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Preface

Around the turn of the century, the University of Gottingen was a Mecca
for mathematicians and students from around the world, including the
United States. Besides Hilbert, who held Gauss’s chair, the other three
chairs were held by Klein, Minkowski, and Runge. The visitors took
back with them a large number of handwritten lecture notes, some of
which eventually found their way into mathematics libraries of several
U.S. universities. The present notes of Hilbert’s 1897 course on invariant
theory comprise 527 handwritten pages, taken by Hilbert’s student
Sophus Marxsen, who went on to write a dissertation in invariant the-
ory. As part of the estate of John Henry Tanner they were given to the
Cornell University Mathematics Library.

The project to translate these notes and make them more widely avail-
“able was suggested by Keith Dennis. Without his initiative and contin-
uing support this translation would not have been undertaken. Steve
Rockey at the Cornell University Mathematics Library was also very
helptul. Finally, many thanks are due to the late Eleanor York for her
expert typing of the manuscript.

Reinhard C. Laubenbacher
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Introduction

In the summer semester 1897