) —(0 O)’

for any n > 1. It follows that

M (rad B)" = (8 10() £0.

n>1

Comment. In the above example, R/rad R = (A/mA) x K is semisimple,
so R is a semilocal ring in the sense of FC-§20. It is also possible to construct
examples R which are local rings: see Exercise 19.12.

If R is a left and right noetherian ring, it has been conjectured that

ﬂ (rad R)" =0 (“Jacobson’s Conjecture”).

n>1

This has been verified for various special classes of noetherian rings, by
Lenagan, Jategaonkar, and others. However, the general case has remained
open for years.

Ex. 4.24. For any ring R, we know that
(%) rad(R) C{re R:r+U(R) CU(R)}.
Give an example to show that this need not be an equality.

Solution. Let I(R) be the set on the RHS, and consider the case R =
Alt] where A is a commutative domain. It is easy to see that rad(R) = 0.
However, I(R) contains rad(A), since a € rad(A) implies that

a+U(R) = a+ U(A) C U(4) = U(R).

Thus, we see that equality in (x) does not hold for R = A[t] if we choose A
to be any commutative domain that is not J-semisimple.

Comment. This exercise might be captioned “How not to characterize the
Jacobson radical”! I have included this exercise since it has been claimed in
a standard ring theory text that equality holds in (x). Of course, equality
does hold for some classes of rings; see, for instance, Ex. 20.10B.

Ex. 4.25. Let R be the commutative Q-algebra generated by x1, o, ...
with the relations z]y = 0 for all n. Show that R does not have a largest
nilpotent ideal (so there is no “Wedderburn radical” for R).
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Solution. It is not hard to show that each z,, has index of nilpotency
exactly equal to n in R. Let I be any nilpotent ideal in R; say I™ = 0.
Then x,41 € I, and so I + z, 11 R is a nilpotent ideal larger than I.

Ex. 4.26. Let R be a commutative Q-algebra generated by z1,zs,...
with the relations z;x; = 0 for all ¢, j. Show that R is semiprimary (that
is, rad R is nilpotent, and R/rad R is semisimple), but neither artinian nor
noetherian.

Solution. Clearly, rad R is the ideal generated by the x;’s. We have
(rad R)? =0, and R/rad R~ Q, so R is semiprimary. The strictly as-
cending chain

(1) & (21, 22) G (21, 22,23) G -+
shows that R is not noetherian, while the strictly descending chain
(x1,22,...) 2 (z2,23,...) 2 (T3, 24,...) 2 ...
shows that R is not artinian.

Comment. A nice noncommutative semiprimary ring satisfying neither
ACC nor DCC on 1-sided ideals can be found in Ex. 20.5.

Ex. 4.27. Let J be a nilpotent right ideal in a ring R. If I is a subgroup
of J such that I-1 C I and J =1 + J?, show that [ = J.

Solution. Since J is nilpotent, it suffices to show that J = I + J™ for all
n > 1. We induct on n, the case n = 1 being clear. Assume that J =1+ J"
where n > 1. Then

JI=I+J")-IT=1-T+J"-TCT+ J"" and hence
JP=J - (I+JCIT+JH gt =14 gt
From this, it follows that J = I + J? C I + J"*! as desired.

Comment. If I was a right ideal, we can form the right R-module M = J/I,
so the conclusion in the exercise would follow from the observation that
MJ = M. The point of this exercise is that, instead of assuming I - R C I,
we need only assume [ -1 C [ to guarantee the conclusion J = I. This
exercise is distilled from Lemma (3.1) in I.M. Isaacs’ paper “Characters of
groups associated with finite algebras,” J. Algebra 177 (1995), 708-730.

Ex. 4.28. (1) If R is a commutative ring or a left noetherian ring, show
that any finitely generated artinian left R-module M has finite length.
(2) Construct an example to show that (1) need not hold over an arbitrary
ring R.

Solution. (1) If R is left noetherian, then M is a noetherian (as well as
artinian) module, so it has finite length. Now assume R is commutative.
Since M is a finite sum of cyclic artinian submodules, we may assume M
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itself is cyclic. Represent M in the form R/I, where I C R is a left ideal.
Since R is commutative, I is an ideal, and the fact that zrM is artinian
implies that R/I is an artinian ring. By the Hopkins—Levitzki theorem
(FC-(4.15)), R/I is also a noetherian ring, so we are back to the case
considered above.

(2) We construct here a cyclic artinian left module M of infinite length
over some (noncommutative, non left-noetherian) ring R. In the triangular

ring R = <% %), the idempotent e = ((1) 8) generates the left ideal
Re = (g 8 (which is in fact an ideal). We express this module in the

simpler form <%>, and consider its submodule ( 0 >, where Z,) denotes

Zip)
the localization of Z at a prime ideal (p). Since

(G DC5)=(a ) ercacen

the ideal Re acts trivially on (&), so the R-submodules of (&) are just
(g) where G is any subgroup of Q. Now Q/Z, is isomorphic to the

Priifer p-group (the group of p™-th roots of unity for n € N), which is of
infinite length as a Z-module. Therefore, the cyclic R-module

= () () 2= (8)/ (=)

is also of infinite length. Now M /M’ = (%)/ (&) is a simple R-module,

and M’ is an artinian Z-module (and hence an artinian R-module). Tt
follows that M is also an artinian R-module (of infinite length), as desired.

Comment. Since (¢ 0) (v = (% , it is clear that any submodule of
b 0) \z by

M not contained in M’ must be M itself. Therefore, the submodules of
M are precisely M and the chain of subgroups of the Priifer group M’. In
particular, the submodules of M form a chain (under inclusion). (A module
M with such a property is known as uniserial: see FC-§20, Appendix.)
Another remarkable property of M is that, for any submodule X C M
other than M’, the quotient module M/X is isomorphic to M. Indeed,

since X is necessarily of the form < _nOZ >/ (ZO ) (for some n > 0),
D (p) (p)

it is precisely the kernel of the surjective endomorphism of M given by

multiplication by p™. From this, it follows that M/X = M as R-modules.
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Uniserial modules M with this property played an interesting role in the
work of Facchini, Salce, and others on the uniqueness of Krull-Schmidt
decompositions.

85. Jacobson Radical Under Change of Rings

Given a ring homomorphism f: R — S, one would like to relate rad R
with rad S, if it is at all possible. A few basic results are given in FC-§5.
Two important cases are when f is an inclusion, and S is a power series
ring or a polynomial ring over R, say in one variable ¢. The case S = R[[t]]
turns out to be very easy, and is covered in Exercise 6. The case S = RJ[t]
is much more difficult, and is not yet fully understood. In this case, a good
theorem of Amitsur (FC-(5.10)) guarantees that J = rad R[t] contracts to a
nil ideal N of R, and that J = N[t]. However, Amitsur’s Theorem does not
say what the ideal N is. “Kothe’s Conjecture” amounts to the hypothetical
statement that N is the largest nil ideal of R, but this was never proven.
For more information on this, see Exercises 10.24 and 10.25.

The two Exercises 3 and 4 below offer a different proof of Amitsur’s
Theorem in the case when R is an algebra over a field k. Although this
is a somewhat restrictive case, the basic ideas of this alternative proof are
simple and direct. Exercise 8, on the other hand, presents a generalization
of Amitsur’s Theorem to graded rings.

Exercises for §5

Ex. 5.0. (This exercise refines some of the ideas used in the proof of FC-
(5.6).) For any subring R C S, consider the following conditions: (1) gR is
a direct summand of S and Rp is a direct summand of Sgi. (2) R is a full
subring of S in the sense that R N U(S) C U(R). (3) R N rad S Crad R.

(A) Show that (1) = (2) = (3).

(B) Deduce from the above that, if C'= Z(S) (the center of S), then C N
rad S Crad C.

(C) Does equality hold in general in (B)?

Solution. (1) = (2). First assume rS = gR ®T, where T is a suitable R-
submodule of gS. If r € R has a right inverse in S, say r’ + ¢t where 7’ € R
and t € T, then

L=r(r"+t)=rr' +rt

implies that 1 =77’ (since rr’ € R and rt € T'). Therefore, r already has
a right inverse in R. Repeating this argument for Sg, we see that, if (1)
holds, R must be a full subring of S in the sense of (2).

(2)= (3). Letz € R N rad S. For any r € R, 1 4+ rx is a unit in S, so it
is a unit in R. By F(C-(4.1), this implies that = € rad R.
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This completes the proof of (A). For (B), it suffices to show that C
is a full subring of S. Let c € C N U(S). For any s € R, sc = c¢s yields
¢ ls = sc™!. This shows that ¢~! € C, so ¢ € U(C). For (C), note that, in
general, rad C' may not lie in rad S. For instance, let C' be any commutative
domain. Then the free algebra S = C(z,y) has center C. It is easy to see
that rad S = 0, but of course rad C need not be zero.

Comment. There is one important case in which the equality C' N rad S =
rad C' does hold in (C), namely, in the case when S is left or right artinian.
See Exercise 21.25 below. (For an easier case, see Exercise 7.4.)

There are many examples of pairs of rings R C S where R is full in S.
See, for instance, Exercises 1.13 and 6.4.

Ex. 5.1. Let R be a commutative domain and S~!'R be the localization
of R at a multiplicative set S. Determine if any of the following inclusion
relations holds:

(a) rad RC R N rad ST'R,
(b) R N rad S~'R Crad R,
(c) rad SR C S~!(rad R).
Solution. None of these is true in general! For (a), take a commutative
local domain (R, m) with m # 0. Then rad R =m, but for S = R\{0},
S~IR is a field, with rad S™*R = 0. For (b) and (c), take R =Z and
S=7\2Z. Here,rad S™'R = 2Z ;) and R N rad S™'R = 2Z, but rad R = 0.

Ex. 5.1*. Given an element a in a commutative ring R, let S be the
multiplicative set 1 + aR C R.

(1) Show that a € rad(S™'R) (where a means a/1 € ST'R).
(2) Does (1) still hold if S C R is taken to be only a multiplicative set
containing 1+ aR?

Solution. (1) It suffices to show that 1+ R'a C U(R') where R’ = S™'R.
A typical element of 1 + R’a has the form

b=1+(s"'r)a=s"*(s+ra), wherer € RandscS.
Writing s in the form 1+ ria (r; € R), we have
b=s1(1+(ri +7)a) € s~ 'S CUR).

(2) If we assume only S D 1+ aR, we may no longer have a € rad(S™!R).
For instance, take a to be a nonzero element in a commutative domain R,
and take S = R\ {0} so S~ R is the quotient field of R. Then rad(S™'R) =
0 does not contain a.

Ex. 5.2. Give an example of a ring R with rad R # 0 but rad R[t] = 0.

Solution. Again, take (R, m) to be a reduced commutative local ring with
0 # m =rad R. By Amitsur’s Theorem FC-(5.10) (or Snapper’s Theorem
FC-(5.1)), the fact that R is reduced implies that rad R[t] = 0.
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In the following two Exercises, we sketch another proof for Amitsur’s
Theorem on rad R[t] (FC-(5.10C)), in the special case when R is an algebra
over a field k. As in FC-(5.10C), we let S = RJt], J=rad S, and N =
R N J. The fact that N is a nil ideal is easy to see (cf. F'C-(5.10A)). The
main job is that of proving the equation J = N[¢].

Ex. 5.3. Assume k is an infinite field. Show that J = NJt].
Solution. We first show that J # 0 = N # 0. Let
ft) =ao+ a1t + -+ ant™ € J\{0}

with n chosen minimal. For any constant o € k, ¢t — ¢ 4+ « defines an R-
automorphism of S, so we have f(t 4+ «) — f(¢) € J. Since this polynomial
has degree less than n, we must have f(t + a) = f(t). Setting ¢t = 0 gives
ana™ 4+ -+ 4+ aja =0 for any « € k. Since k is infinite, the usual Vander-
monde matrix argument shows that

= =a =0,

so f(t) = a, gives a nonzero element in R N J = N. B
In the general case, consider the ideal N[t] C J =rad R[t]. For R =
R/N, we have by FC-(4.6):
rad R[t] = rad(R[t]/N[t]) = J/NIt).
Since J/N][t] contracts to zero in R, the case we dealt with in the first
paragraph implies that rad R[t] = 0, that is, J = N[¢].
Ex. 5.4. Assume k is a finite field. Show again that J = N[t].
Solution. Let k be the algebraic closure of k, and
R=R®pk, J=rad(R[t]).

By the first part of F'C-(5.14), J = R[t] N J. Let f(t) =Y a;t" € J. Then
f(t) € J, and, since k is infinite, Exercise 3 yields a; € J for all i. But then

a;€e RNJ=RN(R[tJnJ)=RNJ =N,
so J = N[t].
Ex. 5.5. Let R be any ring whose additive group is torsion-free. Show

(without using Amitsur’s Theorem) that J = rad R][t] # 0 implies that R N
J #0.

Solution. Let f(¢t) € J\{0} be of minimal degree, say
f(t) = ant" + -+ + ao,

where a; € R, a, # 0. We are done if we can show that n = 0. Assume,
instead, n > 1. As in the solution to Exercise 3, we must have f(t+ 1) =
f(t). Comparing the coefficients of t"~! we see that na, = 0 and hence
an = 0, a contradiction.
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Ex. 5.6. For any ring R with (Jacobson) radical J, show that the power
series ring A = R][x; : ¢ € I]] (in a nonempty set of, say, commuting vari-
ables {z;}) has radical J+ >, ; Az;. (In particular, A can never be J-
semisimple if R # 0.)

Solution. Clearly, J' := J + ), Az; is an ideal of A. Since A/J = R/J
is J-semisimple, Ex. 4.11 yields rad(A) C J’. This will be an equality, as
asserted, if we can show that 1 + J' C U(A). Now any element of 1 + J' has
the form fo+ f1 + fo+ -+ where fo € U(R), and f, (n > 1) is a homo-
geneous polynomial (over R) of degree n in {z;}. According to FC-(1.5),
this power series is invertible in A.

i€l

Ex. 5.7. For any k-algebra R and any finite field extension K/k, show
that rad R is nilpotent iff rad R¥ is nilpotent.

Solution. By FC-(5.14), we have
rad R = RNrad R,

In particular, rad R C rad R¥. Thus, if rad R¥ is nilpotent, so is rad R.
Conversely, assume that rad R is nilpotent, say (rad R)™ = 0. Then, clearly,
[(rad R)X]™ = 0. But if [K : k] =n, FC-(5.14) also gives (rad R¥)" C
(rad R)X. Therefore, (rad R¥)"™ = 0.

Ex. 5.8. (This problem, due to G. Bergman, is the origin of the proof of
FC-(5.10B).) Let R be a graded ring, i.e.

R=Ry®Ri®D---
where the R;’s are additive subgroups of R such that R;R; C R;y; (for all

i,7) and 1 € Ry. Show that J =rad R is a graded ideal of R, in the sense
that J has a decomposition

J:JO@JI@"'a
where J; = J N R;.
Solution. Let
a=a,+ap1+--+ay, €J

where a; € R;, and a,, # 0 # a,,,. We shall show that «; € J by induction
on the number of nonzero homogeneous components in « (for all rings R).
If this number is 1, there is clearly no problem. For the inductive step, we
consider a prime p (to be specified) and the ring
R[(] 2

* S = =R®R(EH---p RCP=.

() (1+<+...+<p—1) ¢ ¢
Note that (P = 1, and if we view ( as an element of degree 0, S is also a
graded ring, with

Si=R, ®Ri(® - @ Ri(CP2.
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On the ring S, we have a special automorphism ¢ defined on homogeneous
elements s; € S; by ¢(s;) = ('s;. From (x), we have J =R N rad S (by
FC-(5.6), (5.7)). Thus, a € rad S, and so rad S contains

pla) = (Ma = ("an -+ Tam) = (Man + -+ 4 M)
= ("= ¢an + -+ (CT = .
By the inductive hypothesis, we have
(" —=C¢Ma, €rad S, andso (1-¢"""a, erad S.

Now assume p >m —n. Then p € (1 —¢™™)S. (Modulo 1 —¢™"", we
havezmin = 1,Zp:17SOZ: landp=1+ C +---+ ZZFI =0.) From
this, we conclude that

pa, € R N rad S=J.

Since this holds for any prime p > m — n, it follows that «, € J, and by
induction, «; € J for all i.

Ex. 5.9. Let A = R[T], where T is an infinite set of commuting indeter-
minates. Show that rad A is a nil ideal.

Solution. Consider any « € rad A. Pick a finite subset S C T such that
a € R : = R|S], and let T" = T\S # (. Then

A= RIS|IT') = RT')

and @ € R’ N rad R'[T']. By Amitsur’s Theorem FC-(5.10), R’ N rad R'[T"]
is a nil ideal, so « is nilpotent.

Comment. One may ask if the conclusion of the exercise remains true if T'
is a finite (nonempty) set of commuting indeterminates. I do not know the
answer.

Ex. 5.10. Let us call a ring R “rad-nil” if its Jacobson radical is a nil
ideal. (Examples include: J-semisimple rings, algebraic algebras, and com-
mutative affine algebras over fields, etc.) Show that:

(1) a commutative ring is Hilbert iff all of its quotients are rad-nil;

(2) any commutative artinian ring is Hilbert;

(3) any commutative ring is a quotient of a commutative rad-nil ring.
(4) Construct a commutative noetherian rad-nil ring that is not Hilbert.

Solution. (1) Recall that a commutative ring R is called Hilbert if every
prime ideal in R is an intersection of maximal ideals. Note that this property
is inherited by all quotients. If R is Hilbert, then Nil(R), being (always) the
intersection of prime ideals in R, is also an intersection of maximal ideals
in R. This shows that Nil(R) = rad(R), and the same equation also holds
for all quotients of R. This proves the “only if” part, and the “if” part is
clear.
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(2) Let R be a commutative artinian ring, and consider any quotient R of
R. Then R is also artinian, and so rad(R) = Nil(R) (by FC-(4.12)). By (1),
R is Hilbert. [Alternatively, we can use the well-known fact that R, being
artinian, has Krull-dimension 0. (This follows from Ex. 4.15.) This means
that any prime ideal of R is maximal, so R is clearly Hilbert.]

(3) For any commutative ring A, let R = A[t]. By Snapper’s Theorem FC-
(5.1), R is a rad-nil ring, and we have A = R/(t).

(4) Let A be a commutative noetherian ring that is not rad-nil (e.g. the
localization of Z at any maximal ideal). Then R = A[t] is noetherian (by the
Hilbert Basis Theorem), rad-nil (by Snapper’s Theorem), but its quotient
R/(t) =& A is not rad-nil. Thus, by (1), R is not Hilbert.

Ex. 5.11. Let J be an ideal in any ring R.

(1) If J Crad(R), show that, for any ¢ > 1, the multiplicative group
(14 J%) /(1 + Ji*1) is isomorphic to the additive group J¢/J*+1L.

(2) Suppose J"F!1 =0 (so in particular, J C rad(R)). Show that 1+ J is
a nilpotent group of class < n; that is, 1 + J has a central series of length
< n. If, moreover, the group J/J? has a finite exponent m, show that
1+ =1.

(3) If J is a nil ideal and the ring R/J has prime characteristic p, show
that 1+ J is a p-group.

Solution. (1) First note that, for i > 1, 1+ J¢ is a normal subgroup of
U(R), as it is the kernel of the natural group homomorphism U(R) —
U(R/J?). We define a map o : J* — (1 + J)/(1 + J**1) by

o(x) =1 +x)-(1+J7TY), forevery z € J°.
This is a group homomorphism since, for z, y € J*

o(@)o(y) = 1+2)1+y) - (1+J7)
=(1+z+y+ay) -1+ I
=(l+e+yl+Q+z+y) tayl- 1+
=o(z+y).
Since ¢ is surjective and has kernel Ji*1, it induces a group isomorphism
JJH = (14 JY) /(14 JH).

(2) If J**1 = 0, the subgroups {1+ J%: 1 <i < n + 1} give a normal series
in the group 1+ J. Moreover, the same calculation as in (1) above, with
z € J" and y € J, shows that (1+ J%)/(1+ Ji1) is in the center of (1 +
J)/(1+ J*1) for each i > 1. Therefore, {1 + J%: 1 <i < n+ 1} is a central
series in 1 4 J of length < n, so by definition, 1 + J is a nilpotent group of
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class < n. If, in addition, mJ C J? for some m > 1, then m - Ji/JH'1 =0
for all 4 > 1, so (1) implies that (1+ J%)™ C 1+ J**1. From this, we see
by induction that (1 + J)m" Cl4Jrtl =1,

(3) Here, we have p € J and p" =0 € R for some n > 1. For any a € J,
pick a large integer r such that a®>* = 0. Applying Ex. 1.34 with m = p",
we see that (14 a)?"" =1, so every element in 1+ J has a p-power order.

Comment. This exercise is surely part of the folklore in noncommutative
ring theory, although a complete statement for all three parts of the exercise
is not easy to find in the literature. A good approximation appeared in
Lemma 8.12 in the paper of H. Bass and M.P. Murthy, “Grothendieck
groups and Picard groups of abelian group rings,” Annals of Math. 86
(1967), 16-73. This lemma states that, if J is an ideal in a ring R with
mJ =0=J" then (1+a)™" =1 for all a € J. Part (2) of this exercise
gives a sharper result, with the hypothesis m.J = 0 weakened to m.J C .J2.
Also, part (3) here applies to nil (instead of nilpotent) ideals J, thanks to
the earlier Ex. 1.34.

Finally, we note that, for the ring R of (n+ 1) x (n + 1) upper trian-
gular matrices over a field k, and J = rad(R) (with J"*! = 0), 1 + J is the
unitriangular group UT,, 11 (k) consisting of upper triangular matrices with
diagonal entries 1. This exercise shows that UT,,11(k) is nilpotent of class
< n. For a proof that equality actually holds here, see, e.g. p. 107 of “Fun-
damentals of the Theory of Groups” by Kargapolov and Merzljakov, GTM
Vol. 62, Springer, 1972. In the case k = R, 1+ J is also called the Heisen-
berg group (at least when n = 3). For more relevant information about the
groups 1+ J (for nil ideals J in k-algebras), see Exercises 9.4A—C.

Ex. 5.12. (Suggested by HW. Lenstra) For any ring R with Jacobson
radical J, we have an exact sequence of groups

(%) 1-1+J—=UR)—UR)—1 (where R=R/J),
induced by the projection map 7: R — R (see FC-(4.5)). Show that this
sequence splits if

(1) R is a commutative rad-nil Q-algebra, or
(2) R is a commutative artinian ring. (To prove this part, you may use the
Akizuki-Cohen Theorem in F'C-(23.12).)

Solution. (1) Under the hypothesis of (1), the groups in (x) are all abelian,
and 1+ J is a divisible group since, for any = € J (a nilpotent element),
we can use the binomial expansion

oo

(1+z)/" = Z <1in> ' €14+J (a finite sum)

i=0
to get an nth root of 1 +z in 1+ J. Thus, 1 4+ J is an injective Z-module,
and so (k) splits.
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(2) We assume here that R is commutative artinian. By the theorem of Ak-
izuki and Cohen, R is isomorphic to a finite direct product of commutative
local artinian rings. Thus, we need only treat the case where R is local. Let
k be the residue class field R/J.

Case A. char(k) = 0. In this case, r -1 ¢ J for any positive integer r, so
r € U(R). This implies that @ C R. Thus, R is a (rad-nil) Q-algebra, and
we are done by (1).

Case B. char(k) = p > 0. Here, a basic case to keep in mind is R = Z/p"*17Z
where p is a prime. In this special case, J = pZ/p" 1 Zso [1 + J| = |J| = p".
Since |U(R)| = p™(p — 1), G is precisely the p-Sylow subgroup of the finite
abelian group U(R); of course it splits in U(R).

We now try to “generalize” the above to our local ring (R, J). By
FC-(4.12), J"*1 =0 for some integer n > 0. Then, since p-J/J? =0,
Ex. (5.11)(2) gives (14 J)?" = 1. Also, in the field k of characteristic p,
2P =1 = x =1 so U(k) is p-torsionfree. Our conclusion, therefore, is im-
mediate from the following general result in the theory of abelian groups.

Proposition. Let0 — A — B — C — 0 be an exact sequence of (additive)
abelian groups. If, for some prime p, C is p-torsionfree, and p"A =0 for
some n, then the exact sequence splits.

Proof. We induct on n. For n =1, pA = 0 implies that AN pB = 0. The
induced inclusion map A — B/pB splits since both groups are vector spaces
over Z,. This implies that A — B also splits. For n > 2, let D = p"~ ! A.
Applying the inductive hypothesis to the inclusion A/D — B/D, we have a
subgroup V' C B such that B=A+V and ANV = D. By the n = 1 case,
the inclusion D — V also splits (since V/D < B/A is p-torsionfree). Thus,
a direct complement to D in V provides a direct complement to A in B.

Second Proof. Readers familiar with basic homological algebra may pre-
fer the following proof of the Proposition using the Ext-functor over Z. We
need to prove Extl(C, A) =0, and proceed by induction on n. The case
n =1 can be handled as before. For n > 2, let D = p"~'A and use the
exact sequence

Ext'(C, D) — Ext'(C, A) — Ext'(C, A/D).

By the n =1 case, Ext'(C,D) =0, and by the inductive hypothesis,
Ext'(C, A/D) = 0. Therefore, Ext'(C, A) = 0, as desired.

Comment. The Proposition above can also be deduced easily from a more
general group-theoretic theorem: if an abelian group A of finite exponent
is a pure subgroup of an abelian group B (that is, ANmB = mA for any
integer m), then A splits in B. For a proof of this theorem, see (4.3.8)
in Robinson’s book, “A Course in the Theory of Groups,” GTM Vol. 80,
Springer, 1972. We note, however, that the Proposition no longer holds if
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A is only assumed to be a p-group. An example is given by taking A to be
the torsion subgroup of B :=Z;, X Z,> x Zys X ---. Here, A is a p-group
and B/A is torsionfree, but A does not split in B: a short proof for this
can be found in (4.3.10) in Robinson’s book.

It is also worth pointing out that the exact sequence (x) is known to split
for a certain large class of finite-dimensional (not necessarily commutative)
algebras. In fact, if R is such an algebra over a field k, and if the factor
algebra R = R/J (J = rad(R)) is separable over k, the Principal Theorem
of Wedderburn-Mal’cev(*) says that the projection may 7 : R — R splits by
a suitable k-algebra homomorphism R — R. This implies, of course, that

7 : U(R) — U(R) also splits.
Ex. 5.13. Let R be a commutative domain that is not a field.

(1) If R is semilocal (that is, R has only finitely many maximal ideals),
show that R is not J-semisimple.

(2) Show that the converse holds in (1) if R is a 1-dimensional noetherian
domain, but not in general for noetherian domains.

Solution. (1) If my,...,m, are the maximal ideals of R (each nonzero
since R is not a field), then 0 # my ---m,, C rad(R).

(2) Let R be a 1-dimensional noetherian domain. For convenience, we’ll
assume the commutative version of Ex. 10.15 below. If rad(R) # 0, any
maximimal ideal of R is a minimal prime over rad(R). By Ex. 10.15, there
are only finitely many such primes, so R is semilocal.

For higher dimensions, the converse to (1) fails in general. For in-
stance, the 2-dimensional noetherian domain R = Z[[x]] is not J-semisimple
by Ex. 5.6 above, but has infinitely many maximal ideals: (p,z) for
p=2,3,5,....

Comment. The converse to (1) also fails if R is a l-dimensional non-
noetherian domain, though we will not produce an example here.

86. Group Rings and the J-Semisimplicity
Problem

It all started in 1898 when H. Maschke proved that finite group algebras
over fields of characteristic zero are semisimple rings. Maschke’s Chicago
colleague L.E. Dickson subsequently pointed out that the theorem already
holds when the characteristic of the field does not divide the order of the
group. Certainly, Maschke’s Theorem played a key role in Noether’s refor-
mulation of the representation theory of finite groups, now enshrined in van

) See (72.19) in “Representation Theory of Finite Groups and Associative Al-
gebras” by Curtis and Reiner, J. Wiley Interscience, 1962.
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der Waerden’s “Modern Algebra.” We shall return to this matter shortly
in the next chapter.

With Jacobson’s discovery of the notion of J-semisimple rings in the
1940’s, it was only natural to search for analogues of Maschke’s Theorem,
with J-semisimplicity replacing classical semisimplicity. Rickart’s 1950 re-
sult, to the effect that CG and RG are both J-semisimple for any group
G, was a stunning testament to the prowess and efficacy of Banach algebra
methods. But of course the algebraists were not to be outdone. Amitsur
showed more generally that, for any group G, KG is J-semisimple if K is
a nonalgebraic field extension of QQ, and Passman proved the analogue of
this for p’-groups over fields of characteristic p. Surprisingly, the toughest
case with the “J-semisimplicity Problem” for group rings occurs when the
ground field is an algebraic extension of the prime field. In this case, the J-
semisimplicity Problem for group rings has apparently remained unsolved
to this date.

There are other problems and conjectures too, mostly concerning the
structure of kG when k is a domain and G is a torsion-free group. Is
kG a domain, or is it at least reduced (no nonzero nilpotent elements)?
What is U(kG), and, if G # {1}, is kG always J-semisimple? None of these
questions has been fully answered, but a large number of partial results have
been obtained. A short exposition for some of these is given in FIC-§6, along
with a quick glimpse into Passman’s A-group methods.

The exercises in this section are a mixed bag, ranging from varia-
tions and applications of Maschke’s Theorem, to the relationship between
rad (kH) and rad (kG) for H normal in G, to explicit computations of
rad (kG) for specific groups, and to purely group-theoretic results such as
Holder’s Theorem (Exercise 11), Neumann’s Theorem (Exercise 17), and
the delightful Dietzmann’s Lemma (Exercise 15). The overall theme behind
all of these exercises is simply that group theory and ring theory sometimes
parade as inseparable twins. In the study of group rings, the two theories
are merged together so harmoniously that it seems no longer possible to
tell where one ends and the other begins.

Exercises for §6

In the following exercises, k denotes a field and G denotes a group, unless
otherwise specified.

Ex. 6.1. Let V be a kG-module and H be a subgroup in G of finite index
n not divisible by char k. Modify the proof of Maschke’s Theorem to show
the following: If V' is semisimple as a kH-module, then V is semisimple as
a kG-module.

Solution. Fix a coset decomposition G = J!-_; Ho;. Let W be any kG-
submodule of V. Following the notations in the proof of FC-(6.1), let f :
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V — W be a kH-homomorphism with f|W = 1. Here we try to modify
f into a kG-homomorphism ¢ : V' — W with g|/W = 1. Define

gv)=n""! Zai_lf(aiv) (veV).

It is clear that g|W = 1y, so we only need to prove g(tv) = 7g(v) for
every 7 € G. Write 0;7 = 0;0,(;) where 0; € H and « is a permutation of
{1,...,n}. Then

g(tv) =n~t Za[lf(aiﬂ)) =n! Zajlf(&aa(i)v)
=n"! Zai_l9z'f(%(i)v) =n"" ZTU;(li)f(Ua(i)v)
=T (”_1 Zog(li)f(%(i)”)) =71g(v).

Ex. 6.2. Let A be a normal elementary p-subgroup of a finite group G such
that the index of the centralizer Cg(A) is prime to p. Show that for any
normal subgroup B of G lying in A, there exists another normal subgroup
C of G lying in A such that A= B x C.

Solution. Let k =F, and let G act on A by conjugation. The subgroup
Cq(A) is also normal in G, and acts trivially on A. Writing G = G/Cg(A),
we may therefore view A as a kG-module. Since |G| = [G : Cg(A)] is prime
to p = char k, kG is a semisimple ring. The assumption that B <1 G implies
that B is a kG-submodule of A. Therefore, A = B @ C for a suitable kG-
submodule C' C A. Going back to the multiplicative notation, we have A =
B x C,and C <« G.

Ex. 6.3. Let G be a finite group whose order is a unit in a ring k, and let
W C V be left kG-modules.

(1) If W is a direct summand of V' as k-modules, then W is a direct sum-
mand of V' as kG-modules.
(2) If V is projective as a k-module, then V is projective as a kG-module.

Solution. (1) Fixing a k-homomorphism f:V — W such that f | W is
the identity, we can define g : V — V as in the solution to Ex. 1 by the
“averaging” device:

g(v) =1|G|™" Z o f(ov), forveV.
ceG

Again, we check easily that g is a kG-homomorphism with g | W = Idw,
and so V =W & ker(g).

(2) Take a kG-epimorphism ¢ : F' — V, where F is a suitable free kG-
module, and let E = ker(y). Since V is projective as a k-module, F is a
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direct summand of F as k-modules. By (1), F is a direct summand of F as
kG-modules. Thus, V is isomorphic to a direct kG-complement of E in F,
so V is a projective kG-module.

Ex. 6.4. (This exercise is valid for any ring k.) For any subgroup H of a
group G, show that

(x)  kH N UKG) CURKH) and kH N rad kG C rad kH.

Deduce that, if kH is J-semisimple for any finitely generated subgroup H
of G, then kG itself is J-semisimple.

Solution. Let R =kH C S = kG, and fix a coset decomposition
G= U HO'i.
iel
Then we have S = @, Ro;. We may assume that some o;, = 1. Therefore,
rR = Roj, is a direct summand of S. Similarly, Rg is a direct summand
of Sg. Applying Exercise 5.0, we get the two conclusions in ().

Assume now rad kH = 0 for any finitely generated subgroup H C G.
For any a € rad kG, we have o € kH for some such H, so

a € kHN rad kG Crad kH = 0.
This implies that rad kG = 0, as desired.

Ex. 6.5. (Amitsur, Herstein) If k is an uncountable field, show that, for
any group G, rad kG is a nil ideal.

Solution. Let a € rad kG. Then
a€kH N rad kG Crad kH

for some finitely generated subgroup H C G. Now dimy kH = |H]| is count-
able, and k is uncountable. Therefore, F'C-(4.20) gives the desired conclu-
sion that o™ = 0 for some n > 1.

Ex. 6.6. Let H be a normal subgroup of G. Show that I = kG -rad kH
is an ideal of kG. If rad kH is nilpotent, show that I is also nilpotent. (In
particular, if H is finite, I is always nilpotent.)

Solution. Any ¢ € G defines a conjugation automorphism on the subring
kH C kG, and this automorphism must take rad kH to rad kH. Therefore,

(rad kH)o Co-rad kH C I,
which shows that I is an ideal of kG. This method also shows that
I" = kG - (rad kH)"

for any n > 1, so the rest of the Exercise follows.



86 Chapter 2. Jacobson Radical Theory

Ex. 6.7. (For this Exercise, we assume Wedderburn’s Theorem that finite
division rings are commutative. A proof of this theorem can be found in
F(C-(13.1).) Show that if ko is any finite field and G is any finite group,
then (koG/rad koG) ®y, K is semisimple for any field extension K D kg.

Solution. Let A = koG /rad koG. In fact, A can be any finite-dimensional
semisimple ko-algebra below. By Wedderburn’s Theorem, A = [[, M., (D;),
where the D;’s are finite-dimensional kg-division algebras. By the other
theorem of Wedderburn quoted in the statement of the Exercise, each D;
is just a finite field extension of ky. Now

A ®k0 <H IMIn1 > Ok K= H ®ko K)

o~ HM,“ (D; @1, K) .

%

We are done if we can show that each D; ®j, K is a finite direct product of
fields. To simplify the notation, write D for D;. The crux of the matter is
that D/kg is a (finite) separable extension. (The finite field kq is a perfect
field!) Say D = ko(c), and let f(x) be the minimal polynomial of « over k.
Then f(x) is a separable polynomial over ko. Over K|x], we have a factor-
ization f(x) = f1(z)- - fm(x) where the f;’s are nonassociate irreducible
polynomials in K[z]. By the Chinese Remainder Theorem:

~ kolz] EK—N K|z
D@y, K= ®k0K—(f1() H

This is a finite direct product of finite (separable) field extensions of K, as
desired.

Ex. 6.8. Let k C K be two fields and G be a finite group. Show that
rad (KG) = (rad kG) ®; K.

Solution. We may assume that char k£ = p > 0, for otherwise both sides
of the equation are zero. Let I, denote the prime field of k. We shall first
prove the following special case of the Exercise:

(%) rad(kG) = (rad F,G) ®F, k.
By Exercise 7,

(F,G/rad F,G) ®p, k = kG/ ((rad F,G) ®F, k)
is semisimple. Therefore, by Exercise 4.11, we must have

rad kG C (rad F,G) ®r, k.
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Since the latter is a nilpotent ideal in kG, equality holds. This proves (),
and we deduce immediately that

rad(KG) = (rad F,G) @, K = (rad F,G) ®p, k @ K
= (rad kG) ®; K.

Ex. 6.9. Let £k C K and G be as above. Show that a kG-module M is
semisimple iff the K G-module M% = M ®;, K is semisimple.

Solution. By Exercise 8, rad KG = (rad kG) ®j, K. Therefore,
(rad KG) - M¥ = (rad kG @, K) - (M @, K)
= (rad kG- M) @ K.
It follows that:
M is semisimple <= rad kG- M =0
<« (rad KG)-M* =0

<= M¥ is semisimple.

Ex. 6.10. Let k be a commutative ring and G be any group. If kG is
left noetherian (resp. left artinian), show that kG is right noetherian (resp.
right artinian).

Solution. Define a map ¢ : kG — kG by

€ (Z agg) = Zagg_l.

Since (gh)~! = h='g~! and k is commutative, we can show that e(af) =
e(B)e(a). Of course ¢ is one-one, onto, and an additive homomorphism.
Since we also have €2 = 1, ¢ is an involution on kG. (This is a special case
of the discussion in FC-p. 83.) If

L CIC---
was an ascending chain of right ideals in kG,
e(lr) Se(l2) ©---

would have given an ascending chain of left ideals in kG. This gives the
desired conclusion in the noetherian case, and the artinian case follows
similarly.

Comment. The existence of the involution € above implies that kG is iso-
morphic to its opposite ring. For a ring R to be isomorphic to its opposite
ring, what we need exactly is an “anti-isomorphism” ¢: R — R (“anti”
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referring to the property e(a3) = &(8)e(a)): we do not need to have ¢2 = Id.
If R is any ring that is isomorphic to its opposite ring, our argument above
shows that R is left noetherian (resp. artinian) iff it is right noetherian
(resp. artinian). But of course, if k is not commutative, the Exercise doesn’t
work: just take G = {1}.

Ex. 6.11. (Holder's Theorem) An ordered group (G, <) is said to be
archimedean if, for any a,b > 1 in G, we have a < b™ for some integer n > 1.
Show that if (G, <) is archimedean, then G is commutative and (G, <) is
order-isomorphic to an additive subgroup of R with the usual ordering.

Solution. It is more convenient to present the proof here by switching to
the additive notation for the ordered group (G, <). Thus, we write “4” for
the operation on G, and 0 for its identity element. The positive cone for
the ordered group (G, <) is therefore

P={acG:a>0}.

We just have to work a bit more carefully since it is not assumed that
a+b=>b+a.
The argument is divided into the following two cases.

Case 1. The set P admits a least element, say a. In this case, we prove that
(G, <) is order-isomorphic to (Z, <) with a <> 1. It suffices to show that
every b > a is an integer multiple of a. Let n be the least positive integer
such that b < na. Then n > 2 and we have (n — 1)a < b < na. Left-adding
(1 —n)a, we get

0<(1-—n)a+bd<a,

and therefore b = —(1 —n)a = (n — 1)a.
Case 2. P has no least element. In this case, first note that

(A) For any ¢ > 0, there exists d > 0 such that 2d < c.

To prove this, fix any positive e < ¢. We may assume that ¢ < 2e. Adding
—e from both left and right, we get —e + ¢ — e < 0. Adding ¢ from the
left, we get 2d < ¢ with d: = ¢ — e > 0. Next, we claim that:

(B) For anya,b>0, a+b=b+a in G.

Indeed, if otherwise, there exist a,b > 0 with a +b > b+ a. Let
c=(a+b)—(b+a)>0.

By (A), 0 < 2d < ¢ for some d. Pick integers n, m > 0 such that

md<a<(m+1)d, nd<b<(n+1)d.
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Then a4+ b < (m+n + 2)d, and b+ a > (m + n)d. Right-adding
—(b+a) < —(m+n)d

to the former, we get ¢ < 2d, a contradiction. From (B), we deduce easily
that G is commutative. (From here on, we can afford to be a bit less cautious
with the notation, for now we have n(a + b) = na + nb for n € Z, etc.) Fiz
any element w > 0. We shall construct an order-embedding ¢ : G — R with
¢(w) = 1. The idea is: for any rational number r € Q and any a € G, we
can define what is meant by “rw < a”. Namely, if r = m/n where m,n € Z
and n > 0, we take rw < a to mean mw < na. (It is easy to see that this
depends only on r, and not on the choice of m,n.) For any a € G, define
now

Li={reQ: rw<al.

Since (G, <) is archimedean, we see that L, is nonempty and bounded from
above. Therefore, we can define ¢ : G — R by

p(a) =sup(Ly) € R (with ¢(w) =1).

Using the commutativity of G, it can be checked that L, + Ly = Lqyp. (We
omit the routine proof of this equality.) Therefore, we have

¢(a+b) = sup (Lats) = sup (La + L)
= sup (Lq) +sup (Ly) = ¢(a) + ¢(b).

It only remains to show that ¢ is an order-embedding. Say a < b in G. Then
c:=b—a>0and w < nc for some integer n > 0. But then n=! € L, and

p(b) = p(a) + (b —a) > p(a) + 1" > p(a),
as desired.

Comment. (1) It can be shown that, for the given element w > 0 in G, the
map @ constructed above is the only order-embedding of (G, <) into (R, <)
taking w to 1.

(2) A result similar to that in Exercise 11 also holds for ordered rings: If
(R, <) is an archimedean ordered ring, then R is commutative, and order-
isomorphic to a subring of R with the usual ordering. For this result, see
F(C-(17.21). The proof there uses exactly the same ideas. However, the work
is significantly easier, since (R, +) is already commutative, and there is a
natural choice for the element w > 0 used in the construction of the order-
embedding, namely, w = 1! The general proof for the ordered group case,
as we saw above, is quite a bit more subtle.

Holder’s Theorem is as old as the last century. It appeared in Hoélder’s
paper with the somewhat unlikely title “Die Axiome der Quantitdt und
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die Lehre vom Mass,” Ber. Verk. Sachs. Wiss. Leipzig, Math. Phys. Cl. 53
(1901), 1-64.

Ex. 6.12. Assume char(k) = 3, and let G = S5 (symmetric group on three
letters).

(1) Compute the Jacobson radical J = rad(kG), and the factor ring kG/J.
(2) Determine the index of nilpotency for J, and find a k-basis for J? for
each 7.

Solution. Consider the homomorphism ¢ : kG — kS induced by the
group surjection G — G/{(123)) = Sy. It is easy to see that ker(yp) =
kG - a1, where ay = (123) — 1. Since

kSy = k[t]/(t* —1) =k x k

is semisimple, we have J C ker(y¢) (by Ex. 4.11). We claim that J = ker(p)
(whereby kG/J = k x k). For this, it suffices to check that (123) acts as
the identity on any left simple kG-module V. Now

Vo={veV: (123)v=v}#0

since af = (123)2 — 1 = 0 € kG implies that oy acts as a nilpotent trans-
formation on V. It is easy to check that V} is a kG-submodule of V| so
indeed Vy = V. We have thus shown that

J = ker(p)
= {x 4+ y(123) + 2(132) + u(12) + v(13) + w(23) :
r+y+z=u+v+w=0}
A k-basis for J is therefore given by
ar=(123) =1, as=(132)—1, az=(12)—(13), as=(12)—(23).

A simple computation shows that each product o;ay; is of the form £, or
405, where

Br =1+ (123)+ (132), and By = (12) + (13) + (23).

Thus, J? has k-basis {31, 32}. By inspection, we see that «;3; = 0 for all
i, j. Therefore, J? = 0, so the index of nilpotency for J is 3.

Comment. The computation of rad(kG) here is a special case of Wallace’s
result in FC-(8.7). Another case of interest is when char(k) = 2: this is
covered by the first part of the next exercise, as well as by Ex. 8.30(2)
later.

Ex. 6.13. (Passman) Assume char k = 2. Let A be an abelian 2’-group
and let G be the semidirect product of A and a cyclic group (z) of order

2, where z acts on A by a — a~'.

(1) If |A| < oo, show that rad kG =k - 3, ¢, and (rad kG)? = 0.
(2) If A is infinite, show that kG has no nonzero nil ideals.
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Solution. First note that, by FC-(6.13), kA has no nonzero nil ideals.
Since kA is commutative, this simply means that the only nilpotent ele-
ment of kA is zero. For

a:ZaaaekA,

a€cA

let a* =3 ag,a™t (cf. FC-p. 86). This defines an involution on kA, with
za = o x for any a € kA. Any element o € kG can be expressed uniquely
in the form a + Bz, with «, 8 € kA. Let I be any nil ideal in kG, and let
o € 1. Then

(a+ Bz)(a* + %) = aa® + BB* + (Ba+ af)x
= aa* + [0* € kKA.

Since this element is nilpotent, we must have aa™ = 5*. Therefore,

(a+ Bx)?* = o® + BxBr + afx + fra
=o® + 85+ (af + Ba¥)z
=a? +aa*+ (af + o*p)x
= (a4 a)(a + Bz).

Say (a + Bz)™ = 0. Then we have 0 = (a + a*)"~!(a + Bz), so that (o +
a*)"~la = 0. But then

0 =z[(a+a®)" o]z = (a+ )" ta*.

Therefore, by addition, (o + a®)"™ = 0, so @ = o*. Now consider any b € A.
Then b(a + Sz) € I implies baw = (ba)*. Suppose a # 0; say « involves some
group element b= € A. Then 1 € supp(ba), and ba = (ba)* implies that
|[supp(«)| = |supp(ba)| is odd, since A has no element of order 2. But if
supp(«) misses some element ¢~ € A, then 1 ¢ supp(ca), and ca = (ca)*
would imply that |supp(a)| = |supp(ca)| is even. Therefore, we must have
supp(a) = A. If A is infinite, this is impossible. In this case, we conclude
that o = 0, and since oz = B2 = 3 is nilpotent, 3 = 0 too, so ¢ = 0. This
completes the proof in Case (2).

Next, assume |A| < co. Then |A] is odd, so every element of A is
a square. We continue to work with the element o = a4 B € I. Write
a= ZGGA aga. For any a1,as € A, choose d € A such that d? = a;lagl.
Then da; = (dag)™!, and da = (da)* implies that a,, = aq,. Therefore,
a=c¢e) a0 for some e € k. Since

(a+fz)e=F+axel,
we have similarly 3 =¢"3 . a. Nowlet 7 =3 g€ Z(kG). We have

™ = |G|t = 2|A|T =0,
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so k7 is an ideal with (k7)2 = 0. This implies that k7 C rad kG. Applying

the above analysis to o € I : = rad kG, we have now
o4eT= (5+5’)Za6].
acA

Since this is a nilpotent element in kA, we conclude that e = ¢’, so 0 = e7.
This shows that I = k7, with I? = 0.

Comment. The above clever argument is taken from Passman’s article “Nil
ideals in group rings,” in Mich. Math. J. 9 (1962), 375-384.

Ex. 6.14. (Wallace) Assume char k =2, and let G = A - (z) as in Exer-
cise 13, where A is the infinite cyclic group (y). (G is the infinite dihedral
group.) Show that R = kG is J-semisimple (even though G has an element
of order 2).

Solution. Let H, = (4" )< G (1 <r < oo) and let G, = G/H,, which
is a dihedral group of order 2-3". We first show that the natural ring
homomorphism

(%) o=(p): kG —]]kG,

is injective. Indeed, consider a nonzero element
a=aigi+ -+ angn € R,

where a; # 0 for all ¢, and ¢i,...,g, are distinct elements of G. Since
Hy D Hy D -+ and () H, = {1}, there exists an s such that gi_lgj ¢ H,
for all ¢ # j. But then g;H, # g;H,, and we have

ps(a) = argiHy + -+ angyHs # 0 € kG
Now, by part (1) of Exercise 13, (rad kG,.)? = 0 for all r. From
or(rad kG) C rad kG,

(cf. Exercise 4.10), we have ¢,.((rad kG)?) = 0. Since this holds for all r,
the injectivity of ¢ yields (rad kG)? = 0. But then part (2) of Exercise 13
gives rad kG = 0, as desired.

Comment. Let {H, :r € I} be a family of normal subgroups of a group
G such that (| H, = {1}, and for every r,1’, there exists s with Hy C
H, N H.. Let G, = G/H,. A slight generalization of the argument used
above shows that the map ¢ = (p,) in (*) is injective.

Therefore, one may derive information on rad kG (e.g. nilpotency prop-
erties) via information on {rad kG, }. In the most basic case, if each kG,
is J-semisimple, kG is also J-semisimple. Wallace has used this method
to show, for instance, that kG is J-semisimple for certain residually fi-
nite groups. For this and much more information on rad kG, see Wallace’s
article in Math. Zeit. 100 (1967), 282-294.
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Ex. 6.15. (Dietzmann’s Lemma) Let G be a group generated by x1, ..., x,
where each x; has finite order and has only finitely many conjugates in G.
Show that G is a finite group.

Solution. After enlarging the generating set, we may assume that
X :={zx1,...,zn}

is closed under conjugation. Every element of G is a product of the x;’s.
(We don’t need their inverses since each z; has finite order.) Fix a large
number e such that z§ = 1 for all 7. We finish by showing that every a € G
is a product of no more than n(e — 1) elements from X. (This yields an
explicit bound |G| < n™(¢=1)))

Suppose a = ajy - - a,, where a; € X and m > n(e — 1). It suffices to
show that we can “reexpress” a with fewer factors. Since m > n(e — 1),
some x € X must appear at least e times in the above expression. Say a;
is the first factor equal to x. Let a;- =z tajz € X for j < i. Then

!/ /
G =2Ta] " 0;_10i41" " Q.

Repeating this process, we can move e factors of = to the left, to get

*

_ e % *
a_x al."a’i—l..'a’m—e7

where a7 € X. Since x° = 1, we have now a = aja3---a as desired.

Ex. 6.16. (1) Let G be a group such that [G : Z(G)] < oo. Show that the
commutator subgroup [G, G] is finite.

(2) Let G be an f. c. group, i.e. each g € G has only finitely many conjugates
in G. Show that [G, G] is torsion. If, moreover, G is finitely generated, show
that [G, G] is finite.

Solution. (1) Let n=[G:Z(G)]. By FC-(6.22), G is n-abelian, i.e.
(zy)™ = a™y™ for all z,y € G. In particular, for any commutator [a, b], we

have [a, b]™ = [a",b"] = 1 (since a" € Z(G)). Writing

n

G =]J2(G)a,

i=1

we see that [G, G] is generated by the finite set {[a;, a;]}. By Exercise 15,
I[G,G]| < 0.

(2) We first handle the case where the f.c. group G is finitely generated,
say by {glv s agm} Here?
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is of finite index, so |[G,G]| < oo by (1). If G is just f. c., consider any
g € |G, G]. There exists a finitely generated subgroup H C G such that
g € [H, H|. Since H is also f. c., the order of g divides |[H, H|| < cc.

Ex. 6.17. For any group G, let

AG)={geG: [G:Cs(g)] <oo}, and
AT (G) ={g € A(G) : g has finite order}.

(1) Show that AT (G) is a characteristic subgroup of G and that AT (G) is
the union of all finite normal subgroups of G.
(2) (B. H. Neumann) Show that A(G)/A*(G) is torsion-free abelian.

Solution. (1) AT(G) is clearly closed under inverses. To see that it is
closed under multiplication, consider aj,as € A*T(G), and the subgroup
H they generate in G. Since each a; has finite order and finitely many
conjugates in G, Exercise 15 implies that H is finite. Therefore ajay € H
also has finite order, and we have ajas € A*(G). Any automorphism of G
induces an automorphism of A(G), which in turn induces an automorphism
of AT(G). Therefore, A*(G) is a characteristic subgroup of G. If K is any
finite normal subgroup of G, we have clearly K C AT(G). Conversely, if
a € AT(G), let A={ay,...,a,} be the set of all conjugates of a. Then
A C A*(G), and by Exercise 15 again, A generates a finite normal subgroup
of AT(G) containing a.

(2) Let a € A(G) be such that @ has finite order in the quotient group
Q = A(G)/AY(G). Then o™ € AT(QG) for some n > 1, and hence (a™)™ = 1
for some m > 1. But then a € A*(G), and so @ = 1. This shows that Q is
torsion-free. Since A(G) is an f.c. group, so is Q. But then by FC-(6.24),
() must be abelian.

Ex. 6.18. A total ordering “<” of the elements of a group is said to be a
right ordering of G if x < y = xz < yz for any =z, y, z € G. Show that, if
G can be right ordered, then, for any domain k, A = kG has only trivial
units and is a domain. Moreover, if G # {1}, show that A is J-semisimple.

Solution. In FC-(6.29), this was proved in the case where “<” is an or-
dering. Here, we need only re-examine the proof given before, and extend
it to the case where “<” is a right ordering. Consider a product a3 where

a=a1g91+ -+ amgm, 91 < <Gm, az#o (1§Z§m)a

B=bhi+---+byhy, hi<---<h,, b#0 (1<j<n).
Choose iy, jo such that g;,h;, is least among {g;h;}. Then iy =1 (for
otherwise g1 < g;; = g1hj, < giohj,)- In particular, g;,h;, = g;h; implies

i =39 = 1 and hence j = jo. This shows that, in the product a8, a1b;,91h;,
cannot be “canceled out” by any other term, so a8 # 0. To compute U(A),
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suppose o = 1. By the above consideration, we see that there is also a
largest product among the g;h;’s, which cannot be “canceled out” by other
terms in the expansion of a8. Thus, the only way for af = 1 to be possible
is when m = n = 1, so A has only trivial units. The argument given before
(see FC-(6.21)) for the J-semisimplicity of A (when G # {1}) carries over
verbatim.

Ex. 6.19. For any von Neumann regular ring k, show that any finitely
generated submodule M of a projective k-module P is a direct summand
of P (and hence also a projective k-module).

Solution. Say M C P are right k-modules. Clearly, it suffices to handle

the case where P is free with a finite basis e, ..., e,. In this new situation,
we carry out the proof by induction on n, the case n = 1 being covered by
FC-(4.23).

Forn>2let Py =e1k®--- @B en_1k, and My = M N Py. By taking the
projection 7 : P — e, k, we get a short exact sequence

(%) 0— My — M "5 10, where I = n(M).

By the beginning case of the induction (applied to the finitely generated
submodule I C e, k), we have e,k = I @ J for some k-submodule J C e, k.
Thus, I is projective. Hence () splits, and My is finitely generated. By the
inductive hypothesis, Py = My @ N for some k-module N. Since Py + M =
Py + I, we have now

P=PoloJ=(P+M)eoJ=Mao(NaJ),
as desired.

Comment. As far as I can ascertain, the conclusion of this exercise first
appeared in I. Kaplansky’s paper, “Projective modules,” Annals of Math.
68 (1958), 372-377.

Note that the proof above can be used to show that M is isomorphic to
a finite sum of right ideals of the form e - k where the e’s are idempotents
of k. In fact, in Theorem 4 of the above paper, Kaplansky showed that
any projective right k-module (finitely generated or otherwise) is always a
direct sum of right ideals of the form e -k where the e’s are idempotents
of k.

Ex. 6.20. Show that the conclusion of the last exercise is equivalent to
the fact that, if k& is a von Neumann regular ring, then so is M, (k) for any
n>1.

Solution. For any endomorphism f : k™ — k™, im(f) is finitely generated.
By the last exercise, im(f) is a direct summand of k™, and hence a projective
k-module. This implies that ker(f) is finitely generated, and hence also a
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direct summand of k™. By Ex. 4.14A,, it follows that M, (k) = End (k™)
is von Neumann regular.

Conversely, suppose M, (k) is von Neumann regular for all n > 1. To
solve the last exercise, we may again restrict ourselves to the case where
M is a finitely generated (right) k-submodule of P = k™. By enlarging n if
necessary, we may assume that M can be generated by n elements. Thus
M = im(f) for some f € Endy (k™) = M, (k). Since M, (k) is von Neumann
regular, Ex. 4.14A implies that M is a direct summand of k™.

Comment. Of course, it is also possible to give a proof for the fact that
M., (k) is von Neumann regular if k is by using direct matrix computations.
See the solution to Ex. 21.10B.

It is natural to ask what happens if Ml,, (k) is replaced by My(k), the ring
of column-finite N x N-matrices over k (which is the endomorphism ring
of the infinite-rank free module k @ k @ - - - ). Such a replacement brings a
radical change: according to Ex. 4.14A5, Mix(k) is von Neumann regular iff
k is a semisimple ring!

Ex. 6.21. (Auslander, McLaughlin, Connell) For any nonzero ring k& and
any group G, show that the group ring kG is von Neumann regular iff &k
is von Neumann regular, G is locally finite (that is, any finite subset in G
generates a finite subgroup), and the order of any finite subgroup of G is a
unit in k.

Solution. First suppose R = kG is von Neumann regular. As a quotient
ring of R, k is certainly von Neumann regular. Consider any finite subgroup
E C G, say of order m. It suffices to show that any prime p | m is a unit in
k. To see this, we fix an element o € E of order p (which exists by Cauchy’s
Theorem). Taking an element o € Rsuch that 1 — o = (1 — 0)a(l — o), we
can argue as in the proof of FFC-(6.1) that p € U(k). Finally, let H be a
subgroup of G generated by a finite set of elements, say hy,...,h,. It is
easy to see that

I::ZR~(h—1):iR-(hi—1)

heH

(using facts such as h;' —1=h; (1 —h;), and hjh; — 1= hi(h; —1) +
h; —1). Since R is von Neumann regular, I = Re for some idempotent e.
Now I is contained in the augmentation ideal of R, so e # 1 (since k # 0).
Thus, f:=1—e# 0. But for any h € H,

(h—1)fel-f=R-ef=0= f=hf.

Since f involves only finitely many elements of G, this implies that
|H| < oo.

For the converse, let us assume the given conditions on k& and G. Con-
sider any element &« = a1hy + - -+ + aphy, € R (a; € k, h; € G), for which we
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want to show a € aRa. Let H be the (finite) subgroup of G generated by
hi,...,hy,. Since a € kH, we are done if we can show that S := kH is von
Neumann regular. Consider any principal left ideal, say S - 3, where § € S.
Viewing S - 8 C S as k-modules, we have

Sl and S-8=>"k-(hB).

heH

Since k is von Neumann regular, S- 3 is a direct summand of S as k-
modules (by Ex. 19). From Ex. 3 (which applies since |H| € U(k)), it follows
that S - 3 is a direct summand of S as S-modules. This checks that S is
von Neumann regular, as desired.
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Chapter 3

Introduction to
Representation Theory

87. Modules over Finite-Dimensional
Algebras

In this new chapter, we shift our main emphasis from rings to modules.
More specifically, we study modules over finite-dimensional k-algebras,
where k is a field. For such an algebra R, R/rad R is a finite-dimensional
semisimple k-algebra, whose structure is completely determined by Wedder-
burn’s Theorem. Thus, the study of simple (and semisimple) left R-modules
is well under control.

In studying finite-dimensional k-algebras R, it is often essential to con-
sider base field extensions K /k, and the associated algebra scalar extensions
RYX = R ®), K. This leads quickly to the notion of an absolutely irreducible
module: an irreducible (left) R-module M is said to be absolutely irreducible
if M = M ®;, K remains irreducible over R¥ for any field extension K/k.
(An equivalent condition is that End (rM) = k : see FC-(7.5).) We say that
a field K/k is a splitting field for R (or that R splits over k) if every (left)
irreducible R-module is absolutely irreducible. (An equivalent condition
is that R¥ /rad (RX) is a finite direct product of matrix algebras over K:
see F'C-(7.7).) Roughly speaking, if K/k is a splitting field for R, the classi-
fication of simple modules reaches a “stable state” when we go to the scalar
extension algebra RX. The precise meaning of this is given in FC-(7.14);
see also Exercise 8 below.

Another advantage of the k-algebra setting is that we can define char-
acters of finite-dimensional R-modules. In characteristic 0, the characters
of such a module determines its composition factors (FC-(7.19)). In the
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case of a split algebra, independently of the field characteristic, characters
determine the simple modules (FC-(7.21)).

The exercises in this section mostly deal with the concept of splitting,
and with the behavior of finite-dimensional modules under scalar extensions
of the ground field.

Exercises for §7
In the following exercises, k denotes a field.

Ex. 7.1. Let M, N be finite-dimensional modules over a finite-dimensional
k-algebra R. For any field K D k, show that M* and N* have a common
composition factor as R¥-modules iff M and N have a common composi-
tion factor as R-modules.

Solution. Fix a composition series

0=MyCM C---CM,=M

=

for M. Then

0= Mg CM* G- CMF =M~

can be refined into a composition series for M¥. Therefore, if {V;} are the
composition factors of M, then those of M* are the composition factors of
{V:E}. This gives immediately the “if” part of the Exercise, and the “only
if” part also follows by an appeal to FC-(7.13)(2).

Ex. 7.2. Let R be a finite-dimensional k-algebra which splits over k. Show
that, for any field K D k, rad (R¥) = (rad R)¥.

Solution. Without any assumptions on k, the nilpotency of (rad R)%
implies that (rad R)®X C rad(R¥) (see FC-(5.14), and also Exercise 7 be-
low). Now assume R splits over k. The quotient r(R/rad R) is a semisim-
ple R-module. Since every simple R-module remains a simple R¥-module
upon scalar extension to K, (R/rad R)¥ remains a semisimple R*-module.
Therefore, rad(R¥) annihilates

(R/rad R)X = RX /(rad R)¥,
which amounts precisely to rad (R¥) C (rad R)%.
Ex. 7.3. Let R be a finite-dimensional k-algebra, M be an R-module and

E =EndgM. Show that if f € F is such that f(M) C (rad R)M, then
f erad E.
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Solution. Let
I={feE: f(M)C(rad R)M}.
It is routine to check that I is an ideal in the endomorphism ring E. For

this ideal I, we have I" M C (rad R)"M. Since rad R is nilpotent, I" M = 0
for a sufficiently large n, so I"™ = 0. This implies that I C rad FE, as desired.

Ex. 7.4. Let R be aleft artinian ring and C' be a subring in the center Z(R)
of R. Show that Nil C' = C Nrad R. If R is a finite-dimensional algebra over
a subfield k C C, show that rad C = C Nrad R.

Solution. Let a € Nil C. Then aR is a nil ideal of R, so aR C rad R. This
shows that Nil C' C C' Nrad R. For the converse, note that rad R is nil (in
fact nilpotent, since R is left artinian). Therefore, C Nrad R C Nil C. Now
assume dimg R < 0o, where k is a field C C. Then we also have dim;C < oo,
so rad C is nil(potent). This implies that rad C' = Nil C = CNrad R, as
desired.

Comment. In the case when C'= Z(R) where R is any left artinian ring,
the equality rad C = C Nrad R always holds. The proof is considerably
harder: see Exercise 21.25 below.

Ex. 7.5. Let R be a finite-dimensional k-algebra which splits over k. Show
that any k-subalgebra C C Z(R) also splits over k.

Solution. By Exercise 4, rad C' = C Nrad R. Therefore, we have a k-
embedding ¢ : C//rad C — R/rad R. Since R splits over k,

R/rad R = [ [ My, (k)
for suitable nq,...,n, (by FC-(7.7)). We have then

©(C/rad C) C Z(R/rad R) Hk

We claim that every k-subalgebra of B : = [[" k is k-isomorphic to [[* k
for some s < r. Assuming this claim, we will have

C/rad C = ¢(C/rad C) = Hk

so by FC-(7.7), C splits over k. To prove our claim, consider a k-subalgebra
A C B. Since A is commutative, reduced, and artinian,

A=K x - x K

for suitable finite field extensions K;/k (e.g. use the Wedderburn-Artin
Theorem!). We finish by showing that K; = k for all i. Let e; be the identity
of K;. For a suitable coordinate projection m of B = [[" k onto k, we have
m(e;) # 0. Since 7(e;) is an idempotent, we must have w(e;) = 1. Thus,
7w defines a k-algebra homomorphism from K; to k, and it follows that
m: K; 2k, as desired.
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Comment. If C is not assumed to be in the center Z(R) of R, the conclusion
in the Exercise may no longer hold. For instance, take K =R and R =
My (R). Then R splits over R. However, the R-subalgebra

C:{(Z _ab): a,beR}gR

is R-isomorphic to C, which does not split over R. Of course, here
C¢ Z(R)=R.

Alternatively, we can also take R = My(R), and C to be an R-subalgebra
of R isomorphic to the division ring of real quaternions: see FC-p. 15. Many
other counterexamples can be constructed using group algebras, say over
Q. For “most” finite groups G, C' = QG fails to split over Q. However, by
Cayley’s Theorem, G can be embedded in the symmetric group S, for some
n, and a well-known theorem in the representation theory of groups says
that R = QS,, (which contains C') always splits over Q.

Ex. 7.6. For a finite-dimensional k-algebra R, let T(R) = rad R + [R, R},
where [R, R] denotes the subgroup of R generated by ab — ba for all a,b € R.
Assume that k& has characteristic p > 0. Show that

T(RYC{aeR: a"" €[R,R] forsomem > 1},
with equality if k is a splitting field for R.

Solution. For a € T'(R), write a = b+ ¢ where b € rad R and ¢ € [R, R].
By FC-(7.15), we have for every m:

W= (a—c)" =a?" — " =a””  (mod [R,R)]).
Choosing m to be large enough, we have b*" =0 (since rad R is nil).
Therefore, the above congruence shows that a?” € [R, R]. Now assume k
is a splitting field for R, and let a € R be such that a?” € [R, R] for some
m. Let
R=R/rad R= ][] A

where A; = M, (k). Our job is to show that @ = a+rad R belongs to
[R, R]. Using the direct product decomposition above, we are reduced to
showing that, for any 4, the image @; € A; of @ belongs to [A;, A;] (given
that @ " e [Ai, A;] for some m). Therefore, we may as well assume that
R =M,, (k). Here, let us compare

T'(R): ={a€R: a”" €[R,R] forsomem > 1}
with T(R) = [R, R]. By FC-(7.15) again, T'(R) is a k-subspace of R con-
taining T(R). But by FC-(7.16), T(R) has codimension 1 in R. Since

a = diag(1,0,...,0) € T'(R)

(also by FC-(7.16)), we must have T'(R) = T"(R).
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Ex. 7.7. Using FC-(4.1) and FC-(7.13), give another proof for the fact
(already established in FC-(5.14)) that for any finite-dimensional k-algebra
R and any field extension K D k, (rad R)¥ C rad(R¥).

Solution. By F(C-(4.1), it suffices to show that (rad R)¥X annihilates any
simple left R¥-module V. But by FC-(7.13)(1), V is a composition factor
of M¥ for some simple left R-module M. Since (rad R)M = 0, it follows
that (rad R)X M¥ = 0. But then (rad R)XV = 0, as desired.

Ex. 7.8. Let R be a finite-dimensional k-algebra and let L O K D k be
fields. Assume that L is a splitting field for R. Show that K is a splitting
field for R iff, for every simple left R*-module M, there exists a (simple)
left R¥-module U such that UL = M.

Solution. The “only if” part follows directly from FC-(7.14). For the “if”
part, assume every simple (left) RF-module “comes from” a simple RX-
module. Let My,..., M, be all the distinct simple R*-modules, and let
M; = U¥, where Uy, ..., U, are (necessarily distinct) simple R¥-modules.
If there is another simple R¥-module V not isomorphic to any U;, then by
FC-(7.13)(2), a composition factor of VL would give a simple RL-module
not isomorphic to any M;, a contradiction. Thus, {U,...,U,} give all the
distinct simple R¥-modules. Each U; remains irreducible over L and hence
over the algebraic closure of L. Therefore, each U; is absolutely irreducible
(by FC-(7.5)), and we have proved that K is a splitting field for R.

Ex. 7.9. If K D k is a splitting field for a finite-dimensional k-algebra R,
does it follow that K is also a splitting field for any quotient algebra R
of R?

Solution. Since this fails for subalgebras (see Comment following Exercise
5), an impulsive guess might be that it also fails for quotient algebras.
However, the statement turns out to be true for quotient algebras. To prove
this, we may assume that K = k. Consider the natural surjection ¢ : R —
R. Any simple left R-module V may be viewed as a simple left R-module
via . For any field extension L D k, V¥ remains simple as a left R*-
module. Therefore, V'L is also a simple left R -module. This shows that V'
is absolutely irreducible, so k is indeed a splitting field for R.

Ex. 7.10. Let R be a k-algebra where k is a field, and M, N be left R-
modules, with dimpyM < co. In FC-(7.4), it was shown that, for any field
extension K D k, the natural map

0 : (Homp(M, N))™ — Hompx (M, N¥)

is an isomorphism of K-vector spaces. Replacing the hypothesis dimg M <
oo by “M is a finitely presented R-module,” give a basis-free proof for the
fact that 0 is a K-isomorphism.
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Solution. First consider the special case when M = R™. In this case, we
have the canonical isomorphisms

(Homp(M, N))* 2 (Homp(R", N))¥ = (nN)X 2 n. N,
Hompx (M¥,N¥) = Homgx ((R¥)",NK) = n. NK.

From this, we can safely conclude that 6 is an isomorphism. (Some commu-
tative diagrams must be checked, but it is mostly routine work.) Next we
assume M is a finitely presented R-module, which means that there exists
an exact sequence of R-modules

My — My —> M — 0

where My = R™ and My = R™. Applying the left-exact Hom-functors into
N and into N¥, we have the following commutative diagram:

0 — (Homp(M, N))* = (Hompg(M,, N))* — (Hompg (M, N))*

10 162 16
0 —Hompx (MK, NX)—Hompx (ME, NE)—Hompx (M, NX)

Since 61,0y are both isomorphisms, an easy diagram chase shows that 6 is
also an isomorphism.

88. Representations of Groups

In this section, we specialize our finite-dimensional k-algebras to group
algebras R = kG, where G is any finite group. Here, the module theory over
R becomes the theory of representations of the group G. In this beautiful
theory, groups, rings, and modules find a common melting pot, and group
characters emerge as a central notion unifying the three.

In studying group representations, one needs to distinguish “ordi-
nary representations” (char k {|G|) from “modular representations” (char
k| |G|). The theory of modular representations is quite deep, and requires
various sophisticated tools. Here, one has to deal with indecomposable
modules as well as irreducible ones. In a beginning treatment, one usu-
ally focuses on ordinary representation theory, and postpones the modular
theory in order to avoid excessive technical difficulties. Our approach to
basic representation theory in this section is certainly guided by this piece
of traditional wisdom.

The theory of group characters works particularly well in characteristic
zero over a splitting field. In this case, the character table of the group
G encodes much of the key information about G itself (although it is not
sufficient to determine G). The characters of a group are usually eminently
computable, since so many precise facts are known about them. Quite often,
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information about the characters of a group G can be used to prove purely
group-theoretic facts about G. Burnside’s Theorem on the solvability of
groups of order p®q® has remained the quickest and one of the most beau-
tiful applications of the theory of group characters. The Feit-Thompson
Theorem on the solvability of groups of odd order went much further in
combining character-theoretic methods with purely group-theoretic meth-
ods. With the proof of the odd-order theorem, the theory of finite group
representations was elevated to a new plateau.

The many exercises in this section deal with examples of representa-
tions and their characters, explicit computations of the decompositions of
semisimple group algebras, units of integral group rings, and the isomor-
phism problem for group algebras. Most problems are in the framework of
ordinary representations, but a couple of elementary problems on modular
representations (cf. Exs. 11, 12, 26, 30, 31) offer a quick glimpse into what
happens in the world of characteristic p| |G|. Some familiarity with basic
finite group theory on the part of the reader will be assumed throughout
these exercises.

Exercises for §8

Ex. 8.1. Give an example of a pair of finite groups G, G’ such that, for
some field k, kG = kG’ as k-algebras, but G 2 G’ as groups.

Solution. Let G, G’ be abelian groups of order n, and let k = C. Since
k has no proper algebraic extensions, Wedderburn’s Theorem implies that
kG, kG’ are both isomorphic (as k-algebras) to k x --- x k (n factors). But
of course, G and G’ need not be isomorphic!

Comment. The solution to the above problem was easy since we were al-
lowed to pick the field k. (See also Exercise 15). If the field k is speci-
fied, the problem of deciding whether kG = kG’ implies G = G’ can be
much harder. There are various affirmative results. For instance, a theo-
rem of Perlis and Walker states that, for finite abelian groups G and G,
QG =2 QG (as Q-algebras) does imply G = G’. (See their article in Trans.
Amer. Math. Soc. 68 (1950), 420-426.) But if p is a prime > 2 and G, G’ are
the two nonisomorphic nonabelian groups of order p?, then QG = QG’. In
characteristic p, Deskins has shown that, for finite abelian p-groups G, G’,
and any field k of characteristic p, kG = kG’ implies G = G’. (See Duke
Math. J. 23 (1956), 35-40.) Most remarkably, Dade has constructed a pair
of nonisomorphic finite groups G, G’ such that kG = kG’ (as k-algebras)
for all fields k. (See Math. Zeit. 119 (1971), 345-348.) For an exposition
of the work done on this kind of “Isomorphism Problem” over fields, see
Chapter 14 of Passman’s book “The Algebraic Structure of Group Rings”,
J. Wiley Interscience, 1977.
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The case of integral group rings (whether ZG = ZG' implies G = @)
presents yet another facet of the Isomorphism Problem: we have only barely
touched the “tip of the iceberg” of this problem in FC-(8.25).

For nilpotent (finite) groups, an affirmative answer to this problem has
been given by K. Roggenkamp and L. Scott (Ann. Math. 126 (1987), 593
647). However, M. Hertweck has recently constructed two nonisomorphic
solvable groups G and G’ of order 22! - 9728 with ZG = ZG'; see his paper
in Ann. Math. 15/ (2001), 115-138. One remaining problem is whether
such examples can be found for odd-order groups. For an excellent survey
on the group ring Isomorphism Problem (and its interesting relations to
the various conjectures of Zassenhaus), see D. Passman’s feature review of
Hertweck’s article in MR 2002¢:20010.

Ex. 8.2. Let k be a field whose characteristic is prime to the order of a
finite group G. Show that the following two statements are equivalent:

(a) each irreducible kG-module has k-dimension 1;

(b) G is abelian, and k is a splitting field for G.

Solution. For the proof, it is convenient to use the notations set up in FC-
(8.1). Assume (a). Then we have 1 = dimyM; = n;dimyD;, which implies
that n; = 1 and dimy D; = 1. Therefore, D; = k, and we have

kG=kx---xk

(since rad kG = 0 here). Clearly, this gives (b). Conversely, if (b) holds,
then n; = dimy D; = 1 for all i, and we have dimy M; = n; dim, D; =1,
as desired.

Ex. 8.3. Let G = S3. Show that QG =2 Q x Q x My(Q) and compute the
central idempotents of QG that give this decomposition of QG into its
simple components. Compute, similarly, the decompositions of QG1, QGa,
where G is the Klein 4-group, and G is the quaternion group of order 8.

Solution. Since the three irreducible complex representations of G = S3
can be defined over QQ, we know that Q is a splitting field for G. The
dimension equation |G| = x;(1)? here is 6 = 12 + 12 + 22, s0 we have

QG = Q x Q x My(Q).

The three central idempotents of QG giving such a decomposition can be
read off from FC-(8.15)(1), by using the character table of S3. They are:

er = & {(1) + (123) + (132) + (12) + (23) + (13)},
ez = ¢ {(1) + (123) + (132) — (12) — (23) — (13)},
es =1—e1 —ex = 3(1) — $(123) — $(132).
Next, let G be the Klein 4-group {(a) x (b). Here,
QG1=QxQxQxQ,
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and the (central) idempotents giving this decomposition are determined
again from the irreducible characters:

(14+a+b+abd), es = z(1+a—0b—ab),

€1 =

NN T

1
1
es=1(1—a+b—ab), es=3(1l—a—0b+ abd).

Finally, let G2 be the quaternion group {1,4, j, k, &, €4, £j, ek}. Since there
is an irreducible QGs-module given by the rational quaternions Hy, and
four 1-dimensional QG2-modules, we have

QG2 =QxQ xQx Q x Ho.

For the corresponding central idempotents, we can first construct the
ones associated with the linear characters (cf. Exercise 18 below):

er=3(1+e+i+ei+j+ej+k+ek),
ea=2(l+e—i—ci+j+ej—k—ck),
es=3(l+e+itei—j—cj—k—ck),
ea=g(1+ec—i—ci—j—cj+k+ek).

The last central idempotent can then be obtained as:
es=1—€e1 —ey—e3 —€4 = %(1—5).
(This is indeed an idempotent, as €2 = (1 —2e + %) = (1 —¢) = e5.)

Ex. 8.4. Let R = kG where k is any field and G is any group. Let I be the
ideal of R generated by ab — ba for all a,b € R. Show that R/I = k[G/G]
as k-algebras, where G’ denotes the commutator subgroup of G. Moreover,
show that I =3 .o (a—1)kG.

Solution. Let G be the abelian group G/G’. Then kG is a commuta-
tive ring, so the natural ring homomorphism g : R — kG sends ab — ba
to zero, for all a,b € R. This shows that ¢o(I) =0, so o induces a k-
algebra homomorphism ¢ : R/I — kG. Next, we shall try to construct a k-
algebra homomorphism v : kG — R/I. Consider the group homomorphism
o : G — U(R/I) defined by ¢y(g) = g + I. Since

Yo(gh) =gh+1=hg+1=1p(hg) (Vg,heq),

tho induces a group homomorphism G — U(R/I), which in turn induces a
k-algebra homomorphism 1) : kG — R/I. It is easy to check that ¢ and ¢
are mutually inverse maps, so we have R/I = kG.

To prove the last part of the Exercise, let

J =Y (a—1)kG.

aeG’
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Since G’ is normal in G, we have for any g € G and a € G":
gla—1)kG = (gag™' —1)g - kG C J,

so J is agideal in kG. The same method above can be used to show that
R/J = kG. From this, we conclude easily that I = J.

Ex. 8.5. For any field k£ and for any normal subgroup H of a group G,
show that kH Nrad kG =rad kH.

Solution. Even without H being normal in G, we have in general
kH Nrad kG Crad kH,

by Exercise 6.4. Therefore, it suffices to prove that, if H is normal in
G, then rad kH Crad kG. Consider any simple left kG-module V. By
Clifford’s Theorem F(C-(8.5), pzV is a semisimple kH-module. Therefore,
(rad kH)V = 0. By FC-(4.1), this implies that rad kH C rad kG.

Comment. If H is not normal in G, the inclusion rad kH C rad kG may
not be true, even when H,G are finite groups. To construct an explicit
example, let k be any field of characteristic 2, G = S3, and H = ((12)).
Then y =1+ (12) e rad kH, but we claim that y € rad kG. Indeed, if
y € rad kG, then

14+ (23)y =1+ (23) + (132) € U(kG).

Suppose a + b(12) + ¢(13) + d(23) + e(123) + f(132) is its inverse. A quick
calculation leads to six incompatible linear equations in a,b, ..., f.

Ex. 8.6. In the above Exercise, assume further that [G : H] is finite and
prime to char k. Let V be a kG-module and W be a kH-module. Show
that

(1) V is a semisimple kG-module iff 5V is a semisimple kH-module.
(2) W is a semisimple kH-module iff the induced module kG Qg W is a
semisimple kG-module.

Solution. (1) The “only if” part follows from Clifford’s Theorem FC-(8.5),
since a semisimple kG-module is a direct sum of simple kG-modules. The
“if” part is the earlier Exercise 6.1.

For (2), let V = kG ®ig W, and let G = |J; z; H be the coset decompo-
sition with respect to H. Then kG = @ z;kH, and so V = P x; Qrg W.
Here, each z; ®,y W is a kH-submodule of V. Indeed, for any h € H, we
have b/ : = :zzi_lhxi € H, so for any w € W:

h(z; @ w) = ha; @ w = x;h' @ w = x; @ h'w.

This shows, in fact, that the K H-module x; @y W is just a “twist” of g W
(using the automorphism of H induced by the conjugation by z;). Assume
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that W is semisimple. It is easy to see that the “twisted” kH-modules
x; Qg W are also semisimple. Therefore, gV is semisimple, and part (1)
above implies that xoV is semisimple. Conversely, if gV is semisimple,
then by part (1) so is g V. Since W =1 Qg W is a kH-submodule of
kg V, it is also semisimple.

Ex. 8.7. (Villamayor, Green-Stonehewer, Willems) Let k be a field, and H
be a normal subgroup of a finite group G. Show that rad kG = kG - rad kH
iff char k1[G : H].

Solution. Write G = J, z; H as in the solution of Exercise 6. First assume
char k1[G : H]. Since kG = @, x;kH, any « € rad kG can be written in
the form > x;«; where «o; € kH. We claim that each «; € rad kH. In-
deed, consider any simple kH-module W. By Exercise 6, kG Qg W is a
semisimple kG-module, so

OZOé-k‘G®kHWsziai(@kHW:Zl‘i@OéiW

This implies that ;W = 0 for all 7, so «; € rad kH. We have now shown
that rad kG C kG - rad kH, and the reverse inclusion follows from Exercise
5. (Note that the work above actually yields an explicit dimension equation:
dimy rad kG = [G : H| dimy, rad kH.)

For the converse, let us now assume that

rad kG = kG -rad kH.

Consider the group algebra R = k[G/H] as a left kG-module (via the action
of Gon G/H). Since H acts as the identity on R, the augmentation ideal of
kH acts as zero, and therefore so do rad kH and rad kG = kG - rad kH. We
can then view R as a kG//rad kG-module. Since kG /rad kG is a semisimple
ring, R is a semisimple kG /rad kG-module. Therefore, R is also a semisim-
ple module over kG and over R, so R is itself a semisimple ring. Now
FC-(6.1) implies that char k1t [G : H].

Ex. 8.8. Let G be a finite group such that, for some field k, kG is a finite
direct product of k-division algebras. Show that any subgroup H C G is
normal.

Solution. Since kG is semisimple, |G| is a unit in k, by FC-(6.1). There-
fore, for any given H C GG, we can form the element

e=|H|"" Y hekHCkG.
heH
We have
¢ =|H[?-|H| Y h=e,

heH
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so e is an idempotent. Writing kG = D1 x --- x D,. where the D;’s are
division rings, we see that any idempotent in kG is central. Therefore, for
any g € G, we have geg~! = e. This implies that gHg~! = H, so H < G.

Comment. A group G is said to be Hamiltonian if any subgroup H C G is
normal. (In some books, G is also required to be nonabelian.) The structure
of (finite or infinite) Hamiltonian groups is completely known: see Theorem
12.5.4 in Marshall Hall’s book “The Theory of Groups,” Macmillan, 1959.

Ex. 8.9. Show that the First Orthogonality Relation in FC-(8.16)(A) can
be generalized to

Y xilg)x;(hg) = 551G xa(R) /i,

geG

where h is any element in G, and n; = x;(1). (FC-(8.16)(A) was the special
case of this formula for h = 1.)

Solution. Here yx; are the characters of the simple left kG-modules, where
k is a splitting field for G of characteristic not dividing |G|. The proof
depends on the expressions for the central idempotents in kG giving the
Wedderburn decomposition of kG into its simple components. According
to FC-(8.15)(1), these central idempotents are given by

=G Y xilg™ g
geG

Now use the equations e;e; = d;;¢;, where the d;;’s are the Kronecker deltas.
The coefficient of h~! on the RHS is 8;;|G|™'n;xi(h), and the coeflicient
of h~! on the LHS is

nin; |G|~ 2 ZX% XJ (hg).
geG
Therefore, the desired formula follows.

Ex. 8.10. Under the same assumptions on kG as in Exercise 9, let Fj(G)
be the k-space of class functions on G, given the inner product

[, v |G|Zu (g~ v(g)-

Show that, for any class function f € Fi(G), there is a “Fourier expansion”
[ =>"; If,xi] xs, and that, for any two class functions f, f* € Fj,(G), there
is a “Plancherel formula”

£ =0 ol [ xal-
Assuming that char k =0, show that f = x; for some kG-module M
iff [f,x;] is a nonnegative integer for all ¢, and that M is irreducible iff
D, xm) = 1.
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Solution. We know that the irreducible characters {x;} form an orthonor-
mal basis for F,(G) under [, |. If f =", a;X;, we see immediately that

f7Xj ZG’1X7,7XJ = aj.

If similarly, f" =", ajx;, then
= aixi, Y_dixil =) aia]
7 7 7
=3 [fxal) [ xal.

If f = xn, we can resolve x s into Y s;x; where the s;’s are nonnegative
integers. In this case [f, x;] = $;, as desired. Conversely, if s; : = [f, x;] are
nonnegative integers, we can form the module M : = 691 s; M; where M; is
the simple kG-module affording the character x;. Then

f:Z Lf5 xi] Xi:ZSiXi:XMa

as desired. If M is an irreducible kG-module, say M = M;, then xa = x;
and of course [xar, xar] = [xi, xi) = 1. Conversely, let M be a kG-module
with [xar, xa] = 1. Write xap = > six; as before, where s; > 0. Then
>~ s? = 1. Since char k = 0, we must have some s; = 1 and other s;’s zero.
Therefore xpr = xi, and M = M; by FC-(7.19).

Ex. 8.11. Let k be the algebraic closure of F,, and K = k(t), where ¢ is
an indeterminate. Let G be an elementary p-group of order p? generated
by a,b. Show that

(%) ar—>A<(1) }) b»—>B<(1) i)

defines a representation of G over K which is not equivalent to any repre-
sentation of G over k.

Solution. Since AP = BP = and AB = BA, (x) defines a representation
D : G — GLy(K). We shall prove a slightly stronger statement: For any
extension field L O K, D cannot be equivalent over L to any representation
of G over k. Indeed, assume otherwise. Then there exists

U= (‘CL Z) € GLy(L)

which conjugates both A and B into GLy(k). By explicit matrix multipli-

cation,
2 2
U—lBUze—l(*2 td)7 U_lAU:e_1<*2 d>7
—tc —c

* *
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where e = det U = ad — bc € L*. Therefore,
td?e™t, d?e7t, tclem!, Pet
all belong to k. Now ¢, d cannot both be zero, since U € GLy(L). If ¢ # 0,
we have t = tc?e~!/c?e™t € k. If d # 0, we have similarly
t=td’e ' /d?*e ! € k.
This gives the desired contradiction.

Ex. 8.12. Let k be any field of characteristic 2, and let G = Sy. Let M be
the kG-module given by

ker @ - @ keyg/k(er + -+ + eq),

on which G acts by permuting the e;’s. Compute the kG-composition fac-
tors of M.

Solution. We think of V' as a k-space with basis e, es, 3, and an element
eqs = e +es +e3. Let
W = k(61 —+ 62) (a2} ]{3(62 —+ 63).

Since W also contains (e; + e2) + (e2 +e3) = e1 +e3 and eg +¢; for 1 <
i <3, we see that W is a kG-submodule of V. Clearly, V/W is the 1-
dimensional trivial kG-module. We finish by showing that W is irreducible.
(If so, the composition factors of V are W and V/W.) Assume, on the
contrary, that W is reducible. Then there exists a “line” kv in W stabilized
by G. Let

v=a(ey + e2) + blea +e3) # 0.
Since (123) is a commutator in S3 C S4, we must have

ale; +ea) + b(ea + e3) = (123)v = a(ea + e3) + b(es + e1).

Comparing the coefficients of ey, eq, e3, we get a = b = 0, a contradiction.

Ex. 8.13. Let k be a field of algebraic numbers, and A be its ring of
algebraic integers. Let G be any finite group. Using the character of the
regular representation of G, give another proof for the fact (FC-(8.26)) that
AG has no idempotents except 0 and 1.

Solution. Let e =) ayzg and ¢ =1 — e be complementary idempotents in
AG, and let R = kG. We write xreq for the character associated with the left
regular module rR. Then xeq(e) is the trace of the linear transformation
E : R — R defined by left multiplication by e. Decomposing R into eR @
¢’ R, we observe that F is zero on ¢'R, and the identity on eR. Therefore,
Xreg(€) = dimy(eR). On the other hand, Xeg(€) = a1 - |G|. Therefore,

a1 = |G| dimy(eR) € QN A = Z.

Since we also have 0 < a; < 1, we see that a; =0 or 1. If a; = 0, we have
eR=0,s0e=0.If a3 =1, then |G| = dimg(eR), and we have ¢’ = 0; that
is, e =1.
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Comment. The proof given above is due to D. Coleman; see his article in
Proc. Amer. Math. Soc. 17 (1966), p. 961. The idea of computing the trace
of the linear map F by using a decomposition of R = kG is rather akin to
that used for the proof of Littlewood’s Formula in Exercise 25 below.

Ex. 8.14. (Kaplansky) Let G = (z) be a cyclic group of order 5. Show
that u=1— 22 — 23 is a unit of infinite order in ZG, with inverse v =
1 — x — 2*. Then show that

U(ZG) = (u) x (£G) 2 Z & Zy & L.

For the more computationally inclined reader, show that a = 2z* — 23 —

322 — x + 2 is a unit of infinite order in ZG, with inverse b = 2z* — 323 +
222 —x — 1.

Solution. Let R = Z[(] where ( is a primitive 5th root of unity. By Dirich-
let’s Unit Theorem, U(R) has rank 1. To shorten the proof, we shall assume
the number-theoretic fact that 1+ ¢ is a fundamental unit in R, that is,

U(R) = (1+¢) - {£("}.

(Of course, 1+ ¢ has infinite order. Its inverse is —(¢ + ¢?).) Now con-
sider the projection ¢ : ZG — R defined by ¢(z) =(. We claim that
¢ : U(ZG) — U(R) is an injection. To see this, suppose

olag + a1z + -+ agzt) = 1,
where a; € Z. This implies that
1=ao+m{+a® +a3® +as(-1-¢— = ¢%)
= (a0 — o) + (a1 — )¢ + (a2 — aa)¢® + (s — o) P,

so we have ay = ag = a3 = ay = « (say), and ag = 1+ . On the other
hand, the “augmentation”

a0+a1+...+a4:(1—‘,—04)4—404:1—‘1-504

must be +1, since > a;z° € U(ZG). Therefore, we must have a = 0, and
Szt = 1, which proves our claim. We can now determine U(ZG) by com-
puting p(U(ZG)). Of course, p(+G) = {£(’}. A simple calculation using
the same ideas as above shows that

1+ ¢ & o(U(ZG)).
On the other hand, uv =1 (by direct calculation), and

plan) =C1-C =) =¢-C+0+¢++¢)
=1+2C+¢=(1+¢)>
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This, together with ¢(+G) = {£(*}, imply that [U(R) : ¢(U(ZQG))] < 2.
Since 1+ ¢ € ¢(U(ZG)), equality must hold, and we must have
o(U(ZG)) = ((14¢)?) - {£¢'}, and therefore
U(ZG) = (zu) x (£G) = (u) x (£G) X Z S Zy ® Zs.
We finish with a sketch of the proof that a is a unit of infinite order in ZG.
Again, we exploit the map ¢. Note that
pla) = =201+ C+¢*+¢%) =7 =3¢ - (+2
= —((3+5¢ + 3¢%).

On the other hand,

A+ =144C+6C+4C -1 +C+ 3+
= ((3+5¢+3¢?).

Therefore, ¢(—a(zu)~2) = 1. Since —a(zu) ™2 has clearly augmentation 1,
our earlier argument implies that —a(zu)~2 = 1. It follows that a = —(zu)?
is a unit of infinite order in ZG, with

a !l = —(zu)"? = —2®v?

=231 -z — z)?
= —2%(1 + 22 + 2% — 20 — 22* + 22°)

=2zt — 323 + 222 —x — 1.
Comment. In general, for any finite abelian group G,
U: =U(ZG)

is known to be a finitely generated abelian group. The rank r of U can be
explicitly computed, and the torsion subgroup of U is =G according to a
theorem of G. Higman. Therefore, U = Z" x (£G). If G is only finite but
not necessarily abelian, U is still a finitely generated group, and the torsion
subgroup of the center of U is +Z(G). This generalization of Higman’s
Theorem is proved in FC-(8.21). However, U may have elements of finite
order outside of +G.

Ex. 8.15. For finite abelian groups G and H, show that RG =2 RH as
R-algebras iff |G| = |H| and |G/G?| = |H/H?|.

Solution. Since G is abelian, Wedderburn’s Theorem gives:

RGERx---xRxCx---xC.
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Suppose there are s factors of R, and ¢ factors of C, so that |G| = s+ 2t.
The number s is the number of 1-dimensional real representations of G.
This is the number of group homomorphisms from G to {£1} C R*, so
s = |G/G?|. Therefore, the isomorphism type of RG (as an R-algebra) is
uniquely determined by |G| and |G/G?|. The conclusion of the Exercise
follows immediately from this.

Comment. For instance, if G, H are abelian groups of odd order 2t + 1,
then RG = RH as R-algebras. In fact, the analysis above shows that both
group algebras are © R x C x --- x C with ¢ factors of C.

Ex. 8.16. Show that, for any two groups G, H, there exists a (nonzero)
ring R such that RG = RH as rings.

Solution. We claim that there exists a group K such that K x G = K x
H as groups. First let us assume this claim. Then Z[K x G] 2 Z[K x H]
as rings. It is easy to see that

ZIK x G) 2 (Z|K))[G], and similarly Z[K x H] = (Z[K])[H].

Therefore, for the integral group ring R : = Z[K], we have RG = RH as
rings.
To prove our claim, take the group

K=(GxH)x(GxH)x---.
We have

GxK>2GEx(HxG)x(HxG)x---

2 (GxH)x(GxH)x---2K, and
HxK>2HXx(GxH)Xx(GXxH)X---

= (HxGEx(HxG)x---=K.

I

In particular, G x K =2 H x K, as desired.

Comment. The above kind of infinite constructions is sometimes referred
to as “Eilenberg’s trick.” Note that the construction also works if direct
sums are used in lieu of direct products. This enables us to use a “smaller”
group K: for instance, if G, H are countable, we can also take K to be
countable.

This exercise suggests that, for arbitrary rings R, we should not expect
the group ring RG to capture much of the information about the group
G. One very interesting case is, however, where R = Z and |G| < oo, as we
have seen in the Comment on Ex. 1.
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Ex. 8.17. Using the theory of group representations, show that for any
prime p, a group G of order p? must be abelian.

Solution. Say CG =M, (C) x --- x M, (C), with n; = 1. Then

But by FC-p.129 (bottom of the page), each n;|p?. This clearly implies
that each n; = 1. In particular,

CG2Cx---xC,
so G is abelian.

Ex. 8.18. Let G = {£1, +i,+j,+k} be the quaternion group of order 8.
It is known that, over C, G has four 1-dimensional representations, and a
unique irreducible 2-dimensional representation D (FC-p.120). Construct
D explicitly, and compute the character table for G.

Solution. Let H be the division ring of real quaternions. A well-known
model of H is the R-subalgebra

{(aﬁ ﬁ) ra,fe C} C My(C).

Here, a real quaternion w + xi + yj + zk € H is “identified” with

wHxt Y+ zi\ 1 0 0 1 0 ¢
(—y+zz‘ w—xi)wIJrz(O —i)“’(—1 0) T\ o)

In particular, we arrive at a 2-dimensional representation D : G — GLy(C)
with

o pw=row=(; 5)oom= (" g)pw=(7 o)

These matrices are easily checked to be C-linearly independent, so they
span M»(C). This implies that D is irreducible, so D is the representation
we want.

Another way to construct D is to embed C = R & Ri C H, and view ¢H
as an irreducible CG-module via the G-action

gxh=hg ' (g€G, heH).

Note that this action is C-linear by the associative law on H. Using the left
C-basis {j, —1} on H, and noting that

Jrj=1=(=1)(=1), jx=(=1) =y
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we see that, under this “new” representation:

(o (01
o i) Y 1 0)"

Thus, we have retrieved the representation D.

Note that the C-independence of the matrices in (%) implies that we
can identify C ®g H with My (C) as C-algebras. Via this identification, the
CG-module affording the representation D is just the “canonical module”

{ <Z> :a,be (C} over My (C). In particular, if Dy denotes the irreducible

R-representation given by the RG-module H (see F'C-p.120), we have a
decomposition C ®g Dy =2 D & D.

Using 1,4,7,k,—1 as the conjugacy class representatives for G (and
noting that 1% 4+ 12 + 1% + 1% + 22 = 8 = |G|), we arrive at the following
character table:

1 ik -1
vill 1 1 1 1
2|1 1 -1 -1 1
ys|l -1 1 -1 1
yall -1 -1 1 1
xs|/2 0 0 0 -2

Comment. Note that the matrices in (%) are unitary matrices, so D is a
unitary representation. If we multiply D(¢), D(j), D(k) by —i, we get the
following three Hermitian matrices

(1 0 (0 —i (01
9% =\o 1) %=\ o) 2=\1 o)

These are the famous Pauli spin matrices, which are used by physicists
in the study of the quantum mechanical motion of a spinning electron.
The following relations among the Pauli spin matrices are familiar to all
quantum physicists:

0,040, =il, o= 0’2 =o02=1,
O30y = —0yOp =105, Oy0, = —0,0y =10y, 0,0, = —0;0, = 10y.

Ex. 8.19. Let G be the dihedral group of order 2n generated by two
elements r, s with relations v = 1, s> = 1 and srs~! = r~1. Let § = 27/n.

(1) For any integer h (0 < h <n), show that
cos hf —sin ho 1 0
D (r) = (sin hO  cos h ) ;. Dnls) = (O —1)

defines a real representation of G.



118 Chapter 3. Introduction to Representation Theory

ow that, over C, Dy, is equivalent to the representation efined by
2) Show that C, Dy i ivalent to th tation Dj, defined b

D= (T o) Dhe= (] o)-

(3) For n = 2m + 1, show that Dy, ..., D,, give all irreducible representa-
tions of G (over R or over C) with dimensions > 1. For n = 2m, show the
same for Dy,...,D,,_1.

(4) Construct the character table for G.

(5) Verify that the two nonabelian groups of order 8 (the dihedral group
and the quaternion group) have the same character table (upon a suitable
enumeration of the characters and the conjugacy classes of the two groups).

Solution. (1) We omit the routine check that Dy, (r) and Dy (s) satisfy the
relations between r and s.

(2) Extending scalars to C, we can take in C? the new basis

) (G}

these are the eigenvectors of Dy, (r), with corresponding eigenvalues e~
and e, By using the new basis, we obtain the following diagonalization
of the rotation matrix Dy (r):

1 1\ ' /cos h® —sin b\ /1 1 B e~ the .
i —1 sin h@  cos hO A 0 eiht | = n\T).

By a simple calculation,

I I A T B (R e

(3) We first determine the 1-dimensional representations of G. Noting that
r=2 = (srs Hr € [G, G,

ihé

we see that [G,G] is (r) when n=2m + 1, and (r?) when n =2m. The
commutator quotient group G/[G, G] is therefore (5) and () x (3) accord-
ingly. In particular, G has 1-dimensional characters x1, x2 in the first case,
and x1,X2,X3, X4 in the second case. These will appear in the charac-
ter tables below. Let n = 2m + 1, and let ap, = xp, for 1 < h < m. Since
ap(r) = 2cos hf and 0 < h < 7, we have ay, # oy for h # h'. Also, since
X1, X2 take only values +1, aj cannot decompose into a sum of the x;’s
Therefore, Dy, (1 < h < m) are irreducible over C. Since

m

x1(1)? + x2(1 +Zah 2=924+4m=2n =G|,
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we have now found all the irreducible C-representations. The argument
for the case n = 2m is the same, by using aj, = xp, for 1 <h <m —1.
(It is easy to see that Dy = D,,_} in general, so it is not surprising that
we use only a subset of the Dj,’s. Note also that, in the case n = 2m, the
representation D,, is useless, since it is obviously reducible.)

(4) For n = 2m + 1, the conjugacy class representatives can be taken to be
{1,8,7,...,77, ..., r™}.

We have the character table (where 1 < h < m):

1 s r rd rm
|1 1 1 1 1
o |1 =1 1 1 1
ap |2 0 2coshf --- 2cos hjd --- 2cos hmf
For n = 2m, the class representatives can be taken to be
{1,s,8m,7,...,770, ... r™}.
Here we have the character table (where 1 < h <m —1):
1 s sr r coori(j<m) e r’m
vill 1 1 1 1 1
X2 | 1 -1 -1 (—1)7 (=™
xs|1 -1 1 -1 (1) (=)™
x4 |1 -1 -1 1 1 1
ap |2 0 0 2coshf --- 2coshjf .- 2(=1)"

(5) For m =2, we have |G| =38. Taking h =1 and 0 = 7/2, the second
character table above (for the dihedral group of order 8) is seen to be the
same as that in Exercise 18 (for the quaternion group of order 8).

Ex. 8.20. Let G = Sy, which acts irreducibly on
M = Qe; @ Qez @ Qez © Qey /Q(eq + ez +e3 +e4).
Let M’ = 0 ® M, where o denotes the sign representation of G. Show that

M’ is equivalent to the representation D of G as the group of rotational
symmetries of the cube (or of the octahedron).
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Solution. We shall show that ¢ ® D is equivalent to the representation
afforded by M. One way to show this is by using characters. On the five
conjugacy classes of G represented by

(1), (12), (123), (1234) and (12)(34),

Xm takes the values (3,1,0,—1,—1) (cf. FC-p.132). By writing down
the matrices D((1)), D((12)),..., etc., we see that yp takes the values
(3,—1,0,1,—1). Since (12), (1234) are odd and the other class represen-
tatives are even, we have x,gop = Xm, 50 0 ® D is equivalent to M by
FC-(7.19). However, this formal computation of characters is not really
very illuminating. In the following, we shall give a more geometric proof
for the equivalence of o0 ® D with M.

We label the vertices of the cube as in the above picture, so that the
four long diagonals are A;A; (1 < i < 4). Under the representation D, the
elements of G realize all the 24 permutations of the four long diagonals. We
now let G act on R? by the twisted representation o ® D. To see that this
is “the same” as the representation M, we choose in R® the four vectors

€1 = 022117 €y = 0:4/2, €3 = Oj43, €4 = OAQ
Since OA; + OAs = 2k and O?lé + OA!, = —212:', we have
e1+ex+e3+eqs=0.

We finish by showing that, under ¢ ® D, the action of any g € G = Sy is
exactly the permutation action of g on {e1, eq, e3,e4}. Since G is generated
by (143) and (1234), it suffices to check the desired conclusion for g; = (143)
and ga = (1234). For the even permutation g,

(0 ® D)(91) = D(g1)
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is a 120°-rotation about the axis As A, under which
e —eq, €y — ez, €3—ep, e4—>es,
as desired. For the odd permutation g3,

(0 ® D)(g2) = —D(g2)

is the counterclockwise 90°-rotation about the z-axis followed by —I. Under
this 2-stage action:

e — OA2 — OA/2 = €9, €y — OA% — OA3 = e3,

e3 — O_A4 — Oﬁﬁl = éy4, €4 — Oﬁ’l — 01_211 =e1.
Again, this is the permutation action of g, on {ej, ez, €3,e4}.

Ex. 8.21. Show that, over Q, G = As has four irreducible representations,
of dimensions 1, 4, 5, 6 respectively.

Solution. Let R = QG. It will be convenient to assume the knowledge
of the irreducible CG-modules constructed in FC-p.133. The 4-dimensional
and 5-dimensional irreducible C-representations both come from irreducible
R-modules. Therefore, we have

R=QxMy(Q) x M5(Q) x S

where S is the product of the remaining simple components, with
dimg S = 60 — (17 + 4% 4+ 5%) = 18.

Let M,.(D) be a simple component of S, and let V' be the corresponding
simple left R-module. By Exercise 7.1, VC must break into a sum of 3-
dimensional irreducible CG-modules. If VC does not involve both of these
modules, it would follow that one of the 3-dimensional irreducible char-
acters of G is rational-valued, which is not the case. Therefore, VC must
involve both of the 3-dimensional irreducible C-representations, and, by
Exercise 7.1 again, there are no more simple R-modules (beyond what we
have constructed). In particular, we must have

r? dimgD =18 and r dimgD = dimgV > 6.

From these, we conclude that r = 3, dimgD = 2, and dimgV = 6. (A little
further work will show that, in the Wedderburn decomposition

R @ X M4(@) X M5(Q) X Mg(D)7

we have D = Q(v/5).)
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Comment. It is of interest to give a direct construction for the 6-dimensional
simple R-module V. For readers familiar with the representation theory of
the symmetric groups, we can take V' to be the 6-dimensional simple QS5-
module corresponding to the Young diagram

and simply view V as an R-module. This module yields a character x such
that!

(1) =6, x((12)(34)) = 2, x((123)) =0,
X ((12345)) = x ((13524)) = 1.

Since this is exactly the sum of the two irreducible 3-dimensional complex
characters (cf. FC-p.133), we see that V is the simple R-module we are
after.

Ex. 8.22. For any finite group G and any field k, is it true that any
irreducible representation of G over k is afforded by a minimal left ideal
of kG? (The answer is yes, but don’t get very discouraged if you can’t
prove it.)

Solution. This Exercise is best done by assuming some more facts on
group algebras kG not yet developed in F'C. The most relevant fact needed
here is the result that R = kG is a quasi-Frobenius ring. For such a ring,
we have always the following Double Annihilator Property:? if I is any left
ideal, then

anng (ann,(I)) = 1.

Assuming this, consider now any simple left R-module V', say V = R/m,
where m is a maximal left ideal. By the property quoted above, we see that
ann,(m) # 0. Fix a nonzero element a € R such that ma = 0, and define
¢ : R — R by ¢(r) =ra. Then ¢ is a nonzero endomorphism of gR, with
m C ker(y). Since m is a maximal left ideal, we have m = ker(p). Therefore

p(R) = Rj/m =1V,

s0 ¢(R) is the minimal left ideal we sought.

! See, e.g. F. D. Murnaghan: “The Theory of Group Representations,” p. 142,
Dover Publications, 1963.

2 If char k|G|, kG is semisimple so this Double Annihilator Property for kG
follows from Exercise 3.12. The harder case occurs when char k | |G]|.



§8. Representations of Groups 123

Comment. A ring R is called left Kasch if every simple left R-module is
isomorphic to a minimal left ideal (i.e. can be embedded in rR). The work
done above is the standard proof for the fact that any quasi-Frobenius ring
is left (and right) Kasch.

Ex. 8.23. If a finite group G has at most three irreducible complex rep-
resentations, show that G = {1}, Zs, Zs or Ss.

Solution. Let r be the number of conjugacy classes in G. By assumption,
r <3.If r =1, clearly G = {1}. Now assume r = 2. The two conjugacy
classes have cardinalities 1 and |G| — 1, so we have (|G| —1) | |G|. This
implies that |G| = 2, and hence G = Z. Finally, assume that r = 3. Let
1,a,b be the cardinalities of the three conjugacy classes, and let n = |G|.
Then a + b =n — 1, and we may assume that a > (n — 1)/2. Write n = ac,
where ¢ € Z. If ¢ > 3, then

n>3a>3(n—1)/2
and hence n < 3. In this case, G = Z3. We may now assume ¢ = 2, so
n
b=n—-a—1=—- -1
n—a 5
Since bjn, we can only have n =4 or n=6. If n =4, G would have 4
conjugacy classes. Therefore, n = 6, and since G is not abelian, G = Ss.

Comment. As pointed out to me by I.M. Isaacs, similar (but somewhat
more elaborate) computations can be used to settle the case r = 4. In this
case, there are exactly four possibilities for G:

Ly, Zo®7Zo, Ay, and the dihedral group of order 10.

According to a classical theorem of E. Landau, for any given r, there are
only finitely many finite groups with exactly r conjugacy classes (or equiv-
alently, 7 irreducible complex representations). For a proof of Landau’s
Theorem, see pp. 48—-49 of Isaacs’ book “Algebra,” Brooks/Cole, 1994.

Ex. 8.24. Suppose the character table of a finite group G has the following
two rows:

g1 92 93 g4 g5 G g1
pll 1 1 w? w w? w (w = 627”/3>
vi2 -2 0 -1 -1 1 1

Determine the rest of the character table.

Solution. This exercise is easier than it looks. First note that g; must
be the identity conjugacy class. Let x; be the trivial character, yo = p,
X3 = I (complex conjugate of u), and x4 = v. We get two more irreducible
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characters by forming

X5 = X2V = (27 _2a05 _w2a —w,wQ,W),

X6+ = X3V = (27 _23 0; —Ww, _w23w7w2)'

It only remains to determine the last irreducible character y7 (since there
are seven conjugacy classes). We must have y7u = x7 (to avoid getting an
8th irreducible character), so x7 = (a,b,¢,0,0,0,0), where a € N, and b, ¢
are algebraic integers. Using the orthogonality relations for the 1st and 2nd
(resp. 1st and 3rd) columns, we get:

12412412 -22-22 2241 ab=0= ab=09,
1241241240404+ 0+ac=0= ac=—3.

Therefore, ¢ = —3/a € Q. Since c¢ is an algebraic integer, we must have
a=1or 3. If a=1, we would be able to use the linear character y; to
“twist” v to get another 2-dimensional irreducible character. Therefore,
we must have a =3, ¢ = —1, and b = 3, which completes the following
character table:

x1|1 1 1 1 1 1 1
nwo=x21 1 1 w? w o w? w
o =x3|1 1 1 w w? W w?
v=xal2 -2 0 -1 -1 1 1
w=xs2 -2 0 —-w? —-w W w
mw=xs|2 -2 0 —-w —-w w W

x7|3 3 -1 0 0 0 0

To complete the information, we have
|G| =3-12+3-22 +3% = 24.
The seven conjugacy classes are easily seen to be of cardinalities
1,1,6,4,4,4,4 (in that order),
by using the orthogonality relations.

Comment. We would be remiss if we did not try to construct an explicit
group G with the above character table. As a matter of fact, we can take
G to be the binary tetrahedral group

G = {£1,+i, 45, +k, (£1 £ i £ j + k)/2},
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which is the group of units of Hurwitz’ ring of integral quaternions (see
FC-p.5).2 We have

G/{+1, +i, +j, £k} = Zs,

so we have the three linear characters x1, X2, x3. Also, G/{£1} = A, (which
is why G is called the binary tetrahedral group), so we get the character
x7 by “lifting” the unique 3-dimensional C-representation of A,. The real-
valued 2-dimensional character v can be constructed as follows. View the
real quaternions H as C @ Cj (a 2-dimensional C-space) and let G act on
H by

gxh=hg™* (g€ G, hecH).

This gives an irreducible 2-dimensional C-representation of G affording v
(cf. Exercise 18). The conjugacy class representatives can be taken to be

g1 = 17 g2 = _17 g3 = i? g4 = —Q, 95 = 042, Je = gr = —042,
where
a=1+i+j+k)/2 and o= (-1+i+j+k)/2.

The three characters x4, x5, X¢ can also be constructed by using induced
representations from the quaternion group {+1, +i, +j, +k}.

In fact, the G above is the only group with the character table worked
out in this exercise. I am grateful to I. M. Isaacs who patiently explained
to me a nice proof for the uniqueness of G. For readers with a penchant
for “proofs by exhaustion,” we might mention that the recent book “Rep-
resentations and Characters of Groups” by James and Liebeck (Cambridge
University Press, 1993) contains character tables for all groups of order
< 32. A look at the character tables of all 15 groups of order 24 will reveal
that the table in this exercise occurs only once (incidentally, on p.404 of
loc. cit.)!

Ex. 8.25. (Littlewood’s Formula) Let e =3 _;aq g € kG be an idem-
potent, where k is a field and G is a finite group. Let x be the character of
G afforded by the kG-module kG - e. Show that for any h € G,

x(h) =[Cq(h Zagv

geC
where C' denotes the conjugacy class of h=! in G.

Solution. Given h € G, let ¢ : kG — kG be the linear map defined by
() = hae. Consider the decomposition

kG =kG-e ® kG- (1 —e¢).

3 Another “model” for this group is the classical group SLz(F3).
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On kG - e, ¢ is just left multiplication by h, and on kG - (1 —¢), ¢ is the
zero map. Therefore, x(h) = tr(p). Now

(a):haZagg:Zag hag.

geG geG

Thus, if ¢4 : kG — kG is defined by ¢, (o) = hag, we have

= Z ag tr(pg).

geG

We finish by calculating tr(¢g) (9 € G). Since ¢, takes G to G, tr(ypy) is just
the number of group elements o € G such that hag = «, i.e. g =a 'h la.
Thus, if g is not conjugate to h™1, tr(¢,) = 0. If g is conjugate to h™!, the
number of @ € G such that g = a~'h™ta is |Cg(h)], so tr(py) = |Ca(h)|.

It follows that
( ‘CG Z Gg,
gec

where C is the conjugacy class of h™! in G.

Comment. The formula proved above is named after Dudley E. Littlewood,
no relation to John E. Littlewood, the longtime collaborator of G. H. Hardy.
(A.O. Morris informed me, however, that when D.E. Littlewood was an
undergraduate student in Cambridge, his Director of Studies was none
other than J.E. Littlewood!) Littlewood’s Formula can be found as Theorem
Iin p. 266 of his classic text “A University Algebra” (2nd edition), reprinted
by Dover in 1970.

Ex. 8.26. Let G = S3, and k be any field of characteristic 3.

(a) Show that there are only two irreducible representations for G over k,
namely, the trivial representation and the sign representation.

(b) Tt is known that there are exactly six (finite-dimensional) indecom-
posable representations for G over k (see Curtis-Reiner: Representation
Theory of Finite Groups and Associative Algebras, p.433). Construct these
representations.

Solution. (a) Let U be an irreducible kG-module, and let T' be the action
of (123) on U. Since

T has an eigenvalue 1, so
Uy={ueU: Tu=u}#0.

For u € Uy, we have

(123) ((12)u) = (12)(132)u = (12)(123)%u = (12)u,
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so (12) u € Uy also. This shows that Up is a kG-submodule of U, so Up = U,
and we may view U as a kG-module where

G=G/(123) = ((12)).
Since (12) has order 2, we have U = U, @ U_ where
Uy ={ueU: (12lu=u}, and U_={ueU: (12)u= —u}.

Therefore, we have either U = U, (giving the trivial representation), or
U = U_ (giving the sign representation).

(b) In the following, let U denote the trivial representation, and U_ the
sign representation of kG. We shall construct four more indecomposable
kG-modules: M, M' of dimension 3, and V,V' of dimension 2. Let M =
kei @ keg ® kes, on which G acts by permuting the e;’s, and let

V= M/k(61 +62+63).

(b1) Let Vi = kv, where v =& — €3 € V. We check easily that Vj is a kG-
submodule of V isomorphic to U_, with V/V; 2 U, . Thus, the composition
factors for V are {Us,U_}. We claim that V' has no submodule 2 U, . In
fact, if 0 # u = ae; + bey spans a line = U, , then

aey + bey = (12)u = aés + be;  and
aey + bes = (123)u = aey + bes = —bey + (a — b)es

imply that « = b = 0, a contradiction. It follows that V' is indecomposable,
and hence so is V' : = U_ ® V. Also, since V' contains U_ @ U_ = U, we
see that V2 V.

(b2) Using the same type of calculations as above, we can verify the fol-
lowing two properties of M = ke ® keq & kes:

(A) M has no kG-submodule = U_.
(B) The only kG-submodule of M isomorphic to Uy is k(ey + ez + e3).

We can now show that M is indecomposable. In fact, if otherwise, (A)
implies that M = Uy @ N for some N. Since M has composition factors
{U4+,U4,U_}, N has composition factors {U;,U_}. By (A) again, N must
contain a copy of U,. But then M contains a copy of Uy @ U,, which
contradicts (B). This shows that M is indecomposable, and hence so is
M':=U_® M. Since

MDk(er+ex+es)=Uy,

M’ contains a copy of U_- @ Uy 2 U_. By (A) again, we have M’ % M.
This completes the construction of the six indecomposable kG-modules.
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Comment. Since by the Krull-Schmidt Theorem FC-(19.22) every finite-
dimensional kG-module is uniquely a direct sum of indecomposable mod-
ules, the above work together with the result quoted from Curtis-Reiner
enable us to construct and classify all finite-dimensional kG-modules.

Ex. 8.27. Let G be a cyclic group of prime order p > 2. Show that the
group of units of finite order in QG decomposes into a direct product of G
with {£1} and another cyclic group of order 2.

Solution. Let ¢ be a primitive pth root of unity, and let G = (x). The map
x +— ¢ extends to a surjective ring homomorphism QG — Q((). Therefore,
one of the simple components of QG is Q(¢) (see Exercise 3.3). On the
other hand, QG also has a simple component Q. Since

dimg(Q x Q(¢)) =1+p—1=p,

we must have QG = Q x Q(¢). For any commutative ring R, let Uy(R)
denote the group of units of finite order in R. Then

Up(QG) = Up(Q) x Up(Q(¢)) = {£1} x Up(Q(())-

We finish by noting that Uy(Q(¢)) is the group of roots of unity in Q((),
which is just the group (—=() = (£1) x (¢).

Ex. 8.28. Let GG be the group of order 21 generated by two elements a, b
with the relations a” = 1, b3 = 1, and bab~! = a?.

(1) Construct the irreducible complex representations of G, and compute
its character table.

(2) Construct the irreducible rational representations of G and determine
the Wedderburn decomposition of the group algebra QG.

(3) How about RG and the real representations of G?

Solution. (1) In preparation for the computation of the character table of
G, we first note that G has five conjugacy classes, represented by 1, a, a>,
b, b%. (This is an easy group-theoretic computation, which we omit.) Thus,
we expect to have five irreducible complex representations.

Obviously, [G, G] = (a), so G/|G,G] = (b). This shows that there are
three 1-dimensional representations y; : G — C*, which are trivial on (a),
with x1(b) = 1, x2(b) = w, and x3(b) = w?, where w is a primitive cubic
root of unity.

Next, we construct a 3-dimensional C-representation D : G — GL3(C)
by taking

¢ 01 0
(A) D(a) = & , and DMb)=(0 0 1],
¢t 1 00
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where (¢ is a primitive 7th root of unity. (It is straightforward to check
that the relations between a and b are respected by D.) If D is a reducible
representation, it would have to “contain” a 1-dimensional representation.
This is easily checked to be not the case. Thus, D is irreducible, and we
get another irreducible 3-dimensional C-representation D’ by taking

(B)
& 01 0
D'(a) = D(a) = ¢? , and D'(b)=D(B)=10 0 1
¢3 1 00
Note that we have D 2 D’ since they have different characters, say x4 and

X5.- We have now computed all complex irreducible representations of G,
arriving at the following character table:

1 a & b b2
x1]1 1 1 1 1
1 1 1 w
iQ L1 1 ; z (where o = ¢ + (% + ¢*).
3
X4 |3 a @ 0 0
x5 |3 @ a 0 O

From the first column of this character table, we see that the Wedderburn
decomposition of CG is:

(C) CG 2 C x C x C x M;3(C) x M3(C).

(2) We now turn to the case of rational representations. Going to the quo-
tient group G/(a) = (b), we have a surjection QG —— Q(b) = Q x Q(w),
where w is as in (1). This gives two simple QG-modules: Q with the trivial
G-action, and Q(w) with a acting trivially and b acting by multiplication
by w. The surjection 7 gives Q and Q(w) as two simple components of QG.

Our next step is to construct a 6-dimensional simple QG-module. We
start with the simple Q(a)-module K = Q(¢) (where ¢ is as before), on
which a acts via multiplication by (. We can make K into a QG-module
by letting b act via the field automorphism o € Gal(Q(¢)/Q) of order 3
sending ¢ ~ (2. This gives a well-defined G-action since, for any k € K,
(a®b)k = (?0(k), while

(ba)k = b(Ck) = o (Ck) = (2 (k).

Thus, K is a simple QG-module. Let E = End(ggK). Any f € E is right
multiplication by some element ¢ € K, and we must have (bk)f = b(kf)
(for every k € K); that is,

o(k)t =o(kl) = o(k)o(¥),
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which amounts to £ € Q(¢)?. Now F := Q(¢) is the unique quadratic ex-
tension of Q in K, which is well-known to be Q(v/—7). (More explicitly,

a=C+o0l+0=C+C+¢teF

has minimal equation a? + a +2 =0, so F = Q(a) = Q(v/=7).) We have
now seen that £ = F. Since dimgK = 3, a simple component of QG is
given by

End(Kg) = M;(E) = M;3(Q(V-T)).

This has Q-dimension 18, so we must have
(D) QG = Q x Q(w) x M3(Q(v-T7)),

and Q, Q(w), and K are the three simple QG-modules.
(3) Tensoring (D) up to R, we get

(E) RG 2 R x C x Mj3(C),

which means that each of the irreducible Q-representations above remains
irreducible over R (and these give all irreducible R-representations).

Comparing (D) and (E) with (C), we see that the 6-dimensional irre-
ducible rational (resp. real) representation of G tensors up into the direct
sum of the two 3-dimensional complex representations of G. (Of course,
this is also easy to see by checking directly that xx = x4 + X5-)

Comment. While the C-representation D and the 6-dimensional Q-repre-
sentation of G were constructed above in a matter-of-fact manner, we
should point out that these constructions do come from some general facts.
To explain this, however, we have to assume some material from FC-§14
on cyclic algebras. Using the notations in the above solution, we note that
K/F is a cyclic extension with Galois group (o). Thus, we can form the
cyclic algebra

A= (K/F,0,1)=Ka& Kb Kb* (b*=1),

where bk = o (k)b for every k € K. Identifying G with the semidirect prod-
uct () - (b) CU(A), we see that G acts linearly on the right of the 3-
dimensional left K-vector space A. The matrices D(a) and D(b) in (1) are
simply those for @ and b (with respect to the basis {1,b,b*} on A) under
this K-representation. (And, of course, a K-representation may be viewed
as a C-representation.) As for the 6-dimensional Q-representation in (2),
we note that A above is just the twisted group ring K « (b) in Ex. 14.13A,
with b acting as ¢ on K. According to Ex. 14.13B, K can be naturally
viewed as an A-module. Again, we can identify G with () - (b) C U(A),
so G acts Q-linearly on K: this gives the 6-dimensional Q-representation
constructed in (2).
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Ex. 8.29. Let U, V be simple modules of infinite k-dimensions over a
group algebra kG (where k is a field), and let W = U ®; V, viewed as a
kG-module under the diagonal G-action.

(1) Does W have finite length?
(2) Is W semisimple?

Solution. The answers to (1), (2) are both “no”, by a single counterexam-
ple. Let G be the multiplicative group of any infinite field extension K of k.
Let U (resp. V) be a copy of K (as k-vector space) with G-action defined
by g *u = gu (resp. g * v = g~ v). Clearly, U, V are simple kG-modules.
If we view K as a kG-module with the trivial G-action, the k-map

¢:U®,V — K induced by v ® v — wv

is easily checked to be a kG-epimorphism. Since K has infinite length as a
kG-module, so does W =U ®; V.

We finish by checking that W is not a semisimple kG-module. Indeed,
if W is semisimple, ¢ would be a split kG-epimormorphism, so W would
have a submodule with trivial G-action mapping isomorphically onto K. We
shall contradict this below by showing that there are actually no nonzero
G-fixed points in W.

Consider any nonzero element w = Y . u; ® v; € W. We may assume
all u; # 0. Let Uy be the k-span of uq, ..., u, in U, and fix a k-space Uy C U
such that U = U; @ U,. Since each u; 1, has finite k-codimension in U , SO
does ﬂ?zl u; 1U,. In the infinite-dimensional k-space U, we can thus find
a nonzero element g € ﬂ?zl u;lUQ. Then gu; € Us for all i, so we have

g*w:Zgui@)g’lvieUg@V,

Since W=U19V)®Uz®V) and 0#weU; ®V, it follows that
g*w # w.

Comment. The argument in the last paragraph shows, in fact, that a
nonzero kG-submodule Wy C W cannot be contained in U; ® V' for any
finite-dimensional k-subspace U; C U. In particular, any such Wy must be
infinite-dimensional.

I thank H.W. Lenstra, Jr. for suggesting part (1) of this exercise.
Part (2), which I made up, is related to a classical theorem of Cheval-
ley (p. 88 in Vol. 3 of his book “Théorie des Groupes de Lie”), which states
that, if U, V are finite-dimensional simple kG-modules over a field k of
characteristic 0, then W = U ®j, V is semisimple. (In other words, finite-
dimensional semisimple kG-modules are closed under tensor products in
case char(k) = 0.) The negative answer to (2) in this exercise shows that
Chevalley’s theorem holds only for finite-dimensional representations. The
next two exercises show, in turn, that Chevalley’s theorem does not hold
in characteristic p > 0.
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Ex. 8.30. For G = S3 and any field k of characteristic 2, view
V =ke; @ keg @ k‘€3/k(€1 + e + 63)

as a (simple) kG-module with the permutation action.

(1) Show that W =V ®j, V with the diagonal G-action is not a semisimple
kG-module.
(2) Show that kG =2 My (k) x (k[t]/(t?)), and that kG /rad(kG) = My (k) x k.

Solution. (1) With the basis {€1,e2} on V, the G-action is described by
(12)e; = e, (12)ex =e1; (123)e; =€y, (123)e; =e€; + €.
Using these, it is easy to check that the k-span of
r=e¢ e, y=e3Rey, and 2z =€ ®eéy +e3R¢€;

is a 3-dimensional kG-submodule A C W (with B =k - z as a trivial kG-
submodule). We claim that A is not a kG-direct summand of W. Indeed,
if W=A®k-wis a kG-decomposition, we must have w € W& (G-fixed
points in W) since G/[G,G] = {£1} implies that any 1-dimensional kG-
module is trivial. But if

w=a(e; ®e)+bea ®e) + c(e; Re) + d(ex ®€1),

(12)w = w implies that ¢ =d so w € A, a contradiction. This shows that
W is not semisimple. (In fact, (123)w = w implies further that a =0, so
we have W& = k- z = B. The kG-composition factors of W are the trivial
G-modules B, W/A, together with A/B >~ V)

(2) Let ¢ : kG — Endg (V) = My (k) be the k-algebra homomorphism
associated with the kG-module V. This map is onto since V is absolutely
irreducible.*) Thus, dimy, ker(¢) = 2. Now e = (1) + (123) + (132) is a cen-
tral idempotent of kG, with

kG -e=ke® ko, where o =Y g€ kG.
geG

Since 0% = 60 = 0, we have kG - e = k[t]/(t?). By a simple computation,
w(e) =0, so kG - e = ker(yp) (both spaces being 2-dimensional). Therefore,

kG = kG - (1 — ) x kG - e = My(k) x (k[t]/(t2)).

Computing radicals, we get rad(kG) =rad(kG -e) =k-o (consistently
with Ex. 6.13(1)), so kG /rad(kG) = My (k) x k.

() Tt is of interest to note that the Fy-span Vo of {€1,€2} is the Klein 4-group,
which is being acted on by Aut(Vp) = S3 =G, and V is simply the scalar
extension k ®r, Vb, which is irreducible over any k O Fo.
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Ex. 8.31. For any field k of characteristic p, let G = SLy(F,) act on the
polynomial ring A = k[x,y] by linear changes of the variables {z,y}, and
let V4 C A (d > 0) be the kG-submodule of homogeneous polynomials of
degree d in A. It is known (and thus you may assume) that Vp,...,V,_1
are a complete set of simple modules over kG.™*)

(1) Compute the composition factors of V,,, and show that V,, is semisimple
over kG if and only if p = 2.

(2) If {dy,...,d,} is any partition of p, show that the tensor product V, ®j,
-+ ®p Vg, (under the diagonal G-action) is not semisimple over kG, unless
p=2and n=1.

Solution. (1) Let € : V3 — V, be the k-linear map defined by e(z) = 27
and e(y) = yP. This is a kG-monomorphism since, at the Fp-level, ¢ is the
Frobenius map ¢ +— ¢P. Next, we define a k-linear map 7 : V, = V,,_2 by

7T(f)_y(%c oz 0y

where the second equality results from Euler’s identity

ooty = (e f) - f=p-f=0.

Note that 7 maps z?, y? to 0, and maps x'y?~*(0 < i < p) to iz’ " lyP~i~1 ¢
Vp—2, so ker(m) = im(e), and im(m) = V,_o. Therefore, we have an exact
sequence of kG-modules

(%) 0— ViV, 5V, 50—0

a b

if we can show that (o - f) = o - w(f) for any o = (c d> € G. Checking

this on the basis elements f = 2'y? (i + j = p), we have
(o - f) = w((az + cy)' (bx + dy))
=y Haz + cy) " (b + dy)? " Hia(bz + dy) + jb(ax + cy)]
=y Hax + cy) " (ba + dy)? (i + j)abx + (iad + jbc)y]
= i(ax + cy)" " (bx + dy)P~" " (ad — be),
which is just o - w(f) since ad — be = 1! From (), it follows that the com-
position factors for V,, are {V1,V,_a}.

If p =2, 22 + xy + 32 is the only irreducible quadratic form over [y, so
it must be G-invariant. Thus,

Vo =im(e)@k- (2 +azy+y°) =V el

) For a proof of this, see J. Alperin’s book “Local Representation Theory,”
pp. 15-16, Cambridge University Press, 1986.
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is semisimple. For p > 2, we claim that the kG-sequence (x) does not split
(so V}, is not semisimple). Indeed, if there exists a kG-splitting ¢ for m, let
f =P 2) and g = p(xP~2). Then, modulo im(e), we have

f=ay?™!, and g=aP"ly/(p—1)= —aPty.

1 0
o(im(e)) C im(e), this implies that yz?~! = —2P~1y modulo im(g), which
is impossible (for p > 2).

(2) Let dy + - - -+ d,, = p, where each d; > 1. Then

But for o = (0 1) € G, we have o-yP"2 =2P"2 so o-f =g. Since

1@ @ fur f1efu (fi €Va)

defines a kG-surjection V;, @ --- @ V;, = V. lf p > 2, then V;, ® --- @V},
cannot be semisimple over kG, since V), is not. If p =2, this argument
no longer works. However, if n # 1, the conclusion remains valid; namely,
V1 ® W1 is still not semisimple. In fact, for p = 2, G = SLy(F,) is the group
S3, and V; is easily seen to be isomorphic to the module V in Ex. 8.30.
Thus, the desired conclusion follows from Ex. 8.30!

Comment. This exercise comes from J.-P. Serre’s paper “Sur les semi-
simplicité des produits tensoriels de répresentations des groupes,” In-
vent. Math. 716 (1994), 513-530. In this paper, Serre proved the fol-
lowing remarkable theorem: if char(k) =p > 0, and Uy, ..., U, are finite-
dimensional (semi)simple kG-modules over any (possibly infinite) group
G with Y (dimU; — 1) < p, then U3 @ --- @ Uy, is semisimple. In this
exercise, we have dimV; =i+ 1 for all i: Serre invoked part (2) above to
show that the dimension bound in his theorem cannot be further improved
in any prime characteristic (even for finite groups G). The proof of Serre’s
theorem depends heavily on the theory of linear algebraic groups; see also
a sequel to his paper in J. Algebra 19/ (1997), 496-520.

89. Linear Groups

The theory of linear groups is a beautiful branch of algebra with many
truly significant results. The early theorems in the subject, due to Burnside
and Schur, planted the seed for the (bounded, and restricted) Burnside
Problems, solved only many years later by Novikov, Adjan, and Zelmanov.
The delightful Lie-Kolchin Theorem turned out to be a harbinger for the
modern theory of linear algebraic groups. The study of classical groups and
the so-called groups of Lie type is, according to most algebraists, group
theory par excellence!
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A little bit of ring theory enters the scene as well. If G C GL, (k) is a
linear group acting on the vector space V' = k™ (where k is a field), G spans
a k-subalgebra R of M, (k) which is a homomorphic image of the group
algebra kG. The space V = k™ may be viewed as an R-module as well as
a kG-module. We say that G is completely reducible if V' is semisimple as
a kG-module. Somewhat surprisingly, it turns out that this is equivalent
to R being a semisimple ring. In any case, the connection between linear
groups and modules over rings is now more apparent.

The exercise set for this section is rather small by design, since our
main goal is only to point out the interplay between linear groups and ring
theory. The eight problems below deal with certain properties of linear
groups, such as irreducibility and complete reducibility. Exercise 3 offers
an explicit computation of the subalgebra spanned by a linear group, and
Exercises 9.4A—C provide a view of the unipotent linear groups from the
perspective of noncommutative rings and their nil ideals.

Exercises for §9

Ex. 9.1. Let G C GL, (k) be a linear group over a field k. Show that G is
an f.c. group (i.e. every conjugacy class of G is finite) iff the center Z(G)
has finite index in G. Show that every finite group can be realized as a
linear group, but not every infinite group can be realized as a linear group.

Solution. The “if” part is clearly true for any group G. Now assume
G C GL, (k) is f.c. Choose g1, . . ., g» € G which span the k-space generated
by G in M,, (k). Note that if ¢ € G commutes with each g;, then g € Z(G).
Therefore,

Z(G) = Calgi)-

Since each Cg(g;) has finite index in G, we have [G : Z(G)] < cc.

If G is a finite group, G acts on itself faithfully by left multiplication, so
we can embed G as a group of permutation matrices in GL,,(Z) C GL,,(Q),
where m = |G]|.

We finish by constructing an infinite group G which cannot be realized
as a linear group. Take any nonabelian finite group H. Since H is f.c., the
direct sum

G::H@H@...

is also f.c. However, since H # Z(H),
Z(G)=ZH)®ZH)® -

has infinite index in G. By the first part of the exercise, G cannot be realized
as a linear group.
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Comment. An alternative construction is as follows. It is known that there
are infinite groups G with only a finite number of conjugacy classes. Ac-
cording to Burnside’s Second Theorem (FC-(9.5)), such a group cannot be
realized as a linear group.

Ex. 9.2. Can every finite group be realized as an irreducible linear group?
(A linear group G C GL(V) is said to be irreducible if G acts irreducibly
onV.)

Solution. Consider an irreducible linear group G C GL(V), where V is
a finite-dimensional vector space over a field k. We claim that Z(G) is
cyclic. This will show, for instance, that the Klein 4-group Zs & Zo cannot
be realized as an irreducible linear group. To prove the claim, consider
D = End(xc¢V), which is, by Schur’s Lemma, a (finite dimensional) division
algebra over k. Since every g € Z(G) acts as a kG-automorphism of V', we
can think of Z(G) as embedded in D*. The k-algebra F' generated by Z(G)
in D is a finite-dimensional k-domain, so F' is a field. By a well-known
theorem in field theory, Z(G) C F* must be a cyclic group.

Ex. 9.3. Let k be any field of characteristic 3, G = S3 and let V' be the
kG-module
key @ kes @ ]{763/]6(61 + es + 63),

on which G acts by permuting the e;’s. Show that this realizes G as a
linear group in GL(V). Is G a completely reducible linear group? What is
its unipotent radical? Determine Spany(G) and its Jacobson radical.

Solution. Since (123) does not act trivially on V, the representation ho-
momorphism ¢ : G — GL(V) must be injective. Therefore, ¢ realizes G as
a linear group in GL(V). It is easy to see that V, = k(e; — &) is a kG-
module affording the sign representation (of G), with V/V, affording the
trivial representation: cf. Ex. 8.26. In this exercise, it was also shown that
xcV is indecomposable. Therefore, G C GL(V) is not completely reducible.

The unipotent radical of G is the unique maximal normal unipotent
subgroup. By the discussion in the proof of FC-(9.22), this unipotent radical
consists of g € G which act trivially on the composition factors of x¢V. In
our case, this subgroup is clearly ((123)).

Next we try to determine S : = Span, (G). Using {1 — €2,€1} as a basis
for V', we have

<p(123):<(1) 11> and <p(12):<01 11>,

so S C T, the k-subalgebra of all upper triangular matrices in My (k). Since
S is noncommutative, we must have S = T. It follows that

rad S=rad T =k - (8 (1)) =k-(1—p(123)).



§9. Linear Groups 137

Ex. 9.4A. Let J be anilideal in an algebra R over a field k of characteristic
0, and let G be the group 1+ J C U(R).

(1) Show that the map exp:J — G defined by the Taylor series of the
exponential function is a one-one correspondence between J and G, with
inverse given by the log-function.

(2) Show that two elements z, 2’ € J commute iff exp(x) and exp(z’) com-
mute in G, in which case we have

(A) exp(z) - exp(a’) = exp(z + 2') € G.

Similarly, show that two elements y, ¢’ € G commute iff log(y) and log(y")
commute in J, in which case we have

(B) log(yy') = log(y) +log(y’) € J.

(3) For any y € G and « € k, define

(€) y* = exp(alog(y)) € G.

Show that log(y®) = alog(y), (y*)? =y*?, and y*y” =y for any «,
b€ k.

(4) Show that G is a wuniquely divisible group; that is, for any positive
integer r, each element of G has a unique rth root in G. (In particular, the
group G is torsionfree.)

(5) For any y € G, let y* := {y® : a € k}. If y # 1, show that y* is a sub-
group of G isomorphic to the additive group k.

(6) Show that two subgroups y* and z* of G are either the same or have
trivial intersection, and G is the union of all such subgroups.

(7) If J is commutative under multiplication, show that G 2 .J as (abelian)
groups.

Solution. (1) We define exp : J — G and log : G — J by

(D)

2 $2 .’173

r x
exp(x):1+ﬂ+§+~-~€G, and log(1+x)::c—?+§—~-~€J7
for any x € J. Since x is nilpotent, these formulas make sense, and “exp”
and “log” are mutually inverse as usual.

(2) If z’ =2’z in J, certainly exp(x) commutes with exp(z’) in G, and
(A) holds here as it holds already as a power series identity over Q in
the commuting variables z and z’. Conversely, if exp(z) = 1 + s commutes
with exp(z’) =1+ s’ (where s, s’ € J), then ss’ = s’s. This implies that
x = log(1 + s) commutes with ’ = log(1 + s'), since they are, respectively,
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polynomials in s and s’. The second conclusion in (2) can be proved simi-
larly, or derived from the first by using inverse functions.

(3) To begin with, log(y*) = log[exp(alogy)] = alogy. Using this, we get

log(y*)? = Blog(y™) = Balog(y) = log(y*?),

so the injectivity of “log” implies that (y*)% = 4% € G. Finally, since
alogy and Slogy do commute in J, (A) gives

yayﬁ = exp(alogy) - exp(Slogy)
= exp((a+ B)logy) = y**F.

(4) Note that, for & € Z C k, y* has its usual meaning. (This we can believe!
It is a formal fact that the integral power functions 4™ can be identified
with exp(nlogy).) Thus, for any y € G and any positive integer r, y'/"
(defined as in (C)) is an rth root of y in G. Moreover, if z € G is such that
2" =, taking the (1/r)-th powers yields z = y'/". This proves (4).

(5) By (3), ¥* is a subgroup of G (for every y € G), and “exp” and “log”
define mutually inverse group isomorphisms between k -logy and y*. If
y # 1, the former group is isomorphic to k.

(6) This is clear since k - logy and k - log z are either the same or have zero
intersection in J, and J is the union of all of these.

(7) If J is commutative under multiplication, the law (A) implies that
exp : J — G is a group isomorphism (with inverse isomorphism given by
“log”).
Comment. The exponential expressions y* (y € G, «a € k) could also have
been defined by writing y =14« (x € J) and using Newton’s binomial
expansion

(14+2)*=1+ax+ Q(QQT D G 13)|(a72)1:3+--- €G,
which makes sense (again) since x is nilpotent.

In case J*+! = 0 for some n, we have shown in Ex. 5.11 that G = 1+ J
is a nilpotent group of class < n. This need not be the case here, but the
statement (4) proved above is related to following fact: in any torsionfree
nilpotent group G, z" = w" = z = w for any integer r > 1. This can be
proved by induction on the nilpotency class of G, using the fact that z and
[G, G] generate a nilpotent group of smaller class in G.

For more relevant information on this exercise, see the Comment on
Ex. 9.4B.

Ex. 9.4B. Keep the notations in Ex. 9.4A, but assume, instead, that
char(k) =p > 0. Let G; = {y € G : y? = 1}. Show that y* can still be de-
fined as long as y € G, and that the subgroups y* C G (for y € G;) have
the same properties as before (in Ex. 9.4A), with union equal to Gj.
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Solution. Note that G; is only a subset (not necessarily a subgroup)
of G. Letting Jy := {x € J: 2P =0}, we have G; =1+ J;. We can de-
fine exp : J1 — G and log : G; — J; by the same formulas as in (D) in
Ex. 9.4A, except that here, we drop all terms 2" with n > p. (Note that
the denominators of the remaining terms are all p-free and are thus invert-
ible in k.) This gives a one-one correspondence J; «— G. For y € G and
« € k, we can define y® = exp(alogy) € G just as before, noting that Jy
is closed under multiplication by k. The exponential (and logarithmic) laws
in Ex. 9.4A(3) still hold for y € G; (by the same proofs), and again we have

kek-logy) 2y* C Gy ify#1.

Here, J; is the union of the “lines” k-logy (1 # y € G1), two of which are
either the same or intersect at {0}. Thus, G is the union of the groups
y* (1 # y € Gy), two of which are either the same or intersect at {1}.

Comment. Much of the information contained in this and the last exercise
is folklore in groups and rings, but our present exposition is inspired by
two papers of .M. Isaacs: “Equally partitioned groups”, Pacific J. Math. 49
(1973), 109-116, and “Characters of groups associated with finite algebras”,
J. Algebra 177 (1995), 708-730. In the latter paper, J is the Jacobson
radical of a finite-dimensional k-algebra. Here, we work more generally
with nil ideals in any k-algebra.

In Isaacs’ terminology, Ex. 9.4A(6) says that the group G is “equally
partitioned” by the distinct subgroups {y*}. That was in characteristic 0.
In characteristic p, this exercise shows that 7 is also “equally partitioned”
by the distinct subgroups {y*}, except that G is no longer a group. Isaacs’
main result in the first paper cited above was that, if a finite group G can
be equally partitioned into proper subgroups, then G must have prime
exponent. Of course, if a group G has prime exponent p, then G can be
equally partitioned into its distinct subgroups of order p. The next exercise
will offer examples of nonabelian (finite or infinite) groups of exponent p
admitting equal partitions into subgroups of size > p.

Ex. 9.4C. Let G be a maximal unipotent subgroup of GL, (k) over a
field k.

(1) If char(k) =0, show that G is a torsionfree, nilpotent, and uniquely
divisible group, and that it is the union of a family of subgroups H; = k
such that H; N H; = {1} for all ¢ # j.

(2) If char(k) =p >0, show that G is a p-group. (In particular, G is
uniquely r-divisible for any positive integer r that is prime to p.) If, more-
over, n < p, show that G has exponent p, and that it is the union of a
family of subgroups H; = k such that H; N H; = {1} for all i # j.

Solution. By the Lie-Kolchin Theorem (see the version stated in FC-
(9.19)), G is conjugate to UT,(k), the unitriangular group of upper tri-
angular matrices with 1’s on the diagonal. To simplify notations, let us
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assume that G = UT,, (k). Then G = 1+ J for J = rad(R), where R is the
ring of n X n upper triangular matrices over k. We have here J" = 0, so
G is nilpotent of class < n — 1 by Ex. 5.11(2). (In fact, the class is exactly
n — 1.) The rest of (1) follows from Ex. 9.4A.

If char(k) = p > 0, Ex. 5.11(3) shows that G is a p-group. If, moreover,
n < p, then for any x € J, we have ™ = 0, and hence

I+ =14+2aP=1+z"2P™" =1.
Thus, G has exponent p, and the rest of (2) follows from Ex. 9.4B.

Comment. In connection with this exercise, it is certainly worth recalling
that, in the case k = Fy where ¢ = p°, G = UT, (k) is a p-Sylow subgroup
of GL,(k): see FC-§9 (around (9.20)). In the second paper of Isaacs cited
in the Comment on Ex. 9.4B, he studied the irreducible complex characters
of finite groups of the form G =1 + J, where J is the Jacobson radical of
a finite-dimensional F,-algebra. The main result of that paper is that all
irreducible characters of G have g-power degrees. In particular, this nice
conclusion holds for the p-Sylow subgroups G of the group GL, (F,).

Ex. 9.5. Let k be an algebraically closed field, and G C GL, (k) be a
completely reducible linear group. Show that G is abelian iff G is conjugate
to a subgroup of the group of diagonal matrices in GL,, (k).

Solution. The “if” part is obvious, so it suffices to prove the “only if” part.
Assume G is abelian, and decompose V = k" into V; & --- @ V,. where the
V;’s are simple kG-modules. Consider an element g € GG, and let \; be an
eigenvalue of g on V;. Then

{veV;: gv=A\v}

is a nonzero kG-submodule of V;, and hence equal to V;. This means each
g € G acts as a scalar multiplication on V;, so dimV; = 1 for all 7. Writing
V; = kv; and using the basis {v1,...,v,} on V, we have then represented
G as a group of diagonal matrices over k.

Ex. 9.6. Let k be a field of characteristic zero. Let G C GL,, (k) be a linear
group, and H be a subgroup of finite index in G. Show that G is completely
reducible iff H is.

Solution. We think of V = k™ as a kG-module. If g5V is semisimple,
Maschke’s Theorem, in the generalized form of Exercise 6.1, implies that
kcV is semisimple. This gives the “if” part. Conversely, assume gV is
semisimple. Since [G : H] < oo, the intersection A of the finite number of
conjugates of H is a normal subgroup of finite index in G. By Clifford’s
Theorem (F'C-(8.5)), 4V is semisimple. Since

[H: A <|G: A] < 0,

the first part of the exercise implies that gz V is also semisimple, so H is
completely reducible, as desired.
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Prime and Primitive Rings

810. The Prime Radical; Prime and
Semiprime Rings

The notion of prime ideals in commutative rings extends naturally to non-
commutative rings. One takes the “same” definition, but replaces the use
of elements by ideals of the ring. The Zorn’s Lemma construction of prime
ideals disjoint from a multiplicative set in the commutative setting finds
a natural generalization, if we just replace the multiplicative set with an
“m-system”: cf. FC-(10.5). (A nonempty set S C R is called an m-system
if, for any a,b € S, arb € S for some r € R.)

For any ideal 2 C R, one can define v to be the set of all s € R
such that every m-system containing s meets 2. Then V2 is exactly the
intersection of the prime ideals of R containing 2. Those 2 for which A =
VU are called semiprime ideals; they are just the intersections of prime
ideals. A ring R is called prime (resp. semiprime) if (0) is a prime (resp.
semiprime) ideal. For a proper understanding of how these notions are
derived from their commutative counterparts, the chart on F(C-p.153 is
highly recommended.

The exercises in this section involve three more radicals of a ring R
(beyond the Jacobson radical). The lower nilradical (or Baer-McCoy radi-
cal), denoted by NilxR, is simply \/@ . This is the intersection of all the
prime ideals of R, and, for this reason, it is also known as the prime radical.
The upper nilradical, Nil*R, is the unique largest nil ideal of R. Finally,
the Levitzki radical, L-rad R, is the unique largest locally nilpotent ideal
of R. (An ideal, or more generally, a subset I C R is locally nilpotent if, for
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any finite subset {a1,...,a,} C I, there exists an integer N such that any
product of N elements from {ay,...,a,} is zero.)
In general, the four radicals are related as follows:

Nil«R C L-rad R C Nil*R C rad R.

Any of these inclusions may be strict. However, for some rings R, we may
have one or more equalities. For instance, a classical theorem of Levitzki
(F'C-(10.30)) says that, if R is a 1-sided noetherian ring, then

Nilx« R = L-rad R = Nil*R,

and this is the largest nilpotent (1-sided or 2-sided) ideal in R.

The exercises in this section deal with properties of prime and semiprime
rings, and of the various radicals. Again, there are many folklore results:
every prime contains a minimal prime (Exercise 14), and every ring with
ACC on ideals has only finitely many minimal primes (Exercise 15). We do
not feel justified in giving an axiomatic treatment of the theory of radicals in
general. As a compromise, Exercise 20 offers a glimpse into what properties
an “abstract” radical might be expected to enjoy.

Needless to say, no discussion of nilradicals can be complete without
at least a mention of the Kdthe Conjecture. This famous conjecture says
that if a ring R has no nonzero nil ideals, then it has also no nonzero nil
right ideals. An equivalent form is the equally provocative statement that
the sum of two nil right ideals in R is always nil. No one knows if either
statement is true or false. Exercises 24 and 25 offer various other equivalent
forms of the Conjecture, found by Krempa and Amitsur. Matrix enthusiasts
will perhaps give a shrewd nod to the following equivalent form: If I is a
nil ideal in R, then M, (I) is a nil ideal in M, (R). According to Exercise
25, if you could prove this, you would have proved the long-standing Kothe
Conjecture!

Exercises for §10

Ex. 10.0. Show that a nonzero central element of a prime ring R is not
a zero-divisor in R. In particular, the center Z(R) is an integral domain,
and char R is either 0 or a prime number.

Solution. Let 0# a € Z(R), and say ab=0. Then aRb = Rab =0, so
b =0 since R is a prime ring. This says that a is not a zero-divisor in
R, and the other conclusions of the exercise follow immediately.

Comment. Any commutative domain A is the center of a suitable noncom-
mutative prime ring R. In fact, we can take R to be M, (A) for any n > 2.
(As observed after FC-(10.20), M,,(A) is a prime ring for any domain A.)

Ex. 10.1. For any semiprime ring R, show that Z(R) is reduced, and that
char R is either 0 or a square-free integer.
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Solution. Let a € Z(R) be such that a? = 0. Then aRa = Ra® =0, so
a = 0. This shows that Z(R) is a reduced (commutative) ring, and the
second conclusion of the exercise follows immediately.

Ex. 10.2. Let p C R be a prime ideal, 2 be a left ideal and B be a right
ideal. Does A% C p imply that 2 C p or B C p?

Solution. The answer is “no.” For instance, let R be any prime ring with
an idempotent e # 0, 1. (We can take R = M, (Z) with n > 2.) Then, p =0
is a prime ideal in R. However, for 2 = Re # 0 and B = (1 —e)R # 0, we
have 2B = Re(l —e)R = 0.

Comment. The case when 2 is a left ideal and ‘B is a right ideal is “the
only bad case.” The following statement in the mixed case turns out to be
valid (along with FC-(10.2)): p € R is prime iff, for any right ideal 2L and
any left ideal B,2AB C p implies that either A C p or B C p. The “if” part
follows directly from FC-(10.2). For the “only if” part, assume A8 C p,
where 2l is a right ideal and B is a left ideal. Then R and BR are ideals,
with RA-BR C RpR C p. Therefore, we have either RA C p or ‘BR C p.
This implies that either A C p or B C p.

Ex. 10.3. Show that a ring R is a domain iff R is prime and reduced.

Solution. First assume R is a domain. Then a" =0=—a =0, so R is
reduced. Also,

aRb=0=ab=0=a=0o0r b=0,

so R is prime. Conversely, assume R is prime and reduced. Let a,b € R be
such that ab = 0. Then, for any r € R,

(bra)* = br(ab)ra = 0,
so bra = 0. This means that bRa = 0, so b = 0 or a = 0, since R is prime.

Ex. 10.4. Show that in a right artinian ring R, every prime ideal p is
maximal. (Equivalently, R is prime iff it is simple.)

Solution. R/p is semiprime and right artinian, so it is semisimple by FC-
(10.24). Since R/p is in fact prime, it can have only one simple component.
Therefore, R/p is simple, so p is a maximal ideal.

Comment. In commutative ring theory, a much sharper statement is pos-
sible. In fact, for R commutative, it is well-known that R is artinian iff R
is noetherian and every prime ideal of R is mazximal: see FC-(23.12).

Ex. 10.4*. For any given division ring k, list all the prime and semiprime
ideals in the ring R of 3 x 3 upper triangular matrices over k.
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Solution. We first make a general observation on the semiprime ideals in
a right artinian ring R. Say 2l C R is semiprime. Then rad R C 2 since rad
R is nilpotent. On the other hand, if 2 is any ideal containing rad R, then
2A/rad R must be the sum of some simple components of the semisimple
ring R/rad R. But then R/2l is semisimple and hence 2 is automatically
semiprime. On the other hand, for such 2l to be prime, we need 2/rad R
to be the sum of all but one simple components of R/rad R (cf. the last
exercise).

To apply this to the ring R in the exercise, recall that rad R is the ideal
of R consisting of matrices with zero diagonal, and

R/rad R=k xkxk

(cf. FC-p. 60). In particular, the prime (or maximal) ideals of R are:

0 k£ k k k k k k k
0 k k|, 0 0 k], and 0 k k
0 0 k 0 0 k 0 0 0
There are only five more semiprime ideals in R, namely:
0 k k kE k k 0 k k 0 k£ k
0 0 k|, {0 0 k], {O kK k], {O 0 k], andR.
0 0 0 0 0 0 0 0 0 0 0 k

Comment. The method above can be applied to some nonartinian rings as
well. For instance, if R is the ring of 3 x 3 upper triangular matrices over
Z, then rad R is the ideal of R consisting of matrices with zero diagonal,

and
R/rad RXZ X Z x Z.

The prime ideals of R are

vZ 7 Z Z 7 Z Z 7 Z
o z z|, (o pz z|, |0 Z Z
0 0 Z 0 0 Z 0 0 pZ

where p is zero or a prime number, and the semiprime ideals of R are

mt 7 Z
0 nZ Z
0 0 nSZ

where each n; is either zero or a square-free integer.

Ex. 10.5. Show that the following conditions on a ring R are equivalent:

(1) All ideals # R are prime.
(2) (a) The ideals of R are linearly ordered by inclusion, and
(b) All ideals I C R are idempotent (i.e. I? = I).

If R is commutative, show that these conditions hold iff R is either (0) or
a field.
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Solution. (1) = (2). To show (2a), let I,J be two ideals # R. By (1),
INJ is prime, so IJ C I NJ implies that either I CINJ or JCINJ.
Thus, we have either I C J or J C I. To show (2b), we may assume that
I # R. By (1), I? is a prime ideal. Since I -I C I?, we must have I C I?
and hence I = I?.

(2) = (1). Let p be any ideal # R, and let I, J D p be two ideals such that
I1J C p. We wish to show that I = p or J = p. By (2a), we may assume that
ICJ. By (2b), I =1?C1JCp,sowehave I =p.

Finally, let R # 0 be a commutative ring in which all proper (principal)
ideals are prime. Then R is a domain (since (0) is prime). If R is not a field,
some a # 0 is a non-unit. Then a?R is prime, so we must have a = a2b for
some b € R. But then ab = 1, a contradiction.

Comment. (A) The last part of this exercise is well-known to commuta-
tive algebraists. In fact, it is the very first exercise in Kaplansky’s book
“Commutative Rings”!

(B) In general, (2a) alone does not imply (1). For instance, in a discrete
valuation ring R with maximal ideal p # 0, (2a) holds since the only ideals
in R are

R2p2p°2---2(0).

However, (1) does not hold since p?, p3, ... are not prime ideals.
(C) In general, (2b) also fails to imply (1). For instance, let
R=B1®---®B,

be a semisimple ring with simple components By, ..., B, (r > 2). It is easy
to see that (2b) holds (since any ideal is a sum of the B;’s). However, (0)
is not a prime ideal, since B;B; = 0 whenever i # j. Of course, (2a) also
fails to hold, since there are no inclusion relations among the B;’s.

(D) In the noncommutative case, a trivial class of rings satisfying (1) and
(2) in the above exercise is given by the simple rings. A more interesting
class of noncommutative examples is given in the next exercise.

Ex. 10.6. Let R = End(V})) where V is a vector space over a division ring
k. Show that R satisfies the properties (1), (2) of the exercise above. In
particular, every nonzero homomorphic image of R is a prime ring.

Solution. If dimy V < oo, R is a simple ring. Therefore, it suffices to treat
the case when V is infinite-dimensional. By Exercise 3.16, the ideals of R are
linearly ordered by inclusion. To show that they are all idempotent, consider
any ideal I # 0, R. By Exercise 3.16, there exists an infinite cardinal 8§ <
dimy V such that

I={feR: dim f(V)< g}
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For any f € I, let f' € R be such that f’ is the identity on the f(V),
and zero on a direct complement of f(V). Clearly, f' € I, and f = f'f.
Therefore, f € I?, and we have proved that I = I2. (It is also not difficult
to check directly that each such I, as well as the zero ideal, is prime.)

Z

B nZ\ . . . y Z nZ\ .
(1) R= (Z 7 > is a prime ring, but R <0 Z) is not, and
(2) R is not isomorphic to the prime ring P = My(Z) if n > 1.

0 nZ
0 0
semiprime, let alone prime. To see that R is prime, view it as a subring
of P = Mjy(Z). Note that nP C R. If a,b € R are such that aRb = 0, then
naPb C aRb =0, and hence aPb= 0. Since P is a prime ring (see FC-
(10.20)), we conclude that a =0 or b = 0.

(2) Assume n > 1. To see that R % P, note that, by FC-(3.1), the ideals
of P are of the form

Ex. 10.7. For any integer n > 0, show that

Solution. (1) In R’, there is a nilpotent ideal ( > #0, so R’ is not

M, (kZ) = kM(Z) = kP,

where k € Z. Now R has an ideal My (nZ) (which is, in fact, an ideal of the
larger ring P). Since this ideal of R is obviously not of the form kR for any
integer k, it follows that R 2% P.

Comment. (A) Obviously, the argument in the second part of the solution
permits the following generalization. Let R be a subring of a prime ring P
such that, for any s € P, there exists o € Z(P)\{0} with as € R. Then R
is also a prime ring. (Note that, by Exer. 10.0, v is not a zero-divisor in P.)
In particular, R can be any subring containing aP for some a € Z(P)\{0}.

(B) Many examples of prime rings can be constructed by using (A). For

~A A
is also a prime ring, for we can take P = My(A) and a = Bv (viewed as

a central element in P). Taking A = (% nZZ) and B=n#0,y=m#0

instance, if A is a prime ring and 3,v € Z(A)\{0}, then R = ( A ﬁA)

for instance, we get a prime ring

Z nZ nZ n’Z

7 Z nZ nZ
mZ mn? 7 nZ
mZ mZ 7 Z

Ex. 10.7*. Let R be a subring of a right noetherian ring Q with a set
S C RNU(Q) such that every element ¢ € @ has the form rs~! for some
r € Rand s € S. Show that:
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(1) If B is an ideal of R, then BQ is an ideal of Q.

(2) If @ is prime (resp. semiprime), then so is R.

(3) The converse of (2) is true even without assuming @) to be right noethe-
rian.

Solution. (1) For any ¢ € @, we need to show that ¢BQ C BQ. Write ¢ =
rs~! as above. The ascending sequence of right ideals s"'BQ C s 2BQ C

- in the right noetherian ring @ shows that s "BQ = s~ "tV BQ for
some n > 1, and thus BQ = s~ ' BQ. From this we see that

¢BQ = r(s"'BQ) = rBQ C BQ.

(2) Let a, b € R be such that aRb = 0. Applying (1) to the ideal B = RbR
in R, we have
a@Qb C a@ - (RbR)Q C a(RbR)Q = 0,

so a = 0 or b = 0. The semiprime case is similar, by setting a = b.

(3) Assume R is prime, and (as~1)Q(bt~!) = 0 where a, b € Rand s,t € S.
Then 0 = (as™1)(sR)b = aRb, so a =0 or b= 0. The semiprime case is
similar, by setting a = b.

Comment. This exercise leads to many examples of prime (resp. semiprime)
rings, by taking suitable subrings R of, say, simple artinian (resp. semisim-
ple) rings Q. For instance, if Q = My(Q), we get once more the prime ring
Z Z . . . . .
examples (mZ nZ ) (with nm # 0) obtained in the previous exercise. The
idea of Ex. 10.7* comes from the general theory of “rings of quotients”. For

an exposition of this theory, see §§10-11 in the author’s Lectures on Modules
and Rings, Springer GTM, Vol. 189, 1999.

Ex. 10.8. (a) Show that a ring R is semiprime iff, for any two ideals 2, B
in R, AB = 0 implies that ANB = 0.

(b) Let A, B be left (resp. right) ideals in a semiprime ring R. Show that
AB = 0 iff BA = 0. If A is an ideal, show that ann, (A) = ann; (A).

Solution. (a) First assume R is semiprime, and let A% = 0. For € : =
AN DB, we have €2 = €C€ C AB = 0, so € = 0. Conversely, assume the im-
plication property about 2, B in (a), and consider any ideal € with €2 = 0.
Then €€ =0 implies 0 = €N & = ¢, so R is semiprime.

(b) It suffices to prove the “only if” part, so assume A% = 0, where 2, B
are (say) left ideals. We have

(BA)? = BABA = 0,

so BA =0 since R is semiprime. For the last statement in (b), we shall
prove a little bit more: if A is a left ideal, then ann;(A) C ann,(A). (This
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clearly gives the desired statement, by symmetry.) Indeed, let B = ann; (),
which is also a left ideal. By definition, B2 = 0, so the first part of (b) gives
AB = 0, that is, B C ann,.(2A).

Comment. The inclusion ann;(2() C ann,(2) above may be strict for a left
ideal 2. For instance, if 2 = Re for an idempotent e in a semiprime ring R,
we have ann,. () = (1 — e) R, which may not lie in ann;(2() since (1 — e)Re
may not be zero.

Ex. 10.8*. Show that, with respect to inclusion, the set S of semiprime
ideals in any ring R forms a lattice having a smallest element and a largest
element. Give an example to show, however, that the sum of two semiprime
ideals need not be semiprime.

Solution. For A, B €S, we have AN B € S. Thus, inf{A, B} is given
simply by A N B. For sup{ 4, B}, we take v A + B € S, where the “radical”
of an ideal is defined as in FC-(10.6). A semiprime ideal C' contains both
A and B iff C DA+ B, iff C O vA+ B. Thus, vA+ B is indeed the
supremum of A and B in S. This shows that S is a lattice. Clearly, S has
a largest element, R, and a smallest element, Nil, R.

In the above construction, we cannot replace VA + B by A + B, since
A+ B may not be semiprime. For an explicit example of this, consider
R = Z]x], in which A = (z) and B = (z — 4) are (semi)prime ideals (since
R/A=7Z = R/B). Here,

A+B=(z, x —4)=(z,4)
is not semiprime (since R/(A + B) = Z4), and we have
sup{A, B} =vVA+ B = (2,x).

Alternatively, we could have also taken A = (2) and B = (22 — 2), for which
A+ B = (2,2?) is not semiprime. Here sup{A, B} is again (2, 7).

In spite of these examples, there are many rings in which we do have
sup{A, B} = A + B for semiprime ideals A and B. These include, for in-
stance, von Neumann regular rings, and left (right) artinian rings, as the
reader can easily verify. The ring Z is another example: here, A+ B is
semiprime as long as one of A, B is semiprime!

Comment. The § in this exercise is actually a complete lattice, in the sense
that “sup” and “inf” exist for arbitrary subsets in S. If {A4;:i€ I} C S,
the infimum is given as before by the semiprime ideal (), A; € S, and the
supremum is given by the semiprime ideal /), A;.

Ex. 10.9. Let I C R be a right ideal containing no nonzero nilpotent
right ideals of R. (For instance, I may be any right ideal in a semiprime
ring.) Show that the following are equivalent: (1) I is an artinian module;
(2) Ig is a finitely generated semisimple module. In this case, show that
(3) I = eR for an idempotent ¢ € I.
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Solution. (2) = (1) is clear. Conversely, assume (1). If I # 0, it contains
a minimal right ideal A;. Since A; cannot be nilpotent, Brauer’s Lemma
F(C-(10.22) implies that A; = e1 R for some idempotent e;. Let

B4 :Iﬁ(l—el)R,

so [ = Ay & B;. If By # 0, the same argument shows that By contains a
minimal right ideal Ay = e; R where €3 = e5. Since e3 € (1 — e1)R, we have
e1eo = 0. By a straightforward calculation,

eh:=-e1+ex(l —eq)
is an idempotent, and A; @ As = e4R. Now let By = I N (1 — e4)R. Since
l—eh=(1—e1)+ (1 —er)ea(l—e1) € (1—e1)R,

we have By C By. If By # 0, we can take a minimal right ideal A3 = e3R C
By, and continue this construction. Since By 2 By 2 - - -, this construction
process must stop in a finite number of steps. If, say, B,, = 0, then

IR:Al@"'GBAn
is semisimple, and equal to e}, R for the idempotent e, as desired.

Comment. The Exercise above may be thought of as a generalization of
the fact that any semiprime right artinian ring is semisimple. (Cf. Exercise
22.3C below.)

Ex. 10.10A. Let Ni(R) be the sum of all nilpotent ideals in a ring R.

(1) Show that Ny (R) is a nil subideal of Nilx R which contains all nilpotent
one-sided ideals of R.

(2) If Ny(R) is nilpotent, show that Nj(R) = NilxR.

(3) Show that the hypothesis and conclusion in (2) both apply if the ideals
in R satisfy DCC.

Solution. Let N = Ni(R).

(1) Note that any nilpotent ideal is in NilxR, so N C NilxR, and N is
nil. If A is a nilpotent (say) left ideal, then AR is a nilpotent ideal, so
ACARC N.

(2) Say N™ = 0. Then R/N has no nonzero nilpotent ideals. (For, if I/N is a
nilpotent ideal of R/N, then I"™ C N for some m, and hence I"™" C N™ = (.
This implies that I C N.) Therefore, N is semiprime, so N = NilxR.

(3) Assume now ideals in R satisfy DCC. Then N™ = N"*1 for some n.
We finish by showing that M : = N™ is zero. To see this, assume instead
M # 0. Then there exist ideals A C M with M AM # 0 (for instance A =
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M). Among such ideals A, choose a B that is minimal. Then M BM # 0,
so MbM # 0 for some b € B. Since

MbM C B and M(MbM)M = MbM +# 0,

we must have MbM = B. In particular, there exists an equation
T
b= Zmi bm! , where m;,m, € M.

Now consider the ideal J C N generated by
{ms;,m}: 1<i<r}h

Since N is a sum of nilpotent ideals, J lies in a finite sum of nilpotent ideals,
so J* = 0 for some k. Since b € Jb.J, we now have by repeated substitution
b€ J¥bJ* =0, a contradiction.

Comment. Of course, if R is a commutative ring, then Ny(R) = NilxR =
Nil*R (although this may not be nilpotent). If R is a Banach algebra, the
same equation is known to hold, and the common nilradical is nilpotent:
see Theorem 4.4.11 in T. Palmer’s recent book “Banach Algebras and the
Theory of *-Algebras,” Vol. 1, Cambridge University Press, 1994.

Ex. 10.10B. Keeping the notations of Exercise 10A, give an example of
a (necessarily noncommutative) ring R in which N;(R) C NilxR.

Solution. We follow here a construction in p. 233 of Jacobson’s book
“Structure of Rings.” Fix a commutative ring S with a nilradical J that is

j i) C My(S). This Ry is a “subring”

of My (.S), except for the fact that it may not possess an identity element.

not nilpotent, and consider Ry = (

Step 1. Rg is a “nil rng” (i.e. every element of Ry is nilpotent). Indeed, let

o= (x S) € Ry, where z,y,z € J and s € S. Let

y oz
I=25+yS+=z25,

which is a nilpotent ideal. We shall show by induction that

Im m

2m 2m—+1 Im+1 m
(1) « € Im+1 Im ) a'nd (2) a € Ierl Im+1 .

(Clearly, these imply that o = 0 for sufficiently large k.) The induction is
started by noting that a € ( ) If we have (2) for some m, then

m Im+1 Im+1 Ierl
042 +2 ( > <Im+1 ITTH-I) g <Im+2 Im+1)'
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On the other hand, if (1) holds for some m, then

omt1 T s m m Jm+1 m
« + S (y Z> (Im+1 m g Im+1 Im+1 .

This completes the induction.

Step 2. We adjoin an identity to Ry to form a ring R: = Ry @ Z. Step 1
clearly implies that Nil*R = Ry. Therefore, Nilx« R C Ry. Let

N = Ny(R) C NilsR

be the sum of all nilpotent ideals of R. We claim that the matriz f =

(8 é) does not belong to N. Indeed, assume 8 € N. Then, 3 is contained

in a finite sum of nilpotent ideals of R, so (RGR)" = 0 for some r. But RGR

contains
0 1 0 0y (J O
0 0/)\J 0/ \0 0/
Hence J" = 0, in contradiction to the choice of J.

Step 3. We finish by showing that $ € Nilx R (which implies that N C
Nil«R). For this, it suffices to show, by Exercise 17 below, that for any
sequence f1, O2,... € R such that 1 = 8 and B,4+1 € B, RS, for every n,
we have 3,, = 0 for sufficiently large n. Since 3? = 0, an explicit calculation

shows that (B = (8 g) for some y € J. Similarly, the fact that 83 =0

0 0
that 3, = 0 for sufficiently large n.

o 0 %/ . L
implies (3 = ( 4 y) for some y’ € J, etc. Since y is nilpotent, we see

Comment. On p. 233 of Jacobson’s book referenced above, it is shown that
R2 C N. Therefore, one has in fact Nilx R = Ry = Nil*R.

Ex. 10.11. (Levitzki) For any ring R and any ordinal «, define N, (R) as
follows. For a = 1, N7 (R) is defined as in Exercise 10A. If « is the successor
of an ordinal (3, define

No(R)={r € R: r+ Ns(R) € Ny (R/Ns(R))}.

If « is a limit ordinal, define

Na(R) = | Ns(R).

B<a

Show that NilxR = N, (R) for any ordinal o with Card « > Card R.
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Solution. The N, (R)’s form an ascending chain of ideals in Nilx R. Write
P(R) = N4(R) where « is an ordinal with Card « > Card R. Then, for
any ordinal o with Card o' > Card R, we have P(R) = N4 (R). Since
P(R) C NilxR, it suffices to show that NilxR C P(R). Now R/P(R) has
no nonzero nilpotent ideals, so it is a semiprime ring. This means that
P(R) is a semiprime ideal. Hence Nilx R C P(R) since Nilx R is the smallest
semiprime ideal of R.

Comment. For the example R constructed in Exercise 10B, we have Ny (R)
C NilxR, and in the Comment on that exercise, we pointed out that
N2(R) = NilxR. More generally, for any ordinal v, Amitsur has constructed
aring R = R,, for which N, (R) € N4+1(R). This means that, for a general
ring R, we might need an arbitrarily large ordinal « for N, (R) to reach
Nilx R. See Amitsur’s article “Nil radicals. Historical notes and some new
results” in Rings, Modules and Radicals, Coll. Math. Soc. Janos Bolyai 6,
Keszthely (Hungary), 47-65, North Holland, 1971. For a sketch of Amit-
sur’s construction, see p. 318 of Rowen’s “Ring Theory, I,” Academic Press,
1988.

Ex. 10.12. Let I be a left ideal in a ring R such that, for some integer
n>2,a" =0 for all @ € I. Show that a® 'Ra" "' =0 for all a € I.

Solution. (A. A. Klein) Given any r € R, let s = ra"~! € I. Then sa = 0,
and a quick induction on m shows that

(s+a)™=s"4+as™ +as" 24 4+ a™.
Taking m = n and using s” = a™ = (s + a)™ = 0, we have
0=as"' 4+ 4a" %% +a"'s = (at + 1)a" s

for some t € R. (Note that s = ra"~1's, etc.) Since (at)"™! = a(ta)"t = 0,
we have at + 1 € U(R), so

as desired.

Ex. 10.13. (Levitzki, Herstein) Let I # 0 be a left ideal in a ring R such
that, for some integer n, a™ = 0 for all a € I.

(1) Show that I contains a nonzero nilpotent left ideal, and R has a nonzero
nilpotent ideal.
(2) Show that I C NilxR.

Solution. We may assume n is chosen minimal. Since I # 0, n > 2. Fix
an element a € I with a”~! # 0. By Exercise 12, a" 'Ra""! =0, so
(Ra™ 'R)? = 0. Therefore Ra" ! R is a nonzero nilpotent ideal, and I con-
tains the nonzero nilpotent left ideal Ra™~'. For (2), let J = NilxR. If
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the image I of I in R/J is nonzero, (1) would give a nonzero nilpotent
ideal in R/J, which is impossible. Therefore, we must have I = 0, that is,
I C NilxR.

Comment. For any left ideal I C R, the above (for n = 2) shows that every
a € I has square zero iff I is a union of left ideals of square zero. However,
I itself need not be nilpotent, even if R is commutative. For instance, let R
be the commutative Fo-algebra generated by 1, x2, ... with the relations

2_ .2 _ . _
i =x5=---=0.

Then every element in the ideal I = > Rz; has square zero, but each power
I™ contains a nonzero element x1x5 - - - Z,,, so I is not nilpotent.

Ex. 10.14. (Krull-McCoy) Show that any prime ideal p in a ring R con-
tains a minimal prime ideal. Using this, show that the lower nilradical
Nilx R is the intersection of all the minimal prime ideals of R.

Solution. The second conclusion follows directly from the first, since
Nilx R is the intersection of all the prime ideals of R (cf. FC-(10.13)). To
prove the first conclusion, we apply Zorn’s Lemma to the family of prime
ideals C p. It suffices to check that, for any chain of prime ideals {p; : i € I}
in p, the intersection p’ =) p; is prime. Let a,b & p’. Then a ¢ p; and
b & p; for some 4,5 € I. If, say, p; C p;, then both a, b are outside p;, so we
have arb & p; for some r € R. But then arb ¢ p’, and we have checked that
p’ is prime.

Ex. 10.15. Show that if the ideals in R satisfy ACC' (e.g. when R is left
noetherian), then R has only finitely many minimal prime ideals.

Solution. Assuming R # 0, we first prove that any ideal in R contains a
finite product of prime ideals. Suppose, instead, that the family § of ideals
which do not contain a finite product of prime ideals is nonempty. Let I be
a maximal member of §. Certainly I # R, and [ is not prime. Therefore,
there exist ideals A, B 2 I such that AB C I. But each of A, B contains a
finite product of primes, and hence so does I, a contradiction.

Applying the above conclusion to the zero ideal, we see that there exist
prime ideals pq, ..., p, such that p; ---p, = 0. We claim that any minimal
prime p is among the p;’s. Indeed, from p; - - - p, C p, we must have p; C p
for some i. Hence p = p;. Therefore, R has at most n minimal primes.

Ex. 10.16. (McCoy) For any ideal 2 in a ring R, show that /2 consists
of s € R such that every n-system containing s meets 2. [An n-system is a
subset N C R such that, for any s € N, srs € N for some r € R.]

Solution. In FC-(10.6), v/ is defined to be the set of s € R such that
every m-system containing s meets 2. The desired conclusion, therefore,
follows from the following two facts: (1) every m-system is an n-system,
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and (2) if N is an n-system and s € N, then there exists an m-system M
such that s € M C N (cf. the proof of FC-(10.10)).

Ex. 10.17. (Levitzki) An element a of a ring R is called strongly nilpotent
if every sequence ayp, as, as, ... such that a; = a and a,41 € an,Ra, (Vn)is
eventually zero. Show that Nilx R is precisely the set of all strongly nilpotent
elements of R.

Solution. First assume a ¢ NilxR. By F(C-(10.6) and (10.13), there ex-
ists an m-system M containing a and not containing 0. Take a; = a, and
inductively
ant1 € (anRan) N M.

Then we get a sequence a,as,as,... of the desired type which is never
0. Therefore, a is not strongly nilpotent. Conversely, if a is not strongly
nilpotent, there exists a set M = {a; : i > 1} of nonzero elements such that
a1 = a and an41 € anRan(Vn). As observed in the proof of FC-(10.10), M
is an m-system. Since 0 ¢ M, it follows from FC-(10.6) that a & NilxR.

Ex. 10.18A. (1) Let R C S be rings. Show that R N Nilx(S) C Nil«(R).

(2) If R C Z(S), show that RN Nil«(S) = Nilx(R).
(3) Let R, K be algebras over a commutative ring k such that R is k-
projective and K D k. Show that RN Nilx(R @ K) = Nilx(R).

Solution. (1) Let » € RN Nilx(S). Consider any m-system M of the ring
R such that r € M (see FC-(10.3)). By definition, M is also an m-system
of S, s0 0 € M since r € Nil«(5). It follows that r € Nilx(R). (We could
have also proved this part by Exercise 17.)

(2) Under the assumption R C Z(.S), any prime ideal p of S contracts to a
prime po : = pN R of R. Indeed, if a,b € R are such that ab € pg, then

aSb = abS C pyS C p,

so we have, say, a € p N R = pg. Therefore, any r € Nilx R lies in all primes
p of S, and so r € NilxS. This (together with (1)) gives the equation in (2).

(3) Let S = R ®;, K. Since R is k-projective, tensoring the inclusion k — K
by R gives an inclusion

R®rk — R®, K.

We identify R ®j k with R, and view it as a subring of S = R ®; K. We
finish again by showing that any prime ideal p of S contracts to a prime
ideal pg = p N R of R. Indeed, let aRb C pg, where a,b € R. Then

aSh=a(R@y K)bC Y aRb®y K C Y po(1®x K) Cp,

so we must have, say, a € pN R = pg.
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Comment. The prime contraction property used in (2) and (3) does not
hold in general for a ring extension R C S. For instance, let k be a field,
and let

kE k
S =My(k), and Rz(o k:)

Then (0) is a prime ideal of S, but is not a prime ideal of R. Here, Nilx(S) =

0 and Nil«(R) = <O K

0 0>, so the inclusion

RN Nil«(S) € Nil«(R)
in (1) is now a strict inclusion.

Ex. 10.18B. Let R be a k-algebra where k is a field. Let K/k be a
separable algebraic field extension.

(1) Show that R is semiprime iff RX = R ®; K is semiprime.
(2) Show that Nil«(R¥) = (Nil«(R))X.

Solution. (1) The “if” part is clear (for any field extension), since, for
any nilpotent ideal I C R, I is a nilpotent ideal in R¥. For the converse,
assume that R is semiprime. Repeating the entire argument of FC-(5.16)
with the lower nilradical replacing the Jacobson radical, we can deduce
that R is also semiprime. (Note that the proof of FC-(5.16) uses only the
change-of-rings properties of the radical, so it applies equally well here, in
view of Exercise 18A above.)

(2) Since Nilx(R) C Nilx(R¥), we have (Nilx(R))¥ C Nilx(RX). On the
other hand,

RX /(Nilx R)¥ = (R/Nil«R)*

is semiprime by (1), so (Nilx(R))® D Nil«(RX). Therefore, the desired
equality follows.

Comment. Again, the separability condition on K/k is essential for both
conclusions above: see the standard counterexample in FC-p. 77 for the
inseparable case.

Ex. 10.19. For a ring R, consider the following conditions:

(1) Every ideal of R is semiprime.
(2) Every ideal I of R is idempotent (i.e. I? = I).
(3) R is von Neumann regular.

Show that (3) = (2) < (1), and that (1) = (3) if R is commutative.
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Solution. (3) = (2). Let I be any ideal of R. For any a € I, we have
a € aRa C I?, so clearly I? = I.

(2) = (1). Let J be any ideal of R. Suppose I is an ideal such that I? C J.
Then I = I% C J, so J is semiprime.

(1) = (2). If (2) does not hold, there exists an ideal I such that I? C I.
Then R/I has a nonzero ideal I/I? of square zero. This means I? is not a
semiprime ideal, so (1) does not hold.

(1) = (3) (assuming now R is commutative). Let a € R. Then a’R is a
semiprime ideal; that is, R/a?R is reduced. This implies that a € a®R, so
we have (3).

Comment. The fact that we left (1) = (3) open for general rings suggested
that it may not hold for noncommutative R. To see that this is indeed the
case, we appeal to a later exercise. In Exercise 12.2 below, a noncommu-
tative domain A is constructed which has exactly three ideals, (0), A, and
some L. Clearly, (0), L must be both prime and idempotent, so (1), (2)
above are both satisfied. However, since A is a domain (but not a division
ring), it cannot be von Neumann regular.

It is of interest to compare this exercise with Exercise 5. In the latter
exercise, the condition (1) here is strengthened to every ideal I C R being
prime, and (2) is strengthened by adding the condition that the ideals of
R are linearly ordered by inclusion.

Ex. 10.20. Let Rad R denote one of the two nilradicals, or the Jacobson
radical, or the Levitzki radical of R. Show that Rad R is a semiprime ideal.
For any ideal I C Rad R, show that Rad (R/I) = (Rad R)/I. Moreover,
for any ideal J C R such that Rad (R/J) = 0, show that J O Rad R.

Solution. The case of the Jacobson radical is already covered in the text
of FC, and in earlier exercises. The case of the lower nilradical follows
easily from the interpretation of Nilx R as the smallest semiprime ideal of
R. Now consider the upper nilradical Nil*R. If N D Nil*R is an ideal with
N? C Nil*R, then N is clearly nil, and so N = Nil*R. This checks that
Nil*R is semiprime, and we can check the other two properties without
difficulty. Finally, we deal with the Levitzki radical L-rad R. Again, consider
an ideal N D L-rad R with N2 C L-rad R. We claim that N is locally
nilpotent. In fact, if a1,...,a, € N, form the products

aij : = aza; € L-rad R.

There exists an integer m such that any product of m elements from the
set {a;;} is zero. Therefore, any product of 2m elements from the set {a;}
is zero. This shows that N C L-rad R, so L-rad R is semiprime. If I is an
ideal C L-rad R, a similar argument shows that

L-rad (R/I) = (L-rad R)/I.
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For the last part, consider any ideal J C R such that L-rad (R/.J) = 0. The
image of L-rad R in R/J is still locally nilpotent, so it must be zero, as
L-rad (R/J) = 0. Thus, we must have L-rad R C J.

Ex. 10.21. Let R[T] be a polynomial ring over R, and let N = RN
rad R[T]. Show that N is a semiprime ideal of R and that L-rad R C
N C Nil*R, where L-rad R denotes the Levitzki radical of R.

Solution. That N C Nil*R is part of Amitsur’s Theorem (FC-(5.10)). To
see that N is semiprime, it suffices to show that the ring (R/N)[T] is
semiprime (see FC-(10.18)). By Amitsur’s Theorem:

RIT]  R[T]

(R/N)IT] = N[T] ~ rad R[T]’

This ring is semiprimitive, and therefore semiprime, as desired. Finally,
since L-rad R is locally nilpotent, (L-rad R)[T] is nil, so it lies in rad R[T].
Contracting back to R, we see that L-rad R C N.

Ex. 10.22. For any ring R, show that Nil«M, (R) = M, (Nil«R).

Solution. Let N = NilxR. Then R/N is semiprime, so M,,(R/N) is also
semiprime by F(C-(10.20). But then M, (R)/M,(N) is semiprime, so
Nil«M,,(R) € M,,(N). Write the ideal Nilx«M,(R) of M, (R) in the form
M., (I), where I is an ideal in R (see FC-(3.1)). Then

M., (R/I) = M,,(R)/Nil«M, (R)

is semiprime, and so is R/I by FC-(10.20). This implies that N C I, so we
have
M, (N) € M, (I) = Nil«M, (R),

and equality holds.
Comment. Although it was easy to show that
Nilx«M,,(R) = M, (Nil«R) (for all n),
it is not known if the analogous equation
Nil*(M,,(R)) = M, (Nil*R)

holds for the upper nilradicals. In fact, it turns out that the truth of the
above equation (for all n and for all rings R) is equivalent to the famous
Kéthe Conjecture (cf. FC-(10.28)). For more details on this, see Exercises
23 and 25 below.
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Ex. 10.23. Let I be a nil left ideal of a ring R.

(1) Show that the set of matrices in M, (R) whose kth column consists of
elements of I and whose other columns are zero is a nil left ideal of M, (R).
(2) If T,(R) is the ring of n x n upper triangular matrices over R, show
that T,,(I) is a nil left ideal in T, (R).

(3) If R is a commutative ring, show that M, (I) is a nil ideal in M, (R).
Using this, show that Nil*(M,(R)) = M, (Nil*(R)).

Solution. (1) It is clear that S is a left ideal in M, (R). Let A € S, and
let the kth column of A be (ay,...,a,)!. By explicit multiplication, we
see that A™*! has kth column (a1al?, ..., a,a)?, and other columns zero.
Choosing m such that af* = 0, we have A™*! =0, so S is nil.

(2) Again, it is clear that T, (I) is a left ideal in T, (R). Let B € T, (I), say
with diagonal entries by, ..., b,. Then B™ has diagonal entries b",...,b".
Choosing m such that b]" = 0 for all ¢, we obtain an upper triangular matrix
B™ with a zero diagonal. Such a matrix is always nilpotent; hence so is the
given matrix B € T, (I).

(3) We assume here that R is a commutative ring. It is easy to see that
J :=M,,(I) is an ideal of M, (R). To show that J is nil, consider a power
a® where a = (a;;) € J. Each entry (a”V);; is a sum of N-fold products of
elements from the set {a;;}. Fix an integer r such that aj, = 0 for all k,
{. If N is large enough, some age will occur at least r times in any given
summand of (a);;. Since R is commutative, such a summand has a factor
ayy, and is therefore 0. This shows that aN =0, as desired.

Applying the above to I =Nil*"(R), we see that M, (Nil*R) C
Nil*(M,,(R)). On the other hand, if we write the ideal Nil*(M,(R)) in
the form M, (I’) where I’ is a suitable ideal in R (see FC-(3.1)), I’ must
be nil, so I’ C I. Therefore, Nil* (M, (R)) € M,,(Nil*R) for any ring R, and
equality holds for any commutative ring R.

Ex. 10.23*. (Analogue of Ex. 4.12C for the nilradicals.)

R M
0o S
Nil,(R) M

0 Nil,(S)
nilradical of the ring T, (k) of upper triangular matrices over any ring k.

(1) For a triangular ring T = ( ) (where M is an (R, S)-bimodule),

show that Nil,.(7") = < ) . Apply this to compute the lower

(2) Do the same for the upper nilradical.

Solution. (1) We proceed as in the solution to Ex. 4.12C. For the
. (N1 M
ideal N = ( 0 N,
(R/N1) x (S/N3) is semiprime, so N 2 Nil, (7). This will be an equality if

) C T, where N7 = Nil,(R) and Ny = Nil,(S), T/N =
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we can show that N C p for any prime ideal p of T'. Now p must contain the

nilpotent ideal (8 Ag), so p “corresponds” to a prime ideal in the ring

R x S. Thus, we have either p = (pol Ag), or p= (Ig ;\/[), where p;
2

(resp. p2) is a prime ideal in R (resp. S). But then Ny C py, and Ny C po,
so in either case, N C p, as desired.
Using the above computation and induction, we deduce as in Ex. 4.12C

that Nil, (T, (k)) consists of matrices in T, (k) with diagonal entries in
Nil, (k).

N M
0 N
Ny = Nil*(S). Since T/N = (R/N1) x (S/N2) has no nonzero nil ideals (by
a simple application of Ex. 1.8), we have Nil*(T) C N. On the other hand,
the idea used in the solution of Ex. 10.23(2) shows that N is a nil ideal in T,
so we have N C Nil*(T') also. Using induction, we can show as before that
Nil*(T,(k)) consists of matrices in T, (k) with diagonal entries in Nil*(k).

(2) Consider again the ideal N = ( ), where now N; = Nil*(R),

Ex. 10.24. (Krempa-Amitsur) Let I be an ideal of a ring R such that, for
all n, M, (I) is a nil ideal in M,,(R). Show that I[t] C rad RJ[t].

Solution. It suffices to show that, for any a; € I,
1+ ajt+---+apt™ is invertible in RJ[t].

Let >, b;t" be the “formal” inverse of 1+ ajt+ -+ a,t" in the power
series ring R|[[t]]. Then we have:

bp=1, by =—-a1, by = —(b1a1 + a2)7 bs = —(bg(ll + bias + ag), etc.

Let A be the companion matrix

0 —an,
1 0 —Aan_—1
1 —aq
By direct matrix multiplication, we see that, for e = (0,...,0,1):

eA = (0,...,1,—(11) = (0,...,0,b0,b1)
€A2 = (O, . ,O,bo,b1, —boag — b1a1) = (0, ‘e .,O,bo,bl,bg),



160 Chapter 4. Prime and Primitive Rings

Also, we can check that the entries of A™ “involve” only the a;’s and not
the element 1, so A™ € ML,,(I). By the hypothesis, A™ is nilpotent, so the
equations for eA* above show that by, = 0 for sufficiently large k. Therefore,
the formal inverse for 14 3, a;t’ lies in R[t], as desired.

Ex. 10.25. Using Ex. 23 and 24, show that the following are equivalent:

(1) Kéthe’s Conjecture. (“The sum of two nil left ideals in any ring is nil”:
see F'C-(10.28).)

(1)’ The sum of two nil 1-sided ideals in any ring is nil.

(2) If I is a nil ideal in any ring R, then M, (/) is nil for any n.

(2)" If T is a nil ideal in any ring, then M (7) is nil.

(3) Nil*(M,,(R)) = M, (Nil*(R)) for any ring R and any n.

(4) It I is a nil ideal in any ring R, then I[t] C rad R]t].

(5) rad (R[t]) = (Nil*R)[¢] for any ring R.

2
3
4

Solution. First, (1) <= (1)’ is clear, since, for any element b in a nil right
ideal, Rb is a nil left ideal. Second, we have (2) <= (2)’. For, if (2)’ holds,
then for any nil ideal I, Moyt (1) 22 Ma(Mage—1 (1)) is also nil, by induction
on t. Since any n € N is bounded by 2! for some ¢, we have (2). In the
following, we may therefore focus on the conditions (1)—(5) only.

(1) = (2). Note that M,,(I) = >, Ji where J}, is the left ideal in M, (R)
consisting of matrices with kth column entries from I and all other entries
zero. By Exercise 23, each Jj, is nil, so by (1) (and induction), M, (1) is nil.

(2) <= (3). This follows from the argument in the last paragraph of the
solution to Ex. 10.23(3).

2) = (4) follows from Exercise 24.

(
(4) = (5). The inclusion “C” in (5) follows from Amitsur’s Theorem (FC-
(5.10)). The reverse inclusion “2” follows from (4).

(5) = (1). We shall prove (1) in the alternative form: If R is a ring such
that Nil*R = 0, then every nil left ideal I C R is zero (see F(C-(10.28)).
It suffices to show that, for any f(t) € I[t], 1+ f(t) has a left inverse in
RJ[t], for then I[t] C rad R[t], and rad R[t] =0 by (5). Consider the ring
R' =1 & Z, obtained by formally adjoining an identity 1’ = (0,1) to the
“rng” I. It is easy to see that Nil*R' = I, so by (5), rad R'[t] = I[t]. Given
f(t) € It], I/ + f(t) has then a left inverse, say 1’ 4+ ¢(t), in R'[t]. From

V= (1" +g(®)1"+ f(1)),
we have
—g(t) = f(t) + g(t) f(t) € I1],
since I[t] is an ideal in R'[t]. Now the equation
1= (1+g(0)(1 + £(®)
implies that 1 4 f(¢) has a left inverse 1 + g(t) € R[t], as desired.
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Comment. Note that, if (5) is true, it would give a much sharper form of
Amitsur’s Theorem (FC-(5.10)) on the Jacobson radical of a polynomial
extension. But, of course, (5) may very well be false. Kéthe’s Conjecture
has remained open as of this day.

Amitsur had once conjectured that, if I is any nil ring (a ring without
identity in which every element is nil), then the polynomial ring I[¢] is also
nil. This would imply the truth of (4) (for then 1+ I[t] C U(R][t])). How-
ever, A. Smoktunowicz has found a counterexample to Amitsur’s conjec-
ture; see her paper in J. Algebra 233 (2000), 427-436. This is an important
counterexample, but it did not alter the open status of (4), or of Kéthe’s
Conjecture.

811. Structure of Primitive Rings;
the Density Theorem

A central notion in noncommutative ring theory is that of a left primitive
ring. Following Jacobson, we call a ring R # 0 left primitive if R has a faith-
ful simple left module. Similarly, we call R semiprimitive if R has a faithful
semisimple (left) module. An easy check shows that R is semiprimitive iff
R is J-semisimple.

If M = RV} is an (R, k)-bimodule (where R, k are given rings), we say
that R acts densely on Vj if we can “approximate” any f € End(V}) on
a finite number of elements vq,...,v, € V by an element of R (that is,
there exists r € R such that rv; = f(v;) for all i). The Jacobson-Chevalley
Density Theorem expresses a fundamental fact in abstract algebra: If gV
is a semisimple module over any ring R, and k = End(gV), then R acts
densely on V. The power of this result lies in its simplicity: there is only
one assumption needed, that gV be semisimple. And needless to say, the
result is not true for nonsemisimple modules.

If k is a division ring above, then V}, is a k-vector space. In this case, R
acts densely on Vj iff, given any vectors

Vly ooy UpyUlyeeey Uy €V

where the wu;’s are k-linearly independent, there exists r € R such that
ru; = v; for all i. The Density Theorem in this context can be restated as
follows: A nonzero ring R is left primitive iff it is isomorphic to a dense ring
of linear transformations on a vector space Vi, over some division ring k. In
this case, there are two possibilities. If R is left artinian, then R = M, (k)
for some n; if R is not left artinian, then, for any n > 0, some subring
R, C R admits a ring homomorphism onto M, (k).

In the commutative category, primitive rings are just fields. In the non-
commutative category, however, left primitive rings abound, and are con-
siderably more general than division rings. For instance, if k is a field, then

k{z,y) /(zy —1)
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is primitive, and so is the free algebra k (x,y) (cf. FC-pp. 184-185). If char
k =0, the Weyl algebra

k{z,y) [(vy —yx —1)

is also primitive. If K is a division ring containing an element not algebraic
over its center, then the polynomial ring K[t] is primitive (cf. FC-(11.14)).
The important role played by left primitive rings in the structure theory of
noncommutative rings was brought to the fore by Jacobson in a series of
fundamental papers in the 1940’s. This work of Jacobson culminated in his
A.M.S. Colloquium Publications volume “Structure of Rings,” which has
remained a standard reference for classical ring theory as of this day.

The exercise set for this section collects sundry facts and examples about
primitive rings. For instance, left primitivity is not inherited by subrings,
homomorphic images, or polynomial rings, but is inherited by matrix rings,
and by passage from R to eRe for any idempotent e. We also see that a
free algebra k (x, y) has more than one faithful simple module (Exercise 10).
The Density Theorem is seen to have somewhat surprising applications to
simple rings (Exercise 6) and to differential operators (Exercise 12).

Among the left primitive rings, those with nonzero socle deserve special
attention (cf. F'C-(11.11)). These rings turn out to be dense rings of linear
transformations which contain projection operators of finite (nonzero) rank.
Their minimal (left or right) ideals are generated by projections onto 1-
dimensional subspaces. These facts are developed in Exercises 16, 17 and
18 below.

Exercises for §11

Ex. 11.1. Show that a homomorphic image of a left primitive ring need
not be left primitive.

Solution. For any field &, let
R=k{(z,y) and S=kxk.
We have a surjective k-algebra homomorphism ¢ : R — S defined by

p(x) = (1,0) and  ¢(y) = (0,1).

By F(C-(11.23), R is left primitive. However, S is not. (Recall that com-
mutative primitive rings are fields.) Many other examples can be given.
For instance, let k£ be a field with a non-surjective endomorphism o, and
let R = k[z;0] (with the Hilbert twist «b = o(b)x). By FC-(11.13), R is
a left primitive ring. However, its homomorphic image S = R/Rx? is not
left primitive. (The nonzero ideal Rx/ Rx? C S has square zero, so S is not
even semiprime!)
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Ex. 11.2. Show that a ring R can be embedded into a left primitive ring
iff either char R is a prime number p > 0, or (R, +) is a torsion-free abelian

group.

Solution. First assume R C S, where S is a left primitive ring. Then S
is a prime ring, so by Exercise 10.0, char R = char S is either a prime
number p, or char R = 0. In the latter case, for any integer n > 1, n-1is
not a 0-divisor in S by Exercise 10.0. Clearly, this implies that (R, +) is
torsion-free.

(Alternatively, in the spirit of the solution of Ex. 3.0, let sM be a
faithful simple S-module. Then Endg(M) is a division ring, with prime
field F' = Q or F, (for some prime p). Since S acts faithfully on M as a
ring of F-linear transformations, the desired conclusions follow for .S, and
thus also for R.)

Conversely, assume char R is a prime p, or that (R,+) is torsion-free.
In either case, R can be embedded into a k-algebra A over some field
k. (In the former case, choose k =F, C R and let A= R. In the latter
case, choose k = Q and embed R into A = R ®z Q.) Now the “left regular
representation”

¢: A — Endg(A)

defined by ¢(a)(b) = ab for a,b € A is an embedding of A (and hence of R)
into the left (and incidentally also right) primitive k-algebra Endy A.

Comment. There is an analogue of the above result for the embeddability
of a ring R into a semiprimitive (i.e. J-semisimple) ring: The necessary and
sufficient condition is that, for any prime number p > 0, R has no element
of additive order p2. This is a result of O. Goldman: see his paper in Bull.
Amer. Math. Soc. 52 (1946), 1028-1032.

Ex. 11.3. Let R be a left primitive ring. Show that for any nonzero idem-
potent e € R, the ring A = eRe is also left primitive.

Solution. Let V be a faithful simple left R-module. It suffices to show
that U = eV is a faithful simple left A-module. First

A-U=ceRe-eV =eReV CeV =U,
so U is indeed an A-module. Let a = ere € A, where r € R. Then ae =
ere? = a. If aU = 0, then 0 = aeV = aV implies that a = 0, so 4U is faith-
ful. To check that 4U is simple, let us show that for 0 2 v € U and v’ € U,

we have v’ € Au. Note that u, v’ € eV implies u = eu, v’ = eu’. We have
u’ = ru for some r € R, so

u =eu =eru= (ere)u € Au,

as desired.
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Ex. 11.4. Which of the following implications are true?

(a) R left primitive <= M, (R) left primitive.
(b) R left primitive <= R][t] left primitive.

Solution. (a) Both implications here are true. In fact, assume S : = M, (R)
is left primitive (for some n). For the idempotent e = Fy; (matrix unit),
eSe is also left primitive by Exercise 3. Since

eSe = RFE11 £ R (as rings),

we conclude that R is left primitive. Conversely, assume R is left primitive,
and fix a faithful simple left R-module V. Let U be the group of column
n-tuples (vi,...,v,)T, where v; € V. We make U into a left S-module by
using “matrix multiplication” as the action. We are done if we can show
that U is a faithful simple S-module. If (r;;)U = 0, we have r;;V =0, so
ri; = 0, for all ¢, j. To show that U is simple, it suffices to show that, given
any
u=(vi,...,v,)T #0 and o = (v},...,v})7T,

we have u’ € Su. Say v; # 0. Then there exist 71,...,7, € R such that
vg- =rjv; for all j. For the matrix o € S with ith column (ry,...,r,)7
and other columns zero, we have clearly ou = u’. Alternatively, we can use
the characterization of left primitive rings given in FC-(11.28) (“R is left
primitive iff there exists a left ideal 20 # R which is comaximal with any
nonzero ideal 98.”) Fix such a left ideal 2 in R. Any nonzero ideal in S has
the form M, (B) for some ideal B # 0 in R (according to FC-(3.1)). Since
A+ B = R, the left ideal M, () C S is clearly comaximal with M, (B).
Therefore, FC-(11.28) implies that S is left primitive.

(b) The forward implication is certainly not true in general. For instance,
if R is a field, then R is primitive; however, R[t] is commutative but not a
field, so it is not primitive. The backward implication is also not true, but to
see this requires more work. The following construction of a counterexample
is based on a crucial lemma due to George Bergman, included here with
his kind permission.

Lemma. Let A= Aqg P A1 ®--- be a nonzero graded ring with a faithful
module AV such that A,v =V for anyn >0 and any v # 0 in V. Then the
ring' R:= Ao X Ay x --- is not (left or right) primitive, but the polynomial
ring T = R[t] is left primitive.

1 Multiplication on R is defined by

(ao,al,. . .)(bo,b17 .. ) = (aobo, aob1 + a1bg, apbs + a1b1 + azbo, . . )

In some sense, R is a “completion” of the ring A.
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Proof. As in FC-(1.5), we can check that any element (1,a1,a2,...) is a
unit in R, so

A; x Ay x --- Crad R.

Since each A, # 0, rad R # 0, so R is not even semiprimitive (let alone
primitive). To see that R[t] is left primitive, let M be the additive group
of sequences (v;);cz where v; € V are eventually 0 on the left. We make
M into a left R-module by letting a,, € A,, act by its given action on the
“coordinates” v; followed by a shift n steps to the right. Thus,

(ao,al,ag,...) . (...,O,Ul',’t}i+1,vi+2,...)
= (..., 0, agvi, agvit1 + a1v;, agVi+2 + a1viqy1 + agv;, ... ).
From the hypothesis on 4V, we see that, if v; # 0:
(1) R'(...70,’(}i,1}i+17...):{(Uj)jezZ ’LL]'ZO fOI‘j<i}.

Next, we make M into a (left) module over T' = RJ[t] by letting ¢ “shift
coordinates” one step to the left (which clearly commutes with the R-
action). From (1), we see easily that

(2) T-(...,0,v,vi41,...) =M whenever wv; #0,

so M is a simple T-module. We finish by showing that +M is faithful (for
then T is a left primitive ring). To simplify the notation, let us show that,
for a, 3 € R:

(3) (a+p0t) M=0=a=0=0€R.
(The general case when « + [t is replaced by
a+pt4---+yt"meT
can be handled similarly.) Writing
a = (ap,a1,...) and B = (bg,by,...)
(where ay,, b, € A,), (3) gives
0=(a+p8t)-(...,0,v;,0i41,-..)

= (..., 0, bovs, boviy1 + (ag + b1)vi, bovite + (aog + b1)vis1
+ (a1 + bQ)Ui, . )

Since this holds for all v;, v;y1,... € V and 4V is faithful, we must have
bo=0, ap+b1=0, a;+by=0, etc.

Therefore, ag =b; =0, a; =by =0, etc., so a=0=0¢€ R, as desired.
QED
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To produce an explicit example, we must construct the data (A, V) as
in the Lemma. This is fairly easy if we look in the right direction. Let k
be a field with an automorphism o of infinite order, and let A = k[z; 0] be
the twisted polynomial ring over k constructed from o. Then

A=A A1 &
is a graded ring with A,, = kz™ (n > 0). Taking V = k, with the A-action
(4) (uz™) -v=uc"(v) (w,v €k, n>0),

we see from FC-(11.13) that 4V is a faithful module. Furthermore, for any
v#0in V and any n > 0, (4) shows that

Ap-v=ko"(v)=k=YV,
so the hypotheses in the lemma are satisfied. The ring
R = AO X Al X

constructed in the lemma is just the twisted power series ring k[[z;o]].
Also, the M in the proof of the lemma may be identified with the Laurent
series ring k((z;0)). The left R-action of R on M = k((x;0)) is now just
the multiplication in M, since, under this multiplication

(uz™)(vz™) = uo™(v)z" ",
which is exactly the ux™-action followed by a shift of n steps to the right.
The t-action on M is just right multiplication by =! on M (which com-
mutes with the left R-action in view of the associative law). With the
above data, R is the (local) domain with rad R = Rx # 0, but T' = R[t] is
a left primitive ring with a simple faithful module M = k((x;0)) with the
R-action and t-action described above.

Ex. 11.5. Let R be a ring which acts faithfully and irreducibly on a left
module V. Let v € V and 2 be a nonzero right ideal in R. Show that
A-v=0=v=0.

Solution. If v # 0, then we must have Rv = V. Since
A-(Rv)=(AR)-v=22A-v=0,

the faithfulness of V' implies that 2 = 0, a contradiction.

Ex. 11.5%. For any left ideal I in a ring R, define the core of I to be

the sum of all ideals in I. Thus, core (I) is the (unique) largest ideal of R
contained in 1.

(1) Show that core (I) = ann(V') where V is the left R-module R/I. (In
particular, V' is faithful iff core (I) =0.)

(2) Show that r(R/I) is faithful only if I N Z(R) = 0, where Z(R) is the
center of R.
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Solution. First, ann(V) C I, and ann(V) is an ideal, so ann(V') C core(I).
Secondly,
core(l) - R C core(I) C I = core(I) -V =0,

so core(l) C ann(V'). This establishes (1). If R/I is indeed faithful, then, in
view of (1) and I N Z(R) C core(I), we have I N Z(R) = 0, establishing (2).

Ex. 11.6. (Artin-Whaples) Let R be a simple ring with center k (which
is a field by Exercise 3.4). Let z1,...,z, € R be linearly independent over
k. Show that, for any ¥, ...,y, € R, there exist a1,...,a,, and b1, ..., by,
in R such that y; = Z;n:l a;x;b; for every 1.

Solution. Let A: = R ®j R°P? act on R by the rule
(a ® b°P)x = axd.

Since the A-submodules of 4R are just the ideals of R, 4R is a simple
module. An endomorphism ¢ of this module is an additive map R — R
commuting with both left and right multiplication, so ¢ is just multiplica-
tion by an element of k. We have now End (4R) = k, so by the Density
Theorem (F'C-(11.16)), A acts densely on Ry. Fix f € End(Ry) such that
f(z;) = y; for all i. By density, there exists

r= Z a;@b” € A
j=1
such that ra; = f(x;) for all i. Thus,
Yi = f(x7) = Z (Ijl‘ibj
j=1

for1 <i<n.

Ex. 11.6* Let M be a (not necessarily finitely generated) semisimple left
module over a semiprimary ring R, and let k = Endg(M). Show that

(1) My, is a finitely generated k-module; and
(2) the natural ring homomorphism R — End(M},) is surjective.

Solution. By the Density Theorem, R acts densely on M. Therefore, as
soon as we prove (1), (2) follows from FC-(11.17). To prove (1), note that,
since (rad R)- M =0, we may replace R by R/rad(R) to assume that R
is a semisimple ring. Let S1,..., 5, be a representative set of simple left
R-modules, and let M; be the isotypic component of M with respect to .S;.
Then k =k; X -+ X k, where k; = Endg(M;), so it suffices to show that
each M; is finitely generated over k;.

Let D; be the division ring EndgS;. By the Artin-Wedderburn The-
orem, we know that (S;)p, has a finite basis, say {v1,...,v,}. (Here, we
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regard i as fized). Let M; = Si(‘]) (direct sum of J copies of S;). Fix an in-
dex, say, 1 € J. Let v} (1 < j <n) be the element in M; with component v;
in the “first” copy of S; and zero components in the other copies. Clearly,
Z?Zl v3k; contains the “first” copy of S; in the direct sum SZ-(J). Using
“translations” (which are elements of k;), we see that Z;;l v}k; contains

any copy of S; in the direct sum Sl-(‘]). Thus, M; = 2?21 vik;, as desired.

Comment. Note that the key property needed from R is that R/rad R be
semisimple. Rings with this property are called semilocal rings; see FC-§20.

Ex. 11.7. Let E = End(V}) where V is a right vector space over the
division ring k. Let R be a subring of E and 2 be a nonzero ideal in R.
Show that R is dense in F iff 2l is dense in F.

Solution. It suffices to prove the “only if,” for which we may assume that
2A = (a), the ideal generated by a nonzero element a € R. Fix a vector
w € V such that aw # 0. Given vy, ...,v, € V, and k-linearly independent

vectors ui,...,un € V, we want to find b € 2 such that bu; = v; for all
j. Since R-aw =V, v; = rjaw for suitable r; € R. By density, there also
exist s1,...,s, € R such that s;u; = d;;w. For

b: :Z rias; € AU,
we have, for all j:

bu; = g TiaS;U; = E riadi;w = rjaw = v;.
; ,

7

Ex. 11.7*. Let E = End(V};) be as in Exercise 7, and let R C E be a dense
subring.

(1) For any a € R with finite rank, show that a = ara for some r € R.
(2) Deduce that the set

S ={a € R: rank(a) < oo}
is a von Neumann regular ring (possibly without identity).

Solution. (1) The proof here is a slight modification of the usual proof for
E to be von Neumann regular (cf. FC-(4.27)). Let K = ker(a), and fix a
k-subspace U C V such that V = K @& U. Then

n : = dimgU = rank(a) < oco.

Let {u1,...,u,} bea k-basis for U. Then a(uy), . .., a(u,) remain k-linearly
independent, so by density, there exists » € R such that ra(u;) = wu; for all
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i. We have now ara = a since both sides vanish on K, and take u; to a(u;)
on the basis elements {u;} of U.

(2) Tt is easy to see that S is an ideal of R, so we may view S as a ring,
possibly without identity. To prove (2), we may assume that S # 0. By
Exercise 7, S also acts densely on V. Noting that the proof of (1) above
did not make use of the identity element, we conclude from (1) that S is a
von Neumann regular ring.

Comment. The ideal S above turns out to be the (left and right) socle of
the ring R: see Exercise 18 below.

Ex. 11.8. Let V =@, e;k where k is a field. For any n, let S,, be the
set of endomorphisms A € E = End(V}) such that A stabilizes >\ | e;k
and A(e;) =0 for ¢ > n + 1. Show that

S = OSngE
n=1

is a dense set of linear transformations. For any i, j, let F;; € I/ be the
linear transformation which sends e; to e; and all e; (j' # j) to zero. Show
that any k-subalgebra R of E containing all the E;;’s is dense in E and
hence left primitive.

Solution. Let vy, ..., v, U1, .., Uy, €V, where the u;’s are k-linearly in-
dependent. Pick a large integer n such that

uj,v; € Z e;k for all j.
i=1

Take

A € Endy (i el-k)

i=1

such that A(u;) =v; for all j, and extend A to an endomorphism of V
by defining A(e;) =0 for ¢ > n+ 1. Then A € S,, C S, and we have proved
the denseness of S. The last statement in the Exercise is clear, since the
k-algebra R contains S,, for all n.

Ex. 11.9. (Jacobson) Keep the notations above and define f,g € E by
g(e;) = e;r1, f(e;) = e;—1 (with the convention that ey = 0). Let R be the
k-subalgebra of E generated by f and g.

(1) Use Exercise 8 to show that R acts densely on V.
(2) Show that R is isomorphic to S: =k{x,y)/(zy — 1), with a k-
isomorphism matching f with Z and g with 7.
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Solution. (1) For i,j > 1, we claim that g"~' fi=1 — g% f7 equals the Ej;
defined in Exercise 8. In fact,

(677 =g ) es) = g He) —g'(0) = e,

(G T =g f)ee) = g7 (F 7 er) =g (fle)) =0 for £ <,

(6" 771 = g ) ee) = g (eemgun) — 9'(eey)
=er_jti—€iye—j =0 forl>j

Therefore, E,;; € R, and Exercise 8 implies that R is dense in E. (A some-
what different proof for the density of R was given in FC-p. 184.)

(2) To simplify the notations, let us continue to write x,y for the elements
T,y € S. Since fg=1¢€ R, we have a well-defined k-algebra homomor-
phism ¢ : S — R with e(z) = f and £(y) = g. We need to show that ¢ is
injective. In view of xy = 1, any element in S has the form

z=aly) + By)e +y(y)a® + -
where «, 3,7, ... are polynomials in y. Suppose £(z) = 0. Applying £(z) to
e1, we get a(g)e; = 0. Clearly this implies that « = 0. Applying (2) to ea,
we get

0=0(9)f(e2) = B(g)ex,

so B = 0. Repeating this argument, we see that z =0 € S.

Ex. 11.10. For a field k, construct two left modules V,V’ over the free
algebra R =k (x,y) as follows. Let V. =V’ =37, e;k. Let R act on V
by:

Tl = €i—1, Y€i = €247,

and let R act on V' by
Tl = €;—1, Y€ = €249

(with the convention that eg = 0). Show that V, V"’ are nonisomorphic faith-
ful simple left R-modules.

Solution. The fact that R acts faithfully and irreducibly on V' was proved
in FC-(11.23). The same argument also applies to V'. To see that V, V’ are
not isomorphic as R-modules, note that

2

2?yle1) = 2%e3 =0

in V. We are done if we can show that 22y does not annihilate any nonzero
vector in V. But

2y(e;) = 2%ep2 40 = €2
in V' for any i > 1. Therefore, if

040 =ejaj+ejp1a541+-- €V’
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with a; # 0, then
x2y(v/) = ej2a; +e(y1)2a41 + - # 0,
as desired.

Ex. 11.11. Let A be a subring of a field K. Show that the subring S of
K {x1,...,2,) (n > 2) consisting of polynomials with constant terms in A
is a left primitive ring with center A.

Solution. We know that R = K (x1,...x,) is a left-primitive ring, by FC-
(11.26). Let V' be a faithful simple left R-module, and k¥ = End(gV"). Then
R acts densely on Vj,. By Exercise 7, the ideal (z1,...,x,) of R generated
by the z;’s also acts densely on V. The ring S in question is just A +
(1,...,2n). Since S acts densely on Vi, FC-(11.20) implies that S is a left
primitive ring. Finally, it is easy to see that

Z(S)=Z(R)NS=KnS=A.

Ex. 11.12. Let k be a field of characteristic zero. Represent the Weyl alge-
bra R =k {(x,y) /(xy — yx — 1) as a dense ring of linear transformations on
an infinite-dimensional k-vector space V', and restate the Density Theorem
in this context as a theorem on differential operators.

Solution. Let gV = k[y] with y € R acting as left multiplication by y and
x € R acting as D = d/dy (formal differentiation). Choosing the k-basis

{en=9y": n>0}
on V, we have
yen = ent1 and  ze, =ne,—1 (with e_q =0).

Using these action rules, we can check directly that the R-module gV is
simple, with End (gV') = k. (We suppress the calculations here, since more
general conclusions have already been obtained in Exercise 3.18.) Thanks
to char k =0, R is a simple domain by FC-(3.17), so gV is automatically
faithful. Tt follows that R is k-isomorphic to the (dense) ring of linear
transformations on V' generated by the actions of y and z. Stated in the
language of differential operators, the density of R means the following:
Given any polynomials
V1y--v3Un € k[y]v

and k-linearly independent polynomials
U, ..., Uy € Ky,
there exists a differential operator
ZaijyiDj (ai; € k)
which takes uy to vp for all £ (1 < ¢ < n).
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Ex. 11.13. Let R be a left primitive ring such that a(ab — ba) = (ab — ba)a
for all a,b € R. Show that R is a division ring.

Solution. Let gV be a faithful simple R-module with k& = End(gV). It
suffices to show that dim;V =1 (for then R = k, which is a division ring).
Assume instead there exist k-linearly independent vectors u,v € V. By the
Density Theorem, there exist a,b € R such that au = u,av =0 and bu =
0,bv = u. But then

a(ab — ba)(v) = a*u =u, (ab—ba)a(v) =0,
a contradiction.

Comment. Similar arguments were used in FC-§12 to prove certain commu-
tativity theorems in ring theory. In fact, the choice of a, b above corresponds
precisely to the choice of the matrix units a = Ey1,b = Ej2 in the proof of
F(C-(12.11). As observed in that proof, ab — ba = b, and hence

(ab —ba)a = 0 # a(ab — ba) = b.

Ex. 11.14. Let R be a left primitive ring such that 1+ r? is a unit for
any r € R. Show that R is a division ring.

Solution. We repeat the argument in the last exercise. If the independent
vectors u,v € V exist, find r € R such that r(u) = —v and r(v) = u. Then

(1 +rH)(u) =u—u=0,
contradicting the assumption that 1 +r2 € U(R).
Comment. Again, in terms of matrices, the idea is that
2
0 1
I+ (_1 0) =I-1=0.

In the next four exercises (15 through 18), let R be a left primitive ring,
RrV be a faithful simple R-module, and k be the division ring End(grV'). By
the Density Theorem, R acts densely on V.

Ex. 11.15. For any k-subspace W C V| let

ann(W)={re R : rW =0},
and, for any left ideal % C R, let

ann(A) = {v eV : Av =0}
Suppose n = dim; W < oco. Without assuming the Density Theorem, show
by induction on n that ann (ann(W)) = W. From this equation, deduce
that R acts densely on V. If, in addition, R is left artinian, show that
dimy V < 00, R = End(V}), and ann(ann(2)) = 2 for any left ideal 2 C R.
In this case, W+ ann(W) gives an inclusion-reversing one-one correspon-

dence between the subspaces of Vi, and the left ideals of the (simple ar-
tinian) ring R.
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Solution. If dimy W = 0, we have ann(ann(W)) = ann(R) = 0. To handle
the inductive step, fix a k-basis wy,...,w, for W, withn > 1. Let v e V
be such that ann(W) - v = 0. Our job is to show that v € W. Consider the

left ideal
2l = ann (Z wl-k) .
i=2

By the inductive hypothesis, 2 - wy # 0, so we must have 2 - w; = V. Define
amap «: V — V by the rule (aw;)a = av, for any a € 2. This map is well-
defined, for, if aw; = 0, then

a € ANann(wik) = ann(W),

and so av = 0. Clearly, then, o € End(gV) = k. Since a(v — wia) =0 for
all a € 2, we have (by the inductive hypotheses)

n
v — Wi € E wik,
i=2

and therefore v € W, as desired.

To prove that R acts densely on V, let wy,...,w, be as above, and
ui,...,u, € V. Recalling the equation 2 - w; = V above, we see that there
exists r; € R that takes wy to ui, and ws, ..., w, to zero. Similarly, there

exists r; € R that takes w; to u; and the other w;’s to zero. The sum
r=ri+---+r, € R

therefore takes w; to u; for all 3.
Now assume that R is left artinian. Then we must have dimy V < oo,
for otherwise an ascending chain

W1§W2§

of finite-dimensional subspaces would lead to a descending chain of left
ideals in R (in view of ann(ann (W;)) = W;). The denseness of R then
implies that R = End(V}). Let 2 be any left ideal in R. We finish by showing
that ann(ann 2) C 2[. Since R is a simple artinian ring, 2 = Re for some
e=¢e2€ R,and so V =ker(e) @ eV. Let

r € ann(ann 2A) = ann(ker(e)).

Then re and r both vanish on ker(e), and have the same effect on eV.
Therefore,
r=re € Re =%,

as desired.
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Comment. The above solution is adapted from an argument given in
Artin’s article “The influence of J.H.M. Wedderburn on the development of
modern algebra,” Bull. Amer. Math. Soc. 56 (1950), 65-72. In a footnote to
this paper, Artin acknowledged that his treatment of the Density Theorem
“(follows) a presentation by Mr. J.T. Tate.”

Ex. 11.16. For any r € R of rank m (i.e. dimg 7V = m), show that there
exist r1,...,ry, € Rr of rank 1 such that r =r; + - + 1.

Solution. Let {v1,..., v} be a k-basis for V. By the density of R, there
exist s1,...,8, € R such that s;(v;) = d;;v; (where d;; are the Kronecker
deltas). For any v € V, write

m
v) = vja,
j=1

where a; € k. Then

v)zg 5ijvjozj:§ si(vy)) g s g v zg sir(v).
irj i i

Setting r; = s;7 € Rr, we have r =), r;, with

rV =s; Ev] =v;k

so rank(r;) = 1 for all 4.

Ex. 11.17. (1) Show that 2 C R is a minimal left ideal of R iff A = Re
where e € R has rank 1, and that (2) B C R is a minimal right ideal of R
iff B = eR where e € R has rank 1.

Solution. (1) Let 2 = Re, where eV = vk,v # 0. To check that 2 is a
minimal left ideal, we show that, for any re # 0 (r € R), we have e = sre for
some s € R. Since 0 # reV = (rv)k, there exists s € R such that s(rv) = v.
Now

(1—sr)eV = (1 —sr)jvk =0,

so (1 — sr)e =0, as desired. Conversely, let 2 be any minimal left ideal in
R. Since R is semiprime, Brauer’s Lemma (FC-(10.22)) implies that 2 = Re
for some e = e? € R. We finish by proving that e has rank 1. Assume, for
the moment, that eV contains two k-linearly independent elements v, v’.
Then ev = v, ev’ = v’. By density, R has an element s such that sv’ =0
and sv = v. Consider the left ideal

Ao={reA: r' =0} CA
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Since (se)v’ = sv’ = 0 and (se)v = sv = v, we have 0 # se € g, so Ay = 2.
But then e € 2y, so 0 = ev’ = v’, a contradiction.

(2) Suppose e € R has rank 1. By (1), Re is a minimal left ideal. Since R is
semiprime, FC-(11.9) implies that eR is a minimal right ideal. Conversely,
let B C R be a minimal right ideal. As before, B = eR for some e = ¢? € R.
By F(C-(11.9) again, Re is a minimal left ideal. From the proof of part (1),
we infer that e has rank 1.

Ex. 11.18. Show that the following statements are equivalent:
(1) soc(R) # 0,

(2) R contains a projection of V onto a line,

(3) there exists a nonzero r € R of finite rank, and

(4) for any finite-dimensional k-subspace W C V', R contains a projection
of V onto W.

Finally, show that soc(R) = {r € R : rank(r) < co}.
Solution. (1) = (2). (Recall that, in any semiprime ring R, soc(rR) =

soc(RR): cf. FC-p.175.) Let 2 be a minimal left ideal in R. By the solution
of Exercise 17(1), 2 = Re where e is a projection of V onto a line.

(4) = (2) = (3) are trivial.

(3) = (1). By Exercise 16, (3) implies that R has an element e of rank 1.
By Exercise 17(1), Re C soc(gR).

(2) = (4). Let e € R be a (fixed) projection of R onto a line uk (u € V).
We shall prove (4) by induction on n = dimW. First assume n = 1; say
W = wk. Choose a,b € R such that a(u) = w and b(w) = u. We have

aeb(w) = ae(u) = a(u) = w, and

aeb(V) = ae(bV) C a(uk) = wk = W.

Therefore, aeb is a projection of V' onto W. To handle the general case, let
{w1,...,wy} be a basis of W. By the inductive hypothesis, there exists an
[ € R that is a projection of V onto > , w;k. Write

flwy) = sz‘@i (where a; € k),
i=2

and consider the vector

n
w:wl—ZwiaieW

=2
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Note that {w,wa,...,wy,} is a basis of W, and that

n

flw) = flwn) =3 flwias = flwr) = 3 wia; = 0.

=2

By the case we have already handled, there exists ¢ € R which is a projec-
tion of V onto wk. We claim that

h:=f+g—gf€R
is a projection of V' onto W. In fact, for 2 <1i < n:

h(wi) = f(w;) + g(w;) — gf (ws) = wi + g(w;) — g(w;) = w;, and
h(w) = f(w) + g(w) — gf(w) = g(w) = w.

Finally,

h(V)Cf(V)+g(V) =D wik+wk =W.
i=2
This completes the proof of our claim.
We finish by proving the equation for the socle. If r € R\{0} has finite
rank m, then, by Exercise 16,

r=ri+--+nrm

where each r; € R has rank 1. By Exercise 17, we have r; € soc(R) for all
i, so r € soc(R). This shows that

{r € R : rank(r) < oo} C soc(R).

For the reverse inclusion, it suffices to show that any minimal left ideal 2 of
R consists of linear transformations of finite rank. By Exercise 17, A = Re
where e € R has rank 1. Therefore, any a € 2 has the form re for some
r € R. In particular, rank(a) < rank(e) = 1.

Comment. The proof of (2) = (4) actually shows quite a bit more: If
e € R has finite rank m > 0, then, for any finite-dimensional k-subspace
W CV, the ideal (e) generated by e in R contains a projection of V' onto
W. In fact, first decompose e into ey + - - - + e,,, where each e; € Re has rank
1 (cf. Exercise 16). Since (e;) C (e), we are reduced to the case rank(e) = 1.
In view of the proof of Exercise 17(1), we may further assume that e = 2.
In this case, the proof of (2) = (4) gives what we want, since aeb € (e),

and we may choose f, g € (e) as well, so that the final choice

h=f+g9—gf

is in (e), as desired.
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Left primitive rings R with soc(R) # 0 have a unique faithful simple
left module, and are always right primitive, according to FC-(11.11). These
rings were very well-studied in the classical literature. The main result in
this direction is that such rings always arise from “a pair of dual vector
spaces”: see, e.g. Jacobson’s “Structure of Rings,” p. 75, Amer. Math. Soc.
Colloq. Publ., Vol. 87, 1956.

Ex. 11.19. Show that a ring R is left primitive iff R is prime and R has
a faithful left module M of finite length.

Solution. We need only prove the “if” part. Let
O=MyC M C---CM,=M

be a composition series for M. Then I; = ann(M;/M;_;) are ideals in R
with

Iy LM, CIy-- Iy 1M,y C--- CI1iM; C My =0.
Since M = M,, is faithful, we have I,...I, =0 in R, and hence I; =0
for some j. Now M;/M;_; is a simple faithful left R-module, so R is left
primitive.

Ex. 11.20. For any division ring k£ with center C', show that the following
are equivalent:

(1) k[x] is left primitive,

(2) k[z] is right primitive,

(3) there exists 0 # f € k[z] such that k[z]f N C[z] = 0.

Solution. Note first that

0#9f€Cla]l = gf = fg.

(Multiply by f from the left and cancel off f from the right.) This implies
that (3) is a left-right symmetric condition. Therefore, it suffices to prove
(1) <= (3). Let R = k[z] and note that Z(R) = C[z].

(1) = (3). Since R is a principal left ideal domain, a faithful simple left R-
module V' can be represented as R/Rf, where f € R is necessarily nonzero.
By Exercise 5%, the faithfulness of V' implies that

0=RfNZ(R)=RfNClx]
(The polynomial f here is irreducible, but this fact is not needed.)

(3) = (1). Let V =R/Rf, where f is as in (3). Since ,V is finite-
dimensional, gV has a composition series. By Exercise 1.16(3), the hy-
pothesis that Rf N C[z] = 0 implies that core(Rf) = 0, so by Exercise 5%,
rV is faithful. Since R is a domain and hence a prime ring, Exercise 19
shows that R is left primitive.
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Comment. The conditions (1), (2), (3) above are satisfied by some division
rings k, and not by others. For instance, if k£ is not algebraic over C, then
the conditions hold, by FC-(11.14). But if dimck < oo, then the conditions
do not hold, by Exercise 16.9 below. Both of these results are special cases
of a theorem of Amitsur and Small (Israel J. Math. 81 (1978), 353-358),
which gives a criterion for a polynomial ring

Ry = klt1, ...t

to be left primitive. According to this theorem, R,, is left primitive iff some
matriz ring M,.(k) contains a field of transcendence degree n over C. The
proof of this theorem makes crucial use of a noncommutative version of
Hilbert’s Nullstellensatz, to the effect that any simple left R,-module is
finite-dimensional over k.

Ex. 11.21. Let gV be a nonsemisimple module, and k¥ = End(gV). Show
that R may not act densely on V. (In other words, the Jacobson-Chevalley
Density Theorem F(C-(11.6) may not hold for nonsemisimple modules.)

Solution. To construct a counterexample, let k be a field, and let R =

<IS Z) act on V = (Z) = k? by left matrix multiplication. Then gV is

not semisimple and End (rV') = k (cf. FC-p. 110). But no element of R can
take (é) to (?), so R is not even 1-transitive. For an even simpler coun-

terexample, take R = Z, V = Q, with k¥ = End(zQ) = Q. Here, no element
of R can take 1 to 1/2in V.

812. Subdirect Products and Commutativity
Theorems

Subdirect product representations of rings offer a nice way to deal with
their structure theory. A subdirect product representation of R by other
rings R; is an injective ring homomorphism ¢ : R — [[; R; for which each
“projection map” R — R; is onto. Some basic facts are, for instance:

(1) R # 0 is semiprimitive iff R is a subdirect product of left primitive
rings,

(2) R # 0 is semiprime iff R is a subdirect product of prime rings, and

(3) R # 0 is reduced iff R is a subdirect product of domains.

(4) Any R # 0 is a subdirect product of subdirectly irreducible rings
(“Birkhoft’s Theorem”).

Here, a subdirectly irreducible ring is a nonzero ring R for which there is
no “nontrivial way” of expressing R as a subdirect product (see FC-(12.1)).
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These are rings R which have an ideal L # 0 that is contained in all other
nonzero ideals. We call L the “little ideal” of R; in the literature, L is also
known as the “heart” of R.

The role of subdirect product representations in the general structure
theory of rings is explained in detail in FC-p.196. One of the best known
applications of this is to the study of commutativity theorems in ring the-
ory. Although “nowadays pretty outré stuff” according to L. Small?, these
commutativity theorems have remained an excellent initiation to the sub-
ject for generations of fledgling ring theorists. Small himself recalled his
delight in learning about these classical theorems; there will certainly be
others to come. Speaking from my own teaching experience, even the slow-
est and the most timid student in algebra can be counted upon to take out
pencil and paper and to dabble at the proof of an intriguing commutativity
theorem!

Without going overboard, this section offers a few elementary com-
mutativity exercises (see (4) and (7)—(10)). The proofs for the cases
n=2,3,4,5,6 of Jacobson’s “a™ = a” theorem (FC-(12.10)) are the best
I have known so far. The Comment offered after Exercise 8A for rings
without identity is possibly a bit surprising.

Exercises 5 and 6A, 6B, 6C deal with a subclass of von Neumann regular
rings which are known as strongly regular (or abelian regular) rings. These
rings were discovered and named by Arens and Kaplansky, in their study of
topological representations of algebras (c. 1948). In many ways, this study
is akin to the study of subdirect product representations of rings. Strongly
regular rings also arise in the context of rings of operators. They turn out to
be always unit-reqular in the sense of Exercise 4.14B: see Exercise 6C below.

Exercises for §12

Ex. 12.0. (1) Characterize rings R that are subdirect products of fields.
(2) Characterize rings S that can be embedded into direct products of
fields.

(3) Characterize rings T that can be embedded into a direct product of
Fy’s and F3’s.

Solution. (1) Since fields are primitive, any subdirect product of fields
is (commutative and) semiprimitive by FC-(12.5). Conversely, let R be
a commutative semiprimitive ring. By F(C-(12.5) again, R is a subdirect
product of left primitive rings {R;}. Since the R;’s are commutative, they
are fields by FC-(11.8), so R is a subdirect product of fields.

(2) If S C ], Si where the S;’s are fields, clearly S is commutative and
reduced. Conversely, if S is any commutative reduced ring, then (0) =, p;

2 See his review of FC in the Amer. Math. Monthly 100 (1993), 698-699.
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where {p;} are the prime ideals of S. It follows that S can be embedded
into [], S; where S; is the quotient field of S/p;.

(3) If T C ], T; where each T; is either Fy or 3, clearly, every element
t € T satisfies t2 = +t. Conversely, let T' be any ring with the property
that t2 = 4t for every t € T. Then t? = 0 implies t = 0, so T is a reduced
ring. By FC-(12.7), we have a subdirect product representation

(pi): T — HTi

where the T}’s are domains. Since ¢;(T) = T;, we have t? = £t; for every
t; € Ty, so t; € {0,£1}. This implies that T; 2 Fy or T; 2 F3, so T is a
subdirect product of Fo’s and F3’s. (In particular, T must be commutative.)

Ex. 12.1. Let R be a subdirectly irreducible ring. Show that if R is
semiprimitive (resp. semiprime, reduced), then R is left primitive (resp.
prime, a domain). In particular, show that R is left primitive iff R is right
primitive.

Solution. First assume R is semiprimitive. By FC-(12.5), there exists a
subdirect product representation

EZ(Ei)Z R—>HR1

where the R;’s are left primitive rings. Since R is subdirectly irreducible,
some ¢; : R — R; is an isomorphism, so R is left primitive. The two other
cases are handled in the same way, using FC-(12.5) again, and FC-(12.7).
The last statement in the Exercise now follows from left-right symmetry.

Alternative Solution. We offer here a direct proof of the Exercise with-
out “resolving” R into a subdirect product. Let L # 0 be the “little ideal”
of R (see FC-p. 192).

(1) Assume R is semiprimitive, but not left primitive. Then, for any max-
imal left ideal m C R, R/m cannot be faithful, so ann(R/m) must contain
L. This implies that L C m. But then

LC()m=rad R=0,
a contradiction.

(2) Assume R is semiprime, but not prime. Then there exist nonzero ideals
I,J with IJ =0. But then L CI, L C J, and we have L>? C IJ =0, a
contradiction to the fact that R is semiprime.

(3) Assume R is reduced. Then R is semiprime, and hence prime by (2).
From Exercise 10.3, it follows that R is a domain.
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Ex. 12.2. (1) Show that a commutative domain cannot have exactly three
ideals.

(2) Show that there exist (noncommutative) domains A which have exactly
three ideals.
(3) Give an example of a nonsimple subdirectly irreducible domain.

Solution. Suppose A is a domain with exactly three ideals, (0), A, and
L. Then A is not a simple ring, but A is clearly subdirectly irreducible,
with L as its little ideal. Such a domain A cannot be commutative, since
a commutative subdirectly irreducible domain is a field (cf. FC-(12.4)).
Therefore, it suffices to construct a domain A as in (2). The construction
of A below follows an example in 1.3.10 of the book “Noncommutative
Noetherian Rings” by McConnell and Robson (AMS, 2001).

Let ko be any field of characteristic 0, and R be the (first) Weyl algebra
over kg, with generators z,y and relation xy — yx = 1. Letting § be the
differentiation operator d/dy on k: = ko[y], we think of R as the skew
polynomial ring k[z; 8] (cf. FC-(1.9). Exploiting the fact that R is a simple
ko-domain (FC-(3.17)), we propose to prove:

Lemma. L: = Rz ={apz™+ - +a1z: a; €k} is a simple domain
without identity.

Once this lemma is proved, it follows easily that
4) A:=Ldky={amz™ +--+ax+ao: ag€ko, a1,-..,am €k}

is a ko-domain with exactly three ideals, (0), A, and L. (Use the fact that
any ideal in A intersects L at (0) or L.)

Proof. Let J be any nonzero ideal in the ring (without identity) L. Since
R is a simple ring (loc. cit.), we have RxJR = R. Right multiplying by x,
we get

(5) L=Rz=RxJRx=LJLCJ,

and therefore J = L. This shows that L is a simple domain (without iden-
tity), as desired.

Comment. (A) The ring A constructed in (4) is in fact the “idealizer” of
the left ideal L = Rx in R, that is:

A=1Ig(L):={heR: LhC L}.
The inclusion “C” is clear since kg C Z(R). For “2”, note that if
h=amz™+---+ap € Ir(L) (where a; € k),

then ag € Igr(L) too, and xag = apz + 6(ap) implies that d(ag) = 0. Hence
ag € kg and h € Rx + ko = A.
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(B) Since A is a domain with only three ideals (0), A, and L, we must
have L = L™ for all n > 1. In fact, applying (5) to J = L, we have L = L3.
From this, it follows that L = L™ for all n > 1. Note that A is a good
example of a noncommutative domain satisfying the properties (1) and (2)
of Exercise 10.5.

(C) Note that the ring A above is a primitive domain. To see this, note that,
since = + 1 has no inverse in R, A(z + 1) is contained in a maximal left ideal
M of A. We check easily that A/M is a simple faithful left A-module (since
its annihilator cannot be L), so A is a left primitive domain. By considering
(x + 1)A, we see similarly that A is a right primitive domain. (Of course
these conclusions are also clear from Exercise 1, since A is subdirectly
irreducible, and = ¢ rad A implies that rad A =0.)

(D) It is known that R is a (2-sided) noetherian ring. As it turns out, the
ring A is also noetherian. For a proof of this, see 1.3.10 in the book of
McConnell and Robson referred to above.

Ex. 12.3A. Let k be a field of characteristic p and G be a finite p-group,
where p is a prime. Show that the ring A = kG is subdirectly irreducible,
with its little ideal given by ko where 0 =3 ;g € A.

Solution. Every nonzero left ideal of A contains a minimal left ideal.
Therefore, we are done if we can prove the following stronger fact: the only
minimal left ideal of A is ko. Let I be any minimal left ideal. By FC-(8.4),
4l is the 1-dimensional trivial G-module. Let I = ko, where « # 0. Since
ga =« for all g € G, a = ao for some a € k*. Therefore, I =k - ac = ko.

Comment. In the terminology of §19, A = kG is a local ring with its unique
maximal (left) ideal given by the augmentation ideal m = kere, where ¢ :

kG — k is defined by
€ (Z agg) = Zag.

Since ao = oa = (@), we have
anng(o) = ann, (o) = m,

so m is exactly the set of zero-divisors in A (together with zero). By FC-
(8.8), we have in fact ml¢l = 0.

Ex. 12.3B. The following exercise appeared in an algebra text: “The
zero-divisors in a subdirectly irreducible ring (together with zero) form an
ideal.” Give a counterexample! Then suggest a remedy.

Solution. Take R to be M, (k), where k is a field and n > 2. Then R is a
simple ring, and it is subdirectly irreducible (with little ideal R). There are
various (left, right, 2-sided) zero-divisors in R, but surely they don’t form
an ideal (or even a 1-sided ideal). To rectify the statement, assume that R
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is commutative. Let I be the set of zero-divisors in R, together with 0. To
see that [ is an ideal, it suffices to show that I is closed under addition. Let
a1, az € I\{0}. Then ann(a;) # 0, and so ann(a;) contains the little ideal,
say L, of R. Therefore, La; =0 for i = 1,2, and we have L(aj + as) = 0.
This clearly implies that a; 4+ as € I.

Comment. In FC-(12.4), the commutative subdirectly irreducible rings R
that are reduced are completely determined: they turn out to be just fields.
If R is not assumed to be reduced, its structure is more interesting. In the
next exercise, we offer more information on the ideal I of 0-divisors in a
nonreduced commutative subdirectly irreducible ring R.

Ex. 12.3C. (McCoy) Let R be a commutative subdirectly irreducible
ring which is not a field. Let L be the little ideal of R. Prove the following
statements:

(1) L = aR for some a with a? = 0.

(2) m: = ann(a) is a maximal ideal of R.

(3) m =T (the set of all O-divisors of R together with 0).

(4) ann(m) = aR, and a € Nil(R) C m.

(5) If R is noetherian, then Nil(R) = m, and R is an artinian local ring.

Solution. (1) Fix any nonzero element a € L. Clearly, L = aR. By Brauer’s
Lemma (FC-(10.22)), we have either L? = 0 or L = eR for some idempo-
tent e € R. In the latter case, we must have e # 1 (for otherwise L = R, and
R is a field). But then LN (1 —e)R =0 gives a contradiction. Therefore,
we must have L? = 0.

(2) Since a # 0, m # R. Let b ¢ m. Then ab # 0 implies a € abR. Writ-
ing a = abc for some ¢ € R, we have a(1 —bc) =0 so 1—bc € m. This
proves (2).

(3) Tt suffices to show that I C m. Let » € I. From ann(r) # 0, we see that
aR C ann(r). This means that ar =0, so r € m.

(4) We need only show that ann(m) C aR. Say xm = 0, where x # 0. Write
a = xy for some y € R. Then y € m (since am = 0) so by (2), yz—1€m
for some z € R. Multiplying by =, we see that

r=2xyz =az € aR.
The inclusion Nil(R) C m is trivial since m is a prime ideal.

(5) Let b € m. Using the ACC on ideals, we see that ann(b") = ann(b"+1)
for some n > 1. If b # 0, we would have a = xb™ for some x. Then 0 =
ab = zb"*! implies 0 = 2b™ = a, a contradiction. Therefore, b” = 0, and we
have b € Nil(R). Since now Nil(R) = m, this is the only prime ideal in R,
so the noetherian ring R is in fact a local artinian ring (see Comment on
Exercise 10.4).
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Comment. (a) If R is not assumed to be noetherian, the inclusion Nil(R) C
m in (4) above may be strict. For an example of such a commutative sub-
directly irreducible ring, see McCoy’s paper in Duke Math. Journal, vol.
12 (1945), pp. 382-387, on which the above exercise was based.

(b) Since any nonzero ring is a subdirect product of subdirectly irreducible
rings (Birkhoff’s Theorem: F(C-(12.3)), it follows immediately from (5)
above that any commutative noetherian ring is a subdirect product of com-
mutative local artinian rings.

Ex. 12.3D. Let R be a commutative artinian ring. Show that R is subdi-
rectly irreducible iff soc(R) is a minimal ideal.

Solution. If soc(R) is a minimal ideal, then any nonzero ideal contains
soc(R), so R is subdirectly irreducible (with soc(R) as its little ideal).
Conversely, if R is subdirectly irreducible with little ideal L, then L is the
only minimal ideal of R. Hence soc(R) = L, and it is minimal.

Comment. An explicit class of examples for the rings in this exercise are
group rings R of finite (abelian) p-groups G over a field k of characteristic
p. Here,

soc(R) = L =ko where o= Z g
geG

(see Ex. 12.3A). Other examples are given by R = A/xm™ A, where 7 is a
nonzero prime element in a principal ideal domain A, and m > 1. Here,

soc(R) = L =71""tA/m™A.

Ex. 12.3E. (Cf. the proof of Birkhoft’s Theorem in FC-(12.3).) For 0 #
a € R (for any ring R), let I be any ideal of R maximal with respect to the
property that a € I. Then the factor ring R/I is subdirectly irreducible
(since its nonzero ideals all contain the nonzero coset a +I). If R =Z,
compute the ideals I arising in this manner from a given nonzero integer
a, and classify the associated subdirectly irreducible rings R/I.

Solution. Write a = £p]* - - - pi», where the p;’s are distinct primes, and
r; > 1. Since Z is a PID, we have I = bZ where b} a but any proper divisor
of b divides a. Clearly, b # 0. Taking b to be positive, and using the unique
factorization theorem in 7Z, we see that either b is a prime p distinct from
the p;’sor b = p?’“ for some ¢. Therefore, the subdirectly irreducible rings
R/I arising from our construction are precisely the fields Z/pZ for the
primes p distinct from the p;’s, and the rings Z/pZiHZ. For instance, if
a =60 =223 .5, the possibilities for R/I are: Z/pZ for primes p > 7, and
Z7/8Z,7/9Z, 7]25Z.

Comment. Certainly, the description of the rings R/I are compatible with
the predictions in the Exercises 12C-D above.
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Ex. 12.3F. Show that rings of the form R[z] or R[[z]] are never subdirectly
irreducible, while a ring of the form M, (R) is subdirectly irreducible iff R is.

Solution. The second conclusion is clear since the ideals of R are in one-
one correspondence with those of M, (R), by I <+ M,,(I). (This implies that
Iy is a little ideal of R iff ML, (1) is a little ideal of M, (R).)

Next, suppose a polynomial ring A = RJx] is subdirectly irreducible.
Take f =rg+riz+ -+ r,z™ in the little ideal of A, with r,, # 0. Then
f lies in the nonzero ideal Az"*!. This implies that deg(f) >n+1, a
contradiction.

Finally, suppose a power series ring B = R|[[z]] is subdirectly irreducible.
Take g = rpa™ + 712”1 + -+ in the little ideal of B, with 7, # 0. Then
g lies in the nonzero ideal Bz™*!. This implies that g does not involve an
x"-term, a contradiction.

Ex. 12.4. The following exercise appeared in an algebra text: “Let n > 2
and a, b be elements in a ring D. If

(%) a" —b"=(a—0b)(a"t+a" b+ +ab" 240",
then ab = ba.” Show that

(1) this is true for n = 2;

(2) this is false for n = 3, even in a division ring D;

(3) if (*) holds for n = 3 for all a,b in a ring D, then indeed ab = ba for all
a,b.

Solution. (1) For n = 2, the hypothesis gives
a> = =(a—0b)(a+b)=a®*—b>+ab—ba, so ab=ba.
(3) For n = 3, the hypothesis amounts to
a® — b = (a—b)(a® +ab+b*) = a® — b + a(a + b)b — ba(a + b),

which simply means that b commutes with a(a + b). If this also holds with
b replaced by b+ 1, then we have

ala+b+1)(b+1)=((b+1ala+b+1).
Cancelling a(a + b + 1) from the two sides and using a(a + b)b = ba(a + b),

we get ab = ba.

(2) By Exercise 12 below, there exists a division ring D, say of characteristic
not 2, in which there are elements a # ¢ such that a? — 2ac + ¢ = 0. For
b:=—2c¢,

ala +b) = a(a — 2¢) = —c*
certainly commutes with b, so (*) is satisfied for n = 3. However, a,b do
not commute. For, if a,b commute, then a, ¢ also commute, and

0=a?—2ac+c* = (a—c)?
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implies that a = ¢, which is not the case. (We won’t bother about con-
structing an example in characteristic 2.)

Ex. 12.5. Call a ring R strongly (von Neumann) regular if, for any a € R,
there exists z € R such that a = a?z. If R is strongly regular, show that R
is semiprimitive, and that R is left primitive iff it is a division ring. Using
this, show that any strongly regular ring is a subdirect product of division
rings.

Solution. Given any element a € rad R, write a = a%x for a suitable x.
Then a(1 — azx) = 0. Since 1 — az € U(R), we have a = 0. This shows that
rad R =0, so R is semiprimitive.

If R is a division ring, of course it is left primitive. Conversely, assume
R is (strongly regular and) left primitive. Then it is prime. From this alone,
we shall show that R is a division ring.

Step 1. R is reduced. Indeed, if a € R is such that a? = 0, then, writing
a = a’z (for some z € R), we see that a = 0.

Step 2. R is a domain. This follows from Exercise 10.3: any reduced prime
ring is a domain (and conversely).

Step 3. R is a division ring. Let a # 0 in R. Then a = a’z for some z.
Cancelling a yields ax = 1. By Exercise 1.2, R is a division ring.

To prove the last conclusion in the Exercise, let R # 0 be any strongly
regular ring. Then R is semiprimitive by the first part of the Exercise, so
(by FC-(12.5)) it is a subdirect product of a family of left primitive rings
R;. Since each R; is an epimorphic image of R, R; is also strongly regular,
and hence a division ring by the above.

Comment. The converse of the last part of the Exercise is not true! In
other words, a subdirect product of division rings (or even fields) need not
be strongly regular. For instance, the ring Z is a subdirect product of the
fields F,, (p =2,3,5,...); but of course Z is not strongly regular.

If R is von Neumann regular and left primitive, R need not be a division
ring (or even an artinian ring). An immediate example is given by End(V}),
where V' is an infinite-dimensional vector space over a division ring k. The
precise relationship between “regular” and “strongly regular” will be given
in the next exercise.

Ex. 12.6A. (Arens-Kaplansky, Forsythe-McCoy) Show that the following
conditions on a ring R are equivalent:

(1) R is strongly regular;

(2) R is von Neumann regular and reduced;

(3) R is von Neumann regular and every idempotent in R is central;

(4) every principal right ideal of R is generated by a central idempotent.
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Solution. (1) = (2). Assume R is strongly regular. We have already ob-

served in the last Exercise that R is reduced. For any a € R, write a = a?x

where x € R. Then

2 2 2 2

:a2+ama ra — a“ra — axa
2

(a — aza)

=a® +ara® — a® —axa® =0, soa=azxa.

(2) = (3). We note more generally that, in any reduced ring R, any idem-
potent e € R is central. In fact, let f =1 — e and consider any a € R. Then
(eaf)? = 0 so eaf = 0, which implies that ea = eae. Similarly ae = eae, so
ea = ae for any a € R.

(3) = (4) is trivial in view of F(C-(4.23).

(4) = (1). Let a € R. By (4), aR = eR for a central idempotent e € R.
Write e = az, a = ey, where x,y € R. Then (1) follows since

a’r=a-ar = eye = e’y = ey = a.

Comment. A ring R is called abelian if every idempotent in R is central.
For instance, any reduced ring is abelian, as shown in (2) = (3). The char-
acterization (3) above shows that an abelian regular ring is just a strongly
reqular ring. For other interesting characterizations of such a ring, see Ex-
ercises 22.4B and 23.7.

Ex. 12.6B. (Jacobson, Arens-Kaplansky) Let R be a reduced algebraic
algebra over a field k. Let r € R, and ¢(x) € k[x] be its minimal polynomial
over k.

(1) Show that any root a € k of ¢(z) is a simple root.
(2) Show that R is strongly regular.

Solution. (1) Write ¢(z) = (z — a)(z) with ¥(x) € k[z] and ¢ (a) # 0.
Then

[(r = @) (r)]' = (r = a)'d(r)’ = p(r)3p(r)"* =0
implies that (r —a)y(r) = 0. Since ¢(z) is the minimal polynomial of r,
we must have 1 = 1.

(2) For r € R, we would like to show that r € r*R. Let
o(x) = 2" + ap_13" " 4+ ag € k[x]

be the minimal polynomial of r over k. If ag # 0, then r € U(R). In this
case, the desired conclusion is trivial. If ag = 0, then by (1), a1 # 0 and we
have

r= —afl(rn + -4 ayr?) € r’R.
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Alternative Proof for (2). For r € R, A: = k[r] is a finite-dimensional re-
duced commutative k-algebra. By Wedderburn’s Theorem, A =[], K;
where the K;’s are finite field extensions of k. Such a ring is clearly strongly
regular, so r € 124 C r2R.

Comment. If the ground field £ in this exercise is a finite field, the k-
algebra R above must in fact be commutative. This is a result of Jacobson:
see Exercise 13.11 below. In general, however, R need not be commutative.
For instance, R may be a finite-dimensional k-division algebra of dimension
> 1 over its center k.

Ex. 12.6C. (Ehrlich) Show that any strongly regular ring R is unit-regular
in the sense of Exercise 4.14B, that is, for any a € R, there exists u € U(R)
such that a = aua.

Solution. For a € R, write a = a?z where x € R. By the above Exercise,
we have also a = aza, and e : = ax is a central idempotent. Consider now
any representation of R as a subdirect product of division rings, say (¢;) :
R — [[ D;. Since ¢;(e) = @;(a)pi(x) is either 0 or 1 in D;, we see that
vi(e) = pi(x)p;(a) also (for every i), and hence e = xa € R. Now let f =
l—e,andu=ex+ f,v=-ea+ f in R. Since e is central, we have

vu=e?ax+ fP=e+ f=1,

and similarly uv = 1. Therefore v = v~ € U(R). From a = a*z = ae, we

get af = 0, so now
aua = a(ex + f)a = axa = a,
as desired. (For an alternative proof, see Exercise 22.2.)

Comment. More generally, Fisher and Snyder have shown that, if R is any
von Neumann regular ring for which there exists an integer n > 0 such
that b™ =0 for any nilpotent element b € R, then R is unit-reqular. The
exercise above corresponds to the case when n = 1 (since “strongly regular”
amounts to R being reduced). For a proof of the Fisher-Snyder result, see
(7.11) in Goodearl’s book “von Neumann Regular Rings,” 2nd ed., Krieger
Publ. Co., Malabar, Florida, 1991. Summarizing, we have for von Neumann
regular rings R:

strongly regular = bounded index = unit-regular = Dedekind-finite.

It is known that each of these implications is irreversible. All of these con-
ditions should be thought of as finiteness conditions on R.

In the Comment on Ex. 4.17, we have briefly encountered the notion of a
strongly m-regular ring. More information on such rings can be found in the
exercises in §23. For von Neumann regular rings, the notion of strongly -
regular rings can be added to the above display by placing it right between
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“bounded index” and “unit-regular.” The fact that the additional forward

implications hold depends on results of Azumaya, Burgess-Stephenson, and
Goodearl-Menal.

Ex. 12.7. In the solution to Exercise 6A, we have given an easy proof for
the fact that any idempotent e in a reduced ring is central. Now prove the
following more general fact: in any ring R, an idempotent e € R is central
if (and only if) it commutes with all nilpotent elements in R.

Solution. We need to extend the earlier proof only slightly. Let a € R and
write f = 1 — e. Since (eaf)? = 0, the hypothesis (for the “if” part) implies
that

eaf =e(eaf) = (eaf)e =0,

S0 ea = eae. Similarly, ae = eae, so ea = ae for all a € R.
Comment. For another result of the same genre, see Exercise 22.3A below.

Ex. 12.8A. Prove the following commutativity theorem without using the
machinery of subdirect products: Let R be a ring such that (ab)? = a?b?
for any elements a,b € R. Then R is commutative.

Solution. Replacing b by 1 4 b in the equation above, we get
a*(1 4 2b +b?) = (a + ab)? = a® + (ab)? + a*b + aba,
so we have a?b = aba. Now, replacing a by 1 + a in this equation, we get
(14 2a +a®)b= (14 a)b(1+ a) = b+ ab+ ba + aba.
Cancelling b and a?b = aba, we have ab = ba.

Comment. The proof above made substantial use of the identity element
1. Indeed, if R is a ring without 1, the conclusion in the Exercise need
not hold. To construct an example, fix a prime p, and let R be the ring
without identity with cardinality p? constructed in Exercise 1.10(b). For
any a = (w,z) and b = (y,2) in R (where w,z,y, z € Fp), we have:

2

(ab)2 = (wy,wz)* = (w2y2,w2yz),

2b2

a’b? = (w*, wr)(y?, yz) = (w’y?, wiyz).

Therefore, (ab)? = a?b? holds for all a,b € R. But we knew that R was not
commutative!

Ex. 12.8B. Let R be a ring possibly without an identity. If a> — a € Z(R)
for every a € R, show that R is a commutative ring.
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Solution. We have to work a bit harder here since R may not have an
identity. Noting that

(a+b)? = (a+b) - (a®> —a) — (b* — b) = ab + ba,
we have ab + ba € Z(R) for all a,b. In particular,
a(ab + ba) = (ab + ba)a,
so a?b = ba?. This implies that a® € Z(R) for all a. Therefore,
(a® — a)b = a*b — ab = ba® — ab.
On the other hand,
(a® — a)b = b(a® — a) = ba® — ba.
Comparing these two equations, we conclude that ab = ba.

Ex. 12.8C. Let R be a ring such that, for any a € R, a™(® = g for some
integer n(a) > 1. By Jacobson’s Theorem (F(C-(12.10)), R is a commutative
ring. Show that R has Krull dimension 0.

Solution. The conclusion simply means that any prime ideal p C R is a
maximal ideal. Consider the quotient ring R = R/p, which is an integral
domain. For any @ # 0 in R, we have a" = @ for some n > 1 (depending on
@). Cancelling @, we have @"~! =1 € R, so @ € U(R). This shows that R
is a field, so p is a maximal ideal.

Comment. Of course, we could have simply referred to (B) = (A) in
Exercise 4.15.

Ex. 12.9. Give elementary proofs for the following special cases of Jacob-
son’s Theorem (FC-(12.10)): Let n € {2,3,4,5} and let R be a ring such
that @™ = a for all @ € R. Then R is commutative.

Solution. First assume n = 2. Then —1 = (—=1)? =1, so 2R = 0. For all
a,b € R, we have

a+b=(a+b)?=a*+b*+ab+ ba.

Therefore, ab = —ba = ba. (This simple proof for the commutativity of a
Boolean ring is familiar to all beginning students in abstract algebra.)

Now assume n = 3. We first note that b> =0=b=103 =0, so R is
reduced. Next, (a?)? = a* = a?, so a® € Z(R) by Exercise 7. From

l+a=(1+a)?®=143a+3a*+a>,

we see that 3a € Z(R). Coupling this with 2a = (a +1)? —a® — 1 € Z(R),
we get a € Z(R).
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Next assume n = 4. Then —1 = (—1)* =1, so 2R = 0. As in the case
n = 3, R is reduced. Since

(a®>+a)? =a*+a®=a+d%,

we have a? + a € Z(R) (again by Exercise 7). Replacing a by a + b, we see
that Z(R) contains

(a+b)2+a+b=a>+b*+ab+ba+a+b,

so it also contains ab + ba. In particular, a(ab + ba) = (ab + ba)a, so a®b =
ba?. Replacing a by a?, we see that a*b = ba*, which gives ab = ba.

Finally, assume n = 5. The following proof is based on suggestions of
Dan Brown. First, note that R is reduced, 30R = 0 (since 2 = 2° = 32 € R),
and that (a?)? = a® = a*, so a* € Z(R) by Exercise 7. From

l+a=(1+a)°=1+5a+10a> + 10a® + 5a* + a®,

we get 5a + 10a? + 10a® € Z(R). Multiplying by 3 then yields 15R C Z(R).
Next, note that (a* + a?)? = 2(a* + a?), so 23(a* + a?) is an idempotent (as
(23)2.2 =27 = 23 € R). Therefore, 8(a* + a?) € Z(R). From this, we get
8a? € Z(R), so
a® = 16a* — 15a* € Z(R).

This yields

20 = (a+1)*> —a® — 1 € Z(R),
soa=15a—7-2a € Z(R).

Comment. Another proof for the n = 5 case of Jacobson’s Theorem can be
found on p. 145 of McCoy’s Carus Monograph “Rings and Ideals.” However,
McCoy'’s proof is more complicated, and made use of the further hypothesis
that 5R = 0.

There are several different proofs of Jacobson’s Theorem (FC-(12.10))
in the literature which do not rely on the theory of primitive rings. The
shortest and the most elementary is perhaps that of J. Wamsley in J.
London Math. Soc. 4 (1971), 331-332. Wamsley’s proof is a modification
of the one given for division rings in FC-§13 using the lemma of Herstein.
However, Wamsley’s proof was rather terse, so in reading his paper, the
reader should perhaps be prepared to fill in a number of details along
the way.

Ex. 12.10. Let R be a ring such that a® = a for any @ € R. Show that

a’? = a for any a € R, i.e. R is a (commutative) Boolean ring.

Solution. Since —1 = (—1)¢ =1, char R = 2. Expanding the RHS of a +
1= (a+1)5 we get a® = a*. Multiplying this by a?, we get a* =a® =a

and therefore a = a? for all a € R. (Moral : “n = 6 is trivial.” Surprise!)

Ex. 12.10A. Let R be a ring of characteristic 2, and let n be a fixed
2-power. If a1 = @ for all a € R, show that R is a Boolean ring.
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Solution. (We do not assume here that R has an identity.) First note that

the binomial coefficients (n> are all even, for 1 < k < n. (This follows,

k
for instance, by writing n as 2" and inducting on r.) Therefore, for any
commuting pair z, y € R, we have (z + y)" = 2™ + y". Thus,

P t+r=@*+2)" = (@ +2)" (2 + 1)

= (@ +a") (2% + 2)
— x2n+2 + x2n+1 4 xn+2 4 xn+1

=2 +r+a2?+r=0,
so 22 =z (for all z € R).

Comment. This problem comes from the Mathematics Magazine. Note that
the 2-power assumption on n is essential. For instance, R = Fy- has charac-
teristic 2, and a™"t! = a for all a € R with n = 2° — 1; but R is not Boolean
if s > 2. The characteristic 2 assumption cannot be removed either: if p is a
Fermat prime 22° 4 1, then for n = 22°, ¢"*! = a? = a for all a € R = F,,
but R is not Boolean.

Ex. 12.11. Let p be a fixed prime. Following McCoy, define a nonzero ring
R to be a p-ring if a? = a and pa = 0 for all a € R. Assuming Jacobson’s
Theorem FC-(12.10), show that:

(1) A ring R is a p-ring iff it is a subdirect product of F,’s;
(2) A finite ring R is a p-ring iff it is a finite direct product of Fp’s.

Solution. (1) First observe that p-rings are closed with respect to the for-
mation of direct products and subrings. Secondly, F,, is obviously a p-ring.
From these, it follows that any subdirect product of F,’s is a p-ring. Con-
versely, let R be a p-ring. Then R is commutative by Jacobson’s Theorem.
Let {m; : 7 € I} be the maximal ideals of R. Since R is von Neumann regu-
lar and hence J-semisimple, we have (1), m; = 0. Therefore, R is a subdirect
product of the fields F; = R/m;, which clearly remain p-rings. But in any
field the equation z” = x has at most p solutions, so F; = [, for all i.

(2) If R is a finite p-ring, then clearly n = |I| < oo in the above. By the
Chinese Remainder Theorem, we have

i=1 =1

Conversely, any finite direct product of IF,,’s is clearly a finite p-ring.

R

1%
1%

Ex. 12.12. For any field k, show that there exists a k-division algebra D
with two elements a # ¢ such that a? — 2ac + ¢ = 0.



§12. Subdirect Products and Commutativity Theorems 193

Solution. We take D = K((z;0)), the division ring of twisted Laurent
series in x, where K is some field extension of k, equipped with an au-
tomorphism o. We shall choose ¢ = z,a = yx, where 1 # y € K is to be
specified. Since

a® — 2ac + ¢ = yryr — 2yxx + 2 = (yo(y) — 2y + 1)a?,

we need only arrange that yo(y) — 2y + 1 = 0. For this, we may choose
K to be the rational function field k(y) in the variable y. If we define
o € Auty(K) by the fractional linear transformation

_2y—1
Yy

O—(y) 2 - y o,

then yo(y) — 2y + 1 = 0, as desired. Note that this construction works well
even in characteristic 2: in that case, we simply take o(y) = y~!, and

(yx)? + 2% = (yo(y) + 2> =0 in D.

If k£ is a field of characteristic p > 0, we can even choose K above to
be an algebraic extension of k. In fact, let K be the algebraic closure of k.
Then the equation y?*! — 2y + 1 = 0 has a root y € K. If we take o to be
the Frobenius automorphism on K (o(z) = zP), then

yo(y) =2y +1=¢yP™ —2y+1=0.

Comment. Under suitable conditions on the division ring D, a? — 2ac +
¢ =0 may imply a = c. For instance this is always the case if D is a
generalized quaternion division algebra over a field of characteristic not 2.
For more details, see Exercise 16.15.

Ex. 12.13. Let R be a nonzero ring such that every subring of R is a
division ring. Show that R must be an algebraic field extension of some F,,.

Solution. First we cannot have char R = 0, for otherwise Z C R and we
have a contradiction. Since R itself is a division ring, we must have F, C R,
where p is a prime. Consider any nonzero element a € R. Then a must be
algebraic over F,, for otherwise [, [a] is isomorphic to the polynomial ring
F,[z], which is not a division ring. Therefore, F,[a] is a finite field, and we
have a™(®) = g for some n(a) > 2. By Jacobson’s Theorem (FC-(12.10)), R
is commutative. Therefore, R is an algebraic field extension of F),.

Ex. 12.14. Show that a ring R is reduced iff, for any elements aq, ..., a, €
R and any positive integers nq, ..., n,:

(%) ap---ar 0= af*---a;" #0.
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Solution. The “if” part is trivial by using (*) in the case r = 1. For the
“only if” part, first observe that, in a reduced ring R, xy # 0 = yx # 0.
(For, if yx = 0, then zy - zy = 0 and hence zy = 0 since R is reduced.) More
generally, suppose a; - - - a, # 0. Then

a1ag -+ apay - - ap # 0,

S0 ajag---ara; # 0, and the observation above gives afas - --a, # 0. Re-
peating this, we get af'as - --a, # 0. It follows that ag - - - aral* # 0, so we
get similarly a5?as---aray* # 0, and hence aj'aj?as---a, # 0. Further
repetition of this argument clearly gives (x).

Comment. Of course, we can also prove (x) easily for a reduced ring R
by using a subdirect product representation (y;) : R — [[, R; where the
R;’s are domains. (Indeed, if a]* - - - a'" = 0, then for each i, we must have
@;(a;) = 0 for some j. This implies that ¢;(a; ---a,) =0 for all i, and so
ay---a, =0 € R.) However, it seems more fair to prove the “only if” part
of this exercise in an entirely elementary fashion.

Ex. 12.15. Let a, b be elements in a reduced ring R, and r, s be two positive
integers that are relatively prime. If " = b" and a® = b°, show that a = b
in R.

Solution. We may assume that a # 0. By F(C-(12.7), there is a represen-
tation of R as a subdirect product of domains. Therefore, it is sufficient to
prove the conclusion in the case when R is a domain. Switching r and s
if necessary, we can write 1 = rp — sq, where p, ¢ are nonnegative integers.
After replacing r, s by rp and sq, we may therefore assume that » — s = 1.
Then

a*(a—0b)=a" —ab=0a"T — T =0=a=0.

Comment. This exercise was proposed as a problem in the MAA Monthly
99 (1992), p. 362, by Michael Barr. Its easy solution by subdirect product
representations given above is well-known to experts. Actually, it is almost
just as easy to solve the exercise without making the reduction to the case
of domains. In his solution to the problem published in the MAA Monthly
101 (1994), p. 580, Pat Stewart noted that, by a special case of Ex. 14,
the equation a®(a —b) =0 in the argument above implies a(a —b) = 0.
Similarly, b(a — b) = 0. Therefore, (a — b)? = 0, which yields a = b!

Ex. 12.16. A ring R is said to be reversible if ab=0¢€ R = ba = 0.
Show that:

(1) A ring R is a domain iff R is prime and reversible.
(2) R is a reduced ring iff R is semiprime and reversible.

Solution. (1) It suffices to prove the “if” part, so suppose R is prime
and reversible. Then, whenever ab = 0 € R, we have a(bR) = 0 and hence
bRa = 0 by reversibility. Since R is prime, it follows that a = 0 or b = 0.
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(2) Note that if R is reduced, of course R is semiprime, and we have ob-
served in the solution to Ex. 12.14 that R is reversible. Conversely, assume
R is semiprime and reversible. Then, whenever a? = 0, we have a(aR) = 0
and hence aRa = 0. Since R is semiprime, it follows that a = 0. This shows
that R is reduced.

Comment. This exercise comes from P.M. Cohn’s paper, “Reversible rings,”
Bull. London Math. Soc. 31 (1999), 641-648.

Ex. 12.17. A ring R is said to be symmetric if abc =0 € R = bac = 0.
Show that R is symmetric iff, for any n,

(%) ai--+a, =0€ R = ar(1) - ar(n) = 0 for any permutation .

Solution. (“Only If”) Assuming R is symmetric, we first observe that
R must be reversible, since ab =0 implies (ab)(1) =0, which implies
0 = (ba)(1) = ba. Since the symmetric group S, is generated by the trans-
position (12) and the n-cycle (12---n), the proof of () can be reduced to
the following two cases:

(A) ai---a, =0 = asaqias---a, = 0;
(B) ay---ap, =0=> agas---apa; = 0.

The first follows directly from the “symmetric” property (by taking ¢ =
ag -+ - ay); the second follows from reversibility.

Ex. 12.18. A ring R is said to be 2-primal if every nilpotent element of
R lies in Nil,R. (For instance, reduced rings and commutative rings are
2-primal.) Show that, for any ring R:

R is reduced = R is symmetric => R is reversible = R is 2-primal,
but each of these implications is irreversible!

Solution. (1) Assuming R is reduced, we know already that R is reversible.
From this, we see further that

(1) rzy=0€ R=axry=0 (Vre€R),

since (zry)? = xr(yz)ry = 0. To check that R is symmetric, we start with
any equation abc =0 € R. For any r, s € R, we have arbc = 0 and hence
arbsc = 0 (by two applications of (})). From this,

(bac)? = bac - bac € b(aRbRe) = 0,

so bac = 0, as desired.
Clearly, a symmetric ring need not be reduced, since any commutative
ring is symmetric (but not necessarily reduced).
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(2) The (trivial) fact that symmetric rings are reversible was already
pointed out in the solution to Ex. 12.17. Let us now construct a ring that
1s reversible but not symmetric. The following construction is due to D.D.
Anderson, V. Camillo, and independently, G. Marks.

Let K be a field, A = K(z,y, z), and R = A/I, where

I = (AzA)? 4 (AyA)? + (AzA)? + AzyzA + AyzoA + AzayA.

For ease of notation, we shall use the same letters z, y, z to denote their
images in R. The idea in forming the ring R is that we “kill” all monomials
in A if they contain 2 factors of z, or of y, or of z, or if they contain one of
the strings zyz, yzz, or zzy. A monomial K-basis for R is therefore given
by eg =1, e =z, e5 =y, e3 = z together with

€4 =2y, €5=Yx, €g=2TZ, €7 =2T, €g=Yz, €9=2Y,
€10 = X2Y, €11 = 2Yyr, €12 =Yrz.

Since xyz = 0 # yxz, R is not symmetric. To prove that R is reversible, we
must show that, for

12 12
a:Z:aiei7 b:Zbiei (in R),
i=0 i=0

ab = 0 implies ba = 0. Since R is a local ring®*) with unique maximal ideal
spanned by ej,...,e12, we may assume that ag = by =0 (for otherwise
one of a, b is a unit and we are done). Also, since eqg, €11, e12 are killed
by all monomials in a, b, we can remove them from a, b to assume that
a= Z?:1 a;e;, b= Z?:l b;e;. By expanding ab, we see that ab = 0 amounts
to the following two sets of equations:

El(CL, b) a1b2 = 0, a1b3 = 0, a2b3 = 0, a2b1 = 0, a3b1 = 0, agbg = 0;
Eg(a, b) arbg + agbs =0, asbg + asbs =0, asbs + agh; = 0.

Thus, reversibility amounts to the fact that these equations, taken as a
whole, imply Fj(b,a) and E3(b,a). The former is clear, since E; (b, a) is no
different from FE(a,b). To check Es(b,a), we go into two simple cases.

Case 1. a1 = ag = ag = 0. In this case, the equations in Fs(a,b) involve
only one term on the LHS’s, and these amount to the one-term equations
in Fy(b,a).

Case 2. By cyclic symmetry, it remains only to treat the case a; # 0. In this
case, F1(a,b) gives by = by = 0, and Es(a,b) gives a1bg = 0, asbg = 0, and
azbs + agby = 0. We need only prove two equations from Es(b, a), namely,
bsaz = 0 and bga; = 0. The second is at hand, and the first needs proof
only if az # 0. But in this case, F1(a,b) gives by =0, so asbs + aghy =0
gives the desired result.

) For the general notion of a local ring, see FC-§19.
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In this construction, we took K to be a field only for convenience. The
proof given above shows that we get a reversible ring R by using this
construction if (and of course, only if) we start with a reversible ground
ring K.

(3) Let R be a reversible ring, and let a € R be a nilpotent element, say
with a”™ = 0. By reversibility, a"za® = 0 whenever r + s = n. Another ap-
plication of reversibility shows that a"za*ya’ = 0 whenever r + s+t = n.
By finite induction, it follows that x; - - - x,,, = 0 as long as n of the factors
x; are equal to a. This implies that (RaR)™ =0, so RaR C Nil,(R). In
particular, a € Nil,(R), as desired.

We finish now by constructing a 2-primal ring that is not reversible. The
following construction is due to G. Bergman. Let K be any division ring
that is not a field, and let R be the ring generated over K by two elements
x, y commuting with K, with the relations 2y = yz = 22 — y?> = 0. Then
R is a local ring with (left and right) K-basis {1, ,y, 22}, whose maximal
ideal m = Kz ® Ky ® Kz satisfies m® = 0. Clearly, such a ring is 2-primal.
Now fix a pair of noncommuting elements u, v € K. Noting that

(A) (x+uy)(z—uty)=2>—y*=0€ R,

we have ab = 0 for a = v(z +uy) and b =z — u~1y. But

(B) ba = (x —u ty)v(z +uy) = (v —u tou)z? £ 0,
so R is not reversible.

Comment. The fact that a reduced ring satisfies the “symmetric” property
(%) in Ex. 12.17 is folklore in noncommutative ring theory. Kaplansky at-
tributed this result to Herstein (unpublished), while Goodearl, in his book
on von Neumann regular rings, attributed the result to Andrunakievich
and Ryabukhin (see their paper in Soviet Math. Dokl. 9 (1968), 565-568).
The same result was observed by Lambek in Canad. Math. Bull. 14 (1971),
359-368. In their paper in Comm. Algebra 27 (1999), 2847—2852, Ander-
son and Camillo proved the result more generally for reduced semigroups
with 0.

The fact that a reversible ring is 2-primal is a slight improvement of
Theorem 2.2 in P.M. Cohn’s paper cited in the Comment on Ex. 12.16.

We could have also introduced the condition ab =0 = aRb=0 on a
ring R: this condition has been referred to as (SI) in the literature (for
reasons that we shall not go into here). As we have seen, reversibility im-
plies (SI), and the work done above is good enough to show that (SI)
= 2-primal. Thus, we could have inserted the (SI) condition “between”
reversible and 2-primal in this exercise. Note that Bergman’s 2-primal ex-
ample R constructed above already fails to satisfy (SI), since we have (in
the notation there):

(@ —u"'y)(@+uy) =0# (z—u'yv(z +uy) (inR).
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We leave it to the reader to find an example of a ring that satisfies (SI),
but is not reversible.

A word of caution is needed on the implication “symmetric = re-
versible”. In a recent monograph in ring theory, it has been claimed that
this implication is an equivalence. The example offered in (2) above shows
that this claim cannot be true. I first learned this example in 1998 from
G. Marks™®), who later found the same example in the paper of Anderson
and Camillo, loc. cit. Anderson and Camillo showed, moreover, that in any
semigroup with zero, if ZC',, denotes the condition

ar...an =0=>a501) ... 05 =0 (Vo €5,),

then, for n > 3, ZC,, = ZC},41. Thus, the fact that “reversible == sym-
metric” is an “anomaly” to a general phenomenon. For rings with identity,
clearly ZC, 1 = ZC,, for all n (in generalization of “symmetric = re-
versible”). However, for semigroups with 0 but without 1, Anderson and
Camillo showed that ZC),41 == ZC,, for n > 2.

Ex. 12.18*. Show that any 2-primal ring R is Dedekind-finite, but not
conversely.

Solution. Given ab=1 € R, we have a(l —ba) =0, so [(1 — ba)a]? = 0.
Since R is 2-primal, (1 —ba)a € Nil,(R) and hence 1 — ba € Nil,(R). Tt
follows that

ba € 1+ Nil.(R) C U(R),

so cba = 1 for some ¢ € R. This shows that «a is also left-invertible, as de-
sired.

Of course the converse of this exercise does not hold: for instance, for
any field &k, M (k) is Dedekind-finite, but not 2-primal.

Comment. It follows from Ex. 12.18 and Ex. 12.18" that any reversible
ring R is Dedekind-finite. This is an observation of D.D. Anderson and
V. Camillo in their paper referenced in the Comment on Ex. 12.18. They
proved this fact directly as follows. Assume R is reversible. If ab = 1, then
(ba — 1)b = b — b = 0 implies b(ba — 1) = 0, so b%*a = b. From this, we have
ab’a = ab = 1, and hence

ba = (ab*a)ba = ab*a = 1.

Ex. 12.19. (0) Show that a ring R is 2-primal iff the factor ring R/Nil,. R
is reduced.

(1) Show that a left artinian ring R is 2-primal iff R/rad R is reduced, iff
R/rad R is a finite direct product of division rings.

(2) Show that a finite direct product of 2-primal rings is 2-primal.

(3) If R is 2-primal, show that so is the polynomial ring R[T] for any set
of commuting variables T').

() See his paper in J. Pure and Applied Algebra 174 (2002), 311-318.
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Solution. (0) Suppose R is 2-primal, and a™ € Nil, R for some n > 1. Since
Nil, R is a nil ideal, we have (a™)™ = 0 for some m > 1. Thus, a is nilpotent
and so a € Nil,(R). This shows that R/Nil,R is reduced. Conversely, if
R/Nil,R is reduced, then for any nilpotent element a € R, @ is nilpotent
in R/Nil,R. Thus, we have a € Nil,R, so R is 2-primal.

(1) Since R is left artinian, rad R = Nil,R by FC-(10.27). Therefore,
the first “iff” follows from (0) above. The second “iff” follows from the
Wedderburn-Artin Theorem, since a matrix ring M, (D) over a nonzero
ring D is reduced only if r = 1.

(2) The prime ideals in a direct product R = R; X --- X R, are of the
form Ry X -+ X p; X --+ X Ry, where p; is a prime ideal in R;. Taking the
intersection of such prime ideals in R, we see that

Nil, (R) = Nil, (Ry) X - - x Nil, (Ry).

If a = (a1,...,a,) € R is any nilpotent element, then each a; € R; is nilpo-
tent. If each R; is 2-primal, then a; € Nil.(R;) for all 7, and so a € Nil,(R)
by the equation above.

(3) Using the fact that Nil.(R[T]) = (Nil.R)[T] (FC-(10.19), we get

R R[I] R
Nil,(R[T])  (Nil.R)[T] — (Nil*R) 7]

If R is 2-primal, R/Nil,R is reduced, from which we see easily that
(R/Nil,R)[T] is also reduced. Thus, the isomorphism above implies that
R[T] is 2-primal.

Comment. For (2), we should point out that an arbitrary direct product of
2-primal rings need not be 2-primal. Such examples have been constructed
by E. Armendariz, and independently by C. Huh, H.K. Kim and Y. Lee.
Even more notably, G. Marks has constructed a 2-primal ring R for which
R x R X --- is not 2-primal; see his paper “Direct product and power series
formations over 2-primal rings,” in Advances in Ring Theory (eds. S.K.
Jain, S.T. Rizvi), pp. 239-245, Trends in Math., Birkh&user, Boston, 1997.

Part (3) of this exercise appeared in the paper of G.F. Birkenmeier, H.E.
Heatherly and E.K. Lee: “Completely prime ideals and associated radicals,”
in Ring Theory (Granville, Ohio, 1992), (eds. S.K. Jain, S.T. Rizvi), pp.
102-129, World Scientific, Singapore and River Edge, N.J., 1993. In this
paper, the authors asked the related question whether R 2-primal implies
that the power series ring R|[[t]] is 2-primal. This question was also answered
negatively in G. Marks’ paper cited in the last paragraph.

Ex. 12.20. If R is right duo in the sense that any right ideal in R is an
ideal, show that R is 2-primal.
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Solution. By (0) of the previous exercise, it is sufficient to show that
@’ =0 == @ =0, where @ denotes the image of a € R in R = R/Nil.(R).
Since aR is an ideal in R, we have Ra C aR. Therefore,

(@R)>=aRaR C a(@R)R=0.
Since R is a semiprime ring, it follows that aR =0, and so@ =0 € R.

Comment. In general, a right duo ring need not be left duo: see Ex. 22.4A
(as well as Ex. 22.4B) below.



Chapter 5

Introduction to Division Rings

§13. Division Rings

The study of division rings at the beginning stage is a wonderland of beau-
tiful results. It all started with Frobenius’ Theorem (c. 1877) classifying
the finite-dimensional division algebras over the reals. Nowadays, we know
that the theorem also works for algebraic algebras. Shortly after E.H. Moore
completed his classification of finite fields, J.H.M. Wedderburn delighted
the world with his “Little” Theorem (c. 1905), that all finite division rings
are commutative. Over the years, this result gradually evolved into its
various higher forms, of which the commutativity theorems of Jacobson,
Kaplansky, and Herstein are prime examples. Then there was the Cartan-
Brauer-Hua Theorem (c. 1945 or thereabout): not the result of a collabo-
rative effort, but somehow proved at about the same time, by three famous
mathematicians from three different countries. Albeit a smaller result, Her-
stein’s “little” theorem is equally enchanting: it says that if an element in
a division ring has more than one conjugate, it has infinitely many. Even
one of my analyst colleagues rediscovered this result, and proposed it as
a problem for the Amer. Math. Monthly. And, in the time-honored tradi-
tion of that journal, the problem was duly solved by an impressive list of
fun-lovers, experts and laymen alike.

The exercises in this section explore some of the more elementary as-
pects of the theory of division rings. Again, many of these are folklore
results. My favorite is Exercise 11, due to Jacobson, which says that re-
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duced algebraic algebras over a finite field are always commutative. The
spirit of Wedderburn certainly lives on!!

The last three exercises deal with the theory of ranks of matrices over
division rings. There are surprisingly few references for this topic. Because
of this, I included a full proof for the “Kronecker Rank Theorem” (Exercise
13). After reading this proof, the reader will perhaps conclude that I have
just “plagiarized” the proof for matrices over fields. And of course he/she
is right! Those who are accustomed to working with matrices over fields,
however, will be a bit surprised by the last exercise, which says that the
rank equation rank(A) = rank(A?") fails rather miserably for matrices over
a noncommutative division ring.

Exercises for §13

Ex. 13.0. Let D be a nonzero ring, not assumed to have an identity, such
that for any nonzero a € D, there exists a unique b € D satisfying aba = a.
Show that D is a division ring.

Solution. We proceed in the following steps.

Step 1. D has no 0-divisors. Say ac = 0, where a # 0. Let b € D be such
that aba = a. Then a(b+ ¢)a = aba + aca = a implies that b+ c=b (by
the uniqueness of b), and so ¢ = 0.

Step 2. For the elements a, b in Step 1, we also have bab = b. Indeed, since
a(bab) = (aba)b = ab, Step 1 (and the distributive law) yields bab = b.

Step 3. For the elements a, b above, e := ab is a multiplicative identity of
D. Indeed, for any d € D, we have dea = daba = da, so Step 1 yields de = d.
Similarly, bed = babd = bd yields ed = d (since b is obviously # 0).

Now that D has an identity (which is necessarily unique), Step 3 also
showed that any nonzero a € D has a right inverse b. Thus D is a division
ring, by Ex. 1.2. (Of course, by reversing the role of a and b in Step 3, we
see that ba is also the identity, so in any case it is clear that b is a 2-sided
inverse of a.)

Comment. The crux of the hypothesis in this exercise is the uniqueness of
b. Without assuming this uniqueness, D could have been any von Neumann
regular ring, with or without an identity.

Ex. 13.1. Show that a nonzero ring D is a division ring iff, for any a # 1
in D, there exists an element b € D such that a + b = ab.

! Incidentally, Jacobson was the fifth and last Ph.D. student of J.H.M. Wedder-

burn.
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Solution. If D is a division ring and a # 1, we can solve the equation
a + b = ab (uniquely) by b = (a — 1)~ La. Conversely, assume the solvability
of this equation for any a # 1. Then, for any ¢ # 0, we have 1 —c # 1, so
there exists b € D with

1—c+b=(1-c)b.

Cancelling b, we get 1 = ¢(1 — b), so ¢ has a right inverse. By Exercise 1.2,
D is a division ring.

Comment. In the terminology of Exercise 4.2, the result above says that
D # 0 is a division ring iff every element a # 1 in D is right quasi-regular.
In this case, D\{1} under the “o” operation will be a group isomorphic
with the multiplicative group D* of the division ring D.

Ex. 13.2. Let L be a domain and K be a division subring of L. If L is
finite-dimensional as a right K-vector space, show that L is also a division
ring.

Solution. Let a € L\{0} and consider ¢ : L — L defined by ¢(z) = ax
(Vx € L). This is an injective endomorphism of the finite-dimensional K-
vector space Ly, so it must be surjective. In particular, there exists b € L
such that 1 = ¢(b) = ab. By Exercise 1.2 again, L is a division ring.

Ex. 13.3. Show that any finite prime (resp. semiprime) ring R is a matrix
ring over a finite field (resp. a finite direct product of such matrix rings).

Solution. If R is semiprime, FC-(10.24) and the Artin-Wedderburn The-
orem imply that R = [[\_, M, (D;), where the D;’s are (finite) division
rings. By Wedderburn’s Little Theorem FC-(13.1), each D; is a field. The
prime case also follows, since in that case we must have n = 1.

Ex. 13.4. For any division ring D, show that any finite abelian subgroup
G of D* is cyclic.

Solution. Let k = Z(D), which is a field. Let A be the (commutative)
k-subalgebra of D generated by G. Then

K={ab™' : a,bec A, b#0}

is a subfield of D. Since G is a finite subgroup of K*, a well-known result
in elementary field theory guarantees that G is cyclic.

Comment. Note that in this proof, A is a finite-dimensional commutative
domain over k, so by Exer. 2 it is in fact a field, hence equal to K. However,
the proof goes through without this observation.

Of course, a finite subgroup G of D* need not be cyclic, as the case of
G = {%1, £i,£j, £k} in the division ring of real quaternions shows.

Ex. 13.4A. Show that a division ring D is a finite field iff D* is a cyclic
group under multiplication.
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Solution. We refer that reader to any textbook in abstract algebra for
a proof of the standard “only if” part. For the converse, assume that D*
is cyclic, say with generator a. If char(D) = 0, we would have Q C D, so
Q* C D* is also cyclic, which is certainly not the case. Therefore, D D F,
for a prime p. Since F,(a) contains all powers of a, we have Fy,(a) = D. It
follows that a cannot be transcendental over F,, (since in that case a + 1
can’t be a power of a). Thus a is algebraic over F,, and D =F,(a) is a
finite field.

Ex. 13.5. Show that an element in a division ring D commutes with all
its conjugates iff it is central.

Solution. We need only prove the “only if” part. Suppose d € D com-
mutes with every element in

C:={xdx™': € D*}.

Assume that d ¢ Z(D). By FC-(13.18), D is generated as a division ring by
the set C. Therefore, d commutes with every element of D, contradicting

d¢ Z(D).

Ex. 13.6. Let D be an algebraic division algebra over a field k. Let a,b €
D* be such that bab~! = a”, where n > 1. Show that a, b generate a finite-
dimensional division k-subalgebra of D.

Solution. Let A be the k-subalgebra of D generated by a,b. Then A is an
algebraic k-algebra. Since A is a domain, Exercise 1.13 implies that A is
a division algebra. We finish by proving that dimy A < co. From ba = a™b,
we have ba® = a*"b by induction on s > 0. By another induction on ¢ > 0,
we can show that

t
bla® = a®" 1.

Therefore, A is spanned over k by {a’t’/ : 4,7 > 0}. It follows that
dimy, A < (dimy, k[a]) (dimy k[b]) < 0.

Ex. 13.7. (Brauer) Let K C D be two division rings, and let N =
N« (K*), C = C % (K*) be the group-theoretic normalizer and centralizer
of the subgroup K* C D*. For any h € D\{0, —1}, show that h,1+h € N
iff h € K UC. Using this, give another proof for the Cartan-Brauer-Hua
Theorem (FC-(13.17)).

Solution. The “if” part is clear, since K and C' U {0} are closed under
addition. Conversely, assume that h, 1+ h € N, but h € C. Then there ex-
ists an element § € K not commuting with h. Let do = hdh™! # §, and
81 = (h+1)8(h + 1)~1. By hypothesis, dy,d; € K. Subtracting the equa-
tion hd = doh from (h+1)d = §1(h + 1), we get

§— 61 = (5, — Go)h.
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If this element is zero, we get § = 1 = &g, a contradiction. Therefore, §; —
0o # 0, and we have

h = (61 —50)71(5—51) €K,

as desired.

To derive the Cartan-Brauer-Hua Theorem, assume that K # D and
K is normal in D. Then, in the above notation, N = D*. By the first part
of the Exercise, we have D = K U C'. Since K # D, we deduce easily that
C = D* so K C Z(D), as desired.

Ex. 13.8. (Cf. Herstein’s Lemma in FC-(13.8)) Let D be a division ring
of characteristic p > 0 with center F. Let a € D\F be such that a?" € F
for some n > 1. Show that there exists b € D such that ab — ba = 1, and
there exists ¢ € D such that aca™ =1 +c.

Solution. As in the proof of F(C-(13.8), we write 6 =, for the inner
derivation on D defined by 6(z) = ax — za. If we can find b € D such that
0(b) = 1, then, thanks to d(a) = 0, we’ll have d(ba) = §(b)a = a. It follows
that, for ¢ : = ba,

aca™ ' =1+c.

Therefore, it is sufficient to prove the existence of b.
As in F(C-(13.8), we have

6" (z) = aP x —xza?" =0

for all z € D, so 6?" = 0. Let k > 0 be the smallest integer such that 65+ =
0. Since a € F, we have k > 1. Pick y € D such that §*(y) # 0, and let
z = 68"1(y). Then §(z) # 0, and 6(6(2)) = 0 implies that 5(5(z)~!) = 0.
For b= 26(z)~! € D, we have

5(b) =6 (20(2) ™) = 6(2) - 0(z) "+ 20 (8(2)7) =1,
as desired.

Comment. For a given element a € D, ax — za = 1 is known as the metro
equation for a. In the case when a is an algebraic element over the center
of D, a necessary and sufficient condition for the existence of a solution for
the metro equation (in D) is given in Exercise 16.11 below.

Ex. 13.9. The following example of Amitsur shows that the Cartan-
Brauer-Hua Theorem FC-(13.17) does not extend directly to simple rings.
Let F = Q(z) and A = F[t; 6] be the ring of polynomials {3 g;(z)t'} over
F with multiplication defined by the twist tg(z) = g(x)t + d(g(x)), where
0(g(x)) denotes the formal derivative of g(z). Show that

(1) A is a simple domain,
(2) U(A) = F*, and
(3) F' is invariant under all automorphisms of A, but F' ¢ Z(A).
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Solution. Since F is a simple QQ-algebra and § is not an inner derivation
on F'; FC-(3.15) implies that A is a simple ring. By degree considerations,
U(A) is seen to be F*, and A has no zero-divisors, so we have (1) and (2).
If o is any automorphism of A, it must take units to units, so o(F) = F.
However, F # A, and tz = xt + 1 shows that ¢ Z(A), so F € Z(A).

Ex. 13.10. Let k£ be an algebraically closed field and D be a division k-
algebra. Assume that either D is an algebraic algebra over k, or dimgD <
Card k (as cardinal numbers). Show that D = k.

Solution. First assume D is an algebraic algebra over k. If there exists
a € D\k, k[a] would give a proper algebraic field extension of k. Therefore,
we must have D = k. Next, assume dim;D < Card k. We are done if we
can show that D is an algebraic k-algebra. Consider any « € D\k (if it
exists). The set {(a — a)™! : a € k} has cardinality Card k, so there exists

a dependence relation
.
Z bz(al — Oé)_1 = 0,
i=1

where a; € k, and b; € k*. Clearing the denominators, we see (as in the
proof of F(C-(4.20)) that « is algebraic over k, as desired.

Ex. 13.11. (Jacobson) Let A be a reduced algebraic algebra over a finite
field F,. Show that A is commutative.

Solution. We first prove the following fact.

Lemma. Let ¢(z) € Fy[z] be such that 1(0) # 0. Then ¢(x)
some integer N.

(xN —1) for

Proof. It suffices to prove this in the algebraic closure F of F,. Write
Y(x)=alx—ar) - (x — am)

where a, a; € F*. Each a; is a root of unity, so there exists an integer k such
that a¥ =1 for all i. Therefore, (z — a;)|(z* — 1), and so ¥(x)|(z* — 1)™.
Let p = char(F) and pick s such that p® > m. Then ¢ (x) divides

s

(:E]C — 1)”5 =P 1,
as desired.

Now let @ € A and let ¢(z) € Fy[x] be the minimal polynomial of «
over F,. By Exercise 12.6B(1), we can write ¢(z) = 2’ (z) where i € {0,1}
and ¥(0) # 0. By the above lemma, there exists an integer N such that
Y(z)|(zN — 1). Therefore, (z)|(zV*! — x), and so V! = a. By Jacob-
son’s Theorem F(C-(12.10), A is commutative.

For a much easier solution, we can appeal to FC-(12.7), which says that
A can be expressed as a subdirect product of a family of domains {A4;}.
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Since each A; is a quotient of A, it remains algebraic over F,. Thus, it
suffices to handle the case where A is a domain. But now for any a € A,
F,la] is a finite field, so we certainly have a1 = a for some integer N.

Comment. The Exercise above can be further improved. According to a
more general result of Arens and Kaplansky, the conclusion of the Exercise
remains true if Fy is replaced by any field k satisfying the following two
conditions: (a) all finite-dimensional division k-algebras are commutative,
and (b) all finite separable field extensions of k are normal.> The proof
for this more general result depends on the Skolem-Noether Theorem (for
possibly infinite-dimensional division algebras).

Ex. 13.12. Let D be a division ring, and z,y € D* be such that w =
xyz~'y~! lies in the center F of D.

—MN,,—m

(1) For any integers m,n, show that z"y™a "y~ ™ = w™".
(2) If x is algebraic over F', show that w is a root of unity.
(3) If w is a primitive kth root of unity, show that (y + z)* = y* + z*.

Solution. From zy = wyz, we get xy™ = w™y™x by induction on m > 0.

From

py = (y ey y =y e e =0y

m m

we have similarly xzy~™ = w™""y~ ™z for m > 0. Therefore, the formula
zy™ = wmy™x is valid for all m € Z. Now y™x = w™"xy™, so the deduc-
tion above shows that

for all n (and all m). This gives

as desired.
Now assume z is algebraic over F'. Let

1

2 +ax "+ +a.=0

be the minimal equation of x over F. Conjugating this equation by y and
using y 'y = wzx, we get another equation

(wa)" + ay(wz)""t +---4a, =0.
Subtracting and cancelling x, we obtain
(W —Dz" ' a(wt=1Da2" 2+ Fa,_1(w—1)=0.

2 The conditions (a), (b) are, of course, well-known properties of finite fields.
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We must have w” = 1, for otherwise  would satisfy a polynomial equation
of degree r — 1 over F.

In order to prove the last statement in the Exercise, consider the ex-
pansion (x + y)* for any k > 0. For an indeterminate g, let

(Kg= (""" +¢" 2+ +1)(" 2+ +1)--(¢+1) € Z[g],

and define the “noncommutative g-binomial coefficients” to be

?

m (k) (k= i)y (0<i < B).

(Note that if ¢ = 1, {ﬂ reduces to the usual binomial coefficients.) After
1

HISt i g

we see that {ﬂ € Z|q] for all i < k. Using the relation zy = wyx, we can

q
then show by induction on k that

showing that

k
=0

(y+ )" = Z {I;]w Yzt (Vk > 0).

Finally, suppose w is a primitive kth root of unity. Then {ﬂ =0 for

w
0 < i<k, so the “noncommutative binomial theorem” above yields (y +
z)¥ = yF + 2% as desired.

Comments. The “g-binomial coefficients” L are used in various branch-

es of combinatorics: see “The Theory of Partitions” by G. E. Andrews
(p- 35), Encyclopedia of Math. and Its Applic., Vol. 2, Addison-Wesley,
1976. They also occur in the theory of norm residue symbol algebras: see
“An Introduction to Algebraic K-Theory” by J. Milnor (p. 147), Princeton
Univ. Press, 1976. With the advent of “quantum geometry” in recent years,

the equation zy = wyz and the ¢-binomial coefficients [ﬂ have gained
further visibility in modern mathematics. q

Ex. 13.13. Let D be a division ring and A = (a;;) be an m X n matrix
over D. Define the row rank r (resp. column rank c) of A to be the left
(resp. right) dimension of the row (resp. column) space of A as a subspace
of p(D™) (resp. (D™)p). Show that r = c.
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Solution. Let B be an r X n matrix over D whose r rows form a basis of
the (left) row space of A. Expressing the rows of A as left linear combina-
tions of those of B, we get A = B’'B for a suitable m x r matrix B’. But
the equation A = B’B may also be construed as expressing the columns
of A as right linear combinations of the r columns of B’. Hence ¢ <r. A
similar argument shows that r < c.

Ex. 13.14. Keep the notations in Exercise 13. The common value r = ¢
is called the rank of the matrix A. Show that the following statements are
equivalent:

(a) rank A = s.

(b) s is the largest integer such that A has an s x s invertible submatrix.
(c) A has an s x s invertible submatrix M such that any (s+1) x (s + 1)
submatrix of A containing M is not invertible.

(This is called “Kronecker’s Rank Theorem.”)

Solution. We first treat a special case of this theorem. In the case when
A e M, (D), we claim that A has rank n iff it is invertible. Indeed, if rank
A =n, we can express the unit vectors as left linear combinations of the
row vectors of A, so A’A = I, for a suitable matrix A’, and this implies
that A is invertible since M, (D) is Dedekind-finite. The converse can be
proved by reversing the argument.

(a) = (b). If t > s =rank A, any t X t submatrix of A has rank < ¢, for
otherwise A would have ¢ rows which are left linearly independent. There-
fore, any such submatrix is not invertible. Furthermore, since rank A = s
and A has size m X n, there is a submatrix Ay of size s x n with rank
Ay = s. Taking s columns of Ay which are right linearly independent, we
arrive at an s x s submatrix M of Ay with rank M = s. By the paragraph
above, M is invertible.

(b) = (c) is a tautology.

(¢) = (a). The s rows of A supporting the matrix M in (c) are clearly left
linearly independent, so rank A > s. If rank A > s, we can add one more
row to the above set to produce s + 1 left linearly independent row vectors.
Let A; be the submatrix of A consisting of these rows. Then rank A; = s +
1. Let Ay be the unique (s + 1) x s submatrix of A; containing M. The s
columns of Ay are right linearly independent (since rank M = s), so we can
add one more column of A, to get a set of s + 1 right linearly independent
columns. This leads to an (s + 1) x (s 4 1) submatrix M’ of Ay containing
M, with rank M’ = s+ 1. This contradicts the choice of M in (c).

Ex. 13.15. Show that rank(A) = rank(A?") for all matrices A over a divi-
sion ring D iff D is a field.
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Solution. If D is a field, the rank equation is true since there is no need to
distinguish the left row space from the right row space of A. Now assume D
is not a field. Fix two elements a,b € D such that ab # ba. Then the matrix

1 b
A= (a ab)
. b 1 1
has rank 1 since ( ) = ( )b, and ( ) # 0. But
ab a a
¢ (1 a
A= (b ab)

has rank 2. Indeed, if we have an equation
¢(1,a) + d(b,ab) = 0,

then db = —c and dab = —ca = dba, so d = 0 and ¢ = 0. We have therefore
rank(A) # rank(A?).

Comment. For the elements a, b above, the matrix B = (2 ab) is invert-
1

a ab
since over a noncommutative ring (XY)? is in general not equal to Yt X,

The apparently defective situation rank(A) # rank(A?), however, should
not cause undue alarm. In fact, if we define a new transpose AT by
(AT);; = A7, so that AT is a matrix over the opposite division ring D°P, it
is then easy to verify that rank(A4) = rank(A”) for any rectangular matrix
A over D. Moreover, (XY)T = YTXT so X is invertible over D iff X7 is

invertible over D°P.

ible, but its transpose B! = ( is not. This is not a contradiction,

Ex. 13.16. Let G be the group of order 21 generated by two elements a, b
with the relations a” = 1, b3 = 1, and bab~! = a?. Using the Wedderburn
decomposition of QG obtained in Ex. (8.28)(2), show that G cannot be
embedded in the multiplicative group of any division ring.

Solution. Suppose, instead, G C U(D), where D is a division ring. Since G
is not cyclic, we must have char(D) = 0 by FC-(13.3). Let Dy be the Q-span
of G in D. Then Dy is a finite-dimensional Q-domain, so Dy is a division
ring. Since Dy is a homomorphic image of QG, it must be isomorphic to a
simple component of the semisimple ring QG (by Ex. (3.3)(c)). This is a
contradiction, since QG does not have such a simple component, according
to our solution to Ex. 8.28(2)!

Ex. 13.17. Give a ring-theoretic proof for the conclusion of the above
exercise (without using the representation theory of groups).
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Solution. Using the notation in the last exercise, let us assume that G C
U(D), where D is a division ring (or just a domain). From ba = a?b, we get
b%a = a*b®. Now

0=0-1=0b-1)(b*+b+1)eD
shows that b? + b+ 1 = 0. Right multiplying this by a, we get

0= +b+1)a=a"’+a*b+a
=a*(=b—1)+d’*b+a
=a*(1-d®)b—a*+acD.

Since a® # 1, this implies that b commutes with a, which contradicts
bab—! = a?.

Comment. The above argument suggests that certain classes of finite
groups can be shown to be not embeddable in the multiplicative group
of any division ring by completely elementary ring-theoretic calculations.
For more details, see the author’s short note “Finite groups embeddable in
division rings” in Proc. Amer. Math. Soc. 129 (2001), 3161-3166.

§14. Some Classical Constructions

In principle, it is not difficult to “construct” all fields. Since any field K has
a transcendence base {z; : i € I'} over its prime field, we can obtain K as an
algebraic extension of Q({x;}) or of F,,({z;}). For division rings, however,
there is no such simple procedure. As a result, we have to try much harder
in order to come up with good constructions of noncommutative division
rings.

This section deals with two of the best known classical constructions of
division rings, due to L.E. Dickson, A.I. Mal’cev, and B.H. Neumann. In
order to set up the notations to be used in the exercises, a brief summary
of these two constructions is given below.

Given a cyclic field extension K/F with Galois group (o) of order s,
Dickson’s cyclic algebra D = (K/F, 0,a) (with respect to an element a € F')
is a formal direct sum

D=KoKz® - &Kz,

made into an F-algebra with the multiplication rules * = a and b = o (b)x
for every b € K. If a # 0, D is always a simple F-algebra with Z(D) = F,
and with K as a maximal subfield. Under suitable assumptions on a, D will
be a division algebra: cf. FC-(14.8), (14.9). From the perspective of skew
polynomial rings, (K/F,o,a) is just the quotient ring Kt; o]/(t* — a). For
instance, nonsplit quaternion algebras are cyclic algebras.
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While Dickson’s cyclic algebra constructions give only centrally finite
division rings, the Mal’cev-Neumann formal Laurent series constructions
lead to many examples of centrally infinite division rings. Let (G, <) be a
multiplicatively written ordered group, R be a ring, and w : G — Aut(R)
(9 — wy) be a fixed group homomorphism. The Mal’cev-Neumann ring
A = R((G,w)) is defined to be the ring of formal sums oo =} g9 with
well-ordered supports. Addition and multiplication are defined formally,
the latter being given the “twist”:

gr =wy(r)g, for g€ G andr e R.

Substantial work is needed in verifying that A is a well-defined ring (see
FC-pp. 130-131). Once this is known, it can further be checked that, if R is
a division ring, then so is A = R((G,w)) (see FC-(14.21)). The construction
of A has various useful applications. For instance, it leads to the Mal’cev-
Neumann-Moufang Theorem on the embeddability of free algebras over
division rings into division rings (as in FC-(14.25)).

The exercises in this section deal with numerous examples of cyclic
algebras, their maximal subfields, and the Mal’cev-Neumann rings. Some
of these exercises are of a number-theoretic flavor. Other exercises deal with
dimension questions (Exercises 1, 2), skew group rings (Exercises 13A, 13B,
13C), and quadratic extensions of division rings (Exercise 12).

Exercises for §14

Ex. 14.1. Let D be a ring containing a division ring K. Let [D : K],
(resp. [D:K],) denote the dimension (as a cardinal number) of D as a
left (resp. right) K-vector space. The following construction shows that
[D: Kl¢ # [D : K], in general. Let k be a field and K = k(t) where ¢ is an
indeterminate. Let D = K & K - x, made into a ring with the multiplication
rules 22 = 0 and x - b(t) = b(t?)z for any b(t) € K. Show that K - x = 1K &
tzK, and so [D: K|, =2, [D: K], =3. If we set K,, = k(t"), then the
transitivity formulas for left and right dimensions show that [D : K], =
2n, [D : K, = 3n.
Solution. Let E = k(t?), so K = E @ tE. We have

K -z=(E®tE)r=FEx®tEr =2K & tzK,
in view of z - b(t) = b(t?)z for b(t) € K. Therefore, [K -z : K], = 2 and

[D:K],=K®Kz:K],=1+2=3,

in contrast to [D : K], = 2. Since [K : K,,] = n, we have, by the transitivity
formulas for left and right dimensions:

[D:K,;=[D:KJ[K:K,]=2n, and
[D: K,],=[D: K| [K : K,] =3n.
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Ex. 14.2. The following question was raised by E. Artin: if D O K are a
pair of division rings, is [D : K], = [D : K],? Show that this holds if D is
centrally finite.

Solution. Let F' = Z(D), and assume [D : F] < co. Let A = F' - K be the
subring of D generated by F' and K. Since A is a domain with [A : F] < oo,
Ais a division ring. Since A = F' - K, we can choose a basis of Ay consisting
of elements of F. Therefore, [A: K]y = [A : K],. On the other hand

[D:F]=[D:A[A:F]=[D:A][][A: F] <o
implies that [D : A], = [D : A],. We have then
[D:K)g=[D:AlA: K|¢=[D: A, [A: K], =[D: K],
as desired.

Comment. The answer to Artin’s original question is “no” in general. P.M.
Cohn has found examples of division rings D D K such that [D : K], is
finite but [D : K], is infinite: see p.126 of his book “Skew Field Con-
structions,” Cambridge University Press, Cambridge, 1977. More recently,
A H. Schofield has constructed examples of division rings D O K such that
[D: K]g and [D : K], are arbitrarily prescribed integers > 2: see his paper
“Artin’s problem for skew field extensions,” Proc. Cambridge Phil. Soc. 97
(1985), 1-6.

Ex. 14.3. For K/F a cyclic extension with Gal(K/F) = (o), let D =
(K/F,0,a) be a cyclic algebra, where a € F. Show that, if we allow a to
be zero, the resulting algebra D is no longer simple (unless K = F).

Solution. By definition,
D=KoKz®- - Ka*1,

where s = [K : F], and z° = a,2b = o(b)x for all b € K. We claim that, if
a =0,

A=Kz --® Ka*?
is an ideal of D. In fact, let 3 = b2’ where b € K and i > 1. For any v = cx’
with ¢ € K and j > 0, we have

B = calbz’ = co? (b)x™  and  fy = balca? = bol(c)x T,

Since i +j > 1 and z'*7 =0 if 4 j > s, both products above belong to
2A. This shows that 2 is an ideal of D, so D is not a simple algebra, unless
s =1.

Ex. 14.4. Let D = (K/F,0,a) be a cyclic algebra for which there exists
c € K* with Ng/p(c) = a. Give an alternative proof for the splitting of D
by constructing an explicit isomorphism L from D to Endp(K).
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Solution. For b € K, let A\(b) € Endp(K) denote the left multiplication
by b on K. Define L : D — Endp(K) by L(b) = A(b) (b€ K), and L(z) =
A(c)o. To check that L is a well-defined F-algebra homomorphism, we
must check that L respects the defining relations for the cyclic algebra.
More specifically, we must check that

[A(e)a]® = A(a), and A(c)oA(b) = A(ob)A(c)o for all b € K.
By direct computations, we have, for any d € K:

A(c)ali(d) =c-oc- -0t e oi(d),
[A(c)o]*(d) = Ng/p(c)o®(d) = Xa)(d), and
AoAB() = co(bd) = o(b)e - o(d) = MoB)AEo](d)

as desired. Since D is a simple algebra, L must be injective. It follows that
L is an isomorphism, since dimp Endp(K) = 52 = dimpD.

Ex. 14.5. Let K = Q(v) be the cyclic cubic field defined by
113—1—112—21)—120,

with Gal(K/Q) = (¢) where o(v) = v? —2. Let D be the cyclic division
algebra
(K/Q,0,2) = K® Kz & Ka?

considered by Dickson (cf. FC-p. 227). Show that, for any nonzero o € K,
we have

(%) Q(az) = Q ( g 2N(a)) and Q(az?) = Q ( o 4N(a)>

(where N = Ng/q), and that these are maximal subfields of D. Note that
K = Q(v) is Galois over Q, but these new maximal subfields are not.

Solution. Let y = az and z = az? in D. Then

v® = ar-ar-ar = ac(a)r’ar = ao(a)o?(a)z® = 2N(a),

23 = ax? - a2? - ax? = ac*(a)o*(a)2® = ao(a)o?(a)x’ = 4N(a).
Since 2 ¢ N(K) (see FCp. 227), 2N(a) and 4N(«) are not in Q3, so the
minimal polynomials of y and z over Q are respectively 3 — 2N(a) and
t3 — 4N(a), and (x) follows. To see that K’ = Q(y) is a maximal subfield of
D, let E C D be a subfield containing K’. Then dimg E£|9 and 3 |dimg E
by the transitivity formulas for dimensions. These force dimg E to be 3, so
E = K'. Similarly, K” = Q(z) is also a maximal subfield of D. However,
neither K’ nor K" is Galois over Q, since K’ (resp. K'') does not contain
the nonreal roots of t> — 2N(«) (resp. t3 — 4N(a)).
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Comment. If one assumes the results in F'C-(15.4) about dimensions of cen-
tralizers in a division ring, it will be immediate that the K’, K" above are
maximal subfields of D. This observation applies also to the two exercises
below.

Ex. 14.6. Let k be a field, with an automorphism o of order s. Let D =
k((z,0)) (division ring of formal Laurent series in z with x'a = o%(a)x?),
which may be viewed as the cyclic algebra (K/F, o, 2°) where F' = ko((z*)),
K = k((2®)), and ko = k° (fixed field of o).3 Show that K’ = ko((x)) as well
as K are maximal subfields of D. If s > 1, show that K and K’ are not
isomorphic over F.

Solution. Of course, K is a maximal subfield of D, since D is a cyclic
algebra constructed from the cyclic extension K/F (cf. FC-(14.6)(3)). To
show that K’ = ko((z)) is also a maximal subfield, it suffices to check that
Cp(K') CK'. Let 8 € Cp(K'). We can write

B=bo+bx+ - +b_ya°"
where b; € K. From fx = z3, we get
box + -+ 4 bs_ox"t +by_12° = a(bg)x + - -+ 0 (bs_2) ° L 4 0 (bs_1) 2°,
and so b; = o(b;) for all . This yields b; € K7 = F, whence

s—1
Bed Fal=k((x) =K'

i=0
Now assume s > 1. Then the two maximal subfields K, K’ of D cannot be
isomorphic over the center F. In fact, the element z® € F' is an sth power
in K'; however, a straightforward lowest-degree-term argument shows that
x® € F is not an sth power in K. This clearly implies that K and K’ are
not F-isomorphic.

Ex. 14.7. Let ¢ € C\{1} be an sth root of unity, where s is a prime. Let
k=Q(),K =k(y), and F = k(y®), where y is an indeterminate commut-
ing with k.

(1) Show that K/F is a cyclic (Kummer) extension with Gal(K/F) = (o),
where o is defined by o(y) = Cy.

(2) Show that ¢ & Ny, p(K*). Therefore, D = (K/F,0,() is an s*-dimen-
sional division algebra over its center F. (The cyclic algebra relations boil
down to z° = (, zy = (yx. Note that the former relation already implies
that ¢ = Cx.)

(3) Show that K and K’ = F(x) are both maximal subfields of D. (Note
that K = Q(¢,y) and K’ = k(z)(y*) = Q(¢’, y), where ¢’ is a primitive sth
root of unity. In particular, K and K’ are nonisomorphic fields.)

3 We view ¢ as an automorphism on K by extending o € Aut(k) to K via
o(z®) ==z°.
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Solution. (1) We have [K : F] = s, and K is obtained by adjoining an
sth root of an element y* ¢ F'*. Since F' contains the primitive sth root
of unity ¢, K/F is a cyclic Kummer extension. The conjugates of y € K
are y,Cy, ..., (% 1y, so Gal(K/F) = (o), where ¢ is the identity on F and

o(y) = Cy.
(2) Assume, instead, ( = Ng,r(f(y)/g(y)), where f, g € k[y],g # 0. Then

(%) FW)F(Cy) -+ F(Chy) = Caw)g(Cy) -~ g(¢ ).
Let

f(y) = anyn + an+lyn+1 +-
9(Yy) = bmy™ + b1y 4

where a;,b; € k, a,, # 0 # b,,. Comparing the lowest degree terms in (x),
we see that n = m. Therefore, f/g = f1/g1 where

fi=an+apnty+---, and
g1 ="bp +bpp1y+---.

After replacing f, g by f1, g1, we may then assume f(0) # 0 # ¢(0). Setting
y = 01in (%), we see that ¢ = f(0)°/g(0)® € k°. This is, of course, impossible,
so we have shown that ¢ & Ny, p(K*). It follows from FC-(14.8) that D =
(K/F,0,() is an s>-dimensional division algebra over its center F.

(3) As usual, K is a maximal subfield of D. The argument used in the
solution of Exercise 6 shows that K’ = F(x) is also a maximal subfield of D.
(This is valid in any cyclic division algebra D = K @ Kz @ --- @ Kz°71.)
The two fields K, K’ are not isomorphic since K’ contains a primitive s?th
root of unity (namely z), but K does not.

Ex. 14.8. Let a be an integer which is not a norm from the extension
E =Q(V?2) of Q. Show that the Q-algebra with generators w,a,z and
relations

() WHw+1=0, a°=2 2°=qa, wa=aow, wr=1w, Ta=war
is an 18-dimensional Q-division algebra with center Q(w).

Solution. Let F = Q(w) where w is a primitive cubic root of unity, and
let & = ¥/2. Then

K=F -F=Qw,«)
is a cyclic cubic extension of F, with Gal(K/F) = (o), where o(a) = wa.
The cyclic algebra

D= (K/F,0,0)=K®Kr® Ka* =Q(w,a,z)
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is therefore defined by the relations
3 =a, vb=oc(b)z (Vb€ K),
together with the relations in K, namely,
CHw+1=0, o*=2, and wa=aw.

To spell out the relations b = o (b)x more explicitly, note that K = Q(w, «)
simplifies these relations to the following two:

2w =oc(w)rx =wz, za=oo(a)r=uwaor.

Therefore, D = Q (w, a, z) is precisely defined by the relations (x). More-
over,

dimpD = (dimp D)(dimg F) =9-2 =18,
and Z(D) = F = Q(w) by FC-(14.6)(1). To see that D is a division algebra,
it suffices to show that a ¢ NK/F(K) (by FC-(14.8)). Assume, instead, that
a = Ng/p(b) for some b € K. Then

Nk /q(b) = Npyg(a) = a?,
so a~? € Ngg(E) and a = a®*a™? € Ng g(E), a contradiction.
Ex. 14.9. Let R be a ring, (G,<) be an ordered group, and w:G —
Aut(R) be a group homomorphism. Let A = R((G,w)) be the Mal’cev-

Neumann ring constructed from the data {R,G,<,w} (cf. FC-(14.18)).
For any o € A such that

supp(@) CP:={ge G : g>1}

and any positive integer n which is invertible in R, show that 1 4+ o has an
nth root in A.

Solution. The main trick is to use the following

Lemma. For any integers k > 0, n > 1, and m € Z, the generalized bino-
mial coefficient (mlgn) € Z[1/n].

m/n

Proof. For a fixed m, n, let ap, = ( A ) € Q. Following the suggestion of D.
Shapiro, we proceed by induction on k. Since ag = 1 and a1 = m/n, there
is no problem in starting the induction. By Newton’s generalized binomial
theorem,

(%) (1+ a1z +ag2® +--)" = (1+2)™ € Z[[2]].

For k > 2, comparison of the coefficients of z* on the two sides of this
equation yields nay € Zla1, ag, .. ., ar—1]. By the inductive hypothesis, a; €
Z[1/n] for all i < k — 1. Therefore,

ar, € (1/n) Z[1/n] C Z[1/n).
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Alternatively, there is a p-adic proof of the Lemma, which I learned
from H. Lenstra. Since

Z[1/n] = ﬂ L) (Z(py = localization of Z at the prime (p)),
pin

it suffices to show that (mk/ ") € Zy) for any prime p { n. Given such a prime

p, consider the polynomial function

T

fla) = (k) —a(z—1)... (x—k+1)/k!

from Qp to itself (where Qp denotes the field of p-adic numbers). As we
have noted already in (x), f(Z) C Z. Since f is a continuous function (with

respect to the p-adic topology), we have f (Z(p)) C Z(p), where Z(p) is the
ring of p-adic integers. Therefore,

<mk/n> = f(m/n) € QN L) = Zg).

The third time being the charm, we record here also a purely arithmetic
proof of the Lemma given by Pélya and Szego (Aufgaben und Lehrsétze aus
der Analysis II, Problem 138 on p. 353). Write k! = rs, where r is divisible
only by the primes dividing n, and (s,n) = 1. Since

() = mim=n) = 6

k (nkr)s ’

our job is to show that N := m(m —n)---(m — (k — 1)n) is divisible by s.
Let ¢t € Z be such that tn =1 (mod s). Then

t*N = (tm)(tm —tn) - - - (tm — (k — 1)tn)
=({tm)(tm—1)---(tm—(k—1)) (mod s).

Since a product of k consecutive integers is always divisible by k! = rs, we
see that t* N =0 (mod s), and hence N =0 (mod s), as desired!

Now, coming back to the Exercise, let n be a fixed natural number which

is invertible in R. Then we have a ring homomorphism from Z[1/n] to R.

In particular, by the Lemma (applied with m = 1), all binomial coefficients

%") make sense in R. Let a € A be given as in the exercise. According to
F(C-(14.23), the infinite sum

1+ <I{n>a+ <1én>a2+-~-+ <1£n)ak+--~

gives a well-defined element § of A (thanks to supp(«) C P). Since the
above series is a formal nth root of 1 + «, we have " = 1 + «, as desired.
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Ex. 14.10. Let A= R((GQ)) (with trivial w), where R is a division ring
and (G, <) is a (not necessarily abelian) ordered group. Define a map ¢ :
A* — G by p(a) = min(supp «) for any a € A*. Show that ¢ is a Krull
valuation of the division ring A with value group G in the sense that it has
the following properties:

(1) ¢(af) = p(a)p(B) for any a, 3 € A*, and
(2) p(a+ B) > min {p(a), p(8)} for any a, B, + f € A*.

Solution. Let
a:ag.'....’ /B:bh+.7

where a,b € R*, g =min(supp «a), and h = min(supp ). Then af =
(ab)gh + - - -, and by the ordered group axioms, gh = min(supp «3). There-
fore

@(af) = min(supp o) = gh = p(a)p(B).

For the sum, we have
a+pB=ag+bh+---.

The “smallest” group element occurring here is clearly no smaller than
min {g, h}. Therefore

¢(a + ) = min(supp(e + §)) = min{g, h} = min{p(a), ¢(8)},
if a4 5 e A*.

Ex. 14.11. Let A = R((G,w)) be as in Exercise 9, where R is a division
ring. In case G is an additively written ordered abelian group, it is conve-
nient to introduce a symbol = and write the elements of G “exponentially”
as {29 : g € G}. The elements of A are then written as a =3 o aga9.
Now let G be the additive group R with the usual ordering. Let A; be the
subset of A consisting of >_°7 | a,z9" where a,, € R and {g1, g2, ...} is any
strictly increasing sequence in R with lim,,_,~g, = +00. Show that A; is
a proper division subring of A. If

Ay = {Zanx%: apn € R and g1 <go < --- inR},
n=1
is As a subring of A?

Solution. Consider any two elements

n — hn
a:E anpxd™, B—anx

where g1 < go < -+, hy < hy <---, with lim g, = co =lim h,. For any
real number M, we have g,, h, > M for sufficiently large n, so there are
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only finitely many g;, h; with g; < M and h; < M. Thus, we can rearrange
the elements {g1, 92, ..., h1, ha,...} into

k1 <ky <k3<---

where no three consecutive elements are equal, and lim k, = co. Since
atf= chxk" for suitable elements ¢, € R, we have a+ 3 € A;. To
handle the product a3, we observe similarly that, for any real number M’,
there are only finitely many g¢;,h; such that g; + h; < M’. This enables
us to “rearrange” the elements {g; + h;} in a nondecreasing sequence as
before, so that we can conclude that a5 € A;. To show that any

o= Zanxg" € A1\{0}

has its inverse in A;, we may assume (after extracting the factor a;x9
from «) that a; = 1 and g; = 0. Let

v = —(azx?? 4 azx? + - --),
with supp(y) > 0. Then
(1) ol ==y =14yt

where the sum on the RHS makes sense according to FC-(14.23). Consider
the set of positive real numbers

For any real number N, there are only a finite number of elements of the
above set which are < N. Therefore, we can again “rearrange” the elements
in (2) above in a nondecreasing sequence (which tends to co). It follows that
the RHS of (1) is an element of Ay, so A; is a (proper) division subring of
A, as claimed. On the other hand, As is not a subring of A. To see this,
look at

a=z"? 423+ 7% 4 ... and 8=zt

both of which are elements of Ay. However, a + 8 with support {1/2, 3/4,
7/8, ..., 1} is not an element of Ay. Therefore, Az is not even an additive
subgroup of A, let alone a subring.

Ex. 14.12. Let K be a division ring and ¢ be an automorphism of K such
that 02(b) = aba~! for all b € K, where a is an element of K fixed by o.
Let D = K & Kx where 22 = a and b = o(b)x for all b € K.

(1) Show that D is a division ring iff there does not exist ¢ € K such that
a=o(c)e.

(2) Compute Z(D).

(3) Show that D is centrally finite iff K is.
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Solution. (1) Let R be the skew polynomial ring K[x; 0] (in which b =
o(b)x for all z € K), and let 2 = R - (22 — a). Since

(2? —a)z =2 — 207 (a) = 2(2* —a), and

(? — a)b = o?(b)x — ab = aba 'z — ab = aba™ ' (z — a),
2 is an ideal in R. The given ring D may be identified with the quotient
R/AU. If a = o(c)c for some ¢ € K, then

(x+o(c)(z—c)=2° —zc+o(c)z — o(c)c = 22 — a.

In this case R/2 has a proper left ideal R- (z —¢)/2, so R/ is not a
division ring. Conversely, if R/l is not a division ring, it will have a proper
left ideal B /2. Since R is a principal left ideal domain (see F'C-(1.25)),
B = Rf for a (say monic) polynomial f. We have 22 —a = gf for some
g € R, so clearly deg f = deg g = 1, and g is also monic. Writing f =z — ¢
and g=x+d (c,d € K), we have

2 —a=(x+d)(zx—c) =2+ (d—o(c)r —dceR.
Therefore, d = o(c), and a = dc = o(c)c, as desired.

(2) Clearly, o induces an automorphism of order < 2 on Z(K) (the center
of K). We write

K°={keK: o(k)=k} and F=Z(K) =Z(K)NK".

Then [Z(K): F] <2. For b,l/ € K, we can work out the necessary and
sufficient conditions for b+ b’z € Z(D). These conditions are:

(b+bz)c=cb+bx) (Vee K), and (b+Vz)x=z(b+bx),

which translate into: b € F, b’ € K7, and V'o(c) = b’ (Ve € K). The com-
putation of Z(D) can therefore be divided into two cases:

(a) There does not exist by € K¢ such that o(c) = by *cby (Ve € K). In this
case, Z(D) = F from the above.

(b) There exists by € K7 such that o(c) = by cby (Ve € K). In this case,
boxr € Z(D), and the above considerations easily lead to Z(D)=F @
F - bo.l?.

(3) First assume [D : Z(D)] = m < co. Then [D : F| < 2m, so
[K:Z(K))<[K:F]=[D:F]/2<m < .
Conversely, assume [K : Z(K)] = n < oo. Then

[D:Z(D)] <[D: F|] =2[K : F| = 2[K : Z(K)|[Z(K) : F] < 4n < oc.
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Ex. 14.13A. Let G be a group of automorphisms of a field K, and let F
be the fixed field of G. Let A = K x G be the skew group ring of G over
K, with respect to the natural action of G on K. (The elements of A are

formal combinations ) .~ as0 (a, € K), with multiplication induced by
(a50)(b;7) = ago(b;)oT: see FC-(1.11).) Show that

(1) A is a simple ring with center F.
(2) K(= K - 1) is a maximal subfield of A.

Solution. The arguments here are almost the same as those used to prove
the properties of the cyclic algebra in FC-p. 219 (except that here G may
be infinite). To prove (1), let 2 # 0 be an ideal in A. Choose a nonzero
element

z=0by 0y +--+bjo;, €A (b, € K; oy distinct in G),

with 7 minimal. If we can show that r =1, then z € U(A4) and A = A.
Assume, instead, r > 2. Then oy, (b) # 0;,.(b) for some b € K. Subtracting
zb from o, (b)z as in FC-p. 219, we obtain a “shorter” nonzero element in
A, a contradiction. Next, we show that C4(K) C K. Let

2= byo € Ca(K).

Then, for any a € K, za = az leads to b,o(a) = ab,. Therefore, b, # 0 =
o =1, and hence z € K. From C4(K) C K, (2) follows immediately. It is
easy to see that F C Z(A). To show the reverse inclusion, let b € Z(A).
Then b € C4(K) C K, and

bo =ob=oc(b)jo (Yo e q)
shows that b € K& = F.
Ex. 14.13B. (W. Sinnott) Keep the notations in Exercise 13A.
(1) Show that K is a left A-module under the action

(Z ago) cc= Zaga(c).

(2) Show that 4K is faithful and simple, with End(4K) = F'.

(3) Using the Wedderburn-Artin Theorem (but without assuming any facts
from Galois Theory), show that |G| < oo iff [K : F] < 0o, and that, in this
case, |G| = [K : F].

Solution. (1) It suffices to show that, for any ¢ € K:
(ago) - [(br7) - ] = [(a50)(b-7)] - c.
This follows since
(ago) - [(br7) - ] = (ag0) - (br7(c)) = ago(br)oT(c),

[(ay0)(br7)] - ¢ = [ago(br)oT] - ¢ = azo(br)oT(c).
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(2) Since g K is a simple K-module, of course 4K is a simple A-module.
By Exercise 13, A is a simple ring, so 4K is automatically faithful. Con-
sider now any f € End(4K). Since we also have f € End(xK), f is the
multiplication on K by some element a € K. The endomorphism law
f(o-¢) =0 f(c) amounts to

ao(c) =0o(ac) (Vo €@, ceK).

Therefore, multiplication by a gives an A-endomorphism iff a € K& = F.
This shows that End(4 K) = F.

(3) First assume the simple ring A is not artinian. In this case, the
Wedderburn-Artin Theorem implies that K is infinite-dimensional over
End(4K) = F. Also, G must be an infinite group, for otherwise dimg A <
oo would imply A is artinian. Finally, assume A is artinian. In this case,
the Wedderburn-Artin Theorem implies that n : = [K : F] < oo, and that
A =M, (F). Computing F-dimensions, we find that

n? = dimpA = (dimg A) [K : F]=|G| n,
and therefore |G| =n = [K : F].

Comment. (3) above is a somewhat surprising application of the Wedder-
burn-Artin Theory. The fact that |G| = [K : F] in case G is finite is a basic
fact in Galois Theory, known as “Artin’s Theorem” (cf. p. 264 in Lang’s
“Algebra,” 3rd edition). This theorem also asserts that when |G| < oo, K/F
is a Galois extension: Artin used this theorem to develop Galois Theory in
his famous Notre Dame lecture notes.

The faithfulness of the module 4K (in the general case), which we de-
duced from the simplicity of the ring A, means the following: if > . a,0
(as € K) acts as the zero operator on K, then all a, = 0. This property,
called the “K-linear independence of automorphisms,” was first discovered
by Dedekind, and is often referred to as the “Dedekind-Artin Lemma.”
This lemma can be formulated and proved already for monoids of auto-
morphisms of K.

Ex. 14.13C. (Berger-Reiner) Keep the notations in Exercise 13A, and
assume that n = |G| < co. The field K has the natural structure of a left
FG-module. Noether’s Normal Basis Theorem in Galois Theory states that
the FFG-module K is free of rank 1, i.e. there exists an element ¢ € K such
that K =@__, F - o(c).

(1) Deduce this theorem from the Krull-Schmidt Theorem for finite-dimen-
sional F'G-modules (F'C-(19.22)).

(2) Deduce from (1) that, for any subgroup H C G, the fixed field L = K
has a primitive element over F'.

ceG
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Solution. (1) Since G acts trivially on F', we may (and shall) view R = FG
as an F-subalgebra of A = K * G. The module structure on g K is just that
on 4K restricted to the subring R. We claim that rA is a free R-module
of rank n. To see this, fix any F-basis {¢; : 1 <i <n} on K. Calculating
in A, we have

Az@f(a:q}a-l(:@a- (EBFC)
=@<@F0)ci:§]%~ci.

Since the ¢;’s are units in A, each R - ¢; is R-free of rank 1, so rA = rR".
On the other hand, by Exercise 13B, 4 K is the unique simple module over
the simple F-algebra A = M, (F), so we have 4 A = 4K™. Restricting this
isomorphism to the subring R C A, we get

rK" = RA=RrR",
so the Krull-Schmidt Theorem yields R K = grR!

(2) For c € K as in (1), let d =Y 7(c), which clearly lies in K = L.
We fix a coset decomposition

Q
Il
s

UiH7

s
Il
_

where m = [G : H]. Since
{oiT(c): 1<i<m, 7€ H}

is an F-basis on K, 01d,...,0,,d are linearly independent over F' (and in
particular distinct). Thus, d € L has at least m distinct conjugates over F,
so [F'(d) : F] > m. On the other hand, [K : L] = |H| by Exercise 13A, so

[L:F)=[K:F|/[K:L]=|G|/|H| =m.
Since d € L, we must have L = F(d), as desired.

Comment. Noether’s Normal Basis Theorem is proved in many books in
Galois theory and algebraic number theory, usually by calculations with
determinants. By Galois theory, part (2) above amounts to the existence of
primitive elements for any finite separable extension of F'. This theorem is
usually proved by considering separately the case of finite fields and infinite
fields. The nice approach to both of these theorems in the present exercise
is taken from the paper of T.R. Berger and I. Reiner in the MAA Monthly,
vol. 82 (1975), 915-918. This paper of the two authors, however, did not
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originate as a joint work. At about the same time and independently of
each other, Berger and Reiner submitted papers to the MAA Monthly on
new proofs of Noether’s Normal Basis Theorem. Since the two papers used
similar ideas, they were combined and reorganized into a joint paper (loc.
cit.), at the suggestion of the Monthly’s editor, A. Rosenberg. This inter-
esting piece of anecdotal information was supplied to me by Irma Reiner.
For a “unified version” of the Primitive Element Theorem and the Nor-
mal Basis Theorem, see the recent article of W. C. Waterhouse in Comm.
Algebra 22 (1994), 2305-2308.

Ex. 14.14. (“Dickson’s Example”) Let K = Q (v), where v® + v? —2v — 1
= 0. This is a cyclic Galois extension of Q with Gal(K/F) = (o), where
o(v) = v? — 2. As in Exer. 5, let

D=(K/Qo0,2)=K®Kz®Kz?>=Q(v,z),

with the usual cyclic algebra relations. It is known that D is a division
algebra. Find the inverse for v 4+ x in D.

Solution. We try to find b, ¢,d € K such that
d=(b+cx+2*)(v+x)=(bv+2) + (b+ cov)x + (c + o?v)z?

Clearly,

c=—0c*(v)=v>+v—1,

b= —co(v) =c*(v)o(v).
Since o?(v)o(v)v = 1, we have b = v~ = v? + v — 2. Finally

d= W 4+v-2v+2=v3+v?—20+2=3.
Therefore, (v + x)~! is given by
[22 + (v +v— Dz + (v +v—2)]/3 € D.

Ex. 14.15. Let K = Q (v) be the cubic field defined by the minimal equa-

tion v3 4+ av + b = 0 where a, b are odd integers. Show that for any element
o =p+ qu+rv? € K where p, q,r € Z, we have

Ng/jg(e) =1+ (p+1)(g+1)(r+1) (mod 2).
Using this, show that, for any even integer n, if n € NK/Q(K), then 8|n.
Solution. Since av = —7b+ (p — ra)v + qv?, and
av? = pv? + q(—av — b) + r(—av — b)v

= —qb — (ga + rb)v + (p — ra)v®,
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the matrix of left multiplication by « on K (with respect to the basis
{1,v,v?%}) is given by:

p —rb —qgb
g p—ra —(qa+rd)
r q p—ra

Computing the determinant of this matrix modulo 2, we have:
Ng ola) = p(p2 +r2a® + ¢*a + qrd) + rb(pg + r2b) + qb(q* + pr + r2a).
Since s™ = s (mod 2) for any s € Z, and a = b =1 (mod 2),

NK/Q(a) =p+pr+pq+pqr+pgr+r+q+pgr+qr
=p+pr+pqg+r+q+pgr—+qr
=1+(p+1)(g+1)(r+1) (mod 2).

Now let n € 2Z, and assume n € N(K), where N = Ng/q. Write n =
N(a/m) where
a=p+qutr? (pgrel)

and m € N is chosen as small as possible. By the above, we have
m*n=1+(p+1)(¢g+1)(r+1) (mod 2).

Since n is even, p, ¢, must all be even. But then m must be odd (by its
minimal choice). Writing p = 2pg, ¢ = 2qo and r = 2rg, we have

m3n = 8 N(pg + qov + rov?) € 8Z,

so n € 8Z, as desired. (The last part of the proof here is just a repetition
of the argument given in FC-p. 227.)

Ex. 14.16. Show that K = Q (v) with v® —3v +1 =0 is a cyclic cubic
field, and find the conjugates of v. Then, proceeding as in Dickson’s example
(cf. FC-pp.226-227), show that D = Q (v, z) defined by the relations

(%) P =3v+1=0, 2°=2 and zv=(v’—-2)x
is a 9-dimensional central division algebra over Q.

Solution. We start more generally with a cubic field K = Q (v) defined
by a minimal equation v + av + b = 0. By a known formula in field theory
(see Jacobson’s “Basic Algebra I,” p. 259), the discriminant for K/Q with
respect to the basis {1,v,v?} is d = —(4a® + 27b?). Furthermore, K/Q is
Galois iff d € Q2. In our case, v3 — 3v + 1 being clearly irreducible over Q,
the discriminant is

d=—(27-4-3% =34,
so K/Q is Galois.
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More directly, in the polynomial ring K[t], we can use long division to
obtain the factorization

tP—3t+1=(t—v) (> +vt+ (v —3)).

By brute-force computation, one can check that the discriminant 12 — 3v?
of the quadratic factor above is a perfect square (2v% + v — 4)? in K, so we
can further factor

-3t+1l=>t—0)(t—(*-2) (t+ " +v-2).

Therefore, the conjugates of v are

v, v2—=2 and 2—v—1v?

in K, and K is Galois. We can write Gal (K/Q) = (o) where o(v) = v? — 2.
The cyclic algebra

D= (K/Q0,2)=K®Kz® Kz?=Q (v, )

is, therefore, defined exactly by the relations (x). By Exercise 15, 2 ¢
Ng/o(K), so by FC-(14.8), D is a (9-dimensional central) division alge-
bra over Q.

Ex. 14.17. Do the same for K = Q (v) with v — 7v +7 = 0.

Solution. After testing for roots, we see that f(t) =13 — 7t + 7 is irre-
ducible over Q. The discriminant of K with respect to {1,v,v?} is

d=—-4(27 -7 —4.7%) = 227% € @2,

so K is again Galois over Q. After some lengthy computations, we arrive
at the following factorization of f(t) over K:

fit)=(@t—v)(+ot+ (> 7))
= (t—v) [t — (30> +4v — 14)] [t + (3v® + 5v — 14)] .
Therefore, the conjugates of v are
v, 30  +4v—14 and — (3v? + 50 — 14).

Writing Gal(K/Q) = (o) where o(v) = 3v? +4v — 14, we can construct
D =(K/Q,0,2) = Q (v, z) with the relations

VP —To+7=0, 2°=2 and zv=(30*+4v—14)z.

Again, Exercise 15 gives 2 ¢ NK/Q(K ), so D is a 9-dimensional central
division algebra over Q.
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Comment. There is a field-theoretic theorem behind Exercises 16 and 17.
It is known that every cyclic cubic field K over Q is defined by a minimal
equation

v3 —3(r? + 3s%)v + 2r(r? + 3s%) = 0,

where 7,5 € Q and s # 0. Conversely, if the polynomial on the left-hand
side above is irreducible over QQ, then it defines a cyclic cubic field over Q.
In this case, the two other conjugates of v are

1 rts 1
+—(r? + 357 —v? e K.
S(T +35)F 2s v:FQsU <
For a proof of these facts, see C. MacDuffee’s “An Introduction to Abstract
Algebra,” p. 90, J. Wiley, 1940. The polynomial > — 3t 4+ 1 in Exercise
16 corresponds to r = s = 1/2; the polynomial > — 7t + 7 in Exercise 17
corresponds to = 3/2 and s = 1/6.

§15. Tensor Products and Maximal Subfields

A subfield K of a division ring D is a maximal subfield iff it is self-
centralizing, in the sense that the centralizer Cp(K) of K in D is just
K. Such a maximal subfield always contains F' = Z (D), the center of D.
The study of the maximal subfields of D is of great importance in under-
standing the structure of D, especially in the case when D is a centrally
finite division ring.

One of the principal tools for studying division subalgebras K C D in
general is the formation of the tensor product R = D ® p K°P, where K°P
denotes the opposite ring of K. Under the action

(d®a®)(v) =dva for d, veD and a€K,

D becomes a faithful simple left R-module (cf. FC-(15.3)). The F-algebra R
is always simple, and acts densely on Dy,, where L = End(gD) is essentially
the centralizer Cp(K). In the case when dimpK < oo, R is even a simple
artinian ring. Here, the density result mentioned above leads directly to
the so-called Double Centralizer Theorem for K C D (cf. FC-(15.4)). As it
turns out, the division ring D is centrally finite iff it has a maximal subfield
that is finite-dimensional over F'. In this case, the maximal subfields of D
are precisely those subfields K O F such that (dimr K)? = dimpD, or
such that D ®p K is a matrix algebra over K. Moreover, classical results
of Noether, Kothe and Jacobson guarantee that D always admits a maximal
subfield that is separable over F (cf. FC-(15.12)).

The full text for §15 in FC offers an assortment of other results, e.g.
Kaplansky’s Theorem on division rings D which are “radical” over their
centers F' (every d € D has a power in F'), the Gerstenhaber-Yang Theorem
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on division rings that have finite right dimension over a real-closed subfield,
and the Brauer-Albert Theorem on the existence of special F-bases for
centrally finite division rings, etc.

The exercise set for this section is relatively modest, offering a few exam-
ples for the general theory of maximal subfields, and some counterexamples
(for instance for the Double Centralizer Theorem for centrally infinite divi-
sion rings). The first two exercises, due to Hua, Kaplansky and Jacobson,
are taken directly from the classical literature (see, for instance, Jacobson’s
“Structure of Rings”).

Exercises for §15

Ex. 15.1. (Hua, Kaplansky) Suppose, in a noncommutative division ring
D, an integer n(z) > 0 is assigned to every element x € D in such a way that
n(axa~') = n(z) for every a € D*. Show that {z™(*) : x € D*} generates
D as a division ring.

Solution. Let K be the division ring generated by {z"(®) : 2 € D*} in D.
Clearly, K is invariant under all inner automorphisms of D. Assume, for the
moment that K # D. By the Cartan-Brauer-Hua Theorem (FC-(13.17)),
K C Z(D). But then D is radical over Z(D), so by F(C-(15.15), we must
have D = Z(D), which contradicts K # D.

Ex. 15.2. (Jacobson) Let D be an algebraic division algebra of infinite di-
mension over its center F'. Show that there exist elements in D of arbitrarily
high degree over F.

Solution. Assume otherwise and let K D F be a finite separable field ex-
tension of F' in D with the largest degree. Let L = Cp(K) D K, which is
also a division ring. Since [K : F] < oo, FC-(15.4) implies that Z(L) = K. If
K # L, there would exist an element o € L\ K which is separably algebraic
over K, by FC-(15.11). This would contradict the choice of K. Therefore,
we must have K = L, in which case K is a maximal subfield of D. But then
F(C-(15.8) implies that [D : F] < oo, again a contradiction.

Ex. 15.3. Let R be a field, (G,<) be a nontrivial ordered group, and
w: G — Aut R be an injective group homomorphism. Show that R is a
maximal subfield of the Mal’cev-Neumann division ring D = R((G,w)).

Solution. It suffices to show that Cp(R) C R (cf. F'C-(15.7)). Consider

any element
a= Zagg € Cp(R).

(Recall that the formal sum may be infinite in general.) Then, for any
r € R, we have

Zragg =ra=ar= (Z agg) r= Zagwg(r)g.
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Suppose g € G is such that a4, # 0. Then ray = agwy(r) implies that
wq(r) =r for every r € R. This means that wy = I and hence g =1 (by
the injectivity of w). We have thus shown that @ = a7 € R.

Ex. 15.4. Let R = Q(y) and let ¢ be the Q-automorphism of R defined
by o(y) = 2y. Let D be the division ring R((x,0)). Show that K; = Q(y)
and Ky = Q((z)) are both maximal subfields of D. Let L; = Q(y?) and
Ly = Q((2?)), both of which contain Z(D) = Q. Show that Cp(L;) = K;
and so Cp (Cp(L;)) = K; 2 L; fori = 1,2. (This provides counterexamples
to the Double Centralizer Theorem for subfields of D infinite-dimensional
over the center.)

Solution. We can apply the previous exercise with G = () and
w: G— Aut R given by w(z) =o.

Since o is of infinite order, w is an injection. It follows that K7 is a maximal
subfield of D. Alternatively, let us show directly that Cp(L;) C K; (i =
1,2). (Note that this also implies Cp(K;) = K;, so each K; is a maximal
subfield of D.) Consider any

o= Z a;jx’ € Cp(L;), where a; € R.
jzm

Let i = 1. Commuting a with b € Ly, we have a;07(b) = ba; for j > m.
Therefore, whenever a; # 0, we have 07 (b) = b for all b € L;. The latter is
possible only when j = 0, so we see that a = ag € K;.

Now let i = 2. Commuting o with 2%, we get a; = 0%(a;) for j > m.
Since the fixed field of o2 is Q, this gives a; € Q for all j > m, and so
a€Q((x) = Ks.

Ex. 15.5. Let D be a centrally finite division ring with center k. Let [D, D]
be the additive subgroup generated by all additive commutators ab — ba,
where a,b € D. Show that [D, D] C D.

Solution. Let K be a maximal subfield of D. Consider an element of the
form (ab — ba) ® a € DX where a,b € D and o € K. Since

(ab—ba)R@a=(a®a)(b®1)— (b®1)(a® a),
we see that [D, D]¥ C [DE, DE]. Thus, it suffices to check that
[D*,D¥] ¢ DX.

Now D¥ = M,.(K) for some r, and under this isomorphism, [D¥ | DX] maps
into the subspace

S ={M e M,(K) : tr(M) = 0}.

Since S C M,.(K), we see that [D¥, DE] C DX as desired.
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Ex. 15.6. Let D be a centrally finite division algebra with center k, and
let K be a subfield of D containing k. Show that K is a splitting field for
D iff K is a maximal subfield of D.

Solution. Let L = Cp(K), and recall from FC-(15.4) that, if r = dimp K,
then dim (D) =r, and D @ p K = M,.(L). Therefore, K is a splitting field
for D iff D ®p K is a matrix ring over K, iff K = L = Cp(K), iff K is a
maximal subfield of D.

§16. Polynomials over Division Rings

In the polynomial ring D[t] over a division ring D, the indeterminate ¢ com-
mutes with the scalars. However, if we “evaluate” f(t) = > a;t' at d € D
(to get f(d) =" a;d"), the element d need no longer commute with the
a;’s. What this means is that evaluation at d is no longer a ring homomor-
phism from D[t] to D. Nevertheless, a “weak” homomorphism property
survives, and a suitable form of the usual Remainder Theorem remains
true: see FC-(16.2) and (16.3). Thanks to these facts, one can still develop
a substantial amount of polynomial theory, at least in one variable, over
the division ring D.

In this new polynomial theory, various new phenomena come to light.
One has Dickson’s Theorem on the conjugacy of algebraic elements over the
center, and Wedderburn’s Theorem on the factorization of minimal poly-
nomials of such algebraic elements. For the theory of roots of polynomials
in one variable, one has the theorems of Gordon-Motzkin, Bray-Whaples,
as well as the more classical results of Niven, Jacobson, and Baer. By and
large, this theory seems to have a life of its own, and bears little resemblance
to the theory of polynomials in the commutative case.

The exercises in this section deal with various aspects of polynomi-
als over division rings D, including: ideals in D[t] and central polynomi-
als, primitivity questions for D[t], interpolation and Vandermonde matri-
ces, and equations of the type ax — xb = ¢, etc. A few explicit polynomial
equations are solved over the real quaternions in Exercises 3 and 15, with
somewhat surprising results!

Exercises for §16
In the following exercises, D denotes a division ring with center F.

Ex. 16.1. Let K be a division subring of D and let f(t) = h(t)k(t) # 0 in
DIt]. If f(t),k(t) € K]t], show that h(t) € K[t].

Solution. We induct on deg h, the case deg h = 0 being trivial. For the
inductive step, write
h(t) = a,t™ + h'(t)
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where a,, # 0, and h/ = 0 or deg I/ < n. By comparing leading coefficients
in f(t) = h(t)k(t), we see that a,, € K*. Since

(ant™ + 1 (8))k(t) € K[t] = W' (t)k(t) € K][t],
the inductive hypothesis gives h'(t) € K[t]. Therefore, h(t) € K[t], as de-

sired.

Ex. 16.2. Let K be a division subring of D. An element d € D is said to
be (right) algebraic over K if f(d) = 0 for some polynomial f(t) € K[t]\{0}.
Among these polynomials, there is a unique monic fo(t) € K[t] of the least
degree, which is called the minimal polynomial of d over K. Is fo(t) always
irreducible in K[t]? In case fo(¢) is indeed irreducible in Kt], are two roots
of fo(t) in D always conjugate by an element of Cp(K)?

Solution. In general, f)(t) need not be irreducible in K[t]. For instance,
let D be the division ring of rational quaternions, and let K = Q[i]. The
element d = j satisfies the polynomial t? 4+ 1 € K[t], and does not satisfy
any linear polynomial in K[t] (since j ¢ K). Hence, the minimal polynomial
fo(t) of d over K is t> + 1. This factors into (¢t +4)(t —i) in K[t]! The
answer to the second question in the exercise is also in the negative. Here,
we consider the two elements

di=j+1i, do=j—1.
Both of these have minimal polynomial
fo(t) =t*+2 € K[t],

which is irreducible over K. However, dy, ds are not conjugate by an element
of Cp(K) = K. Indeed, if x + yi € K* is such that

(x+yi)(j + i) = (G — ) (z +yi),
where x,y € Q, we get
zj+ai+yk—y=axj—yk—2xi+y.
This yields = y = 0, a contradiction.

Ex. 16.3. In the division ring H of real quaternions, find all roots of the
quadratic polynomials

f@) = =5t =), f2(t) == (G —))(Ft—1),
and of the cubic polynomial f5(t) = (¢t — k)(t — 7)(t — ).

Solution. (1) Of course f1(7) = 0. We claim that 7 is the only root. Indeed,
suppose f1(z) = 0 where z # i in H. Expanding fi(t) into t2 — (i + j)t + ji,
we have

22— (i+4)z = —ji,
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s0 (z — i)z = j(z — 4). This shows that z is conjugate to j, so in particular

2?2 = j2 = —1. Using this, we have

ji=G+j)z—22=0G+j)z+1.

Since this is a linear equation in z, there is a unique solution in H. But 4
is obviously a solution, so no other solution can exist.

(2) We have fo(t) = t2 — jt + (1 — k) by expansion. Aside from the root i,
we also have another root ¢ + j, since
(i+3)—jli+j)+1—k=-2+ij+ji—ji—j>+1-k=0.

Now the two roots 4,7 + j are not conjugate in H, since (i + j)? # —1. The
theorem of Bray and Whaples in F(C-(16.13) then implies that ¢ and ¢ + j
are the only roots of fy in HL.

Aside from this solution, the following direct transformations are of
interest:

fat) = (t = (j —0))(t —1)
=2~ (j—i+i)t+(j—i)
=t —(i+j—i)t—i(i+])
= (t+i)(t—(i+7)).

(3) Since i, j and k are conjugate in H, FC-(16.4) implies that any root of
f3 is conjugate to i. We claim that ¢ is the only root of f3. Indeed, assume
f3 has another root (in the conjugacy class of 7). By FC-(16.17),

f3(t) = (t —a)(t* +1) for some a € H.

(Note that 2 + 1 is the minimal polynomial of i over R). Comparing con-
stant coefficients, we have a = kji = 1. Comparing coefficients of 2, we get
—1=—(i+j+k), a contradiction.

Ex. 16.4. Let c¢g,...,c, € D be pairwise nonconjugate elements. Show
that the (n + 1) x (n 4+ 1) Vandermonde matrix
1 - 1
Co Cn
2. 2
V:V(Co,...,cn): €o Cn
co cn
is invertible over D. If dy,...,d, are any given elements in D, show that

there exists a unique polynomial
fit) =ant™ +---+ap € D[t]
such that f(¢;) =d; for 0 <i <n.
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Solution. We view V as a D-linear transformation acting on the right of
the left D-space {(bo,...,bn)}. It suffices to show that ker(V') = 0. Let

g(t) = by + b1t + -+ b,t"™ € DIt].
For (b, ...,by) € ker(V), we have

0=(bo,...,bn)V = (g(co),...,9(cn)),

so g has roots in n + 1 different conjugacy classes of D. By the Gordon-
Motzkin Theorem (FC-(16.4)), g(t) must be the zero polynomial, so
(bo, - ..,bn) = 0. For the second conclusion of the exercise, let do,...,d,
be given. To find the desired polynomial f amounts to solving the equation

(ao,...,an)V = (do,...,dy).
Since V' is invertible, a solution (ag, ..., a,) exists and is unique.

Ex. 16.5. Let a,b, c be three distinct elements in D.

(1) Show that the 3 x 3 Vandermonde matrix V' = V(a, b, ¢) is not invertible
if and only if

(b—a)b(b—a)™' = (c—a)c(c—a) .
(2) Show that V is invertible if a,b, ¢ do not lie in a single conjugacy class
of D.

Solution. (2) follows from (1) and from symmetry. In the following, we
offer two proofs for (1).

For the first proof, note that the noninvertibility of V' amounts to the
existence of a nonzero monic polynomial f of degree < 2 such that

fla) = f(b) = f(c) = 0.

Thus, we seek a polynomial f(¢) = (¢t — d)(t — a) which vanishes on b and
c. By FC-(16.3),

F) = ((b—a)p(b—a)™! = d) (b—a),

fle) = ((c—a)e(c—a)™" —d) (c —a).
These are both zero for some d iff

(b—a)b(b—a)™' = (c—a)c(c—a) .

The latter is, therefore, the necessary and sufficient condition for the exis-
tence of the desired polynomial f.

The second proof is independent of the theory of polynomials over divi-
sion rings. It uses, instead, the basic technique of elementary row transfor-
mations. First, we left-multiply V' by a suitable matrix (which corresponds
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to two successive row operations):

1 0 O 1 1 1
—a 1 0)V=10 b—-a c—a
0 —-a 1 0 (b—a)d (c—a)c

We are now reduced to looking at the 2 x 2 matrix

V= (0 o)

and finding a criterion for its noninvertibility. A second left-multiplication

yields
R L (o i s

and a third and last one yields

( (c—a)"t(b—a) 1)
(c—a)t(b—a)b—c(c—a) ' (b—a) 0)"

Therefore, V' is not invertible iff
(c—a) "t (b—a)b=clc—a)*(b—a),
or equivalently,
(b—a)b(b—a)™' = (c—a)c(c—a)"t.
For instance, if b,c € Z(D), or b— a,c —a € Z(D), then
b#c= (b—a)b(b—a)* # (c—a)c(c—a)™t,
so we can conclude that V is invertible.

Comment. The converse of (2) above is not true in general. However, if D
is the division ring H of real quaternions, the converse is true. For, if a, b, ¢
are elements in a given conjugacy class A of H, then A satisfies a monic
quadratic polynomial over R, and our earlier work in Exercise 4 shows that
V' is not invertible. The simplest examples illustrating this are

V(i,j, k) and V(j+k,k+i,94+ 7).

Of course these Vandermonde matrices are not invertible since their first
and third rows are obviously linearly dependent! The general theory of
Vandermonde matrices over division rings was developed by the author in
an article in Expos. Math. 4 (1986), 193-215.



236 Chapter 5. Introduction to Division Rings

Ex. 16.6. If a conjugacy class A of D is not algebraic over F', show that
no h(t) € D[t]\{0} can vanish identically on A.

Solution. Suppose
h(t) =Y _bit" € D[H]\{0}
i=0

vanishes identically on A. We may assume that n is chosen minimal, and

that b, = 1. Fix a € A, and use the notation a* for the conjugate 2 'az.

For any z,y € D*, we have
0= Zbi (azyfl)i = Zbi(ai)xyfl, SO
0= 3 t(a)" = S b (a").

This means that A'(t) = Y bYt" also vanishes identically on A. Since h(t)

and A/ (t) are both monic of degree n, we must have b; = bY for all y € D*.
This implies that all b; € F', so A is now algebraic over F', a contradiction.

Ex. 16.7. Let f(t) = g(t)h(t) where g € F[t] and f,h € D[t]. Show that
d € D is a root of f iff d is a root of g or a root of h.

Solution. Since f = gh = hg, if d is a root of g or h, then d is a root of f
by the Remainder Theorem (see FC-(16.2)). Now assume d is a root of f,
but not a root of h. Let a = h(d) # 0. By FC-(16.3),

0= f(d) = g(ada™")h(d),
so g(ada™') = 0. Since ¢(t) € F[t], g(ada™') is just ag(d)a~'. Therefore,
g(d) = 0.

Ex. 16.8. For a polynomial f(t) € D[t], write (f) for the ideal generated
by f. By a central factor of f, we mean a polynomial h € F[t] that divides
f. Assume f # 0.

(a) Let f(t) = g(t) fo(t), where fo(t) is a central factor of f(¢) of the largest
possible degree. Show that (f) = (fo).

(b) Show that (f) = D[t] iff f has no nonconstant central factor.

(c) If f vanishes on some conjugacy class A of D, then (f) C D[t].

Solution. (a) Let h be a monic polynomial of the least degree in (f). By
the solution to Exercise 1.16, (f) = D[t]h and h is central. Let fy and g be
as in (a), and assume (for convenience) that fj is monic. We are done if we
can show that fo = h. Write h = )" g; fg., where g;, g; € D[t]. Then

h= (Z giggé) fo,

so deg h > deg fo. By the choice of fy, we must have deg h = deg fj. Since
h, fo are both monic, it follows that h = fj.

(b) follows immediately from (a).
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(¢) Let k(t) be a monic polynomial of the smallest degree vanishing on
A. By the solution to Exercise 6, we have k(t) € F[t]. The usual Euclidean
algorithm argument shows that f(t) = q(¢)k(t) for some ¢(t) € D[t]. There-
fore, f has the central factor k, so (f) C DJt] by (b).

Ex. 16.9. (Jacobson) Assume that d = dimpD < co. For any polynomial
f(t) =31 jait" € R = DIt] of degree n, show that there exists a nonzero
polynomial g(t) € R of degree n(d — 1) such that f(¢)g(t) = g(t)f(t) € F[t].
As a consequence, show that R is neither left primitive nor right primitive.

Solution. The second conclusion follows from the first, in view of Exercise
11.20. To construct the polynomial g in the first conclusion, we may assume
a, = 1. Let

V=Dey & & De,

be a left D-vector space with basis eq, ..., e,, and let A be the D-endomor-
phism defined by: e;A = e;41 for i < n, and

(1) enA = —age1 —ajea — - — ap_1€n.

The matrix of A with respect to {e; : 1 <i <n} is the companion matrix
of f, with last row

(—(LQ7 —QA1y.--y —anfl).
We shall identify £ = End(pV') with M, (D) via the basis {e; : 1 <i < n},
and view M, (D) as a (D, D)-bimodule.* For any i < n, we have
(2) e1(Aa) = (e1AY)(Ia) = e;1(Ia) = aej11 = ale; AY).

We claim that .
(A) =) a;A =0.
j=0

For this, it suffices to show that ey f(A) = 0 for all k. Write k =i + 1, where
0 <i<n.By (2) and (1):

i=
= (age1 +ajes + -+ an_1e, + e, A)AT =0,

4 Note that E itself does not have a natural D-structure on either side. We get
a (D, D)-bimodule structure on E only by identifying E with M, (D) using a
basis.
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as desired. On the other hand, if r(t) = Z;:Ol r;t/ has degree < n and
r(A) = 0, the same calculation shows that

0=-er(A) =rper + e+ -+ rp_1€n,

so we must have r(¢) = 0. This implies, by the usual Euclidean algorithm
argument, that for any polynomial h,

h(A) = 0= h € RY.

Now, if we view V as an F-vector space (of dimension nd), the F-linear
transformation A satisfies its characteristic polynomial, say h(t) € F[t].
Therefore h = gf for some g € R with

degg=degh—deg f=nd—n=n(d-1).
Moreover, gh = hg = gfg shows that h = fg as well.

Comment. The second conclusion of the above exercise states that if D[t]
is left primitive, then dimp D is infinite. The converse of this is however not
true, although, if D contains a transcendental element over F', then indeed
DJt] is left primitive: see FC-(11.14). In general, D[t] is left primitive iff
some matrix ring M,.(D) contains a transcendental element over F': see the
Comment on Exercise 11.20.

Ex. 16.10. Let a,b be elements of D that have the same minimal polyno-
mial f(t) over the center F' of D. For ¢ € D*, P.M. Cohn has shown that
the equation ax — xzb = ¢ has a solution z € D iff f(¢) has a right factor
(t — cbe™1)(t — a) in D[t]. Give a proof for the “only if” part.

Solution. Fix x € D* such that ax — xb = ¢ and write
y=abs ' —a=—cx t#£0.

Since f(a) =0, f(t) =g(t)(t —a) for some g¢(t) € D[t]. Evaluating this
polynomial at ¢t = xbz~!, we have

0= f(aba™") = glyaba~y ™ )y
by FC-(16.3). Therefore,
yrbr 'yt = (—¢)b(—c) 7! = cbe™?

is a root of g(t). It follows that

for some h(t), and hence

f(t) = h(t)(t — cbc M) (t — a).
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Comment. The proof of the “if” part above can be found in P.M. Cohn’s
paper “The range of derivations on a skew field and the equation az — xb =
¢,” J. Indian Math. Soc. 87 (1973), 61-69.

Ex. 16.11. Let a € D be algebraic over F'. Show that the “metro equation”
ax — za = 1 has a solution z € D iff a is not separable over F'. (You may
use Cohn’s result mentioned in Exercise 10.)

Solution. Let f(t) € F[t] be the minimal polynomial of a over F', and let
E = F[a] C D. If a is not separable over F, then, in E[t], f(t) is divisible by
(t — a)?, where p = char F' > 0. In particular, in D[t], f(¢) has a quadratic
right factor (¢ — a)?. By Cohn’s result (applied with b = a and ¢ = 1), az —
xa = 1 has a solution in D. Conversely, if axz — xa = 1 has a solution in D,
then

f(t)=h(t)(t —a)® for some h(t) € D[t].

Since f(t), (t — a)? € E[t], Exercise 1 shows that h(t) € E[t]. Now f(t) has
a nonsimple root a in the algebraic closure of F', so a is not separable
over F.

Alternative Solution (not using the result of Cohn). First assume there
exists ¢ € D such that ax — za = 1. By induction on n > 1, we have a"x —
ra™ = na" 1. Therefore, if f(t) € F[t] is the minimal polynomial of a over
F', then

f'(a) = f(a)z — xf(a) =0,

so a is not separable over F'. For the converse, we follow an argument of J.-
P. Tignol. Assume a is not separable over F. Then a ¢ K : = F[a?] where
p = char F' > 0. Let L = Cp(K) (the centralizer of K in D). By FC-(15.4),
Z(L)=K,so a€c L\Z(L) and a? € Z(L). By Exercise 13.8, ax —za =1
has a solution in L C D.

Comment. The term “metro equation” for ax — xa = 1 was coined in the
early 1970’s by P.M. Cohn. According to reliable sources, Cohn and Amit-
sur were traveling in the Paris subway system (presumably to get to some
conference) when Cohn asked Amitsur whether he knew of any equation in
a division ring D which did not have solutions in any division ring extension
of D. Amitsur reportedly suggested looking at the equation ax —za =1
where a € D is a separable algebraic element over Z (D). In his subsequent
papers, Cohn fondly referred to ax — xa = 1 as the “metro equation.” The
same equation was also considered at about the same time by M. Boffa and
P. van Praag. (The first papers dealing with the equation ax — xb = ¢ were
written in 1944 by N. Jacobson and R.E. Johnson.)

Ex. 16.12. (Cohn) Let a,b € A, where A is an algebra over a commutative
ring k. Suppose there exists f(t) € k[t] with f(b) = 0 and f(a) € U(A). For
any ¢ € A, show that the equation ax — xb = ¢ has a unique solution x € A.
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Solution. Let L denote left multiplication by a and R denote right mul-
tiplication by b, on A. Then LR = RL (by associativity), f(R) = 0, while
f(L) is a bijection. (The latter is just left multiplication by f(a) € U(A).)
Given ¢ € A, we wish to solve the equation (L — R)(z) = c for z € A. Note
that

f(L) = f(L) = f(R) = (L= R)-g(L, R) = g(L, R) - (L — R)

for some polynomial g € k[t, s]. Since f(L) is a bijection, it follows from this
operator equation that L — R is also a bijection. Therefore, (L — R)(z) = ¢
has a unique solution x € A.

Comment. Cohn’s formulation of the above result is quite a bit more
general. Let A, B be k-algebras (where k is as above), and let C' be an
(A, B)-bimodule such that ac = ca for every o € k and ¢ € C. For given
elementsa € A and b € B, suppose there exists f(t) € k[t] with f(b) = 0 and
f(a) € U(A). Then, for any c € C, the equation ax — xb = ¢ has a unique
solution x € C. The proof above works verbatim in this case. (In our exer-
cise, A=B=C.)

Ex. 16.13. Let A be a k-algebra where k is a field, and let a,b € A be
algebraic elements over k with minimal polynomials m,(t), my(t) € k[t].
Consider the following conditions:

(1) mq(t), mp(t) are relatively prime in kt];
(2) for any ¢ € A, the equation ax — xb = ¢ has a unique solution x € A;
(3) forz € A, ar =axb= 2z =0.

Show that (1) = (2) = (3), and that (3) = (1) if A is a simple algebra
with dimyA < oo and Z(A) = k. Does (3) = (1) hold in general for any
finite-dimensional central k-algebra?

Solution. (1) = (2). Fix an equation
otyma(t) + Bty () = 1
in k[t]. Evaluating this on a, we have
1= Bla)mp(a) = mp(a)B(a), so my(a) € U(A).
Since we also have m;(b) = 0, Exercise 12 gives (2).
(2) = (3) follows by setting ¢ = 0 in (2).

(3) = (1) (assuming here that A is simple, dimyA < co and Z(A4) = k).
In order to shorten the proof, we shall assume several facts about A when
we extend scalars from k to k, the algebraic closure of k.

(a) The k-algebra A : = A ®; k is isomorphic to M, (k) (for some 7).
(b) Any a € A has the same minimal polynomial as a ® 1 € A.
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The fact (b) implies that the condition (1) is unchanged if we replace the k-
algebra A by the k-algebra A. Next, notice that, upon this scalar extension,
the condition (3) is also unchanged. In fact, if we express € A in (3) in
terms of a fixed k-basis of A, the equation ax = xb in A amounts to a
homogeneous system of linear equations in the “coordinates” of x. As is
well-known, such a system admits a nontrivial solution in k iff it does in k.

In view of the above remarks, it is sufficient to prove (3) = (1) when
k is algebraically closed and A = M, (k). Assume that (1) does not hold.
Then there exists A € k which is a common eigenvalue of the matrices a, b.
If we can find a nonzero x € A such that

(a— Nz =uz(b—N),

then ax = xb and we are done. Thus, after replacing a,b by a — A and
b — )\, we may assume that a,b are both singular matrices. We shall think
of a, b as linear endomorphisms of k™. Fix a nonzero vector u € ker(a) and a
nonzero linear functional f on k™ vanishing on im(b). Then x € Endy (k™) =
A defined by

z(v) = fv)u (vek")

is clearly nonzero, with az = 0 and b = 0. In particular, ax = xb, as de-
sired.

In general, (3) = (1) does not hold for finite-dimensional central k-
algebras. To construct a counterexample, consider the C-algebra A consist-

r ot o u
ing of all matrices of the form [0 r v | in M3(C). A straightforward
0 0 s

computation shows that Z(A) = C. Let
1 11 0 00
a=|0 1 1 and b=|[0 0 1
0 0 O 0 0 2
in A. Since a,b are singular matrices, m,(t) and my(t) are both divisible

by t, so (1) does not hold.’ However, (3) holds. In fact, if

1 11
01 1
0 0 0

o O 3

t 0 00
r 00 11,
0 0 0 2

VS

t
r
0

VRSN
I
o o 3

a quick computation shows that r =s=t=u=v =0.

Comment. Note that, for finite-dimensional algebras A, (3) = (2) does
hold. For, if (3) holds, then the k-linear map x +— ax —xb on A is a
monomorphism, and hence an isomorphism. The counterexample given

5 An explicit computation shows that m,(t) = t(t — 1)%, and ms(t) = t(t — 2).
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above shows, therefore, that (2) = (1) also fails in general for finite-
dimensional central k-algebras.

Ex. 16.14. Let a € D where D is a division ring. If a is the only root of
the polynomial (t — a)? in D, show that a is the only root of (t —a)™ in D
for any n > 2.

Solution. Suppose ¢ # a is another root of
fO)=(t—-a)"=(t—a)""*(t—a), wheren > 3.

By FC-(16.3), (¢ — a)c(c — a)~! must be a root of (¢t —a)"~!. Invoking an
inductive hypothesis, we have then

(c—a)e(c—a) ' =a.

This amounts to (¢ —a)c = a(c—a), or equivalently a? — 2ac+ ¢*> = 0.
This means that c is a root of (t — a)?, so ¢ = a, a contradiction!

Ex. 16.15. Let a € D where D is a division algebra over a field F'. Suppose
F(a) is a separable quadratic extension of F'. Show that the polynomial

i=0

has a unique root (namely a) in D. (In particular, this is always the case
for every a € D if D is a generalized quaternion division algebra over a field
F of characteristic not 2.)

Solution. By Exercise 14, it suffices to prove the conclusion in the case
n = 2. Let a’ # a be the Galois conjugate of a in F(a), and let

g(t) = (t — a’)(t — a) € Fi]

be the minimal polynomial of a over F'. Consider any ¢ € D which is a root
of f(t) = (t — a)?. By the Gordon-Motzkin Theorem, c is conjugate to a in
D. Since a is a root of ¢g(t) € F[t] and F C Z(D), so is c. Therefore, ¢ is a
root of

f(t) = g(t) = (t —a)? = (t —a')(t — a) = (a — a)(t — a).
Since a’ # a, this implies that ¢ = a.

Comment. Recall that, in the solution to Exercise 12.12, we have con-
structed division algebras D with an element a € D such that the quadratic
polynomial

f(t) = (t —a)* =t* — 2at + a*

has two distinct roots a,c € D.
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Ex. 16.16. Let H be the division ring of real quaternions. For a =
w+ i+ yj + zk € H, write @ = w — xi —yj — zk, and define the trace
and norm of a by

T(a)=a+a=2w, N(a)=aa=aa=w>+z>+y>+2°
Using Dickson’s Theorem (FC-(16.8)), show that two quaternions a, 8 € H
are conjugate iff T(a) = T(8) and N(«) = N(3). Does this conclusion also
hold in the division ring of rational quaternions?

Solution. First assume 3 =~yay~!, where 0#~y € H. Since N(o7) =
N(o)N(7) and T(o7) = T(70), we have

N(yay™") = N(7)N(a)N(y~!) = N(a), and
T(yay ™) = T(ay™!y) = T(a).

Conversely, assume T(«) = T(f) and N(o) = N(§). f a=w € R and 3 =
wy + x11 + y1J + 21k, then we have

2 2, 2, 2, 2
=wy +x] Yy + 2.

2w = 2wy, and w
This implies that 1 = y; = 21 =0, and so a = w = w; = . Now we may
assume «, &€ R. Since

o> —T(a)a+N(a)=a? - (a+a@) at+aa=0,

we see that a is quadratic over R, with minimal polynomial f(t) =t —
T(a)t + N(«). But then (8 has the same minimal polynomial f(t), so Dick-
son’s Theorem implies that o and 3 are conjugate in H. The same proof,
of course, also works over the rational quaternions.

Comment. Essentially the same proof would work in any “generalized”
quaternion division algebra D over a field F' of characteristic # 2; see
my book “The Algebraic Theory of Quadratic Forms”, Revised Edition,
W.A. Benjamin, 1982. However, in the case of a “split” quaternion alge-
bra, the “if” part of this exercise does not work. For instance, if there
exist (w1,y1,21) € F3\{0} such that 2% +y? +2? =0, then a =1 and
08 =14 x1i+ y1j + 21k both have trace 2 and norm 1. But of course, «
and [ are not conjugate. Here, the quaternion algebra F' & Fi ® Fj & Fk
(with i = j2 = —1 and k = ij = —ji) splits.

Ex. 16.17. Use Dickson’s Theorem (FC-(16.8)) to show that Herstein’s
Lemma (FC-(13.8)) holds in a division ring D of any characteristic.

Solution. The Lemma in question states that, if a € D* is a noncentral,
torsion element, then there exists y € D* such that yay~! = a’ # a, where
1 is some positive integer. Moreover, y may be chosen to be an additive
commutator. In FC-(13.8), this result was proved for division rings D of
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characteristic p > 0. In the following, we shall give a characteristic-free
proof of the result for all division rings D.
Let n > 1 be the order of a € D*, and write

" —1=fi(t)-- fr(t) € F[t]  (F=Z(D)),

where each f; is monic irreducible in F'[¢t]. Working in the field F(a), we
also have a factorization

t"—1=({t—-1)(t—a)(t—a®)---(t—a™").

Applying the unique factorization theorem in F'(a)[t], we see that, for a
suitable index j, f;(t) = (t —a) - (---). Since f;(t) € F[t] but a ¢ F, f;(t)
must have another factor ¢ — a’ where i € {2,...,n — 1}. Thus, f;(¢) is the
minimal polynomial of both a and a* over F. By Dickson’s Theorem (FC-
(16.8)), we have raz~! = a’ # a for some x € D*. As was pointed out in
the proof of FC-(13.8), a simple replacement of = by y := ax — za # 0 leads
to yay~! = a’ # a, where y is now an additive commutator.

Comment. Since the original proof of Herstein’s Lemma made heavy use of
techniques in characteristic p, it is remarkable that the same result actually
holds in all characteristics.

Ex. 16.18. (Lam-Leroy) Let f(t) = (t — d)g(t) € D[t]. If D is a centrally
finite division ring, show that f(d') = 0 for a suitable conjugate d’ of d.

Solution. We offer a solution here that depends on the existence of
a nonzero F-linear function T: D — F = Z(D) with the property that
T(rs) =T(sr) for any r, s € D. Let us first assume the ezistence of such a
Sfunction T.
Writing ¢(t) = ant”™ + --- + ao (a; € D), we have
f(t) = (t—d)g(t)
= ant" ™ 4 (a1 — day)t" + - + (ag — day )t — dag.

We try to find a conjugate d’ = rdr=! (r € D*) such that
(1)
0= f(d)
= a,rd" = + (ap_1 — day)rd™r=t + -+ + (ag — day )rdr—1 — day.
Consider the map ¢ : D — D defined by
2)  o(r) = aprd™™ + (an_1 — day)rd™ + - - - + (ag — day)rd — dagr
for any r» € D. This map is clearly F-linear. Moreover, since

T(o(r)) = T(aprd™™") — da,rd™) + - - + T(aprd — dagr) = 0
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for all r € D, we have ¢(D) C ker(T) C D. Invoking now the assumption
that dimp D < 00, we see that ker(y) # (0). Thus ¢(r) = 0 for some r € D*,
and a comparison of (1) and (2) shows that f(rdr—!) =0, as desired.

The existence of the nonzero functional 7" above is well-known in the
theory of finite-dimensional division algebras. In fact, T may be taken to
be the “reduced trace” function on D. We'll give only a quick sketch of
its construction here. By FC-(15.8), if K D F' is a maximal subfield of D,
then

D®p K =M, (K), where r= (dimpD)2

Viewing the isomorphism here as an identification, we get a function
DerK—>K

by taking the trace of matrices. It is easy to see that this restricts to a
nonzero. F-linear map T : D — F, and we clearly have T'(rs) = T'(sr) for
all 7, s € D since this equation holds for traces of matrices over K.

Comment. As the reader might suspect, the conclusion of this exercise no
longer holds if D is not assumed to be centrally finite. An example to this
effect can be found in T.Y. Lam and A. Leroy: “Wedderburn polynomials
over division rings, I,” J. Pure and Applied Algebra, to appear.
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Chapter 6

Ordered Structures in Rings

817. Orderings and Preorderings in Rings

From our first course in abstract algebra, we learned that Z, the set of all
integers, is not only a ring, but an ordered ring, in that we have the ordering
relation

e =210 2<

between its elements. For arbitrary rings, it is also of significance to study
their orderings if they exist.

We say (R, <) is an ordered ring if R is a ring and “<” is a transitive
total ordering of its elements such that, for all a,b,c € R, we have

a<b=a+c<b+ec,
0<a, 0<b=0<ab.

The “positive cone” P = {c € R: 0 < ¢} has the properties:
P+PCP, P-PCP, and PU(—P)=R\{0}.

Conversely, if we are given a nonempty set P C R satisfying these three
properties, then, defining a < b by b —a € P, we obtain an ordered ring
(R, <). By abuse of terminology, we shall often refer to P itself (rather
than “<”) as an ordering on R.

If P is any ordering on R as above, then 1 € P, P N (—P) is empty, and
R is a domain of characteristic zero (FC-(17.4)). Thus, rings with 0-divisors
cannot be ordered in our sense. (If we want to consider ordering structures
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in rings with O-divisors, our definition of an ordering must be modified first;
we shall not go into this generality in the present section.)

In order to deal effectively with existence questions about orderings,
we need the notion of a preordering. By definition, a preordering in R is a
nonempty subset T C R\{0} such that T+ T C T, and for any

al,...,amER\{O} and ti,...,tn, €T,

the product of

alvalw~'»amaamat17~'~7tn7

taken in any order, lies in T'. It turns out that such a T is an ordering on R
iff T is mazimal as a preordering: see FC-(17.10). If T' is not yet maximal,
we can always “enlarge” T to a maximal preordering by Zorn’s Lemma.
Therefore, R has a preordering iff R has an ordering.

The above approach to orderings via preorderings leads quickly to a
criterion for a nonzero ring R to admit an ordering. To wit, R can be ordered
iff R is formally real in the sense that there is no equation Y ¢; = 0 where
each t; is a product of

Qi1, Ajls - - -5 Qin,y Qin,

taken in some order, where a;; € R\{0}. In the case of fields, this is a fa-
mous theorem of Artin and Schreier. The extension of this result to division
rings is due to Szele (and Pickert), while the extension to arbitrary rings
is due to R.E. Johnson.

If R is formally real, there is a unique smallest preordering T(R) C R
consisting of all (finite) sums > ¢;, where the ¢;’s are as described in the
last paragraph.! This T'(R) is known as the weak preordering of R. It can
be used, for instance, to describe the so-called totally positive elements of
R: a nonzero element a € R is positive in all orderings of R iff there exists
b € R\{0} such that ab?> € T(R) (FC-(17.15)).

An ordered ring (R, <) is said to be archimedean if, for any a,b > 0 in
R, na > b for a suitable positive integer n. Such an ordered ring is always
commutative, and is in fact order-isomorphic to a unique subring of R (with
the induced ordering). This classical result is proved by using Dedekind cuts
in FC-(17.21). Another proof appears below in the solution to Exercise 10.

The exercises in this section offer examples of ordered rings and expand
on the various themes discussed in this introduction. While most exercises
are oriented toward noncommutative rings, a couple of them are in the
commutative setting. The most memorable one is Artin’s result in Exercise
9A which states that, for a formally real field k&, any totally positive element
in the polynomial ring R = k[t] (in one variable) is a sum of squares in R.

! The “formally real” assumption guarantees that 0 & T(R).
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Exercises for §17

Ex. 17.1. Let (R, <) be an ordered ring and (G, <) be a multiplicative or-
dered group. In the group ring A = RG, define P to be the set of .1 | 7;g;
where 71 >0 in R and g1 < g2 < -+ < g, in G. Show that (A, P) is an
ordered ring.

Solution. The two properties
P+PCP, PU(—P)=A\{0}

for an ordering cone are both clear. To check the last property, P- P C P,
take o = > | 7;g; as above, and another element o/ = Z;nzl 79} where

ri>0in Rand ¢} < g5 <---<g), in G. Then
ad’ =ri7hg19) + saha +s3hs+ -+ (s; € R, h; € G)
with 717} > 0 in R and
9191 < hy <hz<--- inG.
Therefore, ac’ € P, as desired.

Comment. The same conclusion holds already if (G, <) is an ordered semi-
group, since the inverse operation plays no role in the above construction
(and proof).

Ex. 17.2. Show that any free algebra F' over a formally real field k can
be ordered.

Solution. Say F' is freely generated over k by {z; :7 € I}. Let G (resp.
H) be the free group (resp. semigroup) generated by {x; : i € I'}. By the
Artin-Schreier Theorem (cf. FC-(17.11)), k can be ordered, and by the
Birkhoff-Iwasawa-Neumann Theorem (see FC-(6.31)), G can be ordered.
Therefore, by Exercise 1, the group ring A = kG can be ordered. Since
F = kH may be viewed as a subring of A = kG, we can get an ordering
on F' by restricting an ordering on A to F. Alternatively, we can apply the
Comment on Exercise 1 to get directly an ordering on F', using an ordering
on k and an ordering on H (the latter obtained by restricting an ordering

on G).

Ex. 17.3. Let R by the Weyl algebra generated over R by x and y, with
the relation zy — yz = 1. Elements of R have the canonical form

r=ro(x) +ri(x)y+ - +ra(2)y",

where each 7;(z) € Rlz], rn(x) #0 (if r #0). Let P C R be the set of
all nonzero elements r € R above for which r,(x) has a positive leading
coefficient. Show that P defines an ordering “<” on R on which

(%) R<z<al<- - <y<ay<aly<---<y?<ay?<z®y?<---.
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Solution. As in Exercise 1, the two properties
P+PCP, PU(~P)=R\{0}

are clear. To show that P - P C P, consider r € P as above, and another
element

s=so(z)+s1(@)y+ -+ sm(x)y™ € P.

Upon multiplying r with s and writing the product in the “canonical form,”
the highest degree term in y comes from the product r, (x)y™s,, (x)y™. If

k

Sm(x) =ap+ a1+ -+ arx”® (where a; > 0),

we have
k k
ynsm(x) = y" Z a;x’ = (Z aixl> y" 4+ ...
1=0 i=0
where the suppressed terms have y-degree < n. Therefore,

P ()Y 8m (2)Y™ = 1 (2) 5 (2)y™ ™ + (terms with y-degree < n + m).

Since the leading coefficient of ry, (x)sy, () is the product of those of r,(x)
and s,,(z), it is positive. This checks that rs € P. The inequalities in (x)
can be checked easily by forming differences and writing them in canonical
form. For instance,

x2yi _ xyi _ ($2 _ x)yi
shows that 2y’ < 22y, etc.

Ex. 17.4. In R=Q(t), define P to be the set of f(¢)/g(t) where f, g
are polynomials with positive leading coefficients. Show that (R, P) is a
nonarchimedean ordered field, and that all the order-automorphisms of
(R, P) are induced by ¢ + at + b where a,b € Q, a > 0.

Solution. The three properties for an ordering cone:
P+pPCP, P-PCP, PU(-P)=R\{0}

are all clear for the P defined in this exercise. Therefore, P defines an or-
dering “<” on R. For any ¢ € Q, we have ¢t — ¢ € P. This shows that ¢ < ¢
for any c € Q, so “<” is a nonarchimedean ordering. It is well known that
any automorphism ¢ of R is the identity on Q, with

at+b
p(t) =

ct+d




§17. Orderings and Preorderings in Rings 251

where a,b,c,d € Q, and ad — be # 0. Now assume ¢ is an order-automor-
phism, i.e. with ¢(P) C P. We claim that ¢ =0. Indeed, assume ¢ # 0.
Then

( _g)_at—&-b_g_ cb —ad
v ¢/ ct+d ¢ clct+d)’

a —c*t + (cb — ad — cd)
—Z2_1)=
<’0<t c ) clct+d)

In the second equation, the RHS is in —P, but the LHS is in ¢(P) C P, a
contradiction. Therefore, we must have ¢ = 0. We may assume, without loss
of generality, that d = 1, so now ¢(t) = at + b, where a € Q is necessarily
> 0 since ¢(t) € ¢(P) C P. Conversely, it is easy to see that, for any a > 0,
©(t) = at + b induces a unique order-automorphism of R.

Ex. 17.5. Let k£ C R be a field of real algebraic numbers, and let = be any
transcendental real number. Let P C k[t] be the set of polynomials f(t)
such that f(m) > 0. Show that P is an archimedean ordering in A = k[t].

Solution. Since f(m) # 0for f € A\{0}, we have either f(7) > Oor f(7) <
0. Therefore, P U (—P) = A\{0}. The two properties

P+PCP P-PCP

are both clear. Therefore, P defines an ordering “<” on the integral domain
A. To show that P is an archimedean ordering, consider any f,g € P. Fix
a positive integer n such that f(m)/g(7w) < n. Then

(ng — f)(m) = ng(m) — f(7) >0,
song— f € P, ie. ng > [ with respect to the ordering “<” defined by P.
g—feP, 9> f p g y

Comment. Of course, this construction works also for the rational function
field F' = k(t), and defines an ordering PonF extending the ordering P on
A. We can think of F' as a subfield of R by using the embedding f(¢) — f(m)
(for any f(t) € F); the ordering P is then obtained simply by restricting
to F' the usual ordering on R.

Ex. 17.6. If a commutative domain R is not formally real, must —1 be a
sum of squares in R?

Solution. To say that the commutative domain R is not formally real
means that there exists an equation a? + --- + a2 = 0 in R where the a;’s
are not all zero. This need not imply that that —1 is a sum of squares in
R. For instance, consider the ring
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in which 77 + --- + 72 = 0 and T; # 0 for all i. We have an R-algebra ho-
momorphism ¢ : R — R induced by ¢(Z;) = 0 for all ¢. If —1 was a sum of
squares in R, an application of ¢ would show that —1 is a sum of squares
in R, which is absurd. Therefore, —1 cannot be a sum of squares in R.

Ex. 17.7. Show by a direct calculation that, in any ring R, the division
closure T of any preordering T is also a preordering.

Solution. Recall from FC-(17.12) that T is defined to be any one of the
four equal sets below:
{a€R: at €T for some ¢t € T}
={a€R: taeT for somet €T}
={a € R: ab® €T for some b # 0}
={acR: b?acT for some b #0}.

Since 0 ¢ T, we have also 0 & T'. To show that 7 is a preordering involves
checking the following two properties:

HT+TcT. i
(2) Foray,...,a, € T andcy,...,cm € R\{0}, per (¢3---c2a1---a,) €T.

2
m

Here, as in FC-p. 263, per (c}---c
following factors

ay---a,) means any product of the

C1,Cly-++3Cmy Cm, A1, - . -, An,

taken in any order. To check (2), fix ¢; € T such that a;t; € T, and let
t = (a1t1) - - (anty) € T. For any

a = per (Cf...cfnal...an)7

at is a product of the form
per (c%...cznal...a tl '.'t’I'L)?

which is in T'. Therefore, by definition, a € T'. To check (1), consider a1, as €

T; say a;t; € T, where t; € T. Then, since T is a preordering,
(a1 + ag)tlagtg = (altl)(agtg) + astiasty € T.
Noting that t1aste = t1(agte) € T, we conclude that a; + ag € T.

Comment. There is a much more conceptual approach to the fact that 7'
is a preordering. In fact, in FC-(17.13), it is proved that T is precisely the
intersection of all the orderings of R containing 7T'. This implies the result in
the exercise since any intersection of orderings (or preorderings) is always
a preordering. However, it is nice to see a direct check of the preordering
axioms for 7.
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Ex. 17.8. Show that
R:R[:Ela-- .,l‘n,y72]/(l‘% +ee +J}i _sz)

is formally real, and that its weak preordering T'= T'(R) is not division-
closed, i.e. T # T.

Solution. Recall that T'(R) denotes all sums of terms of the form
per (aj...a2) where a; € R\{0}.

By definition, R being formally real means that 0 ¢ T'(R). In the commuta-

tive case, T(R) is simply the set of all sums > a? where the a;’s are nonzero,

and R being formally real means that Y a? # 0 whenever all a; # 0.
Consider now the commutative ring R in this exercise. Since 2% + - - +

2 _ 42z is an irreducible polynomial, the ideal

Ty —
(@ + -t an —y*2)

is prime. Therefore, R is an integral domain. The quotient field F' of R
is easily seen to be the rational function field R(Z1,...,T,,7). Since F' is
formally real (why?), so is R. Thus, T'=T'(R) is a preordering in R. To
see that T is not division-closed, consider the R-homomorphism f : R — R
defined by

f@) == fF) = f@ =0 and f(z)=-1

Since f(T) > 0in R and f(Z) = —1, we see that Z € T. On the other hand,
Pz=T1+ - +72€T

implies that z € T, so T # T.

Ex. 17.9A. (E. Artin) For a formally real field k, show that the weak
preordering T of R = k[t] is division-closed.

Solution. We present here Artin’s original solution to this problem. For
the sake of authenticity, we shall also use Artin’s own notations.

Initial Observation. If h, f # 0 are sums of squares in k(t), then so is h/f.
(This follows easily from the equation h/f = fh/f?.)

To prove that T is division-closed, we must show that, if

N
(1) )’ F(t) =Y gi(t)> #0 (F.¢,9 € R),
=1

then F'(¢) € T. This will be done by induction on n = deg F, the case n = 0
being clear (by comparing leading coefficients). We may also assume that
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F(t) is not divisible by the square of any nonconstant polynomial, and that
 is chosen with deg ¢ minimal in (1).

Write g; = ¢;F 4+ h; where deg h; < n. We claim that the h;’s are not
all 0. In fact, if all h; = 0, then (1) gives p? = Fz:2 1 ¢2. Since F has no
square factors, we have F|p in R, and (¢/F)?F = ¢? contradicts the
minimal choice of deg ¢. Plugging g; = ¢;F + h; into (1) and squaring, we
get

N
(2) fF:Zh? #0 for some f € R.

=0

Here, deg f < 2(n—1) —n =n — 2. Among all identities of the form (2),
we may assume that the above one is chosen with m = deg f minimal (and
hence < n — 2). By our “Initial Observation” above, f is a sum of squares
in k(t), so by the inductive hypothesis, f € T. Assume, for the moment,
that m > 0. Write h; = p;f + r; where p;,r; € R, with deg r; < m. If all
r; =0, then (2) yields

F:f(pr)eT-TgT.

Hence we may assume some r; # 0, in which case (2) yields >>r2 = ff1 #0
for some f; € R, with

deg f1 <2(m—1)—m=m—2.

Now by Lagrange’s Identity:

2<J

Here, the LHS is Ff2f; # 0. On the RHS, since h; = r; (mod f), we have

N N
Zhim = th =0 (mod f), and
i=1

i=1
hﬂ’j — thi = hlh] — h]hz =0 (InOd f)

Therefore, the RHS of (3) has the form f2G for some G € T. Cancelling f?

from (3) now yields f1F = G € T, which contradicts the minimal choice of

m. Thus, we must have m = 0, i.e. f =a € k\{0}. Since f € T, a is a sum
of squares in k, and so

F= aZ(hi/a)2

as desired.
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Comment. The above result and its proof appeared in Artin’s famous pa-
per “Uber die Zerlegung definiter Funktionen in Quadraten,” Hamburg
Abh. 5 (1927), 100-115, in which he solved Hilbert’s 17th Problem (“Ev-
ery positive semidefinite polynomial F' € R[zy,...,x,] is a sum of squares
in R(z1,...,2,)”). Much later (namely in 1964), Cassels modified Artin’s
argument to get the following quantitative result: If ©2F is a sum of N
squares in k[t] (where 0 # ¢ € k[t] and k is any field), then F is also a
sum of N squares in k[t]. Shortly thereafter, Pfister improved this ver-
sion further: If p®F = a19? + - - + an g3 where 0 # ¢ € k[t], g; € k[t], and
a; €k, then F = a1 fi +---+anf% for suitable f; € k[t]. Now known as
the Cassels-Pfister Theorem, this result plays a crucial role in the modern
algebraic theory of quadratic forms over fields. For more details, see Chap-
ter 9 of the author’s book “The Algebraic Theory of Quadratic Forms,”
Benjamin/Addison-Wesley, 1973. Although the Cassels-Pfister argument
yields a stronger conclusion valid in the more general setting of quadratic
forms, historians of algebra are not likely to forget Artin’s original theorem
(c. 1927), or his very elegant proof thereof, reproduced in this Exercise.

Artin’s Theorem does not extend to sums of higher even powers: for
every d > 2, there exists F' € R[t] which is a sum of 2d powers in R(%), but
not in R[¢]. Finally, Artin’s Theorem also fails in the multivariate case: For
r > 2 and k a formally real field, the weak preordering T of k[z1,...,x.]
is no longer division-closed. This is the content of the next exercise, which
essentially goes back to Hilbert (c. 1888).

Ex. 17.9B. Let k be any formally real field and let » > 2. Show that
there exist polynomials in R = k[x1, ..., .| which are sums of squares in
k(z1,...,2.), but not in R.

Solution. It suffices to prove this in the r = 2 case, where we write R =
k[x,y]. Consider the sextic polynomial

(%) F(z,y) = 2'y* + y* + 2* — 32%y* € R.
By direct computation, one can check that
(2 +y*)F(z,y) = 2'y* (2 +y° = 2)* + (2 — y*)* (2 + 2% + 1),

so F'is a sum of four squares in k(x,y). We claim that F is not a sum of
squares in R. Indeed, assume it is, say F = ff, where f; € R. Then

fi = aix® + biy® + cix’y + dizy® + rix® + sy” + vy + pir + @y + €,

where the coefficients are in k. Comparing coefficients of x®,y® and the
constant terms in F' = Y f2, we see that

ai:bi:ei:O for all 3.
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Using these, and comparing coefficients of x2y*, z* and y?, we see further
that
di=r,=¢ =0 foralli.
But then
—3 = (coefficient of z?y?) = th €k,
i

a contradiction.

Comment. The above example and proof are taken from the author’s joint
paper with M. D. Choi in Math. Ann. 231 (1977), 1-18. The polynomial F
is a modification of Motzkin’s polynomial

M(z,y) = a*y® + 2%y* + 1 — 327,

which was the first explicit polynomial in two variables known to have the
properties in this exercise. Note that, by the Arithmetic-Geometric Inequal-
ity, both M and F are positive semidefinite polynomials, with respect to
any ordering on k.

Ex. 17.10. Without using Dedekind cuts, show that an archimedean or-
dered ring (R, <) is commutative, and that the only order-automorphism
of (R, <) is the identity.

Solution. For the first part, it is sufficient to show that any two positive
elements a, b € R commute. For any m € N, there exists n € N such that
(n—1)a < mb < na. Thus,

m(ab — ba) = a(mb) — (mb)a < a(na) — (n — 1)aa = a*.

Since this holds for all m € N (and (R, <) is archimedean), we must have
ab — ba < 0. By symmetry, we also have ba — ab < 0; hence ab = ba.

For the second part, consider any order-automorphism ¢ of (R, <). Let
b > 0in R. For any m € N again, there exists n € N such that

n—1<mb<n.

Writing & = ¢(b) and applying ¢ to these inequalities, we get n —1 <
mb’ < n. Subtraction now yields

—1<m(b-0") <1,

that is,> m|b —’| < 1 for any m € N. Since (R, <) is archimedean, this is
possible only when b = b = (b). This implies also that

so  is the identity map on R.

2 The absolute value (with respect to the ordering “<”) is defined in the usual
way: |a] = a if a >0, and |a| = —a if a < 0.
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Comment. The result in this exercise is due to Hilbert, who first proved
it for ordered division rings. Compare FC-(17.21) for the treatment using
Dedekind cuts. See also the proof of the analogous “Hoélder’s Theorem”
(Exercise 6.11) for archimedean ordered groups. Note that the proof in the
ring-theoretic case is quite a bit easier since Z C R for any ordered ring
(R, <).

Ex. 17.11. Give an example of an ordered ring R which has infinitely large
elements but no infinitely small elements. Give an example of an ordered
ring other than Z for which there exists no element between 0 and 1.

Solution. Let R = Z[t], with the ordering given by the set P of all poly-
nomials with positive leading coefficients. As in Exercise 4, P is not archi-
medean: for instance, the element ¢ € P is infinitely large. Consider any

f@) =ant"+---+ay€P

where necessarily a,, > 0. If n > 0, then f is also infinitely large. If n = 0,
then f = ag > 1. Therefore, there are no elements in R between 0 and 1.
In particular, there are no infinitely small (positive) elements.

Ex. 17.12. Let (R, <) be any ordered ring that is algebraic over a subfield
F C Z(R). If F is archimedean with respect to the induced ordering, show
that (R, <) is an archimedean ordered field.

Solution. First, since R has no 0-divisors, it is clear that R is a division
ring (see Exercise 1.13(c)). Next, we claim that, for any r € R, |r| < N for
a suitable integer N > 0. Fix a monic equation satisfied by r over F, say

a4 ta, =0 (a; €F).
We claim that
Irl < 1+Jar| + -+ |an].
Since (F, <) is archimedean, this clearly gives what we want. To prove the
inequality, we may assume, of course, that |r| > 1. Then
r[* = larr™ e ag] < Jan - P A Jag] - TR A

< laa| - |r|" 7+ lag| - et ag ] - et

= (laa] + laz| + -+ [an]) - [r|" .
Therefore,

Pl < lar] 4+ lan] < 1+ Jaa] 4+ faal,

as claimed.
Since (R, <) is now archimedean, Exercise 10 implies that R is commu-
tative. Therefore, R is a field.
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Ex. 17.13. Let (R, P) be an ordered ring, and o : R — R by any endo-
morphism of the additive group of R such that o(P) C P. Assume that,
for any r € R, there exists an integer n > 1 such that o™ (r) = r. Show that
o is the identity map.

Solution. Note that o respects the total ordering “<” defined by P. In
fact, if a < b, then b —a € P, so o(b— a) € P. Since o is an additive endo-
morphism,

o(b—a)=0(b) —o(a).

Therefore, we have o(a) < o(b).

Assume, for the moment, that o # id. Then o(r) # r for some r € R.
We have either r < o(r) or o(r) < r. Say r < o(r). Fix an integer n > 1
such that o™ (r) = r. By the first paragraph, we have

r<o(r)<oi(r)<---<o"(r)=r,
a contradiction. If o(r) < r, a similar contradiction results.

Ex. 17.14. Let (R, P) be an ordered ring for which P is a well-ordered set,
i.e. every nonempty subset of P has a smallest element. Show that (R, P)
is order-isomorphic to Z with its usual ordering.

Solution. Clearly, P DO N, the set of positive integers. We are done if we
can show that P C N. Assume, for the moment, that this is not the case.
Let « be the smallest element of PA\N. If z > 1, then z — 1 € P\N is smaller
than x, a contradiction. Hence we must have 0 < x < 1. But then

r—a2*=z(l-z)€P

implies that 0 < 22 < 2 < 1, which is again a contradiction.

818. Ordered Division Rings

In this section, we focus our study of ordered rings on the case of division
rings. Therefore, in the following, D always denotes a division ring.

Due to the fact that any nonzero element of D has an inverse, the def-
inition of a preordering on D can be recast in a somewhat simpler form.
As is shown in FC-(18.1), a set T C D* is a preordering iff T+ T C T,
T-TCT, and d*> € T for every d € D*. (Here, we no longer need to con-
sider products of

A1, A1,y Gy Gy Ty e ooy Ty

taken in some order.) If T' is such a preordering, then 7' is a normal subgroup
of D* and D*/T is an abelian group of exponent 2. Finally, this T is an
ordering of D iff |D*/T| = 2. In this case, T is itself a multiplicative ordered
group, with the ordering cone {a € T: a—1€ T}.



§18. Ordered Division Rings 259

The gist of the matter is that, in a division ring, any product of
a1,a1,..., Qn,a, (in any order, where a; € D¥*) is always a “square-
product,” i.e. of the form b2 ---b2,. Therefore, the definition for D to be
formally real requires here that a sum of nonzero square-products be again
nonzero. The criterion for the existence of an ordering on D then takes
on the following simpler form: D has an ordering iff —1 is not a sum of
square-products in D (FC-(18.2)). In this case, T'(D), the weak preordering
on D, is the set of all sums of nonzero square-products, and an element
a € D* is positive in all orderings of D iff a € T(D) (FC-(18.4)).

The first noncommutative ordered division ring was constructed by Hil-
bert, in connection with his study of the foundations of geometry. Many
other examples can be constructed by using the Mal’cev-Neumann division
rings of Laurent series associated with ordered groups (FC-(18.5)). How-
ever, Albert has shown that, for any orderable division ring D, the center
F of D is always algebraically closed in D (FC-(18.10)). In particular, if D
is a noncommutative algebraic algebra over its center F', then D can never
be ordered. (Stated in a positive form: any formally real algebraic division
algebra over its center is commutative. In this form, Albert’s Theorem may
be thought of as another commutativity result.)

Ordered division rings sometimes exhibit rather unexpected properties:
see, for instance, F(C-(18.12) and Exercise 7 below. The other exercises in
this section deal with the natural Krull valuation on the Mal’cev-Neumann
Laurent series ring R((G)) over a given ordered division ring R. Exercise
6 offers an easy, but nevertheless surprising, example of a noncommutative
division ring D that is archimedean over its center.

Exercises for §18

Ex. 18.1. (This exercise, due to A. Wadsworth, provides an example of
a centrally finite division algebra D in which —1 is a square-product, but
is not a sum of squares.) Let k be a field with at least two orderings, P,
P’, and let e € P\P'. Let F =k((y)) and let D be the F-algebra with
generators ¢, j and relations

i“=e, j°=y, and k:=1ij = —ji.

Then D is a 4-dimensional (generalized quaternion) division algebra over F'.
Show that —1 is a square-product in D (so D has level 1 in the terminology
of FC-§18), but >~ H2 = 0 in D implies that H, = 0 for all c.

Solution. The fact that D is a division F-algebra is not obvious, but the
proof is fairly elementary, using a quadratic form theoretic criterion for a
generalized quaternion algebra to be a division algebra. In any case, we are
not required to prove this part in detail in this exercise.
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Note that (in any generalized quaternion algebra)
K = (ij)* = ijij = %5,

so —1 = (i71)?k%(j71)? is always a product of 3 squares. This checks that
D has level 1. Now consider an equation Y H2 = 0 where

Hy =aq 4+ boi + coj + dok.

Upon squaring and comparing constant terms, we get an equation

(*) Zai+62bi=y(62di—2ci)eF.

Suppose the Laurent series a,, ba, Co, do are not all zero, and that the
lowest degree terms in them are of the form y"(r € Z). We write

(7% :yr(aaO"'_"') (aa,O S k)7

and similarly for b, ¢, and d,. Then the ang, bao, Cao, dao € k are not all
zero. Comparing terms of degree y?” in (x), we get

ZaZOJreZbiO:O.

If some by # 0, then > b2, # 0 and this equation shows that —e is a sum
of squares in k (cf. “Initial Observation” in the solution to Exercise 17.9A),
contradicting e € P\P’. Therefore, we must have all b,y = 0 and hence all
aao = 0. Going back to (¥) and comparing terms of degree "1, we get

ezdio = Zcio

Repeating the argument above, we see that all d,g = 0 and hence all c,o =
0, a contradiction!

Ex. 18.2. Let (R, P,) be an ordered division ring, (G, <) be an ordered
group, and A = R((G)) be the division ring of (untwisted) Laurent series
as defined in FC-§14. Let v : A* — G be the Krull valuation constructed
in Exercise 14.10, and let m be the Jacobson-radical of the valuation ring
of v. Show that the ordering P C A constructed in FC-(18.5):

P = {a = Z agg9: g €P, for g, =min (supp(a))}

e
has the following properties:

(1) PNR =P,
(2) G C P,
(3) P is “compatible” with v in the sense that 1 +m C P.

Then show that P is uniquely determined by these three properties.
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Solution. (1) and (2) are both obvious. For (3), look at any oo =) g €
m. By definition, this means that

ag#0=¢9>1 in G.

Thus, min(supp(1l + «)) is the group element 1 € G, which occurs in 1 + «
with coefficient 1. Therefore, 1 + o € P, which shows that 1 +m C P.
Now let P’ be any ordering on A such that

PNR=P, GCP,

and 1+m C P'. We claim that P C P’. Once this is proved, it is easy
to see that P = P’ since P, P’ are both orderings. Let « € P, with
min(supp(a)) = g,. Then

a:a9090+"'+ahh+"':agogo(l+"'+Oég_olozhgo_1h+.-.)_

The term in parentheses is in 1 +m C P’. Since we also have g, € P, C P’
and go € P/, it follows that o € P’, so P C P’, as desired.

Ex. 18.3. In the exercise above, show that the valuation ring V' of v is
given by the convex hull of R in A with respect to the ordering P, i.e.

(%) V={a€eA:—r<a<rforsomere Py C R}
Moreover, show that the residue division ring V/m is isomorphic to R.

Solution. Let V' be the RHS of the equation (x). First consider any o =
> agg € VN P. Then

go :=min (supp(e)) > 1, and a4, >0.
If go>1,then 1 —a>0s0o a € V' . If g, = 1, then
(g, +1)—ax€l4+mCP

by Exercise 2. This shows that o < g, + 1 € R, so again o € V'. We have
therefore V' C V'. Now, changing notations, consider any positive oo & V.
Then g, <1 and oy, > 0. For any r € R, a —r still has “lowest term”
Qg, 9o, S0 o« — 1 € P. This means that o > R in the ordering P, so ao ¢ V".
This completes the proof that V = V’. Since V.= R & m, it follows further
that the residue division ring of the valuation ring V is V/m = R.

Ex. 18.4. Keep the notations in Exercise 2. Define two elements a,b € A*
to be in the same archimedean class relative to R if |a| < r|b], |b] < 77|al
for suitable r, 1" € P, C R. (Here, the absolute values are with respect to
P, and are defined in the usual way.) Write [a] for the archimedean class
of a (relative to R). We multiply these classes by the rule [a] - [b] = [ab],
and order them by the rule: [a] < [b] iff r|a| < |b] for all r € P,. Show that
all archimedean classes relative to R form an ordered group which is anti-
order-isomorphic to (G, <) itself.
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Solution. Let us write a ~ bif a,b € A* are in the same archimedean class
(always relative to R). We claim that

(%) a~b iff v(a) =v(b) €q,

where v : A* — G is the Krull valuation on A in the two previous exercises.
First assume a ~ b, with |a| < r|b| and |b| < 7/|a| where r, 7’ € P,. Changing
the signs of a, b if necessary, we may assume a,b > 0. Let

g =v(a) = min (supp(a)), and
h =
If g <h, then the “lowest term” of a —rb has positive coefficient, so

a —rb > 0, a contradiction. Similarly, h < g also leads to a contradiction.
Therefore, we must have

Conversely, if v(a) = v(b) = ¢g and
a:aog_|_...7 b:bog+,

with (say) ao,b, € P,, we can choose r,7’ € P, such that a, < rb, and
b, < r'a,. Then a < rb and b < r’a, so we have a ~ b.

Let U = U(V) where V is the valuation ring of v. Then U = ker(v) is a
normal subgroup of A* with A*/U = G. The work in the paragraph above
shows that the archimedean classes are just the cosets of A* with respect
to U; in fact, [a] = aU = Ua for every a € A*. This accounts for the group
structure on the set of all archimedean classes. By a slight modification of
the argument in the first paragraph, we can also show that

rla| < |b| for all r € P, <= v(a) > v(b) in G.

Therefore, the isomorphism A*/U — G induced by ¢ is order-reversing
from the ordered group of archimedean classes to the given ordered group G.

Ex. 18.5. Keep the notations in Exercise 2, and define the valuation topol-
ogy on A by taking as a system of neighborhoods at 0 the sets

{a€A: a=0o0rv(a)>g} (g€qG).

Show that the valuation topology, as a uniform structure, is complete, i.e.
every Cauchy net in A has a limit.

Solution. The idea here is the same as that used in the proof of the
completeness of the field of p-adic numbers. To simplify the notations, let
us just show that any Cauchy sequence in A is convergent. (The case of
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Cauchy nets can be done in essentially the same way.) For convenience, we
shall take v(0) = oco.

Let {a(™ : n € N} be a Cauchy sequence in A. It is enough to find a
convergent subsequence {a(”i)}. Indeed, assume such a subsequence exists,
with lim a(") = o € A. For any g € G, take an N € N such that

v(@™ —a™) > g whenever m,n > N.

For any n > N, take n; > n to be large enough so that v(a — a(”i)) > g.
Then

v(a—a™) = v(a —a™) + o) — o)
> min{v(a — a("i)), v(a("i) - a(”))} >g,

and hence lim o™ = a.

To find a convergent subsequence of {a(™}, we may assume that {a(™}
contains no constant subsequence. After passing to a suitable subsequence,
we may assume that, for g, = v(a™tY — o) we have

l<gpr<ga<---.

We shall now show that {a(")} is convergent by constructing its limit o =
> ayg € A.Forany g € G, take any n such that g < g,,. (Such n exists since
{a(™} is Cauchy.) Then define o, = as(,n) (the coefficient of g in (™). Note
that, since v(a™*t1) — (™) = g, we have

ot — oM =g+ “higher terms” (r € R),

so the coefficients of g in o™, o™t (and a("*?) etc.) are the same.
Assuming for the moment that the formal sum o =3} «o,g is an element
of A, we see immediately that lim o™ = a, since, for any g € G, we have
gn > g for large n, and the latter implies v(a — a(™) > g, since a and o™
have the same coefficients for every g < g,.

To see that « € A, we must show that every nonempty 7' C supp(«) has
a least element. Fix any g € T', and choose an n such that g, > ¢. Then for

any ¢’ < g in T, we have 0 # ay = ozé(;f). Therefore,

{ €T: g <g}C supp (™).

Since supp(a(™) is well-ordered, the LHS has a least element, which is also
the least element of . Therefore, o € A as claimed.

Comment. In case A is a field, the same kind of arguments above can be
used to show that any “pseudo-convergent” sequence in A has a “pseudo-
limit.” Thus, A is in fact a “maximally valued field” in the sense of Krull
and Kaplansky.

Ex. 18.6. (K.H. Leung) An ordered division ring (D, <) is said to be
archimedean over a division subring Dy if, for every d € D, we have d < dg
for some dy € Dy. True or False: “If (D, <) is archimedean over Z(D), then
D is commutative ”?
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Solution. Let us first explain why this is an interesting question. As-
sume that the answer to the question is “yes.” Then we can deduce from
it two well-known theorems on ordered division rings. First, if (D, <) is
archimedean (i.e., archimedean over Q), then D is commutative (Hilbert’s
Theorem: Ex. 17.10). Secondly, if (D, <) is algebraic over Z(D), then D is
commutative (Albert’s Theorem: FC-(18.10)).% Thus, if the answer to the
question is in the affirmative, we would have a common generalization to
the two theorems cited above.

Unfortunately, the answer to the question is “no” in general. To con-
struct a counterexample, start with any noncommutative ordered division
ring (K, <) with center F. Then the division ring D = K((¢)) of Laurent
series over K has center F((t)). We extend “<” to D as in FC-(18.5): a Lau-
rent series is positive iff its lowest degree coefficient is positive. Denoting
the extended ordering again by “<,” we claim that (D, <) is archimedean
over F((t)). Indeed, for any

d=ant" 4 ap t"tt+--- € D,
we have d < t"~! € F((t)) since

"l —d=t""1—qa,t" - > 0.
However, since F((t)) # D, D is not commutative!

Ex. 18.7. A theorem of K.H. Leung states that, if (R, <) is an ordered
ring such that a® + b> > 2ab for all a,b € R, then R must be commutative.
Prove this theorem in the special case when R is an (ordered) division ring.

Solution. Replacing b by a + rb (where r is any element in R), we get the
inequality

a® 4 a® 4 (rb)* + arb + rba > 2a(a + rb) = 2a* + 2arb,
so (rb)? > arb — rba. Since a € R is arbitrary, we also have
(rb)? > (—a)rb — rb(—a) = —(arb — rba),
and so
(1) larb —rba| < |rb]*  (Va,b,r € R).
By the triangular inequality,
Ir(ba — ab)| < |rba — arb| + |(ar — ra)b] < |rb> + |r|?|b],

3 Note that if (D, <) is algebraic over Z(D), then (D, <) is archimedean over
D: see the “root estimate” argument in the solution to Exercise 17.12.
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where the second inequality follows by applying (1) twice (first in general
and secondly for b = 1). Therefore,

(2) |ba —ab| < (|b| + 1) - |r| - |b] whenever r # 0.

Let ¢ be an arbitrary positive element in R, and assume b # 0. If R is a
division ring, there certainly exists r € R\{0} such that

(o] + 1) - fr[ - [b] < c.

Therefore, (2) yields |ba — ab| < c¢. Since this holds for all ¢ > 0, we must
have ba = ab, as desired.

Comment. Leung has proved various other forms of commutativity the-
orems over ordered rings, all in generalization of the above exercise. For
instance, if (R, <) is any ordered ring such that, for any a,b € R, there
exists a positive integer n such that a?" + " > 2¢"b", then R must be
commutative. For more details, see Leung’s paper “Positive semidefinite
forms over ordered skew fields,” in Proc. Amer. Math. Soc. 106 (1989),
933-942.
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Chapter 7

Local Rings, Semilocal Rings,
and Idempotents

§19. Local Rings

In commutative algebra, a local ring is defined to be a (nonzero) ring that
has a unique maximal ideal. This definition generalizes readily to arbitrary
rings: a (nonzero) ring A is said to be local if A has a unique maximal left
ideal. This definition turns out to be left-right symmetric, and is equivalent
to the condition that A/rad A be a division ring.

In commutative algebra, one of the most powerful tools is the association
of a family of local rings to any commutative ring A, namely, the family
of the localizations A, of A at the various prime ideals p C A. This theory
does not generalize well to the noncommutative setting. Therefore, the
role of local rings in noncommutative algebra is not as prominent as in
the commutative case. Nevertheless, noncommutative local rings do arise
naturally, and form an important class for study. For instance, they arise
frequently as endomorphism rings of modules, as valuation rings associated
with Krull valuations of division rings, and as group algebras of finite p-
groups over fields of characteristic p > 0.

A nonzero module Mg over a ring R is said to be strongly indecom-
posable if End(Mpg) is a local ring. Such M is always indecomposable.
Conversely, if Mg is indecomposable and has a composition series, then
M is strongly indecomposable (cf. F'C-(19.17)). The significance of strong
indecomposability can be seen in part from the Krull-Schmidt-Azumaya
Theorem, which states the following: Let Mg be an R-module with the de-
compositions

M=M®& &M, =N, & &N,
where the N;’s are indecomposable, and the M;’s are strongly indecompos-
able. Then r = s, and after a reindexing, we have M; = N; for all i. The
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assumption that the M;’s be strongly indecomposable is essential for this
theorem. In fact, if the M;’s are only indecomposable (as are the N,;’s), the
conclusions of the above theorem may fail rather miserably, even over a
commutative noetherian ring R.

For finitely generated right modules M over a right artinian ring R,
the theorem cited above is classically known as the Krull-Schmidt The-
orem. In this case, it is enough to assume that the M;’s and N;’s are
indecomposable. This result, along with other closely related results such
as the Noether-Deuring Theorem (F(C-(19.25)), are indispensable tools in
the study of representations of finite-dimensional algebras over fields.

The exercises in this section explore different examples and properties
of noncommutative local rings. If R is local, so is its center Z(R) (Ex. 6),
and every finitely generated projective R-module is free (Ex. 11). However,
if R is right noetherian, it may not be left noetherian, and the intersection
Nie,(rad R)" may not be zero (Ex. 12), etc.

Exercises for §19

Ex. 19.1. For any local ring R, show that (1) the opposite ring R°P is
local, and (2) any nonzero factor ring of R is local.

Solution. (1) Since R is local, R has a unique maximal left ideal m by
FC-(19.1). Clearly,

m®P = {a’ : a em}
is the unique maximal right ideal of R. By F(C-(19.1) again, R°P is a local
ring.

(2) Consider any factor ring R = R/I, where I is any proper ideal of R.
Since I cannot contain any units, we have I C m (where m is as in (1)).
Clearly, m/I is the unique maximal left ideal of R, so R is local, again by
FC-(19.1).

Ex. 19.2. (a) For any field k, show that

a 0 b
(1) R= 0 a c|: abcek
0 0 a

is a commutative local ring whose unique maximal ideal m has square zero.
(b) Assume that char k =p > 0, and let G be an elementary p-group of
order p? generated by z,y. Let V be the 3-dimensional right kG-module
k3 = erk @ exk @ esk with

(2) e1r =e;, €T =e3, e3r=e;+e3 and

(3) ey =e1, ey =eg, e3xy =eg+es.



§19. Local Rings 269

Show that End(Vig) = R and deduce that V is a strongly indecomposable
kG-module.

Solution. (a) Let m be the set of matrices in (1) with @ = 0. It is straight-
forward to check that m is an ideal of R with m? = 0, and that U(R) = R\m.
Therefore, by FC-(19.1), (R,m) is a local ring.

(b) Since G is abelian, we may also think of V' as a left kG-module, on
which z and y act by left multiplication of the matrices

1 0
X=10 1 and Y =
0 0

SO =

0 0
11
0 1

—_ o

with respect to the basis {e1,e2,e3}. A matrix A € Ms(k) gives a kG-
endomorphism of V' iff A commutes with X and Y. For A = (a;;), these
conditions amount to:

a2 =a =az =azx =0 and a1 = az = ass.

Therefore, End(V;¢) corresponds exactly to R C M3(k) with respect to
the basis {ej, ea,e3}. Since R is a local ring, Vi is by definition strongly
indecomposable.

Ex. 19.3. What can you say about a local ring (R, m) that is von Neumann
regular?

Solution. Since a von Neumann regular ring is always J-semisimple (cf.
F(C-(4.24)), we have m = rad R = 0. Therefore, R = R/m is a division ring.

Ex. 19.4. Let R = kG where k is a field and G is a nontrivial finite group.
Show that the following statements are equivalent:

(1) R is a local ring.

(2) Rg is an indecomposable R-module.

(3) R/rad R is a simple ring.

(4) k has characteristic p > 0 and G is a p-group.

Solution. (1) = (2) follows from the fact that a local ring has only trivial
idempotents (cf. FC-(19.2)).

(2) = (1). Since Rp is a module with a composition series, the fact that
it is indecomposable implies that End(Rpg) is a local ring, by FC-(19.17).
But End(Rgr) = R, so R is a local ring.

(1) = (3). I Ris local, R/rad R is in fact a division ring.

(3) = (4). Assume instead char k = 0. Then rad R =0 by Maschke’s
Theorem, so (3) implies that R is a simple ring. This is impossible since
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the augmentation ideal I is an ideal # 0, R in R (thanks to |G| # 1). Thus,
p = char k£ > 0. Under the augmentation map R — k, rad R maps into rad
k =0, so we have rad R C I. From (3), we see that rad R = I. Since R is
artinian, I is nilpotent by F(C-(4.12). Therefore, for any g € G,

0=(g—1)" =¢*" —1€R

for a sufficiently large integer n. This gives g?" =1, so G is a (finite) p-
group.

(4) = (1) follows from FC-(8.8) (cf. F(C-(19.10)). In fact, under the hy-
potheses in (4), rad R is just the augmentation ideal of R, and R/rad R = k.

Ex. 19.5. Let 2 be an ideal in a ring R such that 2 is maximal as a left
ideal. Show that R = R/A"™ is a local ring for every integer n > 1.

Solution. Since the image A of 2 in R is nilpotent, we havgﬁ Crad R.
Clearly, this implies that 2 is the unigue maximal left ideal of R. Therefore,
(R,?) is a local ring.

Ex. 19.6. Show that if a ring R has a unique maximal ideal m, then the
center Z of R is a local ring. (In particular, the center of a local ring is a
local ring.)

Solution. First observe that U(Z) = Z N U(R). Consider any element a €
Z\U(Z). Then 1 ¢ Ra, (for otherwise a € U(R)), so Ra = aR is contained
in a maximal ideal of R. By the hypothesis on m, we must have Ra C m.
Therefore, for a,b € Z\U(Z), we have a + b € m; in particular,

a+be Z\U(Z).

This shows that Z\U(Z) is closed under addition, so Z is a (commutative)
local ring, by FC-(19.1).

Comment. A ring R with a unique maximal ideal m need not be a local
ring. For instance, consider V = ek ® esk @ - - - where k is a division ring,
and let R = End(V}). By Exercise 3.15, R has a unique maximal ideal

m={feR: dim, f(V) < oo}

However, R is not a local ring. The center Z of R can be shown to be
= Z(k), which is a field.

Ex. 19.7. A domain R is called a right discrete valuation ring if there is
a nonunit m € R such that every nonzero element a € R can be written in
the form 7™« where n > 0 and v is a unit. Show that

(1) R is a local domain;

(2) every nonzero right ideal in R has the form 7’ R for some i > 0;
(3) each 7TZR is an ideal of R; and
(4)

iz (7 R) = 0.
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Give an example of a noncommutative right discrete valuation ring by using
the twisted power series construction.

Solution. First we show that 7 has neither a right inverse nor a left in-
verse. Indeed, assume ma =1 where a € R. Write a = 7"u where n >0
and u € U(R). Then 7" 1y = 1, which implies 7 € U(R), a contradiction.
Next assume br = 1 and write b = 7#™v where m > 0 and v € U(R). Then
7m™ym = 1. From the case we have just treated, m must be zero, so again
7 =v"1 € U(R), a contradiction.

Now let m=7R # R. If A # 0, R is any right ideal, let 0 # a € 2 and
write @ = 7"u, where n > 0 and u € U(R). Clearly n # 0, so a € wR. This
shows that 2l C m, so m is the unique maximal right ideal of R. Therefore,
R is a local domain with rad R = m. In the above notation, we also have
7" € 2. Now choose i minimal such that ¢ € 2. For any nonzero a € 2
above, we must have n > i, so

a=n't"""y € n'R.
This shows that 2 = 7'R, as required in (2). (Note that this makes R a
principal right ideal domain.)
The right ideals of R form a chain

0c---Ccr*'RCTRC---CTRCR,

where the strict inclusions follow from the fact that 7 has no right inverse.
For any u € U(R), conjugation by u takes the above chain to another chain
with strict inclusions. Therefore, we must have u(m*R)u~! = 7' R for every
i > 0. This shows that u(m*R) = m*Ru = 'R, from which we see that

(7"u)(n'R) = 7" T"R C 'R (Vn > 0),

so TR is an ideal.
Finally, if

a=T7"u€ ﬂ (r'R) (n >0, ue U(R)),

i>1

then 7"u = 7"*1r for some r € R. But then u = 77 implies that 7 has a
right inverse, which is not the case. This proves (4).

To construct an example of a noncommutative right discrete valua-
tion ring, we take a field k with an endomorphism o, and let R = k[[z; o]]
be the ring of formal power series of the form .., z%a; (a; € k), with
multiplication induced by the twist ax = zo(a) for all a € k. (Here, we
have reversed our usual notational conventions for the twist equation.

L Actually, the fact that 7 has no left inverse will not be needed in the rest of
the proof.
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But of course this does not matter.) Taking 7 =z, we have for any
a=zx"a, + " ta, 1 + - with a, # 0:

a=2z2"(an,+2ap41+ ) €"UR) (cf. FC-p.9).

Therefore, R is a right discrete valuation ring. (Note that if o is not sur-
jective, then Rr* C 7R for all ¢ > 1, and the Rx*’s are not ideals in R.)

Ex. 19.8. (Brungs) Let R be a nonzero ring such that any nonempty
collection of right ideals of R has a largest member (i.e. one that contains
all the others). Show that (1) R is a local ring, (2) every right ideal of R is
principal, and is an ideal.

Solution. Let m be the largest right ideal among all right ideals # R.
Since m contains all right ideals # R, m is the unique maximal right ideal
of R. Therefore, R is a local ring with rad R = m. Let 2 be any right ideal
of R. Among all right ideals {aR: a € 2}, let a,R be the largest. Then
aoR O aR for all a € U, so A = apgR. To see that all right ideals are ideals,
let us assume the contrary. Among all right ideals which are not ideals, let
aR be maximal. Then, for some b € R, we have baR € aR. Comparing the
two right ideals baR and aR, we must have aR C baR. Write a = bar, where
r € R. Necessarily, » ¢ U(R), for otherwise ba = ar~! € aR. Therefore, r €
m. By the maximal choice of aR, baR is an ideal; in particular, b - ba = bas
for some s € R. Then

ba = b(bar) = (b*a)r = (bas)r
gives ba(l — sr) = 0. Here
1-srel+mCU(R),
so we get ba = 0, which contradicts baR Z aR.

Ex. 19.9. For a division ring D and a (not necessarily abelian) ordered
group (G, <), a function v : D* — G is called a (Krull) valuation if v(ab) =
v(a)v(d) for all a,b € D* and v(a + b) > min{v(a),v(b)} for all a,b € D*
such that a + b # 0. Given such a valuation, let

R={0}U{re D*: v(r) > 1}.

1) Show that R is a local ring.

2) Show that aRa~! = R for any a € D*.

3) Show that for any a € D*, either a € Ror a™! € R.

4) Show that any right (resp. left) ideal in R is an ideal.

5) Show that the (right) ideals in R form a chain with respect to inclusion.
6) Show that any finitely generated right ideal in R is principal.

(
(
(
(
(
(



§19. Local Rings 273

Solution. The two valuation axioms clearly imply that R is a subring
of D.

(1) Let m = {0} U {r € D*: v(r) > 1}, which is easily checked to be an
ideal of R. For any r € R\m, we have v(r) = 1, so v(r~!) = 1 as well, and
we have 7~ € R\m. This shows that R\m = U(R), so R is a local ring with
rad R = m.

(2) For r € R\{0}, we have v(r) > 1, so
v(ara™") = v(a)v(r)v(a)™t > 1,

since the ordering cone in (G, <) is closed under conjugation (see F'C-p. 95).
Therefore, ara™' € R, from which we see easily aRa~' = R.

(3) Assume a € R. Then v(a) < 1 implies v(a=1) > 1, so by definition a=! €
mC R.

(4) follows from (2) since (2) implies aR = Ra (Va € R).

(5) For given (right) ideals A, B C R, consider the following two cases
(where A*, B* denote A\{0}, B\{0} respectively):

Case (i). v(A*) Cv(B*). For any a € A* we have v(a) = v(b) for some
b € B*. Then, v(b~'a) = 1 implies b~'a € U(R),soa =b-b~'a € B. Thus,
in this case, A C B.

Case (ii). v(A*) € v(B*);say v(a) € v(B*), where a € A*. For any b € B*,
we cannot have b~1la € R (for otherwise v(a) = v(b-b~ta) € v(B*)). By
(3), we must have a='b € R. Therefore, b = a-a~'b € A, so we have in this
case B C A.

(6) Let A=a1R+ -+ a,R be a finitely generated right ideal in R. Since
a1R, ..., a.R form a chain, A = a;R for the largest member a;R in the
chain.

Comment. In the theory of Dedekind cuts, a set S in the ordered group
(G, <) is called an upper class if s < s’ and s € S imply that s’ € S. For
any ideal A C R, v(A*) is an upper class in

Gt={geG: g>1}

The ideas in the proof of (5) above can be used to show that A — v(A*)
gives a one-one correspondence between the ideals of R and the upper classes
in G (with (0) corresponding to the empty upper class, and R correspond-
ing to G1). Moreover, under this correspondence, multiplication of ideals
corresponds to multiplication of upper classes in G7.
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Any ordered group (G, <) (abelian or otherwise) is the recipient group
of a surjective valuation from a suitable division ring D. For an explicit
construction of D and v, see Exercise 14.10.

Ex. 19.10. Let R be a subring of a division ring D which satisfies the two
properties (2), (3) in Exercise 9. Show that there exists an ordered group
(G, <) and a valuation v : D* — G such that

R={0}U{d e D*: v(d) > 1}.

(Such a subring R of a division ring D is called an invariant valuation ring
of D.If D is a field, the property (2) is automatic; in this case, we get back
the usual (commutative) valuation rings in D).

Solution. Let U = U(R). From aRa~! = R, we see that U is a normal
subgroup of D*. Therefore, we can form the quotient group G = D*/U,
whose elements are written as d = dU (for d € D*). Let

P={deG: de R\UR)}.

We claim that P satisfies the following three axioms for a “positive cone”
on the multiplicative group G:

(a) P-PC P
(b) gPg=t C P for any g € G;
(c) G\{1} is the disjoint union of P and P~1.

Clearly, (b) follows from (2), and (c) follows from (3). (a) follows from the
fact that the nonunits in R are closed under multiplication. Therefore, P
defines an ordering “<” on G (cf. FC-p.100). We now define v: D* — G

by v(d) = d (for any d € D*), which is just the projection map from D* to
its quotient group D*/U. Clearly, the set

{0y U {d e D*: v(d) >1}

is just our given ring R. To show that v is a (Krull) valuation, we need
only check that:

v(a+b) > min{v(a),v(b)} whenever a,b,a+be D*.

We may assume that v(a) < v(b). Then @ < b implies that b a ! > 1, so
ba~! € R. Therefore, 1 4+ ba~' € R, and we have

v(a+b) = v((14+ba")a) = v(1 +ba  )v(a) > v(a),

as desired.
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Comment. For a general division ring D, a subring R C D may satisfy the
property (3) in Exercise 9 without satisfying the “invariance” property (2).
Such subrings are local rings and are called valuation rings in the literature
(cf. FC-(19.3)(b)), though they do not give rise to Krull valuations as we
saw in the two exercises above.

Ex. 19.11. Deduce the fact that a finitely generated projective right mod-
ule P over a local ring (R, m) is free (F(C-(19.29)) from the Krull-Schmidt-
Azumaya Theorem (FC-(19.21)).

Solution. Since P/Pm is a finite-dimensional vector space over R/m, P
has a decomposition into a finite direct sum of indecomposable R-modules.
(It P=P @ ® P, where each P; # 0, then P;/P;m # 0 by Nakayama’s
Lemma, and hence n < dimpg/ P/Pm.) Say P ® Q = R". Since P,Q are
finite direct sums of indecomposables and R is strongly indecomposable?,
the Krull-Schmidt-Azumaya Theorem implies that P = R® for some s < r.

Ex. 19.12. Let k be a field with the property that k(t) (the rational
function field in one variable over k) is isomorphic to k. (For instance,
Q(z1,xa,...) is such a field.) Let 6 : k(t) — k be a fixed isomorphism. Let
p(t) be a fixed irreducible polynomial in k[t], and let A be the discrete
valuation ring obtained by localizing k[t] at the prime ideal (p(¢)). On
R =A@ A, define a multiplication by

(a,b)(a’,b") = (ad’,ba’ + 6(a)b’).

Then R is a ring with identity (1,0).

(1) Show that R is a local ring with rad R = A - p(t) © A.

(2) Show that (72, (rad R)" = (0) ® A, and that this is the prime radical
of R.

(3) Show that every right ideal of R is an ideal.

(4) Show that R is right noetherian but not left noetherian.

Solution. The distributive laws on R result from 0(a + a') = 6(a) + 0(d’),
and the associative law on R results from 6(aa’) = 6(a) 6(a’). The other
ring axioms are easily verified.

(1) From the multiplication formula on R = A @ A, it is clear that
m:=A-pt)® A

is an ideal. On the other hand, if (a,b) € m, then a € U(A), and it is easy
to verify that (a,b) has inverse (a=t, —b0(a)"ta=!) in R. It follows that R
is a local ring with rad R = m (cf. FC-(19.1)).

2 Recall that End(Rg) = R (which is a local ring).
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(2) By (1) and induction on i, we see easily that m* = A - p(t)" @ A. There-
fore,

ﬂDg

OjAp ) =(0) @ A.

To see that this is the prime radical of R, note first that (0,5)(0,¥) =
(0,0) implies that (0) ® A has square zero. This gives (0) @ A C NilxR.
Secondly, R/((0) & A) = A is an integral domain, so NilxR C (0) & A, and
hence equality holds. (Incidentally, we also have Nil*R = NilxR.)

(3) Tt suffices to check that any principal right ideal (a,b) - R is an ideal in
R. To see that
(a/7 b/)(a7 b) € (av b) "R

we need only find z,y € A such that
(d/a,ba+0(a")b) = (a,b)(z,y) = (az, bz + B(a)y).

If a = 0, we are done by choosing x = f(a’) and y = 0. Now assume a # 0.
We choose z = @’ and find y from the equation

ba+0(a")b=ba" +0(a)y.

Since a,b,a’,b’ € A and 6(a) € k*, the unique solution y for this equation
is in A, as desired.

(4) To see that R is a noetherian module, it suffices to check that (0) ® A
and R/((0) ® A) are noetherian right R-modules. For R/((0)® A) = A,
this is clear since A is a (commutative) noetherian ring. To analyze (0) © A,

note that
(0,0)(z,y) = (0,bz),

so R acts on the right of (0) @ A via the natural (first coordinate) projection
R — A. Since Ay is noetherian, it follows that ((0) @ A)g is noetherian.
The left R-structure on (0) @ A is, however, quite different. Since

(z,9)(0,0) = (0,0(x)b),

we have R - (0,b) C (0,k - b). From this (and the fact that dimy A = 00), it
is clear that ACC fails for g((0) @ A). In particular, R is not left noetherian.

Comment. Note that both m and (0) ® A are principal right ideals. In fact,
m=(p(t),0)-R, and (0)® A= (0,1)R.

However, they are not principal left ideals. The fact that

m' = (0)dA£0

5

i=1
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for this example is to be contrasted with Krull’s Intersection Theorem in
commutative algebra: for more commentary on this, see Exercise 4.23.

Ex. 19.13. Show that any finitely generated projective right module P
over a right artinian ring R is isomorphic to a finite direct sum of principal
indecomposable right modules of R.

Solution. Let Rr & ni P, ®--- ®n, P, where the P;’s are the distinct
principal indecomposable right R-modules. Since P is finitely generated
and projective, P is a direct summand of some

B =nn P & dnn, P
By the Krull-Schmidt Theorem, it follows that

PEZmPi® - --®m,.P,
for suitable integers m; > 0.

Ex. 19.14. Give an example of a local ring whose unique maximal ideal
is nil but not nilpotent.

Solution. Let R be the commutative ring Q[x1, x2, ...] with the relations
2=22=...=0.

Then R is a local ring with unique maximal ideal m = ) Rx;. Since each
x; is nilpotent, m is a nil ideal. However, m™ # 0 for any integer n, since
m” contains xizs - --x, # 0. Another example is given by R = kG where
k is any field of characteristic p > 0, and G is the infinite abelian p-group
Zpy@Lp®---.

Ex. 19.15. Let (R, J) be a local ring, and M be a finitely generated left
R-module. If Homp(M, R/J) = 0, show that M = 0.

Solution. Assume that M # 0. Since M is finitely generated, Nakayama’s
Lemma (F'C-(4.22)) implies that M/JM # 0 as a left vector space over the
division ring R/J. Let

f: M/JM — R/J

be a nonzero R/J-homomorphism. Composing this with the projection
map M — M/JM, we get a nonzero R-homomorphism f: M — R/J, so
we have Homp(M, R/J) # 0.

Ex. 19.16. Let (R, J) be a left noetherian local ring, and M be a finitely
generated left R-module. Show that M is a free R-module iff, for any exact
sequence 0 -+ A — B — M — 0 of left R-modules, the induced sequence

0—A/JA— B/JB— M/JM — 0

remains exact.
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Solution. The “only if” part is clear since
0+A—-B—-M-=0

splits in case M is a free module. For the “if” part, note first that M/JM is
a finite-dimensional vector space over R/J. Choose my,...,m, € M such
that my,...,m, form an R/J-basis of M/JM. By Nakayama’s Lemma,
>>Rm; = M. Let B = R", with the usual basis ey, ...,e,, and let ¢ : B —
M be the R-epimorphism defined by ¢(e;) = m;. Then, for A = ker(p),
the hypothesis gives an exact sequence

0— A/JA— B/JB 5 M/JM — 0.

Here @ takes the basis €j,...,€, of B/JB to the basis my,...,m, of
M/JM, so @ is an isomorphism. It follows that A/JA = 0. Since R is
left noetherian, A C R" implies that A is finitely generated over R. Thus,
Nakayama’s Lemma yields A =0, and we have the desired conclusion
M=R".

Ex. 19.17. Let M € M, (R) where (R, m) is a local ring. If each diagonal
entry of M is a unit and each off-diagonal entry of M is a nonunit, show
that M € GL,(R).

Solution. From rad(R) = m, we know that rad M,,(R) = M,,(m) (see FC-
p. 57). Thus,

Mn(R)/rad Mn(R) = Mn(R)/Mn(m) = Mn(k)a

where k is the division ring R/m. The given conditions on the matrix M
means that, under the natural surjection M, (R) — M, (k), M goes to a
diagonal matrix with unit diagonal entries over k. Since such a matrix is

in GL,,(k), it follows from FC-(4.8) that M € GL,(R).

Comment. This exercise can easily be strengthened as follows. For an ar-
bitrary ring R, let M € M,,(R) be such that each diagonal entry of M is
a unit and each off-diagonal entry is in rad R. Then M € GL,(R). Essen-
tially the same proof works in this more general case (except that the new
formulation has no longer anything to do with local rings!).

§20. Semilocal Rings

In commutative algebra, a commutative ring is called semilocal if it has
only finitely many maximal ideals. Such rings arise upon localizing a com-
mutative ring A at a multiplicative set S = A\ J!", p; where p1,...,pm
are prime ideals in A.
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For arbitrary rings, we take a different approach. By definition, a ring R
is semilocal if R/rad R is artinian (and hence semisimple). In the commuta-
tive case, this turns out to be equivalent to the earlier definition. In general,
if a ring R has finitely many maximal left ideals, then R is semilocal. How-
ever, a semilocal ring (e.g. a simple artinian ring) may have infinitely many
maximal left ideals.

While there is no obvious process of “semilocalization” for noncommu-
tative rings, many semilocal rings arise naturally. For instance, all local
rings and 1-sided artinian rings are semilocal rings. Moreover, if k is any
commutative semilocal ring (e.g. a field), and R is a k-algebra that is finitely
generated as a k-module, then R is always a semilocal ring (see FC-(20.6)).

Semilocal rings R have many nice properties, most of which are proved
by “lifting” corresponding properties from the semisimple ring R/rad R.
One of the most important properties of a semilocal ring R is that it has
“left stable range 1.” This property has played such an interesting role in
modern ring theory and algebraic K-theory that it certainly deserves a
mention here.

A ring F is said to have left stable range 1 if, whenever Fa + Eb=F
(a,b € E), there exists e € E such that a + eb € U(E). “Right stable range
1”7 can be defined similarly by looking at principal right ideals. Amazingly,
“left stable range 1”7 and “right stable range 1”7 turn out to be equivalent
conditions. This result is due to Vaserstein; an elementary proof of it is
contained in the solution to Exercise 1.25. As we have mentioned above,
semilocal rings have stable range 1. However, rings of stable range 1 need
not be semilocal (see Ex. 10C).

Stable range conditions were first introduced by Bass in his investigation
of the stability properties of the “K;” of a ring. Independently of this, the
stable range 1 condition turned out to be of significance in the study of the
cancellation problem of modules. For instance, E.G. Evans has proved that,
if A, B,C are right modules over any ring R such that End(Ag) has (left)
stable range 1, then A® B = A® C implies that B = C (cf. FC-(20.11)).
Note that this is a very strong cancellation theorem, since no conditions
were imposed upon the modules B and C'! In particular, if R itself has stable
range 1, then finitely generated projective R-modules can be “cancelled”
from direct sum decompositions (cf. FC-(20.13)).

The exercises in this section offer more characterizations of semilocal
rings (Exercises 1, 13, and Comment on Exercise 11) and some of their
additional properties (Exercises 3, 6, 7 and 12). The class of semilocal rings
with a nilpotent Jacobson radical is especially susceptible to analysis: these
are called the semiprimary rings. Over such rings, for instance, any nonzero
module has a maximal submodule and a minimal submodule (Exercise 5*).
Finally, the stable range 1 condition is related to a matrix-theoretic “stable
finiteness” condition in (the Comment on) Exercise 8.
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Exercises for §20

Ex. 20.1. Show that a ring R is a semilocal iff, for every left R-module M,
(%) soc(M)={m e M : (rad R)-m = 0}.

Solution. The “only if” part should look familiar: we have solved it before
in Exercise 4.18! For the converse, assume that (%) holds for all left R-
modules M (or just for all cyclic left R-modules). Applying (x) to the
cyclic left R-module

M := R/rad(R),

we deduce that soc(M) = M. This means that M is a semisimple module
over R, and hence over R/rad(R). Thus, R/rad(R) is a semisimple ring, so
R is semilocal, as desired.

Comment. Some further characterizations of semilocal rings in terms of
the behavior of their simple and semisimple modules can be found in Ex-
ercise 13. The verification for these characterizations is again based on the
useful principle that semisimple R-modules are essentially the same as the
semisimple modules over the canonical factor ring R/rad(R).

If R is a semiprimary ring, more can be said about the socles of modules.
For any left R-module M, it is easy to deduce from Ex. 5* below that
soc(M) is always essential in M; that is M’ N soc(M) # 0 for any nonzero
submodule M’ of M. In fact, the same property holds for the socles of
arbitrary left modules over any right perfect ring R, if we apply Ex. 24.7
instead of Ex. 5*.

Ex. 20.2. Let A, B,C be right modules over a ring R. If A has a compo-
sition series, show that A® B = A @ C implies B = C.

Solution. We can decompose A into A1 & --- @ A,, where each A; is in-
decomposable and has a composition series. Therefore, it suffices for us
to handle the case A = A;. In this case, E = End(Ag) is a local ring by
FC-(19.17); in particular, F has left stable range 1. By the Cancellation
Theorem in FC-(20.11), we conclude that

APpB=2Ap(C = B=C.
Comment. For a stronger conclusion, see the Comment on Exercise 21.24.

Ex. 20.3. Show that, over any commutative semilocal domain R, any
finitely generated projective R-module P is free.

Solution. Let K be the quotient field of R. Then P ® g K = K™ for some
integer n. For any prime ideal p of R, the localized module P, over the
local ring Ry, is also free, so P, = Ry for some integer m (by FC-(19.29)).
Localizing further to the quotient field K, we see that m = n. Now consider
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the quotient map i : R — S, where S = R/rad R is semisimple (and hence
a finite direct product of fields). For any prime ideal p’ of S, p: =i~ 1(p’)
is a prime ideal of R, and we have a ring homomorphism R, — S,’. From

(P®RgS) ®s Spr = (P ®g Ry) @R, Spr = Ry ®R, Sy = Sy (Vp'),

it is easy to see that P ®r S = S™. (Use Exercise 19.13 for the ring S.) It
now follows from FC-(19.27) that P = R"™ as R-modules.

Ex. 20.4. (Jensen-Jgndrup) Can every commutative semiprimary ring C
be embedded in a right (resp. left) noetherian ring?

Solution. The answer is “no” in general. To give a counterexample, let C
be the commutative Q-algebra generated by x1,xo,... with the relations
z;x; =0 for i # j, and 23 = 0 for all i. It is easy to see that C is a local
ring with

J:=rad C = @ (Qz; ® QzF).

Since z;z;x5, = 0 for all i, j, k, we have J3 = 0, so C' is a semiprimary ring.
Assume, for the moment, that C' can be embedded as a subring of a right
noetherian ring R. Then JR = ). ;R is a finitely generated right ideal in
R, so we have JR = >""" | ;R for some n. But then

LTn+1 = 171 + -t T,

for suitable r; € R, and left multiplication by x,; (in R) gives :E%H =0,
a contradiction.

Comment. In contrast, if C' is any commutative semiprimary ring with
(rad C)? = 0, Jensen and Jendrup have shown that C' can then be embed-
ded in an artinian ring! See their paper in Math. Zeit. 130 (1973), 189-197.

Ex. 20.5. The ring C in the above exercise is a commutative non-

Q
0 Q

tive semiprimary ring that is neither right noetherian nor left noetherian.

noetherian semiprimary ring. Show that R = < > is a noncommuta-

Solution. Clearly, J : = (8 ]Ié) is an ideal of square zero in R. Therefore,

J Crad R. On the other hand, R/J = Q x Q is semisimple, so by Exercise
4.11, rad R C J. This shows that rad R = J, so

R/rad R=Q x Q.

Hence R is semilocal. Since (rad R)? = J? =0, R is a semiprimary ring.
According to FC-(1.22), R is neither right noetherian nor left noetherian.

Ex. 20.5*. Let R be any semiprimary ring, and M be any nonzero left
R-module. Show that (rad R)M # M and soc(M) # 0.
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Solution. Let J = rad R. The hypothesis on R means that R/J is semisim-
ple and J” =0 for some n. If JM = M, successive multiplication by J
yields M = J"M = 0, a contradiction. Therefore, JM # M. Let m be the
smallest integer such that J”™"M = 0. Then m > 1, and N : = J™ M is a
nonzero R/J-module. Since R/.J is a semisimple ring, g N is a semisimple
R-module, so soc(M) D N # 0.

Comment. For a much more general result, see Exercise 24.7 below.

Ex. 20.6. Let R be a left noetherian semilocal ring such that rad R is a
nil ideal. Show that R is left artinian.

Solution. Since R is left noetherian, the nil ideal rad R must be nilpotent
by Levitzki’s Theorem (FC-(10.30)). Therefore, R is a semiprimary ring.
By the Hopkins-Levitzki Theorem (F(C-(14.15)), the fact that R is left
noetherian implies that R is left artinian.

Ex. 20.7. (cf. Exercise 4.21) Let R be any semilocal ring. For any ideal
I C R, show that the natural map ¢ : GL,(R) — GL,(R/I) is onto.

Solution. We first prove the desired conclusion for n = 1. In this case,
we have to prove the surjectivity of U(R) — U(R/I). Let a € R be such
that @ € U(R/I). Then Ra + I = R. By Bass’ Theorem (FC-(20.9)), a + I
contains a unit w € U(R). Clearly, this unit lifts the given unit @ € U(R/I).
For a general n, let

R =M, (R) and I’ =M,(I).

By FC-(20.4), R’ is also semilocal. By the n =1 case settled above,
U(R') — U(R'/I') is onto. Since U(R') = GL,,(R) and

U(R'/T") = UMy (R/T)) = GL,(R/I),
we conclude that ¢ : GL,(R) — GL,,(R/I) is onto.

Ex. 20.8. For any ring R and any integer n > 1, show that the following
statements are equivalent:

(1) M, (R) is Dedekind-finite;

(2) for any right R-module M, R™ = R™ & M implies that M = (0);

(3) R% is hopfian, i.e. any right module epimorphism «: R™ — R™ is an
isomorphism.

Solution. (1) = (3). Let §: R™ — R™ be a splitting of the epimorphism
a, so that af = I. Identifying End(R%) with M, (R) in the usual way, we
have o = I = [Ba = I, so « is also one-one, hence an isomorphism.

(3) = (2). Fix an isomorphism ¢ : R" - R"@®& M and let 7: R"® M —
R" be the first-component projection onto R™. Then 7 is an epimorphism
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and hence an isomorphism. This implies that 7 is also an isomorphism, so
M = ker(m) = 0.

(2) = (1). Say a8 = I € M,,(R). Then « defines an epimorphism R" — R"
with a splitting 8. Letting M = ker(«), we have R™ = R™ @ M. Now (2)
implies that M = 0, and we conclude easily that fa = I € M, (R).

Comment. A ring R satisfying any of the conditions (1), (2), (3) above is
called stably n-finite (or, according to P.M. Cohn, weakly n-finite). Note
that if R is stably n-finite, then R is stably m-finite for any m < n. For
instance, if R has stable range 1, then R is stably n-finite for all n, by
FC-(20.13).

Ex. 20.9. According to Ex. 1.12, if a ring R is right noetherian, then any
finitely generated right R-module is hopfian. Show that the same conclusion
holds also over any S-algebra R over a commutative ring S such that R is
finitely generated as a module over S. (In particular, right noetherian rings
and S-algebras of the above type are stably n-finite for any n.)

Solution. In view of Ex. 4.16%, it is enough to handle the case R = S; that
is, we may assume that R is a commutative ring.

Given a surjective f : M — M where My is finitely generated, we may
view M as a right R[t]-module by letting ¢ act via f. Let 2 be the ideal
tR[t] in R[t]. Then M2 = M (since f is onto). Pick my,...,m, € M such
that M =>"" , m;R. We can write m; = Zj mja;; where o;; € . By a
familiar argument in linear algebra, we see that

M - det(In - (Ckij)) =0.

Now det(I,, — (a;)) has the form 1 + « for some o € A, say « =t +-- - +
rith. For any m € ker(f), we have then

0=m(l+a)=m+ f(m)ri + -+ fF(m)r, =m,
which shows that f is surjective.

Comment. The result in this exercise first appeared in print in Vasconce-
los’s paper in An. Acad. Brasil Ci. 37 (1965), 389-393. Our proof above
follows that of Prop. 1.2 in a later paper of Vasconcelos in Trans. Amer.
Math. Soc. 138 (1969), 505-512. Essentially the same result was indepen-
dently proved in §4 of Strooker’s paper in Nagoya J. Math. 27 (1966), 747—
751. (Strooker assumed only that R is a direct limit of a directed system of
right noetherian rings, which is certainly the case when R is commutative,
by the Hilbert Basis Theorem.) The commutative case of Strooker’s result
(for finitely presented modules) also appeared on p. 35 in Grothendieck’s
“Eléments de Géométrie Algébrique”, IV. 3, Publ. LH.E.S., no. 28, 1966,
and was proved by a familiar reduction to the case of noetherian rings.
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By standard localization techniques, it follows immediately from this
exercise that, for R commutative, the hopfian property already holds for
locally finitely generated R-modules.

The most general result on the hopfian property was that obtained by
K. Goodearl. In his paper in Comm. Algebra 15 (1987), 589-609, Goodearl
defined a (possibly noncommutative) ring R to be right repetitive if, for any
a,bc R, a"b = Zi:ol a’b for some k. With this definition, Goodearl showed
that all finitely generated right modules over a ring R are hopfian iff all
matriz rings M, (R) are right repetitive. Goodearl also pointed out that
these conditions are not left-right symmetric. From Goodearl’s results, it is
easy to deduce, for instance, that commutative rings and right noetherian
rings both have the hopfian property discussed in this exercise. An example
due to Armendariz, Fisher, and Snider showed, however, that P.I. rings
(rings satisfying a polynomial identity) need not have this hopfian property;
see their paper in Comm. Algebra 6 (1978), 659-672.

The cohopfian analogue of Goodearl’s result, due to Dischinger, was
actually obtained some ten years earlier; see Ex. 23.9 below.

Ex. 20.9*. (Partial generalization of Ex. 9.) A ring R is called right duo if
every right ideal of R is an ideal. Show that such a ring R is stably n-finite
for all n.

Solution. The following succinct solution was suggested to us by K. Good-
earl, who also pointed out that it is sufficient to assume R is right quasi-duo;
that is, every maximal right ideal of R is an ideal. For such a ring R, let
{m;} be the set of maximal right ideals, with rad R = (| m;. Since m; is an
ideal, R/m; is a ring; this is a division ring since its only right ideals are
(0) and itself. Thus, for any n,

M, (R) /M (mi) = My, (R/m;)

is a simple artinian ring, which we know is Dedekind-finite (by linear
algebra, or by one of Ex. 3.10, Ex. 4.17). The natural ring homomor-
phism M, (R) — [[, M,,(R/m;) has kernel M, (rad R) =rad M, (R) (see
FC-p. 57). Thus, M,,(R)/rad M,,(R) is Dedekind-finite, and FC-(4.8) im-
plies the same for M, (R).

Comment. This exercise, brought to my attention by J. Sjogren, was a
remark from p. 479 of Kaplansky’s classic paper “Elementary divisors and
modules,” Trans. Amer. Math. Soc. 66 (1949), 464-491. No proof was given
for this remark.

In the terminology of FC-§12, the proof above showed that, for a right
quasi-duo ring R, M, (R)/rad M, (R) is a subdirect product of simple ar-
tinian rings. The reader might try to investigate what other properties of
M, (R) can be deduced from this fact.

Deciding whether a particular class of rings is stably finite (i.e. stably
n-finite for all n) is often not easy. For an interesting example, consider
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the class of group algebras kG where k is a field and G is a group. If char
k =0, Kaplansky has shown that kG is stably finite, but the same con-
clusion is not known if char k = p > 0. For more detailed discussions on
this (including references to the work of I. Kaplansky, S. Montgomery and
D. Passman in this direction), see I. Herstein’s lovely “Notes from a Ring
Theory Conference,” CBMS Monograph Series No. 9, Amer. Math. Soc.,
1971. Some cases in which the characteristic p question has an affirmative
answer are: (1) G is finite or abelian, (2) G is an ordered group, and (3) G
is an amenable group. Here, (1) is easy, (2) follows from FC-(14.24), and
(3) is a recent result of Ara, O’Meara and Perera from their paper “Sta-
ble finiteness of group rings in arbitrary characteristic,” Adv. Math. 170
(2002), 224-238.

Ex. 20.10A. (Kaplansky) Show that a ring R has left stable range 1 iff
Ra + Rb = R implies that R - (a + zb) = R for some x € R.

Solution. (“If” part) Assuming that Ra + Rb = R implies R - (a + xb) =
R for some =z € R, we are done if we can show that R is Dedekind-finite.
Suppose au = 1. From Ra 4+ R(1 — ua) = R, our assumption gives a left-
invertible element v = a 4+ (1 — ua) for some x € R. Then vu = au + zu —
zu(au) = 1 shows that v € U(R), and hence u, a € U(R) also.

Comment. The result in this exercise appeared in an unpublished (and
mimeographed!) note of I. Kaplansky, entitled “Bass’s first stable range
condition”, written in 1971. The general (left) stable range n condition,
first introduced by Bass in his work on algebraic K-theory, requires that,
whenever Raj + - -- + Ran+1 = R, there exist z1,...,z, € R such that

R(ay + 21bpy1) + -+ R(an + 2pbpi1) = R.

In the case n = 1, we used a slightly different definition in FC-p. 300. The
point of this exercise is to show that the two definitions are equivalent (for
n = 1). For general n, L. Vaserstein proved the rather amazing result that
the stable range n condition is left-right symmetric. We have alluded to
this in the case n = 1 in the Introduction to this section.

Ex. 20.10B. For any ring R with left stable range 1, show that rad (R)
is given by {r € R:r + U(R) C U(R)}.

Solution. It suffices to show that r + U(R) C U(R) implies r € rad(R).
By FC-(4.1), the latter will follow if we can show that, for any s € R,
1 — sr has a left inverse. From Rr + R(1 — sr) = R, the left stable range 1
condition gives a unit

r+x(1—sr) € UR)

for some z € R. But then z(1 — sr) € r + U(R) C U(R), which clearly im-
plies that 1 — sr has a left inverse.
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Comment. It was Sam Perlis who first proved that the (Wedderburn)
radical of a finite-dimensional algebra R over a field is given by the set
{re R:r+U(R) CU(R)}. (See his paper “A characterization of the rad-
ical of an algebra”, Bull. Amer. Math. Soc. 48 (1942), 128-132.) This is
a special case of the present exercise, since any such algebra is certainly
semilocal, and semilocal rings have left stable 1 according to Bass’s The-
orem (FC-(20.9)). The following is, for instance, a consequence of this
exercise: if R is a semisimple ring, then the only element r € R with the
property r + U(R) C U(R) is zero. Note, however, that the “stable range 1”
condition on R in this exercise cannot be dropped, as we have seen earlier
in Ex. 4.24.

Ex. 20.10C. Without assuming the results in the next two exercises, show
that a ring of stable range 1 need not be semilocal.

Solution. It is easy to see that if R; (i € I) are rings of stable range 1,
then so is their direct product R =[], R;. Therefore, if we take {R;} to
be an infinite family of fields, then R = [[, R; has stable range 1. But R is
clearly not semilocal.

Another construction can be given if we notice that the direct limit of
a family of rings of stable range 1 is also of stable range 1. Thus, if we fix
any field k£ and embed My:i (k) into Myi+1 (k) by

M 0
M+—><O M>’

then R =J; My: (k) is of stable range 1. But R is a nonartinian simple
ring (see FC-p. 40), so it is again not semilocal.

Comment. In case the above examples look a bit “pathological” to some
readers, we point out that there are many commutative integral domains
which are of stable range 1 but are not semilocal. Some examples are: the
ring of all algebraic integers, and the ring of all holomorphic functions on
C. (Both of these are Bézout domains.) For other examples, see the papers
“Stable range in commutative rings” by D. Estes and J. Ohm, J. Algebra
7(1967), 343-362, and “Stable range one for rings with many units” by K.
Goodearl and P. Menal, J. Pure and Applied Alg. 5/ (1988), 261-287.

The class of rings of stable range 1 turns out to be veritably larger than
what one might initially expect. For more information on this, see the next
two exercises.

Ex. 20.10D. For any von Neumann regular ring R, show that the following
conditions are equivalent:

(1) R has (left) stable range 1;

(2) R is unit-regular (in the sense defined in Ex. 4.14B);

(3) finitely generated projective (right) R-modules satisfy the cancellation
law.
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Solution. (1) = (3) follows from FC-(20.13) (even without the regular-
ity assumption on R). (3) = (2) follows from Ex. 4.14C (applied to the
module M = Rp). Thus, we need only prove (2) = (1).

Assume R is unit-regular. We can show that R has left stable range
1 by repeating Swan’s proof of the same conclusion for semisimple rings,
as given in FC-(20.9). Starting with Ra + Rb = R, there are exactly three
steps in Swan’s proof that depended on semisimplicity, namely:

(A) We can write Rb = (Ra N Rb) & B’ for some left ideal B'.

(B) If K = {r: ra = 0}, the sequence 0 - K — R L Ra—0 (defined by
f(1) = a) splits.
(C) From Ra ® K =2 R = Ra @ %B’, we can deduce K = B’.

If we can justify each of these steps over the unit-regular ring R, Swan’s
proof will go through. Now (B) is clear, since Ra (as a direct summand of
rR) is projective. (A) follows from the natural exact sequence

0 — RaNRb— R — (R/Ra) ® (R/Rb) — 0.

(Since (R/Ra) ¢ (R/RD) is projective, this sequence splits, so Ra N Rb is
a direct summand of R, hence of Rb.) So far, we have used only the von
Neumann regularity of R. Finally, (C) follows from Ex. 4.14C in light of
the unit-reqularity of R.

Comment. A direct proof for (1) = (2) is also possible; see, for instance,
Prop. 4.12 in K. Goodearl’s book “von Neumann Regular Rings”, 2nd
edition, Krieger Publ. Co., Malabar, Florida, 1991.

Ex. 20.10E. For any ring R, show that the following conditions are equiv-
alent:

(1) R has left stable range 1;
(2) R/rad R has left stable range 1;
(3) R[[z]] has left stable range 1.

From this, deduce that, if R is a commutative ring of (Krull) dimension 0,
then R[[z1,...,x,]] has stable range 1 (for any n > 0).

Solution. The equivalence (1) <= (2) follows quickly from the following
two observations on the factor ring R = R/J, where J is any ideal of R
contained in rad R:

(A) For r € R, r € U(R) iff 7€ U(R);
(B) Fora,b€ R, Ra+ Rb=R iff Ra+ Rb=R.
In fact, these observations show that (1) is equivalent to R/J having left

stable range 1. Applying this to the ideal (x) C rad R[[z]], we see also that
(1) <= (3).
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Now assume R is commutative, with dim R = 0. By the Comment on
Ex. 4.15, R/rad R is unit-regular. Applying Ex. 10D, we see that R/rad R
has left stable range 1, so by (2) = (1) above, R also has left stable range
1. Applying (1) = (3) n times, we see that R[[x1,...,z,]] has left stable
range 1.

Comment. The implication (1) = (3) was observed by Brewer, Katz, and
Ullery in their paper in J. Algebra 106 (1987), 265-286. The fact that
0-dimensional commutative rings have stable range 1 has a powerful gen-
eralization: P. Ara has proved that any strongly m-reqular ring has stable
range 1; see his paper in Proc. Amer. Math. Soc. 124 (1996), 3293-3298.

Ex. 20.11. (Camps-Menal) Recall that a subring A C R s full if ANU(R)
C U(A) (see Exercise 5.0). If R = Dy X --- x D,, where each D, is a division
ring, show that any full subring A C R is a semilocal ring.

Solution. We proceed by induction on n. If n = 1, a full subring A C R =
D is a division ring and hence semilocal. Now assume n > 1. If A contains
a nontrivial idempotent e, then e must be central in R and we have

(1) eACeR, (1—-e)AC(1-e)R,

where eR, (1 — e)R are direct products of fewer than n division rings. It is
easy to check that, in (1), eA and (1 — e)A are full subrings of eR and (1 —
e)R. (Use the fact that if x € eANU(eR), then z+ (1 —€e) € ANU(R).)
Therefore, by the inductive hypothesis, eA and (1 —e)A are semilocal,
which implies that A = eA x (1 —e)A is semilocal.

In the following, we assume that A contains no trivial idempotents. We
may also assume that A is not a division ring. Pick an element a € A\{0}
with the largest number of zero coordinates, say

a= (Ov"'aoaa’f'-‘rla"'va’n)a
where all a; # 0. Then 0 < r < n. Let

m: A— Dy x---x D,

be the projection map into the first » components. We claim that
(2) beker(r), rt€ A= 1—xzbe UR).
In fact, let b= (0,...,0,b,41,...,b,) and = (z1,...,2z,) in A. Then
(3) 1—.13[):(1,...,1,1—$T+1br+1,...)GA,
(4) .’L‘b(l — Z‘b) = (O, ..., 0, .’L‘T+1br+1(1 — xr+1br+l)7 .. ) € A.
Assume, for the moment, that 1 — b & U(R). Then, from (3), we have, say,
1 —2p41br41 = 0. Now the element in (4) has at least r + 1 zero coordi-

nates, so zb(1 — xzb) = 0. This means that xb is an idempotent in A; hence
xb =0 or 1. Both are contradictions, so we have proved (2).
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Since A C R is full, we have in fact 1 — xb € U(A) in (2). Therefore,
ker(m) C rad A. Next we claim that

(5) The subring A/ ker(mw) C Dy x -+ x D, is full.

If so, then, by the inductive hypothesis, A/ker(w) is semilocal. Since
ker(w) C rad A, this implies that A is semilocal, as desired.
To prove (5), consider x = (x1,...,2,) € A such that

7(z) € U(Dy x --- x D),

ie. x1,...,2. #0. We want to prove that all x; # 0, for then x € AN
U(R) C U(A). Assume, for the moment, that, say 2,11 = 0. Then (for the
element a constructed earlier) za has at least r + 1 zero coordinates, so
xa = 0. This means

Tyy1 =+ =2y =0,

and hence
r+a=(T1,...,Tr,0r41,...,0n) € ANTU(R) CU(A).

Since a € ker(m) C rad A, this gives € U(A), which is clearly a contradic-
tion.

Comment. The above result of Camps and Menal appeared in Comm. Al-
gebra 19 (1991), 2081-2095. It was subsequently further generalized by
Camps and Dicks (in Israel J. Math. 81 (1993), 203-211) as follows. Define
a ring homomorphism f: S — R to be local if f~1(U(R)) C U(S). (Note
that a subring A C R is full iff the inclusion map A — R is local.) In their
joint paper, Camps and Dicks proved that if f: S — R is local and R is
semilocal, then S is also semilocal.

For any ring S, the projection map S — S/rad S is always a local
homomorphism (by FC-(4.8)). Therefore, the result of Camps and Dicks
can also be stated in the following equivalent form: A ring S is semilocal
iff there exists a local homomorphism from S to some semisimple ring.

Ex. 20.12. (Cf. Exercise 19.6) For any semilocal ring R, show that C' : =
Z(R) is semilocal.

Solution. By the solution to Exercise 5.0, C' is full in R, and
J:=CnNrad R Crad C.
We claim that
(1) C/J — R/rad R is a full subring.
In fact, if ¢ € C is such that ¢ € U(R/rad R), then by FC-(4.8),
ce CNU(R) CUC).
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From (1), it follows that
(2) C/J — Z(R/rad R) is also a full subring.

By Exercise 3.4,
Z(R/rad R) = Dy X -+ X Dy,

where the D;’s are fields. Therefore, by the last exercise, C'/J is semilocal.
Since J C rad C, this implies that C' is semilocal.

Comment. Of course, if we assume the more general result of Camps and
Dicks mentioned in the Comment on Exercise 11, then the fact that C — R
is a local homomorphism implies directly that C' is a semilocal ring.

The following two exercises were worked out in collaboration with H.W.
Lenstra, Jr.

Ex. 20.13. For any ring R, show that the following are equivalent:

(1) R is semilocal;

(2) Any direct product of semisimple right R-modules is semisimple;

(3) Any direct product of copies of a semisimple right R-module is semisim-
ple;

(4) Any direct product of simple right R-modules is semisimple.

Solution. Let R = R/J, where J = rad (R).

(1) = (2). If R is semilocal, R is a semisimple ring. Let {M;} be any
family of semisimple right R-modules. Since M;J = 0 for all i, each M; is
an R-module, and therefore so is [ [, M;. But then [, M; is semisimple over
R, and hence also over R.

(2) = (3) and (2) = (4) are tautologies.

(3) = (1). Let {S;} be a representative set of simple right R-modules.
Then M = @, S; is a faithful semisimple right module over R (as in FC-
(11.1)). For each i € M, let ¢; : R — M be the R-module homomorphism
sending 7 to i7. Since My is faithful, these ¢;’s define an embedding of
Rﬁ into [[;c5, M. By (3), the latter is semisimple, so Rﬁ is also semisimple.
This means R is a semisimple ring, so we have (1).

(4) = (1). For {S;} as above, let N =[], S;. By (4), Ng is semisimple
(and still faithful over R). Repeating the above argument with N replacing
M (and noting that [, 5 IV is semisimple), we see that Ry is semisimple
as before.
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Comment. It should not go unnoticed, perhaps, that the choices of our im-
plications were designed in such a way that we stay clear from any slippery
considerations of arbitrary direct products of direct sums of modules!

Ex. 20.14. For any ring R, show that the following are equivalent:

(5) Any right primitive factor ring of R is artinian;
(6) Any direct product of copies of a simple right R-module is semisimple.

Solution. (5) = (6). Given any simple module Mg, let R := R/ann(M).
This ring is right primitive, since it has a faithful simple right module M.
Thus, by (5), R is simple artinian. Any direct product of copies of M is
semisimple over R, and hence also over R.

(6) => (5). Any right primitive factor ring R of R has a faithful simple
right module M. Arguing as in (3) = (1) of the previous exercise, we see
that Ry can be embedded into [[;.;, M. Thus, (6) implies that R is a
semisimple (and hence artinian) ring.

Comment. Of course, the conditions in Ex. 13 imply those in Ex. 14. The
converse is not true. For instance, any commutative ring R satisfies (5), but
not necessarily (1)!

Since the conditions in Ex. 13 are left-right symmetric (specifically, (1)
is), it is natural to ask if the same is true for the conditions (5), (6) in
Ex. 14. In pp. 6061 of K. Goodearl’s book on von Neumann regular rings
(Krieger Publ. Co., 1991), it is proved that, if R is von Neumann regular,
the condition (5) is equivalent to prime factor rings of R being artinian.
This implies, in particular, that (5) (and hence (6)) is left-right symmetric
for von Neumann regular rings. In general, however, (5) is not equivalent
to its left analogue, according to my colleague G. Bergman. In his 1964
paper in Proc. A.M.S. 15, 473-475, Bergman constructed the first example
of a ring (in fact an infinite-dimensional Q-algebra) that is right primitive
but not left primitive. Clearly, R cannot satisfy (5). In an email to me on
3/28/03, Bergman proved further that all simple left R-modules are finite-
dimensional over Q. In particular, every left primitive factor ring of R is
finite-dimensional over QQ, and therefore artinian. This sharpens the earlier
conclusion that R is not left primitive into the statement that R actually
satisfies the left analogue of (5)—almost forty years after the publication
of the original Proc. A.M.S. paper!

§21. The Theory of Idempotents

If e is a central idempotent in a ring R (that is, e = e? € Z(R)), then, for the
complementary idempotent f = 1 — e, we have a decomposition of R into a
direct product of the two rings eR and fR. Conversely, any decomposition
of R into a direct product of two rings arises in this fashion.
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If e = €2 but e is not necessarily central, then for f =1 — e we have
R =eR® fR where eR, fR are now right ideals, and any decomposition
of R into a direct sum of two right ideals arises in this fashion. (A similar
result holds for left ideals.) In general, even if a ring R has only the trivial
central idempotents (0 and 1), it may have lots of nontrivial idempotents.
The example of a matrix ring R = M, (k) (n > 1, k any domain) is an
important case in point.

In view of what we said above, it is perhaps not surprising that idem-
potents play a much larger role in the structure theory of noncommutative
rings. Given e = €2 € R, we can associate with it the ring eRe, which has
identity e, and can be identified with the endomorphism ring of (eR)g (cf.
FC-(21.7)). In a manner of speaking, the ring eRe contains the “local infor-
mation” about the idempotent e. The close relationship between the 1-sided
(resp. 2-sided) ideals of R and eRe is described in detail in FC-(21.11).

For any nonzero idempotent e € R, consider the following properties for
the right module eR:

(1) eR is a simple module.
(2) eR is a strongly indecomposable module.
(3) eR is an indecomposable module.

These properties define, respectively, the notions of right irreducible, local,
and primitive idempotents, in decreasing strength. The latter two turn out
to be left-right symmetric conditions: e local means eRe is a local ring,
while e primitive means eRe has only trivial idempotents. In general, e
right irreducible is different from e left irreducible, although, in the case of
a semiprime ring R, these two notions do coincide, and they both amount
to eRe being a division ring (FC-(21.16)).

For two given idempotents e, e’ € R, consider the following possible re-
lationships between them:

(1) eR = ¢'R.
(2) eR=e’'Rand (1 —e)R = (1—¢')R (as right R-modules).
(3) eR = €'R (as right R-modules).

Here again, we have (1) = (2) = (3) (the first implication is Exercise
4 below), and (2), (3) turn out to be left-right symmetric relations. The
relation (3) amounts to e = ab and e’ = ba for suitable a, b € R: in this case,
we write e 2 ¢/, and say that e, e’ are isomorphic idempotents (FC-(21.20)).
The relation (2) amounts to e, e’ being conjugate in R: see Exercise 16.

For an ideal I C R, it is of interest to study the relationship between
the idempotents of R and those of R = R/I. For instance, when can an
idempotent in R be lifted to an idempotent in R? This turns out to be
possible in at least two important cases, first when I is nil, and secondly
when R is I-adically complete: see FC-(21.28) and F(C-(21.31). The lifta-
bility of idempotents in these cases is a fundamental result in ring theory
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with a wide range of applications to number theory, integral and modular
representation theory, and algebraic K-theory.

The many exercises in this section expand the themes discussed above,
and provide examples and counterexamples to illustrate the general theory
of idempotents. Much of this belongs to the folklore of noncommutative ring
theory. A few exercises (e.g. Ex’s 16*, 23, 28, 29, 30) are taken directly from
original papers in the literature.

Exercises for §21

Ex. 21.1. Let e be an idempotent in a ring R. For any right R-module V,
we can view Ve as a right e Re-module.

(1) Show that if 0 - V' -V — V" — 0 is an exact sequence of right R-
modules, then 0 — V’e — Ve — V”e — 0 is an exact sequence of right
eRe-modules.

(2) If Vg is irreducible, show that Ve is either zero or is irreducible as an
eRe-module.

(3) Show that for any irreducible right eRe-module W, there exists an
irreducible right R-module V| unique up to isomorphism, such that W =
Ve.

Solution. (1) It suffices to show that, whenever V' 5 V/ By s exact,

sois Ve % Ve 2 Ve, where «, 8 are induced by ¢, 1. Clearly, im(«) C
ker(3). Suppose 5(ve) = 0, where v € V. Then 9(ve) = 0 too, so ve = ¢(v')
for some v’ € V'. But then

ve = vee = p(v')e = p(v'e) = a(v'e).

(2) Assume Ve # 0. To prove the simplicity of (Ve)ere, we'll show that
any ve # 0 generates this module. Noting that veR = V', we see that

ve - eRe = (veR)e = Ve.
(3) Since eR is a left eRe-module, we can form the tensor product

M =W ®cge eR,

and this is a right R-module, with

Me =W ®cre ecRe =2 W.

It is convenient to think of this isomorphism as an identification, so that
we can view W as Me. In general, however, Mr may not be irreducible.
Let N be the sum of all R-submodules of M which are killed by e. Since
NNW =0, N # M. We claim that N contains all proper R-submodules X
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of M. (In particular, N is the unique maximal R-submodule of M.) To see
this, consider the exact sequence

0-X—>M-—>M/X —0,
and the associated exact sequence
0— Xe— Me— (M/X)e— 0.

If Xe # 0, then Xe = Me (since Me = W is simple), and hence (M/X)e =
0. This implies that X O Me =W and hence X O W - R = M, a contra-
diction. Thus, Xe = 0,s0 X C N as claimed. Now, for the simple R-module
V := M/N, we have

Ve = (Me+ N)/N = (W + N)/N = W.

(3)" To prove the uniqueness of V, let V}, be another simple R-module with
V'e =2 W. Using the notations in (3), we can construct an R-epimorphism
¢ : M — V' which “extends” the embeddings of W into M and V’. Since
Ne =0 but V'e # 0, the R-submodule ¢(N) C V' must be zero. There-
fore, ¢ induces V.= M/N — V', which must be an isomorphism by the
irreducibility of V.

Ex. 21.2. Define a partial ordering on the set of all idempotents in R by:
e <eiff ee/ = e¢’e = ¢'. Call a nonzero idempotent e minimal if there is no
idempotent strictly between 0 and e. Show that the minimal idempotents
in this sense are precisely the primitive idempotents of R.

Solution. The condition ee’ = e’e = ¢’ is easily seen to be equivalent to
e’ € eRe. Therefore, the minimality of e(# 0) amounts to the fact that eRe
has no nontrivial idempotents. By F(C-(21.8), this is equivalent to e being
a primitive idempotent of R.

Ex. 21.2%. Describe the primitive idempotents in R if R is (1) the Boolean
ring of all subsets of a nonempty set S, or (2) the ring End(V}) where V is
a nonzero vector space over a division ring k.

Solution. (1) Here, every e € R is an idempotent. If e,e’ € R, then e, e’ are
subsets of S, and e’ < e (in the sense of Exercise 2) means that ¢/ C e C S.
Therefore, the primitive idempotents of R are given by the singleton subsets
of S.

(2) For R =End(V}), every idempotent e € R gives rise to a direct sum
decomposition V' = ker(e) @ im(e). Conversely, for any direct sum decom-
position V = U @ W, the projection of Vonto W with kernel U is an idem-
potent in R. If e,e¢’ are idempotents in R, then e’ < e (in the sense of
Exercise 2) is easily seen to be equivalent to

im(e’) Cim(e) and ker(e’) D ker(e).

From this, it follows that e = €2 is a primitive idempotent in R iff dimy

e(V) =1, i.e. iff e is a projection of V onto a line.
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Ex. 21.3. Let e € R be an idempotent, and f =1 —e. Show that for

any r € R, ¢ = e+ erf is an idempotent. Writing f' = 1 — €/, show that
e=c¢' +¢'sf’ for some s € R.

Solution. First, we have
e?=(e+erflel+rf)=e(l+rf)=2¢.
Noting that ee’ = ¢’ and e’e = (e + er f)e = e, we have further
fff=0-e(d—-¢€e)=1—-e—¢€+e=f, so
e=¢ —erf=¢e —éeerff =e +esf’
for s = —erf.

Comment. The apparent symmetry of the situation studied above will be
elucidated by the next exercise.

Ex. 21.4. For idempotents e, e’ € R, show that the following statements
are equivalent:

)eRfeR

)ee' =€’ and e'e = ¢;
Ye'=e+er(l—e) forsomerER;
) €' = eu where u € U(R);

) R(1—e)=R(1—¢).

If these conditions hold, show that ¢/ = u~teu for some u € U(R). Does
the converse hold?

(1

(2
(3
(4
(5

Solution. (1) = (2). Write e = ¢’r and ¢’ = es, where r, s € R. Left mul-
tiplying by €’ and e respectively, we get (2).

(2) = (3). Given (2),e+ee’(l—e)=e+e(l—e)=e+e —ce=¢.

(3) = (4). From (3), ¢’ = eu whereu = 1 + er(1 — e). Here u € U(R) since
it has inverse 1 — er(1 —e).

(4) = (1). Given (4), we have ¢'R = euR = eR, since u € U(R).

(1) = (5). From (1), we have (2), whence
l—e=1l—-e—¢+ee'=(1-¢€)(1—-¢)eR(1-¢).

Similarly, we have 1 — ¢’ € R(1 —e), s0 R(1 —e) = R(1 —¢).

(5) = (1) follows from the above, by left-right symmetry.

Now suppose the above conditions hold. For the unit u constructed
explicitly in (3) = (4), we have

ule=(1—er(l—e)e=e,
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so uteu = eu = ¢’. Alternatively, note that

(%) (1-e)R~¥R/eR=R/'R=(1—-¢€)R
as right R-modules. From this and (1), we can also show directly that e’ is

conjugate to e: see Exercise 16(1) below.
In general, the relation ¢/ = u~teu (for some unit u) does not imply the

conditions (1)—(5). For instance, for e = ((1) 8) and u = (? (1)> =yt

0 1

Q Q / 0 0
eRz(O 0)7&6}%:(@ Q).

Comment. We should also note that the conditions (1)—(5) above do not
imply (1 —e)R = (1 — ¢’) R (although they do imply the isomorphism (x)).

in R =M,(Q), we have ¢/ : = u"leu = (O 0). But

For instance, for the idempotents e = (é 8> and € = (é (1)> in R=
M (Q), we have

eR:e'R:(% %) R(l—e)zR(l—e’)z(O Q),but

0 Q
(1@3{(2 2) : z,yEQ}
#1-5)3:{(? _yy> : x,ye(@}.

However, we do have € = eu = u 'eu for the unit v = ((1) }), as pre-
dicted by the exercise.

In the next exercise, we shall show that the situation is quite a bit
simpler with a class of idempotents called “projections” in rings with invo-
lutions.

Ex. 21.4*. Let (R, *) be a ring with an involution *. (This means R
is equipped with an additive endomorphism * such that a** =a and
(ab)* = b*a* for all a,b € R.) An idempotent e € R with e = ¢* is called a
projection. For projections e, f in (R, *), show that

(1) e < f in the sense of Exercise 2 iff eR C fR, iff Re C Rf.
(2) e=fiff eR= fR.
(B)eR= fRiff Re=Rf,iff(1—e)R=(1— f)R,iff R(1—e) =R(1— f).
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Solution. (1) Ife < f, then by definition ef = fe = e. In particular, eR =
feR C fR. Conversely, assume that eR C fR. Then e = fr for some r € R,
so fe = f?r = fr = e. But then

ef =e*f*=(fe)*=e*=¢

also, so we have e < f. This establishes the first “iff”; the second “iff”
follows from left-right symmetry.

(2) (“If” part) Assume that eR = fR. From the last paragraph, we have
e =ef = fe. By symmetry, we also have f = ef = fe,so e = f.

(3) is now clear, since each of the conditions in fact amounts to e = f.

Ex. 21.5. Let e be an idempotent in a semiprime ring R, and let S = eRe.
Show that the following are equivalent:

(1) (eR)g is semisimple;
) s(eR) is semisimple;
) S is a semisimple ring;
)" r(Re) is semisimple;
2)" (Re)g is semisimple.

(2
(3
(1
(

Solution. Clearly, it suffices to prove the equivalence of (1), (2) and (3).
(1) = (3). Say (eR)r Z2n151 @ --- ®n,S, where Sy,..., S, are distinct

simple right R-modules. By FC-(21.7):

eRe = End(eR)g = [ [ M, (End(S)r),

which is a semisimple ring.
(3) = (2). All (left) modules over a semisimple ring are semisimple.

(2) = (1) (cf. solution to Exercise 3.6A). Every nonzero element m € eR
can be written as my + - - - + m,, where each Sm; is a simple S-submodule
of eR. We claim that each m; R is a simple R-module. Once this is proved,
then m is contained in the semisimple R-module Y m;R, and we are done.
To show the simplicity of m; R, it suffices to check that, for any r € R such
that m;r # 0, m;r R contains m;. Since R is semiprime, m;ram;r # 0 for
some a € R. Note that

(Sm;)(ram;) = eRem;raem; C Sm;.

Therefore, right multiplication by ram; defines an S-endomorphism ¢ of
Sm;. Since ¢(m;) = m;ram; # 0, we have ¢ # 0, so ¢ is an isomorphism
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(by the simplicity of Sm;). Let ¢ be the inverse of . Then, in view of
m; = em,; again:

mi = Pp(m;) = Y(miram;) = ¥ ((emgrae)m;)
= (em;rae)yp(m;) € m;rR,
as desired.
Comment. The proof above shows that
(1) = 3)=(2) and (1)) = (3) = (2)

are true over any ring R. However, the equivalence of the five conditions
depends on the semiprimeness of R. For instance, for any field £ and the

K k), we have

idempotent e = <8 ?) in the nonsemiprime ring R = (O I

0 0 0 k&
eR-(O k) andRe—(O k‘)

Here, (1), (2), (3), (2)" are satisfied, but (1)’ is not. (For more details, see
the solution to Exercise 3.6B.) If we choose e = (
(2)', (3), (2) are satisfied, but (1) is not.

1 0\. )
0 O) instead, then (1),

Ex. 21.6. Show that in a von Neumann regular ring R, the intersection
of any two principal left ideals A, B C R is a principal left ideal.

Solution. We know that A, B and C' : = A + B are all direct summands
of gR (cf. FC-(4.23)). Thus, R/B is a projective R-module, and so is its
direct summand C/B. Therefore, the exact sequence

0—-ANB—-A—-C/B—0

splits, so AN B is a direct summand of A. It follows that A N B is a direct
summand of rR, so AN B = Re for some idempotent e € R.

Comment. In general, the set of all principal left ideals in a von Neumann
regular ring R forms a “complemented modular lattice,” with “sup” given
by the sum, and “inf” given by the intersection. In fact, it follows easily
from Ex. 6.19 that, in any projective module r P, the intersection of a finite
number of finitely generated submodules of P is always finitely generated,
and is a direct summand of P.

Ex. 21.7. Let R be a von Neumann regular ring.

(1) Show that the center Z(R) is also von Neumann regular.
(2) If R is indecomposable as a ring, then Z(R) is a field.
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Solution. (1) Let ¢ € R and write ¢ = cxc. Note that we can always “re-
place” x by y = xcx, since

CYCc = Cxcrc = cxc = C.

Thus, we are done if we can show that, whenever c¢ is central, so is y.
Assume ¢ € Z(R) and let r € R. Then

yr = rCxr = Iz’l’C = IQTCIC = 5[32621"1' = ICrey,

and similarly ry = xrcz, so yr = ry as desired.

(2) Assume R is indecomposable. Then R # 0 and the only central idem-
potents are 0, 1. For 0 # ¢ € Z(R), consider the equation ¢ = cyc obtained
in (1). Since cy # 0 is a central idempotent, we have cy = 1. This shows
that Z(R) is a field.

Ex. 21.8. Show that an idempotent e in a von Neumann regular ring R
is primitive iff e is right (resp. left) irreducible, iff eRe is a division ring.

Solution. If (eR)g is irreducible, it is certainly indecomposable. Con-
versely, assume (eR)g is indecomposable. If (eR)r was not irreducible,
it would contain a proper submodule aR # 0. But aR is a direct summand
in Rg, and hence also in (eR)g, a contradiction. This proves the first “iff”
statement, and the second follows from F(C-(21.16), since R is a semiprime
ring.

Ex. 21.9. Let e = €% € R. Show that if R is semilocal (resp. von Neumann
regular, unit-regular, strongly regular), so is S : = eRe.

Solution. (1) First assume R is semilocal, and let J =rad R. From F'C-
(21.10), we have S/rad S = eRe, where R = R/J. By assumption, R is a
semisimple ring, so by FC-(21.13), eRe is also semisimple. Therefore, S is
a semilocal ring.

(2) Assume now R is von Neumann regular. Let a € S and write a = aza
where = € R. Since ae = a = ea, we have

a = (ae)x(ea) = aya
where y = exe € S. This verifies that S is also von Neumann regular.

(3) Assume R is strongly reqular. Let a € S and write a = a®x where x € R.
Since ae = a = ea, we have

a = (a*r)e = a*(exe) € a*S,

so S is strongly regular.
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(4) Assume, finally, that R is unit-regular. Identifying S with End (eR)g,
we shall show the unit-regularity of S by checking that eR=N & K =
N'® K’ and N 2 N’ imply K = K'. (We use here Exercise 4.14C.) From

R=(fR&N)®K=(fRe&N )oK (f:=1-c¢)

and fR® N = fR® N’, we conclude that K = K', since R = End (Rpg) is
unit-regular. (Here, we use again Exercise 4.14C.)

Comment. It is natural to ask if one can prove (4) directly from the def-
inition of a unit-regular ring, rather than from a characterization thereof.
For such a proof, see the note by T.Y. Lam and W. Murray: “Unit regular
elements in corner rings,” Bull. Hong Kong Math. Soc. 1 (1997), 61-65. On
the other hand, the proof of (4) using Exercise 4.14C is remarkably easy.

Ex. 21.10A. (McCoy’s Lemma) An element a € R is said to be (von
Neumann) regular if a = ara for some r € R. Show that a is regular iff
there exists x € R such that axa — a is regular.

Solution. The “only if” part is trivial, since we can choose x to be zero.
For the “if” part, assume aza — a is regular (for some x), and choose y € R
such that

axa — a = (aza — a)y(aza — a).

Since the RHS lies in aRa, transposition yields a € aRa.

Ex. 21.10B. Using Exercise 9 and direct matrix computations (but not
using Ex. (6.19) or Ex. (6.20)), show that, for any n > 1, R is von Neumann
regular iff S,, = M, (R) is.

Solution. First suppose S, is von Neumann regular. For e = (the matrix
unit) Fi1, we have eSpe & R, so by Exercise 9, R is also von Neumann
regular. (Alternatively, for a € R C S, a € aS,a implies that a € aRa.)
Conversely, assume R is von Neumann regular. We consider first the case

n = 2, and show that any ((Z Z) is regular (i.e. S is a von Neumann

regular ring). Writing ¢ = cxc, we have
a b\ (0 z\(fa b\ f(a b\ _ (x x
¢c dJ\0 0)\e d c d) \0 x/°

@ b> is regular. Writing

By McCoy’s Lemma, it suffices to show that any <0 d

a = aya and d = dzd, we have

() Lt b R ()
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so we are now reduced to showing that any <8 8) is regular. This follows
by noting that, if b = bwb, then

G o) 0o o) = o)

Since Sgi+1 = My (Sy:), it follows by induction that Sy: is von Neumann
regular for any ¢ > 1. To handle the general case of \S,,, choose ¢ such that
2! > n. To show that (any) M € S, is regular in S,, consider the block

matrix <M O) € Syi. Writing

0 0
M 0\ (M O0\(A B\ (M 0
0 0/ \0 0/\C D 0 0
in Sy, block multiplication of the RHS leads to M = M AM , so M is regular
in S, as desired.

Comment. We have given a proof for the “only if” part of this exercise
before in the solution to Ex. 6.20, using projective modules. The proof
above has the virtue of being direct and very elementary. There is at least
one more proof available, which is based on the following two facts: (1) R
and S,, have equivalent right module categories; (2) a ring is von Neumann
regular iff all of its right modules are flat. We cannot advocate such a proof
here since the notions used in the above two facts are not “officially” at
our disposal.

Ex. 21.10C. Let P be any finitely generated projective right module over
a von Neumann regular ring A. Show that End(P,4) is a von Neumann
regular ring.

Solution. Say P @& Q = A%, and let e be the projection of A% onto P
with respect to this decomposition. As usual, we identify R = End(A%)
with M, (A), which is von Neumann regular by Exercise 10B. It is easy to
see that End(P,) = eRe, and this is von Neumann regular by Exercise 9.

Ex. 21.11. For any idempotent e € R, show that Endg(eR/eJ) =
eRe/eJe, where J = rad R.

Solution. Viewing eR/e.J as a module over R : = R/.J, we have a natural
R-epimorphism ¢ : eR/eJ — eR. This is in fact an isomorphism. Indeed,
if 0 = p(er + eJ) = €T, then er € J and hence er = e - er € eJ. Therefore,

Endg(eR/eJ) = End5(eR) = €Re =~ eRe/eJe

by FC-(21.7) and FC-(21.10).
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Ex. 21.12. Give an example of a nonzero ring in which 1 is not a sum of
primitive idempotents. More generally, give an example of a nonzero ring
which has no primitive idempotents.

Solution. Let S be an infinite set, and R be the Boolean ring of all subsets
of S. By Exercise 2%, the primitive idempotents of R are given by the
singleton subsets of S. Since the identity 1 € R is given by the (infinite)
set S (as a subset of itself), 1 is clearly not a sum of primitive idempotents
in R. To construct the second example, note that

§={TCS:|T| <o}

is an ideal of R, so we can form the quotient ring R = R/§. We claim that R
has no primitive idempotents. Indeed, consider any nonzero element of R,
say A+ §, where A C S is an infinite set. We can write A = B U C where
B, C are disjoint infinite sets. Then A is also the symmetric difference of
B and C, so A+ § is the sum of the two nonzero orthogonal idempotents
B+ F and C + § in R. Therefore, A + § cannot be a primitive idempotent
in R.

Comment. Since R has no primitive idempotents, it follows from Exercise
2*(1) that the Boolean ring R is not isomorphic to the Boolean ring of
all subsets of any set. Nevertheless, according to Stone’s Representation
Theorem, any Boolean ring B (with or without identity) is isomorphic to the
Boolean ring of all compact open subsets of the “Stone space” associated
to B.

Ex. 21.13. Recall that two idempotents e, f € R are isomorphic (written
e 2 f, or, if necessary, e &g f) if eR = fR as right R-modules, or equiva-
lently, if Re = Rf as left R-modules (cf. FC-(21.20)). Let S be a subring of
R and let e, f be idempotents in .S. Does e Zg f imply e =g 7 How about
the converse? What happens in the case when S = gRg where g = ¢%?

Solution. First assume e =g f. By F(C-(21.20), there exist a,b € S such
that e = ab and f = ba. Since a, b are also elements of R, the same result
F(C-(21.20) yields e =g f. (Notice that this argument does not require S, R
to have the same identity.) Next, assume that S = gRg where g = g2. This
is a ring with identity g. Suppose e, f € S and e g f. By F(C-(21.20) again,
there exist a € eRf and b € fRe such that e = ab and f = ba. But e = ge =
eg and f =gf = fg imply that
a€geRfgC S and begfRegCS,

so we have e &g f. If S is an arbitrary subring of R and e, f € S, then
e =g f need not imply e =g f. For instance, let R = M(Q) and S be the
subring of diagonal matrices. Then, for

10 0 0) .
e-(o 0) and f—(o 1) in S,

we have e Zp f, but e g f since S is a commutative ring.
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Ex. 21.14. Let e, €’ be idempotents in R.

(1) If e = €’ and e is primitive, local, or right irreducible, show that so is e’.
(2) If e 2 ¢/, with e = ab, ¢’ = ba where a,b € R, construct an explicit ring
isomorphism from eRe to e’ Re’ using a, b.

(3) Conversely, does eRe = ¢’ Re’ imply e = e'?

(4) For any u € U(R), show that e = u~!eu.

Solution. (1) is clear since the notions of e being primitive, local, or right
irreducible are defined via properties of the right module (eR)g.

(2) If e=>¢/, then eR >~ ¢e'R as R-modules. Taking their endomorphism
rings and using F(C-(21.7), we see that eRe and e'Re’ are isomorphic as
rings. An ezplicit isomorphism « : eRe — ¢’ Re’ can be defined by:

alere) = b(ere)a = (ba)(bra)(ba)
=¢€'(bra)e’ € ¢'Re’.
Indeed, we have a(e) = b(ab)a = e’? = €/, and
a(ere) a(ese) = b(ere)a - b(ese)a = blere’se)a
= b(ere - ese)a = afere - ese),

so « is a ring homomorphism. Similarly, 5:e'Re’ — eRe defined by
B(e're’) = a(e’re’)b is a ring homomorphism. A straightforward calculation
shows that a8 =1 and fa = I, so a, 3 are mutually inverse ring isomor-
phisms.

(3) In general, eRe = ¢’ Re’ (as rings) does not imply e = ¢’ (as idempo-
tents). An example for this is given by

(10 , (0 0
e—(o O) and e—(O 1)

]S Z), where k is any field. For these idempotents, we

(kO ins_ (0 0
eRe-(O 0), eRe—<0 k)’

both of which are isomorphic to k. However,

_(k k in_ (0 0
eR—(O 0> and eR—(O k:)

are not isomorphic as right R-modules; in fact, they are not even isomorphic
as k-modules!

in the ring R = (

have
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(4) Let ¢ =u~teu. Then ue’ = eu so ue’R = euR = eR. Therefore, left
multiplication by u defines a right module isomorphism e’ R — eR, showing
that e 2 ¢’

Ex. 21.15. Let1=e;+ - -+ e, =€} + -+ + €. be two decompositions of
1 into sums of orthogonal idempotents. If e; = ¢/ for all 4, show that there
exists u € U(R) such that ¢} = u=1e;u for all 4.

Solution. We have
Rr=e1R®---de,R=e¢\R&---DelR.

For each 4, fix an R-isomorphism ¢; : ¢,R — ¢;R. Then ¢1 @ --- @ ¢, is an
automorphism of Rp, given by left multiplication by some unit u € U(R).
Since ueju~! € e;Ru~! = ¢;R and

Zueéuil =u (Z eé) u =1,
1

the direct sum decomposition R = e1R @ - - - @ e, R shows that ueu™! = ¢;
for all 3.

Ex. 21.16. Let e,¢’ be idempotents in R, and f=1—¢, f/=1—¢ be
their complementary idempotents.

(1) Show that e and e’ are conjugate in R iff e = ¢’ and f = f'.

(2) If eRe is a semilocal ring, show that e and ¢’ are conjugate in R iff
exe.

(3) Is (2) still true if eRe is not assumed to be semilocal?

Solution. (1) The “if” part is a special case of Exercise 15. For the “only
if” part, assume €’ = u~teu where u € U(R). Then e = ¢’ by Exercise 14,
and since

v lfu=utl-eu=1-¢=f,

we have similarly f = f/.

(2) Now assume eRe is a semilocal ring, and that e = ¢’. Then End (eR) g =
eRe by FC-(21.7), and this ring has left stable range 1 by Bass’ Theorem
F(C-(20.9). From

Rr=e¢eRODfR=¢R® f'R and eR=¢€R,

the Cancellation Theorem FC-(20.11) implies that fR = f’R. Therefore, e
and €’ are conjugate in R by (1).

(3) If no assumption is imposed upon e, the conclusion in (2) is no longer
true in general. To see this, consider the Q-algebra R generated by z,y with
a single relation zy = 1. Then ¢’ = yx € R is an idempotent, and ¢/ 2 e =1
by FC-(21.20). But since €’ # e, €' and e are certainly not conjugate in
R! (Alternatively, 0 # f'R % fR=0.)
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Ex. 21.16*. (Ehrlich, Handelman) Let R be a von Neumann regular ring.
Show that R is unit-regular (in the sense of Exercise 4.14B) iff, for any two
idempotents ¢, ¢/ € R, ¢ = ¢’ implies 1 —e =1 —¢'.

Solution. By assumption, R = End(Rpg) is von Neumann regular. By Ex-
ercise 4.14C, this endomorphism ring is unit regular iff whenever

Rr=K®&N=K @N'

(in the category of right R-modules), N = N’ implies K = K’. Since a
decomposition Rr = K @ N arises precisely by taking N = eR and K =
(1 — e)R where e is an idempotent, the desired condition amounts to

e =1-ex=1-¢
for all idempotents e, e’ € R.

Ex. 21.17. Let 1=e;+---+e, =€} +---+ ¢, be two decompositions
of 1 into sums of orthogonal local idempotents. Show that » = s and that
there exists u € U(R) such that e;(i) = u~le;u for all i, where 7 is a suitable

permutation of {1,2,...,7}.
Solution. We have the decompositions
Rr=eiR®---®e,R=e¢|R®---®e.R

where the e; R, €} R are strongly indecomposable right R-modules (cf. FC-
(21.9)). By the Krull-Schmidt-Azumaya Theorem (FC-(19.21)), we have
r=s,and e;R = e/ ., R for some permutation 7 of {1,2,...,r}. The desired
conclusion now follows from Exercise 15.

Ex. 21.18. Let eq,..., e, be idempotents in R which are pairwise orthog-
onal and isomorphic. For e = e; + - - - + ¢,., show that eRe = M,.(e; Re;) for
any 1.

Solution. Clearly, e is an idempotent. Let P = ¢;R for a fixed 7. Then
eR = r - P (direct sum of r copies of P), so by FC-(21.7):

eRe = End (eR) = End (r - P) = M, (End(P)) = M, (e; Re;).

Ex. 21.19. Let A be a ring which has no nontrivial idempotents. Let {E;; }
be the matrix units in R = M,,(A). True or False: Every idempotent in R
is conjugate to Fq1 + FEog + - - - + Ey; for some ¢ < n?

Solution. Any idempotent e € R defines an A-endomorphism
e: A, — A"}

with A"} = ker(e) @ im(e). Therefore, e gives rise to a finitely generated
projective right A-module im(e) (and conversely, every finitely generated
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projective right A-module arises in this way). If two idempotents e, e’ are
conjugate in R, it is easy to see that im(e) & im(e’) as right A-modules. In
particular, if e is conjugate to ¢’ = Eqq + -+ + Ej;, then

im(e) & im(e') Af4.

Therefore, if there exist finitely generated projective right A-modules that
are not free, then there are idempotents in some M,,(A) which are not
conjugate to any E11 + --- + Fj;.
An explicit example for A is the ring of algebraic integers Z[0] where
6? = —5. The class number of A is 2, and the class group of A is generated
by the projective ideal
P=2R+(1-6)R.

(=2 6+1
c=lo-1 3

is an idempotent in My (A) whose kernel and image are both isomorphic to

It is easy to verify that

. . . . . 1 .
P. Since P is not free, e is not conjugate® to the idempotent (O 8) in

M (A). (This can also be verified directly by a matrix computation, using
the fact that U(A) = {£1}.)

Ex. 21.20. Let J be an ideal in R which contains no nonzero idempotents
(e.g. J Crad R). Let e, f be commuting idempotents in R.

(1) Ife= f in R/J, show that e = f in R.
(2) If e, f are orthogonal in R/J, show that e, f are orthogonal in R.

Is any of these results true if e, f do not commute?
Solution. (1) Since ef = fe, we have
(e—ef)?=e*(1-f)*=e(l-f),
so e — ef is an idempotent. On the other hand, e — f € J implies that
e—ef =ele—f) e

so e —ef = 0. Similarly, f —ef =0, so f =ef = e. For (2), assume that
ef =0€ R/J. Then ef € J. Since

(ef)? =e*f* =ef,
we have ef = 0.

3 Of course, e cannot be conjugate to 0 or I.
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If e and f do not commute, neither (1) nor (2) is true in general. To
construct counterexamples, consider the ring R = M(Z) and the ideal J =

My (27Z). For the two (noncommuting) idempotents e = (é 8) and f =

1 2
<O 0>,wehave
0 2
f—e—(o O)GJ,

oe=fcR/J,but e # f. Similarly, for f as above and

!l 0 0 2
e_(o 1)_6’

we have ¢/f =0, fe/ = (8 (2)) € J, so ¢, f are orthogonal in R/J, but

not in R.

We finish by showing that, for any integer n > 1, the ideal J = My(nZ)
contains no nonzero idempotents. Assume, for the moment, that nM € J
is a nonzero idempotent, where M € My(Z). Then n?M? = nM implies
nM? = M. If det M # 0, this yields nM = I, a contradiction. Therefore,
det M = 0, and the Cayley-Hamilton Theorem gives M? = tM, where t =
tr(M) € Z. But then

M =nM? = ntM

implies nt = 1, a final contradiction.

Ex. 21.21. Let R be a semilocal ring whose radical is nil. Let I be a right
ideal of R. Show that [ is indecomposable (as a right R-module) and nonnil
iff I = eR where e is a primitive idempotent.

Solution. The “if” part follows directly from F(C-(21.8). Conversely, as-
sume Ig is indecomposable and nonnil. Then I contains a nonzero idem-
potent e by F(C-(21.29). From

I=eR®(IN(1-¢)R),
it follows that I = eR, and that e is a primitive idempotent.

Ex. 21.22. Let R be as in Exercise 21. Show that a nonzero idempotent
e € R is primitive iff every right ideal properly contained in eR is nil.

Solution. For the “if” part, assume eR = A ® B, where A, B are nonzero
right ideals. Then A, B are nil and so

e€ A+ B Crad R,

which is impossible. Therefore, e is primitive. For this part of the proof, we
do not need the given hypotheses on R.
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Now assume R is semilocal with rad R nil, and let e € R be a primitive
idempotent. Let A C eR be any right ideal. If A is nonnil, FC-(21.29) im-
plies that it contains a nonzero idempotent ¢’. But then ¢’R is a nonzero
direct summand C eR, a contradiction.

Ex. 21.23. (Asano) Let R be a ring for which J =rad R is nil and R =
R/J is unit-regular (in the sense of Exercise 4.14B). Show that any nonunit
a € R is a left (resp. right) 0-divisor in R. (In particular, “left 0-divisor”
and “right O-divisor” are both synonymous with “nonunit” in R. In the
terminology of Exercise 4.16, gR and Rg are both cohopfian (and hence
also hopfian).)

Solution. Since R is unit-regular, @ = u €, where
€ U(R) and e =ecR.

Therefore, u € U(R) (by FC-(4.8)), and since J is nil, we may assume e € R
is chosen such that e* = e (by FC-(21.28)). Note that f=1—e# 0 (for

otherwise @ =u € U(R) implies that a € U(R)). Letting t =a—ue € J
and y = u~'x € J, we have

a=ule+y) =ule+(e+ flyl = ule(l +y) + fy].

Let v=(1+y)~! € U(R). Then av = u(e + fyv), where z: = fyv € J. If
z=0,then avf = uef = 0 with vf # 0, so we are done. Now assume z # 0.
Then 2" # 0 = 2" t! for some integer » > 1. Since ez = 0, we have

avz” =u(ez" +2"t1) =0 with wv2" #0,
so we are also done.

Comment. Since any semisimple ring is unit-regular (by Exercise 3.10(3)),
the conclusions of the Exercise apply to all semilocal rings R for which
rad R is nil. These include, for instance, the 1-sided perfect rings to be
studied in §23. In particular, the conclusions of this exercise apply to all
semiprimary rings and all 1-sided artinian rings.

Ex. 21.24. Let My be a module of finite length n over a ring k, and let
R = End(My), J =rad R. Show that R is a semilocal ring with J" = 0.
(In particular, R is a semiprimary ring.)

Solution. (Following Rowen’s book “Ring Theory I,” p. 240.) Certainly
there exists a decomposition

M=M®&- &M,

where the M;’s are indecomposable k-modules. Let e; € R be the pro-
jection of M onto M; with respect to this decomposition. Then the e;’s
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are orthogonal idempotents in R with sum 1, and it is easy to see that
e;Re; =2 End(M;)g. By FC-(19.17), the latter is a local ring, so each e; € R
is a local idempotent, and by FC-(21.18), &R is a minimal right ideal in
R:=R/J. Since

R=¢,R® - ®eR,

R is a semisimple ring, so R is semilocal.
Next we’ll show that f € J = f™ = 0. Since M has length n, the chains

M Dim(f) 2im(f?) D --- and
(0) C ker(f) C ker(f?) C---

show that im(f") = im(f"*!) = .- and ker(f") = ker(f"*!) =---. Asin
the proof of FC-(19.16), we see that

M =ker(f™) @ im(f").

The restriction of f to im(f™) is then an automorphism, say with inverse g.
Now view ¢ as an element of R by defining g(ker(f™)) = 0. Then 1 — gf is
zero on im(f™). Since 1 — gf € U(R), it follows that im(f™) = 0, as desired.
Finally, we claim that if S C R is any set of nilpotent endomorphisms
closed under multiplication, then S™ =0 for some m. (If so, then J itself
is nilpotent. Since
M2JM2J*MD---

is a chain of k-modules, the fact that length(M) = n implies that J"M = 0,
so J™ =0 as desired.) To prove our claim, we distinguish the two cases:
J=0, and J#0. If J=0, R is semisimple and we are done by Ex-
ercise 3.24(2). Now assume J # 0. Since f™* =0 for every f € J, J con-
tains a nonzero nilpotent ideal I by the solution of Exercise 10.13. Then
0#IM # M, so IM and M/IM are k-modules of lengths < n. Invoking
an inductive hypothesis at this point, we may assume that S*(M/IM) =0
and S®(IM) = 0 for suitable a, b. Therefore

S*ep € SY(IM) =0,

so §91° = 0. (Of course, S may not act faithfully on IM and M/IM. But
we may replace S by its images in End(/M) and End(M/IM) in order to
apply the inductive hypothesis.)

Comment. One might wonder what happens if the assumption that M}
has finite length is weakened to M} being artinian. In this case, Camps
and Menal have shown that End(M}) may not be semiprimary. However,
Camps and Dicks have shown that End(Mjy) is still semilocal: see their pa-
per referenced in the solution to Exercise 20.11. Since semilocal rings have
stable range 1, this result of Camps and Dicks, together with FC-(20.11),
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imply the following strong cancellation theorem (improving Exercise 20.2):
if My is artinian and B, C' are arbitrary k-modules, then

MeB=2Me(C= B=C(.

Ex. 21.25. Let R be any right artinian ring, and let C' = Z(R).

(1) Show that C' is a semiprimary ring.
(2) Deduce from (1) that C Nrad R =rad C.

Solution. (1) Let S = R°® ®z R and view R as a right S-module via the
action

r(a®® @ b) = arb.

The S-endomorphisms of R commute with both left and right multiplica-
tions by elements of R, so they are given by multiplications by central ele-
ments of R, and consequently End(Rg) = C. Now, by the Hopkins-Levitzki
Theorem (FC-(4.15)), Rg satisfies both ACC and DCC. Since S-submodules
of R are necessarily right ideals of the ring, Rg also satisfies ACC and
DCC, so Rg is a module of finite length. From Exercise 24, we conclude
that C = End(Rg) is a semiprimary ring.

(2) Since rad C is a nilpotent ideal of C, R-rad C is a nilpotent ideal
of R. Therefore, R-rad C C rad R, so we have rad C' C C'Nrad R. The
reverse inclusion holds for any ring R by Exercise 5.0, so we have rad C' =
C Nrad R.

Comment. In the solution to Exercise 20.4, we have constructed a commu-
tative semiprimary ring C with

(rad C)3 = 0 # (rad C)?

such that C' does not embed in any right noetherian ring. Since any right
artinian ring is right noetherian, it follows in particular that C' cannot be
the center of any right artinian ring. In contrast, Jensen and Jgndrup have
shown that, if C'is a commutative semiprimary ring such that (rad C')2 = 0
and C/rad C is countable, then C' can be realized as the center of a suitable
artinian ring. (See their paper cited in the Comment on Exercise 20.4.)
Since C need not be noetherian, it follows that the center of an artinian
(or noetherian) ring need not be noetherian (let alone artinian).

Ex. 21.26. Let a be a nonsquare element in a field F' of characteristic
not 2, and let A be a commutative F-algebra with basis {1, z,y, 2y} such
that 22 = y? = a. Find the primitive idempotents in A, and show that

A= F(/a) x F(Ja).
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Solution. Let e = % (1 + %’) and e’ = % (1 - %”) in A. Since

1 x2y2
I _ —
ee’ = 1 (1 -2 =0,

the equation e 4+ ¢/ = 1 implies that e = e and e/? = ¢’. We have there-
fore a direct product decomposition A =eA x e’A (cf. Exercise 1.7). To
determine eA, note that

eA = F-span{e, ez, ey, exy}
= F'Span{e7 %(.23 + y)7 %(I + y)a ae}
— Fspan{e, b(z + )},
Since [1(z +y)] 2= 1(2a + 2zy) = ae, we see that eA = F(y/a). A similar

calculation shows that e’ A = F(y/a). Therefore, e, e’ are primitive idempo-
tents, and they are the only primitive idempotents in the algebra A.

Ex. 21.27. Let A be a “look-alike” quaternion algebra over a field F
of characteristic 2, i.e. A= F1® Fi® Fj ® Fk, where i = j2 = —1 and
k=1ij = —ji. (Of course, —1 =1 € A, since char F =2.) What are the
primitive idempotents in A, and what kind of ring is A7

Solution. The first is a trick question. Since
(a4+bi+cj+dk)?=a’>+b*+E2+d*€F (fora,b,c,d € F),

the only idempotents in A are 0 and 1. Therefore, the only primitive idem-
potent is 1. In particular, by FC-(19.19), A is a (commutative) local ring.
If we don’t want to assume F(C-(19.19), the structure of A can also be
described explicitly as follows. Since

1+¢, 1+57 and 1+E

are linearly independent nilpotent elements in the commutative F-algebra
A of dimension 4, they must span Nil(4) = rad(A). Thus, A/rad A = F
so A is local with (rad A)% = 0. Note that

F1e Fi=F19Fj = Flz]/(2* — 1) 2 F[t]/(t?).

This is known as the algebra ® of dual numbers over F'. It is easy to see
that A 2 D ®p ® as F-algebras, with

Nil(A) < (Nil D) @ D + D ® (Nil D).
Ex. 21.28. (Bass) Let G be an abelian group and H be its torsion sub-

group. For any commutative ring k, show that any idempotent e of kG
belongs to kH.
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Solution. We may assume that G is finitely generated. Write
G=F xH, where F>7" and |H|< co.

Then kG = (kH)[F]. If we know the conclusion in the case F' = Z", then
the given idempotent e must lie in kH and we are done. Therefore, we are
reduced to the case G = F = Z". By induction, it suffices to handle the
case 7 = 1. In this case, kG = k[t,t!] for an indeterminate ¢. Let

e=¢e’= Zaiti € klt,t 1.

For any prime ideal p C k, (k/p)[t,t™!] is an integral domain, in which
the only idempotents are 0 and 1. Therefore, a; € p for all i # 0. Writing
N = Nil(k), we have then a; € N for all ¢ # 0. Since now

@ =¢ € (k/N)[t,t™],

we see that Go is an idempotent in k/N. By FC-(21.28), there exists an
idempotent a € k which lifts ag. In particular, e — ea and a — ea are nilpo-
tent (since they lie in N|[t,t7!]). But

e—ea=¢ce(l—a) and a—ea=a(l—e)
are also idempotent. Therefore,
e—ea=0=a—ea,
S0 e = ea = a € k, as desired.

Comment. Bass’ result above appeared as Lemma 6.7 in his paper “Euler
characteristics and characters of discrete groups,” Invent. Math. 85 (1976),
155-196. This paper contains many other interesting results on idempotents
in group rings.

Ex. 21.29. (Bergman) Let A be the real coordinate ring of the 2-sphere
S?, ie. A=R[r,y, 2] with the relation 22 + y? + 2% = 1. Let o be the R-
automorphism of A defined by

o(x)=—z, o(y)=-y, and o(z) =z

Let R = A® Ar, where 72 = 1 and 7h = o(h)r for every h € A. Show that
for the idempotent eg = (1 — 7)/2 in the ring R, R/ReoR = R x R, but the
two nontrivial idempotents of R x R cannot be lifted to R.

Solution. In the R-algebra R/RegR we have the relation » = 1 in addition
to the other relations on z,y, z,r in R. The two relations rx = —xr and
ry = —yr now simplify to x = 0 and y = 0. Therefore,

(1) R/ReoR = R[z]/(2* — 1) 2R x R,
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with the isomorphism induced by
(2) T f4gr = (f(N) +g(N), f(5) +9(5)) e R xR,

where N = (0,0,1) and S = (0,0,—1) are the north and south poles re-
spectively. If e is any idempotent in R, we would like to prove that 7(e) is
either (0,0) or (1,1) (i.e. not (1,0) or (0,1)).

In the following, we’ll give a sketch of Bergman’s argument. (More in-

formation can be found in his paper “Some examples in PI ring theory” in
Israel J. Math. 18 (1974), 257-277.) Defining the map

P=(z,y,2)—~ P =(-z,—y,2)

on 5%, we have clearly o(h)(P) = h(P'). Note that A is a Za-graded R-
algebra with

3) Ap={he€A: oh)=h} and A;={heA: o(h)=—h}.
We claim that R is isomorphic to the algebra of matrices

(4) T— (ﬁ‘; ﬁ;) C My(A).

The isomorphism is established here by identifying

A={a+p08: a€ Ay, Be€ A}

with { (o‘ '2 ) } C T, and then identifying r € R with (1 0

5 0 1) € T. The

relation
rla+p)=(a—p)reR

is checked by the matrix equation
1 0 a B\ (o —=p\(1 0
0 -1/)\B8 o/ \-B8 « 0 —-1)°
Note also that the image of A @ Ar consists of matrices
a B (7 0N (1 0\ (a+y B-96
8 « 6 vJ\0O —=1) \pB+d§ a—v)’

which, of course, constitute the subalgebra 7' in (4). Finally, note that
under the above isomorphism, we have

(5) xb—><2 g),y»—><2 g)’ZH(g g>,€o'—>(8 (1)>
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In the following, we shall “identify” R with T', and thus think of elements
of R as (continuous) matrix-valued functions from S? to My(R). The map
7 in (2) now simply “becomes”:

0 (5 2) » tatals.

since this rule produces the right values on the generators z,y,z,r € R,
namely

x+— (0,0), y—(0,0), z+—(1,-1), r+—(1,1).

Now consider any nontrivial idempotent e € R. As a matrix function
S? — M (R), e assigns continuously to every point P € S? an idempotent
matrix, that is, a projection of R? to a subspace. By continuity (and the
connectedness of S2), the ranks of these subspaces must be all 1. [Note
that the only idempotent matrix “very close” to Is (resp. 0 I3) is I5 (resp.
0 - I3) itself.] Thus, to each P € S?, e assigns continuously the projection of
R? to a line L(P) through the origin.

Note that if e corresponds to (?; 5) , then

O I B A

so L(P') is just L(P)’, the reflection of the line L(P) with respect to the
x-axis. In particular, since N’ = N, L(N) must be either the z-axis or the
y-axis. As a matter of fact, the rank 1 idempotent matrix

00 0 1
S.) Since w(e) = (a(N), a(S)) by (6), our goal is to show that a(N) = a(S),
which simply means that L(N) = L(S).

For a point P moving along a path C from N to S, let w denote the
total winding number through which the line L(P) turns. At the same time,
the point P’ will travel the path C’ from N to S, and the associated line
L(P'") = L(P)" will clearly turn through a winding number of —w. But the
paths C and C’ are homotopic, since S? is simply connected. Hence we
must have w = —w, so w = 0. This proves that L(N) = L(S), as desired.

can only be <1 O) or (O O) . (A similar remark holds for the south pole

Ex. 21.30. (Stanley) Let e, f, €/, f’ be idempotents in a ring R such that
e—¢, f—f €J, where J is an ideal in R such that ()°_; J" = 0. Show
that eRf =0 iff € Rf’ = 0.
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Solution. It suffices to show that eRf = 0 = ¢'Rf = 0. Write e’ = e + a,
where a € J. Then €’'? = ¢’ amounts to a = ae + ea + a?. Assuming eRf =
0, we claim that ¢ Rf C a™Rf for all n > 1. This is true for n = 1, since

e€Rf CeRf +aRf=aRf.
Inductively, if ¢ Rf C a™Rf for some n > 1, then
¢Rf =¢(¢Rf) C (e +a)a"Rf C a" " Rf,

which proves our claim. Since a € J and J is an ideal, it follows that ¢’ Rf C
M, I =0,

Comment. The fact about idempotents in this exercise was discovered
by R. Stanley in his investigation on the incidence algebras of locally fi-
nite posets. Using this fact, Stanley proved that a locally finite poset is
uniquely determined by its incidence algebra (over a fixed field). See his
paper “Structure of incidence algebras and their automorphism groups,”
in Bull. Amer. Math. Soc. 76 (1970), 1236-1239.

§22. Central Idempotents and Block
Decompositions

A central idempotent e in a ring R is said to be centrally primitive if
e # 0, and e cannot be written as a sum of two orthogonal nonzero central
idempotents. If a ring R has nontrivial central idempotents, a first impulse
might be to try to decompose 1 into a (finite) sum of mutually orthogonal
centrally primitive idempotents. This is not always possible (as is shown by
the example of Z X Z x - - - ), but whenever it is possible, the decomposition
is essentially unique (FC-(22.1)), and R decomposes into a finite direct
product of indecomposable rings (called the “blocks” of R). This is always
the case, for instance, when R satisfies certain reasonable chain conditions
on its ideals (F(C-(22.2)).

If the identity element 1 € R can be written as a (finite) sum of mutually
orthogonal primitive idempotents, say 1 =e; + --- + e,, then by suitably
grouping the e;’s and forming their sums in groups, we obtain a decomposi-
tion of 1 into a sum of mutually orthogonal centrally primitive idempotents
(and therefore obtain a block decomposition R). This result is proved in
detail in FIC-(22.5). The proof makes interesting use of a certain equivalence
relation among the primitive idempotents, known as “linkage.” In our case,
retrospectively, two primitive idempotents are “linked” iff they belong to
the same block.

For certain ideals I C R, there are interesting (and sometimes surpris-
ing) results relating the central idempotents of R and those of R/I. In
some cases, the natural map e — e 4+ I may define a one-one correspon-
dence between these central idempotents: see, for instance, FC-(22.9) and
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F(C-(22.11). Again, results of this nature are of significance in the integral
and modular representation theory of finite groups, as well as in other areas
of algebra.

The exercises in this section present a few more results on central idem-
potents. Exercise 4A introduces the notion of a right duo ring, and Exercise
4B gives various new characterizations of strongly regular (a.k.a. abelian
regular) rings. Exercise 5 shows that any ring R gives rise to a Boolean
ring B(R), whose elements are the central idempotents in R.

Exercises for §22

Ex. 22.1. Show that the ring R of n x n upper triangular matrices over
any indecomposable ring k is indecomposable.

Solution. A routine calculation shows that Z(R) consists of matrices of
the form al,, where a € Z(k). The matrix al, is idempotent in R iff a is
idempotent in k. If £ is indecomposable, then k£ has no nontrivial central
idempotents. It follows that R has no nontrivial central idempotents, so R
is indecomposable as well.

Ex. 22.2. For two central idempotents e, f in a ring R, show that e = f
iff e = f. Using this fact and Exercise 21.16*, show that a strongly regular
ring must be unit-regular (a fact proved earlier in Exercise 12.6C).

Solution. (“Only if”) One characterization of e 2 f is that e = ab, f = ba
for some a,b € R (cf. FC-(21.20)). Since e is central,

f = %= (ba)(ba) = bea = ef.

Similarly, we have e = fe, and so f =e.
Now let R be strongly regular. Let e, f be idempotents in R. By Exercise
12.6A, e, f are central. Therefore,

e f=—=e=f=1-e=1-f.
By Exercise 21.16*, this guarantees that R is unit-regular.

Ex. 22.3A. For e = e? € R, show that the following are equivalent:

(1) e € Z(R),
(2) eR = Re,
(3) e commutes with all the idempotents of R which are isomorphic to e.

Solution. (1) clearly implies (2) and (3). Let f =1 —e.

(2) = (1). For any r € R, erf € Ref = 0 implies that er = ere. Similarly,
fre € feR =0 gives re = ere. Therefore, er = re for all r € R.
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(3) = (1). Again, consider r € R. By Exercise 21.4, e + erf and similarly
e + fre are idempotents = e. By the given hypothesis, we have

eleterf)=(e+erfle and e(e+ fre)=(e+ fre)e.

Since fe = ef =0, these simplify to erf =0 and fre = 0. It follows as in
(2) = (1) that er = ere = re.

Ex. 22.3B. Let S = eR where e = ¢? € R. Suppose S is an ideal of R not
containing any nonzero nilpotent ideal. Show that e € Z(R), and conclude
that R is a direct product of the semiprime ring S and the ring (1 — e¢)R.

Solution. Let f =1 — e and consider any r € R. Since Re C eR, we have
fRe =0 so ere = re as before. However, some work is needed to show that
eRf =0. For s: =erf €5, note that

sRs=erfRerf CerfeRf =0,

so (RsR)? =0. Since RsR C S, the hypothesis yields s = 0. Therefore
eRf = 0 after all, and we get

er — ere =re,

so e € Z(R). From this, it follows that R = eR x fR as rings. Since eR = S

contains no nonzero nilpotent ideals, it is a semiprime ring.

Comment. The hypothesis that .S contains no nonzero nilpotent ideals can-

not be dropped from the above exercise. In fact, if R = <IS Z) where
. . 10 k kYN . .

k # 0 is any ring, then for e = 0 o) S=eR= 0 o) isan ideal, but

e & Z(R). Here,
0 k
5.7 = (0 0)

with J2 = 0. Note also that

k0
eRQRe-(O 0).

Ex. 22.3C. Let S be an ideal in a ring R such that Sy is an artinian
R-module and S contains no nonzero nilpotent ideals of R. Show that S is
a semisimple ring with an identity e, and that R is the direct product of
the ring S with the ring (1 — e)R.
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Solution. By Exercise 10.9, Sg is a semisimple R-module, and S = eR for
an idempotent e € S. Since S is an ideal, Exercise 3B implies that e € Z(R).
Therefore,

R=Sx(1—¢)R.

It follows that Sg is a semisimple S-module, so S is a semisimple ring (with
identity e).

Ex. 22.4A. In Ex. 12.20, a ring R is defined to be right duo (resp. left
duo) if every right (resp. left) ideal in R is an ideal. Show that a right duo
ring R is always abelian; that is all idempotents in R are central. Is every
right duo ring also left duo?

Solution. The first part is just a slight modification of (2) = (1) in
Exercise 3A. Let e=e2 € R and f=1—e. The fact that R is right
duo amounts to Ra C aR for every a € R. In particular, Re C eR and
Rf C fR.Therefore, fRe =0 = eRf and we are done as before.

The answer to the question in the exercise has to be “no,” for otherwise
we would not have bothered about the “left,” “right” terminology! A right
duo ring that is not left duo has, in fact, been constructed in the solution
to Exercise 19.7 (cf. also Exercise 19.12). By using essentially the same
method, we can construct an artinian example. Let R = K & uK where
K = Q(x). We make R into a ring by using the multiplication rules u? = 0
and

f(x)-u=uf(x?) for f(z)e€K.

Then R is an artinian local ring with J : = rad R = uK having square zero.
Since Ry is 2-dimensional, the right ideals of R are just 0,J and R. Thus,
R is a right duo ring. However, Ku is a left ideal but not an ideal (since
J=Ku® Kuz), so R is not a left duo ring.

Comment. The R above was constructed many years ago by K. Asano
as an example of an artinian ring that is right uniserial but not left unise-
rial. (“Uniserial”’= “uniqueness of composition series.”) On the other hand,
there is no lack of examples of (noncommutative) right/left duo rings. For
instance, any valuation ring arising from a Krull valuation of a division
ring is always (right and left) duo: see Exercise 19.9(2). The next exercise
characterizes duo von Neumann regular rings.

Ex. 22.4B. Show that for any ring R, the following are equivalent:

1) R is strongly regular;

) R is von Neumann regular and right duo;

) INJ = 1J for any left ideal I and any right ideal J;
) INJ =1J for any right ideals I, J;
)

(

(2
(3
(4
(5) aRNbR = aRbR for all a,b € R.
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Solution. (1) = (2). It is enough to show that aR is an ideal for any
a € R. By Exercise 12.6A, aR = eR where ¢ = ¢ € Z(R). This is clearly
an ideal.

(2) = (4). Let I,J be right ideals. Then J is also a left ideal, so by
Exercise 4.14, INJ =1J.

(4) = (5) is a tautology.

(5) = (1). Taking a = 1, we get bR = RbR. Taking a = b, we get
bR = bRbR = b(bR) = V*R,

so R is strongly regular.

(1) = (3). Under (1), we know R is both right and left duo. In particular,
the I, J in (3) must be both ideals. The equation I N J = IJ then follows
from Exercise 4.14.

(3) = (2). Taking I = R (resp. J = R), we see that R is right (resp. left)
duo. Therefore I N J = I.J also holds for right ideals I and left ideals J. By
Exercise 4.14 again, R must be von Neumann regular.

Comment. The above characterizations of strongly regular rings came from
the work of many authors, including Arens-Kaplansky, Andrunakievich,
Lajos, Szész, Chiba-Tominaga, and others. Curiously enough, the notion
of duo rings seemed to have appeared first in Hille’s book on functional
analysis and semigroups.

Ex. 22.5. Let S be the set of all central idempotents in a ring R. Define
an addition @ in S by

e®e =e+e —2e =(e—¢€)?

and define multiplication in S by the multiplication in R. Show that
(S, @, x) is a Boolean ring, i.e. a ring in which all elements are idempotents.

Solution. Since ede’ =e(l—€')+e'(1—e) and e(1 —e) =¢€'(1—¢') =
0, we see that e @ ¢’ € S. Also, an easy computation shows that (e ®e’) @
e’ and e @ (' ® €”) are both equal to

e+e +e’ —2ee’ —2ee” —2e'e” + dee’e”,
so @ is associative. Clearly, 0 is the identity element for (S, ®), and
ebe=e+e—2e=0

shows that (S,®) is an elementary 2-group. It only remains to show that

« kM

x” is distributive over “@”. This follows since, for e, e’, e’ € S:
b b b

d'le@e)=c"(e+e —2ee)=c"e+e’e —2e"ce’e’ =e"edee.
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Comment. The ring S above is usually denoted by B(R), and is called the
Boolean ring associated to R. Here is a quick example: f R=7Z x --- X Z,
then

B(R)gZQX"‘XZQ.

[The (central) idempotents are of the form e = (ey,...,e,), where each
e; € {0,1}. To see how these add under @, take the simple case when n = 3.
If e=(1,1,0) and ¢’ = (0,1,1), then

e =(1,1,0)+(0,1,1) — 2(0,1,0) = (1,0,1),

as if we were adding components modulo 2.]

In a number of sources in the literature, the addition & in the Boolean
ring S = B(R) was wrongly given as e® e’ = e+ e’ —ee’. The confusion
stems from the fact that e + ¢’ — ee’ is indeed an idempont (if ee’ = €’e).
However, e + ¢’ — ee’ is the “sup” of e and €’ in a Boolean algebra structure
on B(R) (to be discussed in Ex. 7 below), and is not the sum of e and e’
in the Boolean ring studied in this Exercise.

Ex. 22.6. For any ring R, let S = B(R) be the Boolean ring of central
idempotents in R, as defined in Exercise 5. For any central idempotent
e € R, show that e is centrally primitive in R iff e is (centrally) primitive
in S.

Solution. Recall that e being centrally primitive in R means that e # 0
and e is not the sum of two nonzero orthogonal central idempotents in R.
Assume this is the case. If e = e; @ e with e¢; # 0 in .S and ejes = 0, then

e=¢e1+ey—2e1e0=¢€1+ e

gives a contradiction. Conversely, assume e is (centrally) primitive in S. If
e =-e1 + ey with ¢; # 0 in R and ejes = 0, then

e=e1+e=¢€e1+e—2e1e0=¢€1Bes
gives a contradiction.
Ex. 22.7. By definition, a Boolean algebra is a lattice (S, <, A, V) with 0
and 1 (such that 0 < s <1 for all s € S) that is both distributive and com-
plemented. For any ring R, show that S = B(R) (defined in Ex. 5 above)
is a Boolean algebra with respect to the partial ordering

e <e<=cee=¢€ (e €S9),

and the complement operation e — e* :=1 —e.
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Solution. To begin with, it is useful to note that, for e, ¢/ € S, we have
e=¢' iff eR = ¢ R. (This is a special case of (1) <= (3) in Ex. 21.4, and
is clear in any case since e is the identity of the ring eR.) By “identifying”
e € S with eR, we can think of S as the set of “ring direct factors” of
R. Under this identification, ¢’ < e corresponds to the inclusion relation
¢’R C eR. Tt is therefore clear that (S, <) is a poset. Next, we claim that,
fore, e’ € S:

(1) eRNe'R=ece'R, and eR+e'R=(e+¢e —ee)R.

For these, we only need to verify “C” as the reverse inclusions are clear.
Fora =er € ¢ R, wehave a = ¢’a = €’er € ee’ R, proving the first equation.
For the second, it is enough to note that

(e+e —ecle=c+ee—ed =¢

implies e € (e + €/ — e¢’)R, and similarly ¢’ € (e + ¢’ — e€’)R.
A simple calculation shows that, as long as e, ¢’ are commuting idem-
potents, then ee’ and e + ¢’ — ee¢’ are idempotents. In particular,

e, €S =e’cS and e+e —e' 8.
From (1), it follows immediately that (5, <) is a lattice, with
(2) eNe' =ee’ and eVe =e+e —ed,

and S has smallest element 0 and largest element 1. (In fact, under the
identification e +» eR, S is a sublattice of the ideal lattice of the ring R.)
Defining e* to be 1 — e, we have a unary operation S — S such that for
every e € S:

ene*=e(l—e)=0 and eVe*=e+(1—e)—e(l—e€)=1.

Therefore, e — e* is a complement operation. Finally, for all e, ¢/, ¢” € S,
we have

(3) eN(Vve)y=(ene)V(ene’),

since both sides are equal to ee’ + ee” — ee’e”. Thus, (5, <, A, V, %) is a

Boolean algebra. (The other distributive law can be checked similarly, but
in general one distributive law suffices.)

Comment. Assuming Ex. 5, the conclusions of this exercise are entirely to
be expected if the reader is familiar with the natural equivalence between
the category of Boolean rings and the category of Boolean algebras. In
general, given a Boolean ring (B, @, -), we can make B into a Boolean
algebra by defining a < b <= a = ab, and taking

(4) aNb=ab, aVb=a®b®ab, and a* =1da.
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Conversely, given a Boolean algebra (B, <, A, V, ), we can turn B into a
Boolean ring with addition and multiplication defined by

(5) ab=aAb, and a®b=(aAdD*)V (a"AD).

These two structures share the same elements 0 and 1.
If we take the Boolean ring (B(R), @, -) defined in Ex. 5, then its
associated Boolean algebra is the one defined in Ex. 7, since

e®e dee' = (e+e —2ec) D ee
=e+e —2ee +ec’ —2(e+e —2ee)ec
=e+e —ee.

Similarly, if we take the Boolean algebra in Ex. 7, then its associated
Boolean ring is the one defined in Ex. 5.

Ex. 22.8. Given elements ey,...,e, in the Boolean algebra S = B(R)
in Ex. 7 above, let e =e; V---Ve, € 5. Show that there exist elements
Z1,...,Ty € S such that e; = z;e for each i, and xt1R+ -+ z,R = R.

Solution. We first handle the case n = 2. Here, we can take
r1=1—ey+e1e0, x3=1—e1+eje9,
both of which can be checked to be elements of S. Since e;e = e;, we have
rie=(1—ey+ejen)e=e€—eg+eres = ey,
and similarly zoe = es. Also
zier tao(l—e))=er +(1—e)* =1

implies that x1 R + 22 R = R.

For the general case, we induct on n. Suppose the elements z1,...,z,
have been obtained as required for the set {e1,...,e,} C S with a supre-
mum e =e; V---Ve,. For another given element e, 11 € .5, we set

e =eVe,1=eV---Ve,Veni,
and use the n = 2 case to find z, y € S such that
e=ux€, e,y =ye, and xR+yR=R.
Then, for ¢ < n, we have e; = z;e = z;xze/, with z;x € S and

z1zR+ -+ xz,2R+yR =z(x1R+ -+ x2,R) + yR
=zR+yR=R.

Thus, =iz, ...,x,x, and y in S are the elements we sought.
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Ex. 22.9. Determine all integers r € Z such that, for commuting idempo-
tents e, ¢/ in any ring R, e + ¢’ — ree’ is an idempotent in R.

Solution. From the work on Ex. 5 and Ex. 7, we see that r =1 and r = 2
are valid choices. (We don’t need e, €’ to be central; all we need is ee’ = €’e.)
Conversely, if r € Z is a valid choice, then for e = ¢/ = 1 in the ring R = Z,
we have e + ¢/ — ree/ =2 — r, which is an idempotent in Z (if and) only if
r=1or 2.

Comment. For a solution that is independent of Ex. 5 and Ex. 7, we can
proceed as follows. Let a = e + €/ — ree’, where e, €’ are commuting idem-
potents in any ring R. Then

a’® = (e+¢e —ree’)(e+e —ree)

= (e+ee —ree) + (ee' + ¢ —ree’) — (ree’ +ree’ —r?ee’)

=ede 4+ (r? —4r+2)ee,

and so a? —a= (r? —3r +2)ee’ = (r —1)(r — 2) ee’. From this, we see
that the “good” choices for r are precisely » = 1 and r = 2.

Ex. 22.10. If e, €/ are noncommuting idempotents in a ring R, show that
e + ¢’ — ree’ may not be an idempotent of R for any r € R.

Solution. Consider the noncommuting idempotents

1 0 0 0 .
e—(o 0), e'—(l 1> in R =M(Z).

Since ee’ =0, e+¢' —ree’ = (1 ?) for any r € R, and this is not an
idempotent of R.
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Chapter 8
Perfect and Semiperfect Rings

§23. Perfect and Semiperfect Rings

Even in the early days of ring theory, it was realized that semiprimary rings
were worthwhile generalizations of artinian rings. In the 1950’s, with the
advent of homological algebra, a number of papers were written about the
homological properties of semiprimary rings. In his seminal 1960 paper, H.
Bass studied the classes of perfect and semiperfect rings as homological gen-
eralizations of semiprimary rings, and obtained striking characterizations
of these rings, both in homological and non-homological terms.

By definition, a semiperfect ring is a semilocal ring R for which idem-
potents of R/rad R can be lifted to R. These rings are characterized by the
property that the identity element 1 € R can be decomposed into a sum of
mutually orthogonal local idempotents (see FC-(23.6)).

A left (resp. right) perfect ring is a semilocal ring R whose Jacob-
son radical, rad R, is left (resp right) T-nilpotent. Here, a subset A C R
is called left (resp. right) T-nilpotent if, for any sequence of elements
{a1,a2,...} C A, there exists an integer n > 1 such that ajas---a, =0
(resp. ay, - - - aga; = 0). The use of such T-nilpotent properties can be traced
back to the work of J. Levitzki. Since a (left or right) T-nilpotent ideal is
nil, and idempotents modulo a nil ideal can always be lifted, a (left or
right) perfect ring is always semiperfect. On the other hand, a nilpotent
ideal is always (left and right) T-nilpotent, so a semiprimary ring is always
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(2-sided) perfect. In more detail, we have, as in FC-p. 335:

{one-sided artinian rings}

N

{semiprimary rings}

N

{right perfect rings}
N

{local rings} C {semiperfect rings} C {semilocal rings}.

In the case of commutative rings, R is semiperfect iff it is a finite direct
product of commutative local rings R; (FC-(23.11)), and R is perfect iff,
in this decomposition, the maximal ideal of each R; is T-nilpotent (FC-
(23.24)). In general, however, a right perfect ring need not be left perfect.

It may be said that the more interesting right perfect rings are the ones
without ACC' on right or left ideals. In fact, if a right perfect ring R is right
(or left) noetherian, then, according to Exercise 20.6, R is already right
(or left) artinian, and we are back to a more classical setting. For right
perfect rings satisfying somewhat weaker ascending chain conditions, see
Exercise 24.8.

While 1-sided artinian rings are always right perfect (by the above
chart), the right perfect rings can in turn be characterized by certain kinds
of descending chain conditions. A surprising theorem of Bass (FC-(23.20))
states that a ring R is right perfect iff R satisfies DCC on principal left
ideals, iff any left R-module satisfies DCC on its cyclic submodules. (Note
the switch from “right” to “left,” which is not a misprint.) A further refine-
ment of this characterization, due to J.E. Bjork, is developed in Exercises
3 and 4.

A precursor to the study of DCC on 1-sided principal ideals was I.
Kaplansky’s work in the early 50’s on DCC for chains of the special
form

aRDa?R2Da®RD -+ and RaDRa>DRa®D---.

This work was continued later by G. Azumaya. However, it took almost
25 years before it was proved, by F. Dischinger, that the two resulting
chain conditions (each imposed for all a € R) are, in fact, equivalent! They
characterize rings that are known as strongly w-regular rings: the relevant
details are developed in Exercises 5 and 6 below. We have already had a
brief encounter with these rings in Exercises 4.15 and 4.17; in the former,
we saw that, among commutative rings, the strongly w-regular rings are
just those with Krull dimension 0.
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Exercises for §23

Ex. 23.1. Show that any left T-nilpotent set J is locally nilpotent.

Solution. To say J is locally nilpotent means that, for any finite sub-
set A={a,...,a,} C J, there exists a natural number N such that the
product of any N elements from A is zero. Assume, on the contrary, that
for A, no such integer N exists. Then, for any i > 1, there exists a prod-
uct a;1a42 - - - a;; # 0 where a;; € A. Since |A| < oo, there exists r; and an
infinite set I3 with min(7;) > 1 and such that a;; = a,, for all i € I;. Simi-
larly, there exists ro and an infinite set Iy C I; with min(l5) > 2 such that
a;2 = ar, for all ¢ € I5. Inductively, we can define r,, and an infinite set
I, C I,—1 with min(Z,,) > m and a;,, = a,,, for all i € I,,,. Consider now
the sequence
Apyy Gpyy ... € AC

For any m > 1, fix an ¢ € I,,,. Then ¢ > m, and
Apy = Ap,, = Q41 Aim 7é 0

since a1 - Qim -+ @i 7 0. This contradicts the fact that J is left T-
nilpotent.

Comment. (1) The argument here amounts essentially to an application of
the “Konig Tree Lemma” in graph theory. However, our ad hoc treatment
above renders the proof self-contained.

(2) In the special case when J is a 1-sided ideal, a somewhat easier proof
is possible: see the arguments in the proof of FC-(23.15).

(3) The converse for the Exercise is false in general, even if J is an ideal.
In fact, let R be the commutative Fy-algebra generated by x1, xs, ... with
the relations

2 _ 2 _
i =x5=---=0.

The ideal J = " Rux; is clearly locally nilpotent. However, since xy - - - x,, #
0 for any n > 1, J is not T-nilpotent. The commutative ring R here is
semiperfect (in fact local), but not perfect. (It was used once before in the
Comment to Exercise 10.13.)

Ex. 23.2. Let K D k be a field extension, and let A be a k-algebra such
that rad A is right T-nilpotent. Show that A Nrad(AX) = rad A.

Solution. Without any conditions on A, we have always
Anrad(A¥) Crad A (see FC-(5.14)).

Therefore, it suffices to show that rad A C rad(A¥). Consider any element
in (rad A) ®; K, say

a1®al+"'+an®ana
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where a; € rad A, o; € K. By Exercise 1, there exists a natural number
N such that the product of any N elements from {a1,...,a,} is zero. It
follows that

(a1®a1+~~~+an®an)N:0.

This means that (rad A) ®; K is a nil ideal, so (rad 4) ®; K C rad(AX),
as desired.

Ex. 23.3. (Bjork) For any left module M over a ring R, show that if the
cyclic submodules of M satisfy DCC, then the f.g. (=finitely generated)
submodules of M also satisfy DCC.

Solution. Among submodules of M whose f.g. submodules satisfy DCC,
there exists a maximal one, say N, by Zorn’s Lemma. Assume, for the
moment, that N # M. Then M/N contains a simple submodule. (For oth-
erwise, there would exist an infinite chain

Rxi+ NDRxs+ND ...

After re-choosing the z;’s, we may arrange that ;.1 € Rx; for every i. But
then Rxq D Rxo D --- contradicts the hypothesis on M.) Fix an element
y € M\N such that, for P: = Ry + N, P/N is a simple module. We shall
derive a contradiction by showing that the f.g. submodules of P satisfy
DCC.

Consider any chain P O P, D --- in P where each P, is f.g. If some
P,, C N, then of course the chain becomes stationary. Thus, we may assume
that each P, Z N. Now choose y,, € P, such that y = y,,(modN) and that
Ry, is minimal. In the following, we shall construct f.g. submodules 1 D
Q@2 2 -+ in N such that

(*)n P, = Ry, + Qn = Ryn+1 + Q,, (for any n).
Once the Q,,’s are constructed, we will have Q,, = Q41 = - -- for some n.
From (%)n, (*)n+t1, - .., we get therefore P, = P,y1 = ---, as desired.

We finish now by constructing the @,,’s. To begin with, note that
P1:Ry1+P1ﬂN.

By resolving a finite system of generators of P; with respect to this sum,
we can write P, = Ry; + Q1 for a suitable f.g. submodule ¢); C N. Since
y2 =11 (mod N), we can write yo = r1y; + g1 where r1 € R and ¢1 € Q.
Then

y=y2=m1y1 (mod N),
and the minimal choice of Ry; implies that Ry; = Rryy;. Therefore, P =
Rys + @1, as in (x)1. From this, we have

Py = Rys + PoN Q.
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As before, we can write P, = Rys + Q2 for a suitable f.g. module Q2 C @,
and we can repeat the above process to show that, for this Q2, (*)2 holds,
ete.

The above proof shows that M = N, so f.g. submodules of M satisfy
DCC!

Comment. This exercise is Theorem 2 in Bjork’s paper “Rings satisfying a
minimum condition on principal ideals,” J. reine angew. Math. 236 (1969),
112-119.

Ex. 23.4. Using Exercise 3, show that a ring R is right perfect iff the
finitely generated submodules of any left R-module satisfy DCC.

Solution. First assume R is right perfect. By Bass’ Theorem (FC-(23.20)),
any left R-module M satisfies DC'C' on cyclic submodules. By Exercise 3, M
also satisfies DCC' on finitely generated submodules. Conversely, suppose
any left R-module M satisfies DCC' on finitely generated submodules. In
particular, applying this to M = rR, we see that principal left ideals of
R satisty DCC. By Bass’ Theorem (F(-(23.20)) again, R must be a right
perfect ring.

Ex. 23.5. (Dischinger) Let R be a ring in which any descending chain
aR D a?R D --- (Va € R) stabilizes. Show that any descending chain Ra 2
Ra®? D -+ (Va € R) also stabilizes. (Such a ring R is known as a strongly
m-regular ring.)

Solution. The proof will be based on the following lemma.

Lemma. Suppose a = a?b and b = b?c in the ring R given above. Then
a € Ra®.

Proof. Write d = ¢ — a € R, and note that
1) ac = a(ab)c = a(a®b)bc = ab = a?,
abe = (a®b)be = a?b = a,
ad=a(c—a)=0

)

) b
4) d> = (c—a)d=cd

)

)

b
b,
b

(1),
(3));
abd? = abed = ad = 0 (
b2d? = b*cd = bd .

4),
(4))

Since dR D d?R D --- also stabilizes, we have d* = d¥*1r for some r € R.
Then, by repeated use of (6):

(7) bd?r = (V2d?)dr = b?dPr = --- = bFdF Ty = bPdY = bd.

(
(
( (2), (3)),
(

< << <

From this and (5), we have
(8) 0 = abd’r = abd, and so
9) 0 = abdr = ab*d*r = ab(bd) = ab*d (by (8), (6), (7)).



330 Chapter 8. Perfect and Semiperfect Rings

Recalling that d = ¢ — a, (8) now gives aba = abc = a (by (2)), and (9)
gives ab®a = ab?c. Therefore

a = aba = a(b*c)a = (ab*a)a € Ra?,
as desired.

To prove the assertion in the exercise, consider any descending chain
Ra, O Rag D ---. Since a,R O azR D .- stabilizes, we have a} = a:}“bo
for some b, € R, and similarly b™ = b>™c for some ¢ € R. Without loss of
generality, we may assume that m > n. Since

n __ n _ on+212 __nt+mrm
Qo _ao(ao)bo_ao bo_”'_a’o b07

multiplication by a”~" yields a” = a2™b™. Letting a = a™ and b = b,
we have then a = a?b and b = b%c. Applying the Lemma, we get a € Ra?.
Hence, a™ € Ra?™, so the chain Ra, 2 Ra2 D --- stabilizes.

Comment. The above highly intricate proof appeared in Dischinger’s paper
“Sur les anneaux fortement m-réguliers,” C.R. Acad. Sc. Paris 283 (1976),
Sér. A, 571-573. Another (allegedly somewhat more economical) proof can
be found in Hirano’s paper “Some studies on strongly w-regular rings”,
Math. J. Okayama Univ. 20 (1978), 141-149.

The somewhat clumsy name “strongly m-regular” is partly justified by
the fact that if R is strongly regular (in the sense of Exercise 12.5), then
it is strongly T-regular (since aR = a®?R = a®R = ... for all a € R). More
justification for the terminology is given in the Comment on the next ex-
ercise. A couple of elementary properties of strongly m-regular rings have
been given earlier in Exercise 4.17.

A large class of strongly w-regular rings arise as endomorphism rings of
modules. Let R = End(M4), where M is a right module over some ring A.
Armendariz, Fisher and Snider (Comm. Algebra 6 (1978), 659-672) have
shown that R is strongly w-reqular iff M has the “Fitting Decomposition
Property,” i.e. for any f € R, M = ker(f™) @ im(f") for some n > 1.! By
the classical Fitting’s Lemma (FC-(19.16)), any module M 4 of finite length
has this property. It follows therefore that any such M has a strongly -
regular endomorphism ring.

Applying the Armendariz-Fisher-Snider result to R = End(Rg) for any
ring R, we see in particular that R is strongly m-regular iff, for any a € R,
there exists n > 1 such that R = ann,(a™) @ a™R.

Ex. 23.6. Recall that an element b € R is called (von Neumann) regular
if b € bRD.

(1) (Azumaya) Let R be any strongly m-regular ring, and let a € R. Show
that there exists an element r € R commuting with @ such that a” = a"*1r
for some n > 1. From this, deduce that a™ is regular.

L This theorem is to be compared with similar results in Exercises 4.14A; and
4.14C on von Neumann regular and unit-regular endomorphism rings.
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(2) (Kaplansky) Let R be an algebra over a field k, and a € R be algebraic
over k. Show that aR D a?R D --- stabilizes, and that a” is regular for
some n > 1. From this, deduce that any algebraic k-algebra is strongly
m-regular.

Solution. As a motivation for (1), we begin by proving (2).

(2) Let a™ + a™ tep_1 + -+ + o = 0 where ¢; € k, and m is chosen small-
est. If ¢, # 0, then a € U(R) (cf. Exercise 1.13), in which case the desired
conclusions are obvious. We may now assume that, for some n > 1, ¢, # 0,
but ¢; = 0 for all i < n. Then from

—a"cy = a" e+ +a™,

we have a™ = a"*lr where r € R is a polynomial in a (and in particular

commutes with a). This shows that a"R = "™ R = - .. Since ar = ra, we
have
(%) a" =a"ar = a"rar = a"? = .. = ¥ = a"r"a”,

so a™ € R is regular. The last assertion in (2) is now obvious.

(1) The last assertion in (1) can be proved exactly as in (*), once we find
the element r € R such that a™ = a""1r and ar = ra. Since (by Ex. 23.5)

aRDa*RD--- and Ra D Ra®D---

both stabilize, there exist a large integer n such a™ = a®>"x = ya?" for suit-

able x, y € R. Now let b = a™. Then

(1) b=bir = yb?
(2) br = yb*zx = yb (by (1)),
(3) bab = yb? = b = b2z = byb (by (2), (1))

Setting s = bx? € R, we have:

(4) bs = bybr = bx = yb = ybab = sb (by (2), (3)),
(5) b%s = bsb = bxb = b (by (4), (3)),
(6) bs? = ybs = ybr = bx® = s (by (4)).

We have now from (5):

n 2

a" =a*"s = a"*!

r for r:=a"""s.
Finally, for any ¢ € R, we claim that
(7) ac = ca = sc = cs.

If so, then applying this to ¢ = a, we see that a commutes with s, and hence
with r, as desired. To prove (7), consider any ¢ € R commuting with a (and
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hence with b). We have

(8) sbc = scb = sch?s = sb?cs = bes (by (5), (4)),
9) sc = bs*c = s?bc = sbes (by (6), (4), (8))
(10) cs = cs?b = chs® = sbes (similarly).

Comparison of (9) and (10) shows sc = ¢s, as desired.

Comment. The proof for (1) is taken from Azumaya’s paper “Strongly
m-regular rings,” J. Fac. Sci. Hokkaido Univ. 13 (1954), 34-39, while the
argument for (2) is from Kaplansky’s paper “Topological representations
of algebras, II,” Trans. Amer. Math. Soc. 68 (1950), 62-75.

McCoy defined a ring R to be m-regular if, for any a € R, some a™ (n >
1) is regular. Using this definition, we have then

strongly regular = strongly m-regular

I I

regular - m-regular

In this chart, all implications are irreversible. However, for rings with a
bounded index for their nilpotent elements, Azumaya (loc. cit.) has shown
that the vertical implication on the right is an equivalence. In particular,
this implies that if a von Neumann regular ring R has a bounded index
for its nilpotent elements, then R is strongly m-regular. This result was
rediscovered years later (via Pierce sheaves) by Burgess and Stephenson:
see their paper in Comm. Algebra 4 (1976), 51-75, or Theorem 7.15 in
Goodearl’s book on von Neumann regular rings. For commutative rings R,
both vertical implications above are equivalences. In this case, the conditions
on the RHS just amount to K-dim R = 0: see Exercise 4.15.

In general, any von Neumann regular ring is J-semisimple. The analo-
gous result for the m-case is that, for any w-regular ring R, rad R is nil. In
fact, if a € rad R, then, choosing n > 1 and « € R such that a" = a"za",
we have (1 — a"x)a™ = 0, which implies a™ = 0.

The relationship between right perfect rings and strongly 7w-regular rings
is provided by Bass’ Theorem FC-(23.20) characterizing the former. In view
of this theorem, any right perfect ring is strongly w-regular. It follows (from
Exercise 5) that, in such a ring R, any chain

aRD2a?R2Da*RD -
stabilizes, although a chain
aitRDaR2a3RD---

need not stabilize (since R may not be left perfect).
As we have pointed out in the Comment on Ex. 20.10E, P. Ara has
proved in 1996 that any strongly m-regular ring has stable range 1.
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Ex. 23.7. Show that a ring R is strongly regular iff it is reduced and
strongly m-regular.

Solution. If R is strongly regular, we know that R is reduced by
Ex. 12.6(A), and that R is strongly 7-regular by the chart in the Comment
on Ex. 23.6. Conversely, assume that R is reduced and strongly w-regular.
For any a € R, Ex. 23.6(1) yields an equation a”™ = a"*1r for some n > 1
and some r € R commuting with a. We have then

(a —a*r)" = [a(1 — ar)]” = a"(1 — ar)"
=a"(1—ar)(l—ar)"!
= (a" — a”“r)(l - (17")'“1 =0.

2

Since R is reduced, this implies that a = a*r, so R is strongly regular.

Ex. 23.8. (Vasconcelos) Show that a commutative ring R has (Krull)
dimension 0 iff all finitely generated left R-modules are cohopfian.

Solution. If dim R # 0, there exist prime ideals P C @ in R. Fix an el-
ement a € Q\P. Then f: R/P — R/P given by multiplication by a is an
injective R-homomorphism with image contained in Q/P C R/P, so f is
not surjective. This proves the “if” part.

For the “only if” part, assume that dim R = 0, and let f be an injective
endomorphism of a finitely generated left R-module M. We apply here the
same technique used in the hopfian case (Ex. 20.9). View M as a left R[t]-
module by letting ¢ act via f, and let J C R[t] be the annihilator of M.
Pick mq,...,m, € M such that M = Z?:l Rm;. We can write

tm; = f(my;) = Zrijmj, where 7;; € R.
J

By the “determinant trick” again, this gives det(tI,, — (r;;)) - M = 0. Thus
J contains a monic polynomial in ¢, and hence R’ := RJ[t]/J is an integral
extension of the 0O-dimensional ring R/RNJ. By the Cohen-Seidenberg
Theorem, it follows that dim R’ = 0. Now ¢ is not a O-divisor in R’, since
for any polynomial a(t) € R[t]:

t-at)=0= fla(f/)M)=0= a(f/) M =0= a(t) € J.

Since dim R’ = 0, Ex. 4.15 and Ex. 4.17 imply that ¢ is a unit in R’. From
this, it is clear that f is an automorphism.

Comment. The result in this exercise comes from Vasconcelos’s paper in
Proc. Amer. Math. Soc. 25 (1970), 900-901. This result was extended to
P.I rings (rings satisfying a polynomial identity) by Armendariz, Fisher,
and Snider, who proved that, for any P.1. ring R, all finitely generated left
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R-modules are cohopfian iff all prime ideals of R are mazimal; see their
paper in Comm. Algebra 6 (1978), 659-672.

Ex. 23.9. (Dischinger) For any ring R, show that all finitely generated left
R-modules are cohopfian iff all matrix rings M, (R) are strongly 7-regular.

Solution. First assume that all finitely generated left R-modules are co-
hopfian. We view S = M,,(R) as Endg(R"), acting on the right of R".
Given any f €S, let T =J;2, ker(f*). Then Tf C T, so f induces an
f € Endg(R"/T). This endomorphism is injective, since

(24+T)f=0=afeT=uzecT.

Thus, f is also surjective. Write e; + T = (x; + T)f, where ey, ..., e, are
the unit vectors in R™. Then for a sufficiently large integer k, we have
e; — ;i f € ker(f¥) for all i. Let g € S be defined by e;g = z; (1 <i < n).
Then

ei( /" —gf" ) =e(1—gf)f" = (ei —2if)f* =0
for all 7, so we have f¥ = g f¥+1. This means that the chain Sf O Sf2 D ---
stabilizes, so S is strongly m-regular.

Conversely, assume that all matrix rings M,,(R) are strongly m-regular.
Given an injective f € End(gM) where g M is finitely generated, we must
prove f is surjective. We shall first treat the case where rM is a cyclic
module, say M = R/A, where A C R is a left ideal. Say (1+ A)f =r + A.
Since R is strongly 7-regular, there exists an equation ¥ = sr**! for some
k>1 and s € R. Thus,

(1—|—A)fk:Tk+A=srk+1—|—A=(s+A)fk+l,

and so M f* C M fk*+1. Since f is injective, this implies that M C M f, so
f is surjective.

For the general case, let M = >""" | Rm,. Writing the elements of M (n)
as column vectors (21, ..., %,)t, we can view M ag a left module over S =
M, (R) via matrix multiplication. This S-module is cyclic, with generator
(m1,...,my)t. Given an injective f € End(grM), we can define an injective
f* € End(sM ™) by the equation

(w1, .z f* = (o f, -z f) (2 € M).

Since the matrix rings M, (S) = My, (R) are all strongly m-regular, the
cyclic case covered before implies that f* is surjective. It follows that f
is also surjective.

Comment. The result in this exercise is a theorem proved in Dischinger’s
1977 doctoral dissertation at the Universitat Miinchen; see also his paper in
C. R. Acad. Sci., Sér. A 283 (1976), 571-576. The proof above follows that
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given by Armendariz, Fisher, and Snider in their paper cited in the Com-
ment on Ex. 8. In view of Dischinger’s other theorem (Ex. 5) that strong
m-regularity is a left-right symmetric notion, it follows from this exercise
that, for any ring R, all finitely generated left R-modules are cohopfian iff
all finitely generated right R-modules are cohofian. (This statement is not
true if “cohopfian” is replaced by “hopfian”: see the Comment on Ex. 20.9.)

To some readers, an “annoying” feature of the statement of this ex-
ercise might be that, for the sufficiency part, you have to assume strong
m-regularity not only for R, but for all matriz rings M, (R). This raised
the question whether the two conditions in this exercise are equivalent to
R itself being strongly w-regular. Dischinger observed in his paper (loc. cit)
that, if the property of strong m-regularity always passed to matrix rings,
then the famous Kéthe Conjecture (see Ex. 10.25) would have an affirma-
tive answer. However, Ced6 and Rowen have shown that strong m-regularity
does not pass to 2x2 matrix rings; see their paper in Israel J. Math. 107
(1998), 343-348. Thus, in general, Ex. 23.9 cannot be further improved.

For certain classes of rings, strong m-regularity does pass to matrix
rings. We shall only cite one result in this direction. Recall that a ring R is
2-primal if its prime radical Nil,(R) consists of all nilpotent elements of R
(see FC-§12, or Ex. 12.18, Ex. 12.19(0)); examples of 2-primal rings include
commutative rings and reduced rings. Building on the work of Tominaga
(Math. J. Okayama Univ. 4 (1955), 135-144), Hirano has proved that, if
R is 2-primal, then R is w-regular iff it is strongly m-regular, iff all matrix
rings M,,(R) are strongly m-regular; see his paper in Math. J. Okayama
Univ. 20 (1978), 141-149. The commutative case of this result is covered
by Ex. 4.15 and the exercise below.

Ex. 23.10. Let S be a commutative ring of dimension 0, and R be an
S-algebra that is finitely generated as an S-module. Show that any matrix
ring M, (R) is strongly m-regular.

Solution. By Ex. 8, any finitely generated left S-module is cohopfian. In
view of Ex. 4.16%, this implies that any finitely generated left R-module
is also cohopfian. Applying Ex. 9, we see that any matrix ring M, (R) is
strongly m-regular.

Ex. 23.11. Let R be a right perfect ring. Show that (1) any matrix ring
M, (R) is right perfect, and (2) any finitely generated left or right R-module
is cohopfian.

Solution. (1) By FC-(20.4), S =M, (R) is also semilocal, so it suffices
to show that J =rad S = M, (rad R) is right T-nilpotent. Accordingly to
F(C-(23.16), this will follow if we can show that, for any right S-module M,
MJ =M = M = 0. Let {e;;} be the matrix units in S. From MJ = M,
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we have

M611 = MJ€11 = M(Zz €1 -rad R)
=M - (Zl €;1€11 -rad R)
Q M611 -rad R.

Since Meq; is a right R-module, and rad R is right T-nilpotent, this implies
that Meq; = 0. Right multiplying this by ey;, we see that Mey; = 0, and
hence

Mej; = M(esie1:) € Mey; = 0.

Summing over i, we get M = 0, as desired.

(2) Since M, (R) is right perfect, its principal left ideals satisfy DCC (by
F(C-(23.20)), so in particular M, (R) is strongly m-regular. By Ex. 10 (and
the left-right symmetry of strong m-regularity), it follows that finitely gen-
erated left, right R-modules are all cohopfian.

Comment. Part (1) is folklore in Bass’s theory of (right) perfect rings, and
is usually proved by using the Morita equivalence of module categories
over R and M,,(R), and categorical characterizations of right perfect rings
(such as “flat right modules are projective”). Since we do not have Morita’s
theory at our disposal, we gave a direct (and more elementary) proof. Part
(2) of the exercise was an observation of Armendariz, Fisher, and Snider;
see Cor. (1.3) in their paper cited in the Comment on Ex. 8.

§24. Homological Characterizations of Perfect
and Semiperfect Rings

As we have mentioned in the Introduction to §23, Bass’ study of perfect
and semiperfect rings was partly inspired by homological algebra. In order
to retrace his path of discovery, we have to first review some of the module-
theoretic notions introduced in FC-§24.

A submodule S of an R-module M is said to be small (or superfluous)
(written S C, M) if, for any submodule N C M,

S+N=M= N =M.

The sum of all small submodules of M is called the radical of M, and
is denoted by rad M. This radical is also the intersection of all maximal
submodules of M (F(C-(24.4)). (If there are no maximal submodules, this
intersection is understood to be M.) Thus, the radical of a module is just
a straightforward generalization of the Jacobson radical of a ring.

For any Mg, a projective cover of M means an epimorphism 6 : P —
M where Pg is a projective module and ker C¢ P. (Sometimes we shall



§24. Homological Characterizations of Perfect and Semiperfect Rings 337

loosely refer to P as a projective cover of M, suppressing the role of 6.)
In general, Mpr may not have a projective cover, but whenever it does,
as above, then the projective cover is essentially unique (FC-(24.10)). The
question is: when does every Mp admit a projective cover?

One of Bass’ main theorems is that every Mg has a projective cover
iff R is right perfect (FC-(24.18)), and every finitely generated Mg has a
projective cover iff R is semiperfect (FC-(24.16)). A pleasant consequence
of this is that if R is right perfect (resp. semiperfect), then so is R/I for
any ideal I C R (F(C-(24.17), F(C-(24.19)).

The homological connection does not stop here, as there is also another
surprising link to the notion of flat modules. A module My is called flat
if the functor M ®g — is exact on the category of left R-modules. (The
notion of flat modules generalizes the notion of torsion-free abelian groups.)
Another theorem of Bass states that a ring R is right perfect iff every flat
module Mg is projective® (FC-(24.25)). In fact, it is this homological result
which first led Bass to the characterization of right perfect rings as rings
satisfying DC'C on principal left ideals. Later, a nonhomological proof of
this characterization was found by R. Rentschler, but the proof was by no
means easy.

The exercises in this section deal mainly with maximal, minimal, and
superfluous submodules, and their connections to projective covers and per-
fect and semiperfect rings. Projective covers of simple modules are charac-
terized in Exercise 4. Commutative rings for which every nonzero module
has a maximal submodule are characterized in Exercise 9. Since we do not
have the full homological machinery at our disposal, no exercises on flat
modules are included in this section.

Exercises for §24
Ex. 24.1. For any finitely generated right R-module M, show that rad
M Cs M.

Solution. Assume rad M is not superfluous in M. Then there exists a
submodule N C M such that N +rad M = M. Since M is finitely gener-
ated, Zorn’s Lemma implies that N C N’ for some maximal submodule N’
of M. But then N’ D rad M, and hence

N' D N+rad M = M,
a contradiction.

Ex. 24.2. Let S, M be right R-modules such that S C; M. Show that M
has a projective cover iff M/S does.

2 Of course, every projective module is always flat.
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Solution. For the “only if” part, let f: P — M be a projective cover of
M. Let T = f=1(S). We claim that T C, P. To see this, suppose N is a
submodule of P such that N +7T = P. Then

M= f(P)=f(N)+ f(T)=f(N)+§

implies that f(N) = M. This in turn implies that N + ker(f) = P. Since
ker(f) Cs P, we conclude that N = P. Having now proved that T' C P, it
follows that f : P — M/S is a projective cover of M/S.

Conversely, let g : P — M/S be a projective cover of M/S. Since P is
projective, there exists an R-homomorphism f : P — M such that mo f =
g where 7 is the projection map M — M/S. From

ker(f) C ker(g) Cs P,

it follows that ker(f) C, P. We are done if we can show that f(P) = M.
But
M/S = g(P)==f(P)

implies that f(P)+ S = M. Since S C; M, we have indeed f(P) = M.

Ex. 24.3. Show that aring R is semiperfect iff every simple right R-module
has a projective cover.

Solution. Recall that R is semiperfect iff every finitely generated right
R-module has a projective cover (FC-(24.16)). Our job is therefore to show
that, if every simple right R-module has a projective cover, then so does
every finitely generated right R-module M. Let {M; : i € I} be the family
of maximal submodules of M. For each i € I, fix a projective cover g; : P; —
M /M;. Since P; is projective, there exists f; € Hompg(P;, M) “lifting” g;. It
is easy to see that ), f;(P;) = M. (For otherwise >, fi(P;) € M; for some
J, which contradicts M; + f;(P;) = M.) Since M is finitely generated, it
follows that

(1) fo®-®fi,: Phoo---0PF, —M

is onto for suitable indices i1,...,%, € I. To simplify the notation, let us
write 1,...,n for iy,...,4, in the following. From (1), we have an epimor-
phism

(2) éPi/rad P (é Pi> /rad (é Pi> — M/rad M.
i=1 i=1

=1

Since ker(g;) is maximal in P;, we have rad P; C ker(g;). On the other
hand, ker(g;) Cs P; implies that ker(g;) C rad P; (see F'C-(24.4)). There-
fore, equality holds, and we have P;/rad P; & M /M; for every i. It follows
from (2) that M/rad M is a finitely generated semisimple module. Since
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each simple right R-module has a projective cover, so does M /rad M (cf.
F(C-(24.11)(3)). By Exercise 1, rad M C, M, so by Exercise 2, M also has
a projective cover.

Ex. 24.4. For any projective right R-module P # 0, show that the follow-
ing are equivalent:

E : = Endg(P) is a local ring;

2)
3)
4) every maximal submodule of P is superfluous;
5)
6) P = eR for some local idempotent e € R.

Solution. (1) < (2) is clear.
(4) = (2) is clear since (by FIC-(24.7)) P always has a maximal submodule.

(2) = (3). Let K C P be both superfluous and maximal. Then K C rad P
by F(C-(24.4), and hence K = rad P, proving (3).

(3) = (5). First note that P must be indecomposable. (For,if P = P; © Py
with P; # 0, then rad P; # P; by FC-(24.7), and

rad P =rad P, ®rad P,

would not be maximal.) Since P is projective, it follows that an endomor-
phism of P is an automorphism iff it is an epimorphism. To check that
FE is a local ring, it suffices to show that, whenever f+g=1¢€ FE and
f € U(E), then g € U(E). Now, from f ¢ U(E), we have f(P) # P. The
assumptions on rad P then imply that f(P) C rad P. On the other hand,
f + g = 1implies that f(P) + g(P) = P. Therefore, g(P) = P and we have
g€ U(E).

(5) = (4). Let N be any maximal submodule of P. To prove that N Cg P,
suppose N + M = P, where M is another submodule of P. Let f be the
composition of

P—P/N=2M/MNN,

and choose a homomorphism g : P — M which lifts f. We shall view g as
an element of E. For any p =m + n where m € M and n € N, we have
f(p) =™, so m — g(p) € N. This implies that (1 —g)(P) CN,sol—g ¢
U(FE). Since FE is a local ring, it follows that g € U(F), and in particular
M = P, as desired.

We have now proved the equivalence of (1)—(5).

(6) = (5) is clear, since Endg(eR) = eRe by FC-(21.7).
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(1) = (6). Let « : P — S be a projective cover, where S is a simple
R-module. Fix a surjection 7w : R — S. Since P is projective, there exists
B8 € Hompg(R, P) such that o8 = w. Then S(R) + ker(a) = P, so we must
B(R) = P. This implies that P = eR for some e = ¢? € R. Since we already
know (1) = (5), eRe = Endg(P) is a local ring, so e is a local idempotent.

Ex. 24.5. Show that a semiprime right perfect ring R is semisimple.

Solution. This follows without any work from FC-(10.24) if we use the

characterization of right perfect rings as rings satisfying DCC on principal

left ideals ((1) <= (2) in FC-(24.25)). An alternative proof is given below.
Since rad R is right T-nilpotent, FC-(23.15) implies that

rad R C Nil,R (the lower nilradical of R).

The fact that R is semiprime means that Nil, R = 0. Therefore, rad R = 0.
It follows from the definition of a right perfect ring that R(= R/rad R) is
semisimple.

Ex. 24.6. Let R be a ring satisfying one of the following conditions:

(a) Every nonzero right R-module has a maximal submodule;
(b) Every nonzero left R-module has a simple submodule.

Show that J = rad R is right T-nilpotent.

Solution. First assume (a) holds. For any right R-module M # 0, (a)
implies that rad M C M. Since MJ C rad M by F(C-(24.4), it follows that
MJ C M. The fact that this holds for any Mg # 0 implies that J is right
T-nilpotent, according to FC-(23.16).

Next assume (b) holds. Then for any left R-module N # 0,

anny(J):={x € N: Jxr =0}

is necessarily nonzero. This fact implies that J is right T-nilpotent, again
by FC-(23.16).

Ex. 24.7. For any ring R, show that the following are equivalent:

(1) R is right perfect;

(2) R is semilocal and every right R-module M # 0 has a maximal sub-
module;

(3) R is semilocal and every left module N # 0 has a simple submodule.

Solution. (2) or (3) = (1). Assume (2) or (3). By Exercise 6, rad R is
right T-nilpotent. Since R is semilocal, it follows by definition that R is
right perfect.

(1) = (2) + (3). Assume R is right perfect. By definition, R is semilocal
and J: =rad R is right T-nilpotent. Let M # 0 be any right R-module.
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By the last part of FC-(24.4), MJ =rad M, and by FC-(23.16), MJ # M.
Therefore, rad M # M, which means that M has a maximal submodule.
Next, consider any left R-module N # 0. By Exercise 4.18,

soc(N) = annpy (J),

and by F(C-(23.16) again, anny(J) # 0. Therefore, soc(N) # 0, which
means that NV has a simple submodule.

Comment. In (2) and (3), one may try to replace “R is semilocal” by
the weaker condition that “there is no infinite set of nonzero orthogonal
idempotents in R.” Let (2)" and (3)" denote the resulting conditions. In
F(C-(23.20) and (24.25), it was shown that (1) <= (3)’: this was part of
Bass’ Theorem in his original 1960 paper (Trans. AMS 95). Of course, we
also have (1) = (2)’, so it is tempting to ask if (2)’ = (1). This was raised
as an open question in p. 471 of Bass’ paper (although it was misquoted as
a “conjecture” in a few other papers). In the case when R is a commutative
ring, (2)’ = (1) was proved later by Hamsher, Renault, and Koifman.
(This implication is an easy consequence of Exercise 9 below.) However, a
noncommutative example was constructed by Koifman to show that (2)" =
(1) does not hold in general: see his paper (in Russian) in Mat. Zametki 7
(1970), 359-367 (translated into English in Math. Notes 7 (1970), 215-219).

Ex. 24.8. Let R be a right perfect ring which satisfies ACC' on right anni-
hilators of ideals. Show that J : = rad R is nilpotent (so R is a semiprimary
ring).

Solution. Fix an integer n > 1 such that

ann,.(J™) = ann,.(J" ).

(Here, “ann,” denotes “right annihilator.”) If ann,(J") = R, then J" =
0 and we are done. Assume, for the moment, that ann,(J") # R. Since
ann,(J") is an ideal, we can view R/ann,(J") as a left R-module. By
Exercise 7, there exists a left ideal N D ann,.(J™) such that N/ann,.(J™) is
a simple left R-module. But then JN C ann,(J"), so

0=J"JN)=J""N.
Since ann,.(J") = ann,.(J" 1), this implies N C ann,.(J"), a contradiction.

Comment. There do exist semiprimary rings satisfying ACC on right (and
left) annihilators that are not right noetherian. The most immediate ex-
amples are nonnoetherian local rings (R, m) for which m? = 0. (The only
annihilators are (0), R, and m.) This is an observation of Carl Faith; see
his paper in Proc. Amer. Math. Soc. 112 (1991), 657-659.

Ex. 24.9. (Hamsher, Renault) Let R be a commutative ring. Show that
every nonzero R-module has a maximal submodule iff rad R is T-nilpotent
and R/rad R is von Neumann regular.
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Solution. First assume every nonzero R-module has a maximal submod-
ule. By Exercise 6, rad R must be T-nilpotent. After factoring out rad R,
we may assume that rad R = 0. In particular, R is now a reduced ring; we
must show that R is von Neumann regular. By Exercise 4.15, it suffices to
show that any prime ideal p C R is maximal. After factoring out p, we may
further assume that R is an integral domain, and must show that R is a
field. Let K be the quotient field of R, and assume R # K. Let M be a
maximal submodule of Kg, and fix an R-isomorphism

¢ : R/m— K/M,

where m is a maximal ideal of R. Since R # K, there exists a nonzero
element r € m. Let ¢(1 + m) = k + M and pick s € R such that ¢(s +m) =
k/r + M. Then

olsr+m)=(k/r+ M)r=k+ M =p(l+m)

implies that 1 € sr + m C m, a contradiction.

For the converse, assume now that J =rad R is T-nilpotent and R/J
is von Neumann regular. Let Mg # 0 be any R-module. By F(C-(23.16), we
have M J # M. Tt suffices to show that M /M J has a maximal submodule.
Since M/MJ is a right module over R/J, we may replace R by R/J to
assume that R is von Neumann regular. To find a maximal submodule of M,
we follow here an argument suggested by K. Goodearl. Fix a maximal ideal
m C R at which the localization M, # 0. By Exercise 4.15, the localization
R, is a field. Therefore, as a nonzero vector space over Ry, M, admits
an Ry-homomorphism f onto R,. Composing f with the natural map
M — My, we get an R-homomorphism g : M — Ry, which is easily seen
to be nonzero. As an R-module, Ry, is just the simple module R/m. Since
g # 0, it must be onto, so ker(g) is a maximal submodule of M.

Comment. For the relevant literature, see R. Hamsher’s paper in Proc.
Amer. Math. Soc. 17 (1966), 1471-1472, and G. Renault’s paper in C. R.
Acad. Sc. Paris 264 (1967), Sér. A, 623-624.

Ex. 24.10. (Hamsher) Let R be a commutative noetherian ring. Show
that every nonzero R-module has a maximal submodule iff R is artinian.

Solution. If R is artinian, then R is perfect, so by Exercise 7, every nonzero
R-module has a maximal submodule. Conversely, assume R has this prop-
erty. By Exercise 9, J =rad R is T-nilpotent and R/J is von Neumann
regular. Since R/.J is also noetherian, FC-(4.25) implies that it is semisim-
ple. It follows now from Exercise 20.6 that R is an artinian ring.

Comment. The above result can be generalized to the noncommutative
setting. In fact, Renault has shown that a right noetherian ring R is right
artinian iff every nonzero right R-module has a mazimal submodule. The
proof requires considerably more work: see Renault’s paper in C. R. Acad.
Sc. Paris 267 (1968), Sér. A, 792-794.
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§25. Principal Indecomposables and Basic
Rings

The theory of principal indecomposable modules and basic rings was clas-
sically developed for right artinian rings, but can be easily adapted to
the case of semiperfect rings. If R is semiperfect, any primitive idempotent
e € Rislocal (FC-(23.5)), and eR is called a principal indecomposable mod-
ule. The isomorphism classes of principal indecomposables are in one-one
correspondence with the isomorphism classes of simple right R-modules,
by the map

[eR] — [eR/eJ]

where J =rad R. Moreover, any finitely generated projective right R-
module is uniquely a direct sum of principal indecomposables (FC-(25.3)).
A basic idempotent in a semiperfect ring R is an idempotent of the form

e:€1+...+er

where the e;’s are orthogonal primitive idempotents in R such that e1 R, . ..,
e, R represent a complete set of isomorphism classes of the principal inde-
composables. For any such basic idempotent e, eRe is called a basic ring
of R. This ring is also semiperfect, and its isomorphism type is uniquely
determined (FC-(25.6)). The ultimate justification for the formation of the
basic ring is that it provides a “canonical minimal representative” for the
class of rings that are “Morita equivalent” to R. However, since we do not
have the details of the Morita Theory at our disposal, we shall not pursue
this connection here.

Exercise 4 below shows that a basic idempotent of a semiperfect ring
R is determined up to a conjugation in R. The other exercises deal with
the classical case of finite-dimensional algebras (over fields), and are largely
motivated by the representation theory of such algebras.

Exercises for §25

Ex. 25.1. Let R be a finite-dimensional algebra over a field k, and let M
be any finite-dimensional right R-module. For any idempotent e € R, show
that dimy Hompg(eR, M) = dimy Me.

Solution. By F(C-(21.6), we have an additive group isomorphism
A: Homp(eR, M) — Me

defined by A(f) = f(e) for any A € Homp(eR, M). It is easy to check
that Hompg(eR, M) and Me are k-vector spaces, and that A is a k-
homomorphism. Therefore, A is a k-isomorphism, and we have

dimg Hompg (eR, M) = dimy Me.
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Ex. 25.2. In Exercise 1, assume k is a splitting field for R. Let e € R
be a primitive idempotent and let J =rad R. Show that the number of
composition factors of Mg isomorphic to eR/eJ is given by dim; Me.

Solution. Since eRe is finite-dimensional over k£ and has no nontrivial
idempotents, it is a local k-algebra by FC-(19.19). Therefore, e is in fact
a local idempotent, so by FC-(21.18), eR/eJ is a simple R-module. Fix a
composition series

M=M 2 M2 -2 My 2 M =
Suppose
M /M1, M [JM; 11 (1<ip < <i <)
are the composition factors isomorphic to eR/eJ. Recall that
M;/M;11 =2 eR/eJ <= M;e ¢ M, 4,

(see F'C-(21.19); of course this is also a special case of Exercise 1). Therefore,
there exist m;, € M;, such that m; e ¢ M;, 1 for 1 < j < r. After replacing
m;,; by m;;e, we may assume that m;, € Me. From M;;, = m;, R+ M;, 41,
we have

(A) Mije - mine + Mij+1 = mij ((’,Re) + Mij+1-

Let us write “bar” for the residue map from R to R=R/J. Since k is a

splitting field for R, eRe = Endy(eR) is 1-dimensional over k. Therefore,
eRe = ek + eJe, so from (A) we have

(B) Mije g mij ek + mijeJe + M¢j+1 Q mijk + Mij+1-

We shall now complete the proof by showing that m;,,...,m; form a
k-basis for Me. Since they are clearly k-linearly independent, it suffices
to show that they span Me. Consider any m € Me. Since M;e C M; 1
whenever i & {i1,...,i,}, the fact that m = me implies that m € M;,. In
view of (B), there exists a; € k such that

m/ LE=Emo—my 0 (S Mi1+17

and therefore m’ = m’e € M;, ;1e. This implies as before that m’ € M,,,
and so m’ € M;,e. We then have

m' — M, Qg € Mi2+1
for a suitable as € k. Continuing like this, we obtain in 7 steps an equation

m=m; o1+ -+ m; o + ¢,
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with an “error term” ¢ € M; 11. But now ¢ = ce € M;, 4 e = 0, so we have
M= My 0+ My Oy
as desired.

Ex. 25.3. Construct a basic idempotent e for the group algebra R = QS3,
and determine the corresponding basic ring eRe.

Solution. Referring to Exercise 8.3, we have

R~ Q x Q x My(Q),

with the three centrally primitive idempotents eq,es, e3 as worked out in
that exercise. The first two of these are already primitive idempotents in
R, but e3 is not. To find a primitive idempotent in the block e3R, we fix an
irreducible QQ-representation belonging to this block, say the one afforded
by the module

V = (Qu1 ® Qua & Qus3)/Q - (v1 + v2 + v3),

on which S5 acts by permuting the v;’s. Using 1, U2 as basis for V', we have

(1) <é (1)) (12) — (g (1)) (13) (j (1)) (123) — <(1) j)

These four matrices are linearly independent, so we have a unique linear
combination, namely

a=1[(1) - (12) — 2(13) — (123)],

which maps to the primitive idempotent (é 8) € M(Q). Of course, «
may not lie in the block ez R. But we can simply replace it by 3
B =aez =1[(1) — (13) + (23) — (123)] € e3R.

Since our representation gives an isomorphism ¢ from esR to M3(Q), (3 is
a primitive idempotent in esR. A basic idempotent for R is therefore

e=ertetf=1-e3+p
—5[2(1) = (123) — (132)] + 5[(1) — (13) + (23) — (123)]
= $[2(1) — (13) + (23) + (132)].

To compute eRe, note that ey, es, 5 are mutually orthogonal, and that
es3 = Pes = (. Thus, e(e;R)e = Qe; for i = 1,2, and

e(esR)e = eesReze = (3(esRe3)3 = QO

3 If we had chosen to work with the matrices representing (1), (13), (23) and
(123), we would have gotten this 3 in one shot, but we didn’t know better.
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in view of the isomorphism ¢. A basic ring for R is therefore

eRe = (Qe1) x (Qez) x (QB) 2 Q x Q x Q,

which is, of course, consistent with the predictions of the general theory

(cf. (25.7)(3)).

Comment. For the general symmetric group G = S,,, there is a well-known
method, due to Alfred Young, by which one can construct explicitly a
primitive idempotent associated with each irreducible QG-representation,
from the so-called Young diagram of the representation. This method is
described in detail in §28 of “Representation Theory of Finite Groups and
Associative Algebras” by Curtis and Reiner. In concluding this discussion,
Curtis and Reiner stated: “An interesting unsolved problem in this connec-
tion is whether the sort of algorithm used in the case of S, which gives a
direct construction of the minimal (right) ideals in the group algebra from
the conjugacy classes in the group, is available for other classes of (finite)
groups.”

In the case of G = S3, the representation used in the solution of our
exercise arises from the Young tableau:

1|2

Following through Young’s algorithm (as given in §28 of Curtis-Reiner), we
obtain the primitive idempotent

v = 3l1)(1) = ()(A3) + (12)(1) - (12)(13)]
= 1[(1) — (13) + (12) — (132)].
This leads to a new basic idempotent
€ =er+tet+y=1—e3+v=3[2(1)— (13) + (12) + (123)].

Note that the basic idempotent e we constructed earlier is just the conju-
gation of ¢’ by (13). This is not surprising in view of our next (and last)
exercise!

Ex. 25.4. Let ¢ be a basic idempotent of a semiperfect ring R, and ¢
be another element of R. Show that e’ is a basic idempotent for R iff
e/ = u~teu for some u € U(R).

Solution. Let e = ey + --- 4 e,, where the e;’s are orthogonal primitive
idempotents such that e R,...,e.R represent a complete set of isomor-
phism classes of principal indecomposables. Let e’ = u~leu where u €
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U(R), and write e, = u~te;u. In view of Exercise 21.14, the €}’s have the
same properties as the e;’s. Therefore, ¢/ =¢} 4+ ---+ ¢l is also a basic
idempotent of R.

Conversely, let ¢’ be any basic idempotent of R. Then eR = ¢’ R, since
both modules are isomorphic to the direct sum of a complete set of principal
indecomposables. Also, both rings eRe, ¢’ Re’ are semiperfect (FC-(25.6))
and hence semilocal. Therefore, by Exercise 21.16, e, ¢/ must be conjugate
in R.

Ex. 25.5. Let R be the ring of upper triangular n x n matrices over a di-
vision ring k, and let P = k™ be the space of row n-tuples, viewed as a right
R-module by the natural R-action. Show that P has a unique composition
series (of length n).

Solution. We first construct a composition series for P. Let e1,...,¢e, € P
be the unit vectors, and let V; be the span of {e;,...,e,} (1 <i<n+1)
(so that V,, 41 = 0). These are clearly R-submodules of P, with

(%) P=Vi2Ve 22V, 2 Vo1 =0,

and it is easy to see that the n filtration factors are precisely the n different
simple right R-modules. Therefore, (*) is a composition series for P. (This
is essentially the same as the composition series constructed for P; in FC-
(25.11), upon identifying P; there with our P.) Our job is to show that any
R-submodule V' C P is one of the modules in (x).

Let ¢ be the largest integer such that V; O V. We may assume ¢ < n
(for otherwise V' = 0). Pick a vector v € V\V; ;. Then

v=(0,...,0,ai,...,a,) with a; #0.
If we right multiply v by the matrix (in R) with ith row
0,...,0,a; 'z a; i, .. a5 tay)

and 0’s elsewhere, we get (0, ..., 2, Zit1,...,2,) € V;. Thus, V; CoRC V,
so V =V;, as desired.
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archimedean ordered field, 257
archimedean ordered group, 88—89
archimedean ordered ring, 89, 248,
251, 256
artinian module, 72-73, 309, 314
artinian ring, 38, 81
Artin’s Theorems, 223, 253, 255
Artin-Schreier Theorem, 248, 249
Artin-Whaples Theorem, 167
ascending chain condition

(ACCO), 1

augmentation ideal, 96, 109, 182
augmentation map, 113, 182
Ay, 123

As, 121

ACC on annihilators, 341

ACC on ideals, 153

Baer’s lower nilradical, 141

Baer-McCoy radical, 141

Banach algebra, 56, 83, 150

basic idempotent, 343345, 346

basic ring, 343, §25

Bass’ Theorems, 311-312, 329, 332,
336-337, 341

Bergman’s example, 312-314

Bergman’s Lemma, 164-165

Bergman’s Theorem (on graded rings),

7
Bézout domain, 286
bimodule, 43, 161
binary tetrahedral group, 124
Binomial Theorem, 80, 217
Birkhoff’s Theorem, 178, 184
Birkhoff-Iwasawa-Neumann
Theorem, 249
Bjork’s Theorem, 326, 328—-329
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block, §22

Boolean algebra, 320-322
Boolean ring, 191, 294, 319-322
Brauer’s Lemma, 149, 174, 183
Brauer-Albert Theorem, 229
Bray-Whaples Theorem, 231
Brown-McCoy radical, 50, 56
Burnside Problems, 134
Burnside’s Theorems, 105, 136

Cancellation Theorem (for modules),
30, 64, 279, 310
Cartan-Brauer-Hua Theorem, 201,
204
Cassels-Pfister Theorem, 255
Cauchy sequence, 262—-263
Cauchy’s Theorem, 96
Cayley’s Theorem, 102
ceiling function, 33, 44-45
center, 5
center of
division ring, 10
J-semisimple ring, 74-75
left primitive ring, 171
local ring, 270
matrix ring, 5
polynomial ring, 10-11
prime ring, 142
right artinian ring, 101, 310
semilocal ring, 289
semiprime ring, 142-143
semisimple ring, 34-35
simple ring, 34-35
von Neumann regular ring, 298-299
central idempotent, 4, 106-107, 110,
822, 316
centrally primitive idempotent, 320
central units (in group rings), 113-114
change of rings, §5, 103-104
character, 99, 104
character table, 104, §8, 119, 124, 129
Chinese magic square, 60
Chinese Remainder Theorem, 44, 192
class function, 110
Clifford’s Theorem, 108, 140
cohopfian module, 66—67, 334, 335
column rank (of a matrix), 208
comaximal, 164

commutator subgroup, 93, 107, 128

compact operator, 56

complementary idempotent, 291, 304

completely reducible linear group, 135,
140

completely reducible (or semisimple)
module, §2

composition series, 100

complemented modular lattice, 298

conjugate idempotents, 292, 295, 303,
304, 305

core (of a left ideal), 166

cubic field, 225

cyclic algebra, 130, 211-214, 225, 227

cyclic module, 19-20, 72-73

cyclotomic ring, 113, 128, 130

Dedekind-Artin Lemma, 223
Dedekind cut, 248, 273
Dedekind-finite, 1, 2, 7-8, 32, 38, 67,
188, 198
dense ring, 161, 168-169
Density Theorem, 161, 167, 172
descending chain condition
(DCC), 1
Dickson’s example, 225
Dickson’s Theorem, 231, 243-244
Dietzmann’s Lemma, 83, 93
differential operator, 43, 171
differential polynomial ring, 43, 181
dihedral group (finite), 117, 123
dihedral group (infinite), 92
direct product of modules, 31-32, 291
direct product of rings, 4, 5, 28, 57
Dirichlet’s Unit Theorem, 113
discrete valuation ring, 70
discriminant, 226
distributive laws, 2, 25-26, 29
divisible group, 80, 137
division closure of a preordering, 252
division ring, 2, 12, 33, 109, Ch. 5
domain, 1, 12
double annihilator property, 33, 39-40,
122, 173
Double Centralizer Theorem, 228, 230
dual numbers, 311
DCC on ideals, 149
DCC on principal left ideals, 326, 337



DCC on finitely generated submod-
ules, 328-329

A(G), 94

AT(G), 94

Eigenring, 18-20

Eilenberg’s trick, 115

endomorphism ring, 12, 35-36, 63,
301, 330

Euclidean algorithm, 11, 237

FEuler’s identity, 133

exponential function, 137-139

Faithful semisimple module, 161

faithful simple module, 46, 166, 170,
228

faithfully balanced bimodule, 43

finite conjugate (f.c.) group, 93, 135

finite-dimensional algebras, §7

finitely presented module, 104

Fitting’s Lemma, 330

flat module, 301, 336, 337

formal power series ring, 77, 82, 159,
185

formally real ring, 248

Fourier expansion, 110

free group, 8

free ring, 19, 162, 249

Frobenius’ Theorem, 201

full subring, 74, 288

FC, xvii

Galois Theory, 223-224
Gerstenhaber-Yang Theorem, 228
Gordon-Motzkin Theorem, 231, 242
graded ideal, 77

graded ring, 77

group character, §8

group of units, 2, 23, 80

group representation, §8

group ring, §6, §8

Hamiltonian group, 110
heart, see little ideal
Heisenberg group, 80
Hermitian matrix, 117
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Herstein’s Lemma, 191, 205, 243244

Herstein’s Theorems, 201

Higman’s Theorems, 114

Hilbert Basis Theorem, 79, 283

Hilbert ring, 78

Hilbert space, 56

Hilbert’s Nullstellensatz, 178

Hilbert’s 17th Problem, 255

Hilbert’s twist, 9, 162, 166, 221

Holder’s Theorem, 83, 88—89

holomorphic functions, 286

homological algebra, 325

hopfian group, 7-8

hopfian module, 7-8, 67, 282, 284, 335

Hopkins-Levitzki Theorem, 49, 73,
282, 310

Hurwitz’ ring of quaternions, 125

Ideal, xvii

Idealizer, 18-20

idempotent, 4-5, 63-64, §21

idempotent ideal, 144, 155

idempotents in group rings, 113,
311-312

incidence algebra, 315

indecomposable module, 104

indecomposable ring, 34

induced module, 108

infinitely large element, 257

infinitely small element, 257

inner automorphism, 13

integral group ring, 106, 113-114

invariant valuation ring, 274

inverse, 2, 3, 4

involution, 13, 15-16, 87, 296

irreducible idempotent, 292

irreducible linear group, 136

irreducible module, see simple
module

irreducible representation,
Chapter 3

isomorphic idempotents, 292, 302, 316

isomorphism of group rings, 105-106

isotypic component, 30, 65

Jacobson-Chevalley Density Theorem,
161, 178
Jacobson radical, §4, 52, 71, §5
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Jacobson semisimple ring, see next
item

J-semisimple ring (or semiprimitive
ring), xvii, §4

J-semisimplicity Problem, 83

Jacobson’s Conjecture, 71

Jacobson’s Theorems, 190, 206, 237

Jordan algebra, 23

Jordan-Holder Theorem, 30

Kaplansky’s Theorem, 228

Kasch ring, 123

Klein 4-group, 106, 132, 136

Konig Tree Lemma, 327

Kothe’s Conjecture, 24, 74, 142, 157,
160-161, 335

Krempa-Amitsur, 159

Kronecker’s Rank Theorem, 202, 209

Krull dimension, 65, 190

Krull’s Intersection Theorem, 70, 277

Krull-McCoy, 153

Krull-Schmidt Theorem, 74, 128,
223-224

Krull-Schmidt-Azumaya Theorem,
267, 275

Krull valuation, 219, 272

Kummer extension, 215-216

Landau’s Theorem, 123

lattice, 148

Laurent series ring, 193, 215

left artinian ring, 1, 69, 282, 310

left dimension, 212-213

left ideal, 1

left identity, 6, 70

left inverse, 3

left noetherian ring, 1, 7, 38, 71-72,
147

left primitive ring, §11

left quasi-regular, 50

left stable range one, 279, 285—287

left T-nilpotent set, 325

left zero-divisor, 2, 14, 308

length, 44, 72, 131, 177

Leung’s Theorems, 263

Levitzki radical, 141, 156157

Levitzki-Herstein, 152

Levitzki’s Theorems, 142, 151, 152,
154

Lie-Kolchin Theorem, 134, 139

lifting idempotents, 312

linear group, §9

little ideal, 179, 180

Littlewood’s formula, 125

local group ring, 269

local homomorphism, 289-290

local idempotent, 292

local ring, §19

localization, 66, 267

locally finite group, 96

locally nilpotent (one-sided) ideal, 141

locally nilpotent set, 327

logarithmic function, 137-139

lower nilradical (or prime radical),
141, 158

Mal’cev-Neumann ring, 212, 217, 229

Mal’cev-Neumann-Moufang Theorem,
212

Maschke’s Theorem, 82—83

matrix ring, 5, 9, 37-39

matrix units, 5, 9

maximal ideal, 56

maximal left or right ideal, 19, 49

maximal subfield, 215, 222, §15

maximal submodule, 336-337, 339-340

McCoy’s Lemma, 300

McCoy’s Theorems, 153, 183, 186

metro equation, 205, 238-239

minimal left ideal, 12, 43-44, 122, 174,
182

minimal polynomial, 39, 187, 240

minimal prime ideal, 142, 153

modular left ideal, 53, 70

modular representation, 104, 316

Morita Theory, 336, 343

Motzkin polynomial, 256

m-system, 153

Nakayama’s Lemma, 49, 278

Neumann’s Theorem, 83, 94

nil (left or right) ideal, 24, 78-79, 158

nil set, 46

nilpotent (left or right) ideal, 77, 85,
149-150



nilpotent group, 79-80, 106, 139
nilpotent set, 46

Noether-Deuring Theorem, 268
Noether’s Normal Basis Theorem, 224
noetherian module, 7, 30, 72-73
noetherian ring, 7, 38, 70
nonarchimedean ordering, 250

norm, 215, 217, 225-226, 243

number of generators, 45

n-system, 153

Octahedral representation, 120
odd-order group, 105-106
opposite ring, 13-15, 268
ordered division ring, 257, §18
ordered group, 88, 219

ordered ring, §17

ordering of a ring, §17

ordinary representations, 104
orthogonal idempotents, 4, 305
orthogonality relations, 110, 124

Passman’s Theorems, 90

Pauli spin matrices, 117

PID, 28, 60

polynomial identity, 284, 333

Plancherel’s formula, 110

polycyclic group, 8

positive semidefinite polynomial, 255,
265

power series ring, 23, 77, 82, 159, 185,
271, 287

preordering in a ring, 248, 252

prime ideal, 141, 143-144

prime ideal contraction, 155

prime radical (or lower nilradical), §10

prime ring, §10, 145-147

primitive element, 225

Primitive Element Theorem, 225

primitive idempotent, 292, 299, 302,
307

primitive polynomial ring, 122

principal indecomposable module, 343

projection, 175-176, 296

projective cover, 336, 338

projective module, 60, 95, 275, 277,
280, 301

Subject Index 357
Priifer group, 20, 73
pseudo-convergent, 262
pseudo-inverse, 59, 61, 62
pure subgroup, 81

p-adic integers, 20, 218

p-adic numbers, 262

p-group, 79, 111, 116, 182, 269
p’-group, 83, 90

p-ring, 192

m-regular ring, 332

Quadratic extension, 242
quasi-Frobenius ring, 39, 122-123
quasi-inverse, 51, 55

quasi-regular, 51

quaternion algebra (generalized), 242,

243, 259-260
quaternions, 9, 19, 116, 203, 232-233,
243, 311

quaternion group, 106-107, 116, 119
g-binomial coefficients, 208

Radical ring, 55

radical of an ideal, 141, 153
radical of a module, 337-339
rad-nil ring, 78-80

rank of a free module, 40—41
rank of a linear operator, 41-42
rank 1 endomorphism, 174-176
rational quaternions, 106-107
reduced ring, 22, 75, 83, 186, 193-194
regular element, 3, 59-61
regular group rings, 96-97
Remainder Theorem, 236
representations, Ch. 3

reversible ring, 194

Rickart’s Theorem, 83

Rieffel’s Theorem, 43

right dimension, 212-213

right discrete valuation ring, 270
right duo ring, 199, 284, 318
right Goldie ring, x, 47

right ideal, 1

right inverse, 89

right irreducible idempotent, 292
right Kasch ring, 123

right ordering, 94

right perfect ring, 280, §§23-24
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right primitive ring, §11

right quasi-duo ring, 284

right repetitive ring, 284

right O-divisor, 2, 14, 68

ring, 1

ring of continuous functions, 28, 59

ring of operators, 49, 179

ring of differential operators, 43, 171

ring with involution, 13, 15-16, 87, 91,
296

ring with polynomial identity, 333

ring homomorphism, xvii

rng (ring without identity), 1, 5-6,
50-55, 189

row rank (of a matrix), 208

Sasiada-Cohn example, 55

scalar extension, 99

Schofield’s examples, 213

Schur’s Lemma, 18, 20, 33, 136

semilocal ring, 68, 71, 168, §20, 309

semiperfect ring, §§23-24

semiprimary ring, 72, 167, 280, 281,
308, 325

semiprime ideal, 141, 143-144, 148

semiprime ring, §10, 147

semiprimitive ring, see Jacobson
semisimple ring

Semiprimitivity Problem for group
rings, §6

semisimple module, §§2-3

semisimple ring, xvii, §§2-3, 63

separable algebraic extension, 86, 155

separable maximal subfield, 228

separable polynomial, 86

Serre’s Theorem, 134

simple artinian ring, 34, 37, 44-45

simple (or Wedderburn) component,
34, 45, 128

simple domain (without identity), 181

simple module, 20, 26, 54

simple nil ring, 56

simple radical ring, 55

simple ring, 33

Sl-ring, 197

skew group ring, 222

skew Laurent series ring, 166

skew polynomial ring, 9, 166, 221

skew power series ring, 166, 271

small (or superfluous) submodule, 336

Smith Normal Form, 61

Snapper’s Theorem, 75, 79

socle of a module, 68-69, 280

socle (left or right) of a ring, 69, 175

solvable group, 105, 106

splitting field (of an algebra), 99, 103

stable range one, 17-18

stably finite, 283, 284

Stone’s Representation Theorem, 302

strong radical, 56

strongly indecomposable module, 267

strongly nilpotent element, 154

strongly m-regular ring, 68, 188, 288,
326, 329-330, 334-335

strongly (von Neumann) regular ring,
59, 186, 299, 318, 333

subdirect product, 44, 57, 59, §12

subdirectly irreducible ring, 178,
182-184

subring, xvii, 1

superfluous (or small) submodule, 336

symmetric group, 195, 346

symmetric ring, 195

Ss, 93, 106, 108, 126, 132, 136, 346

Sa, 112, 119

Ss, 122

SLo, 133

Tensor product of modules, 31

Torsion subgroup, 82, 311-312

torsion-free abelian group, 94, 163,
337

torsion-free group, 83, 139

trace, 243, 244

triangular ring, 12-15, 58, 80, 158,
316, 347

two-primal ring, 195, 197-199, 335

two-sided ideal, 1

Unipotent group, 139
unipotent radical, 136
uniserial module, 73, 347
uniserial ring, 318

unit (or invertible element), 2
unital, 2



units of group rings, 113-114, 128

unit-regular element, 63-64

unit-regular ring, 38, 63—66, 188, 286,
299, 316

unitriangular group, 80, 139

upper nilradical, 141

Valuation ring, 260, 261, 318

valuation topology, 262

Vandermonde matrix, 231, 233-235

von Neumann regular ring, 3, 49-50,
58-60, 9597, 155, 269, 286, 298,
341

von Neumann regular element, 3, 59,
60-62, 300-301

Wadsworth’s example, 259
Wallace’s Theorem, 92
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weak preordering, 248, 253

weakly finite, see stably finite

Wedderburn-Artin Theorem, §3, 47,
86, 101, 222223

Wedderburn-Artin Theory, Chapter 1

Wedderburn’s “Little” Theorem, 86,
201, 203

Wedderburn’s Theorem (on roots),
231

Wedderburn-Mal’cev Theorem, 82

Wedderburn radical, 71

Weyl algebra, 42-43, 162, 171, 249

Young diagram, 122
Young tableau, 346

Zassenhaus Conjectures, 106



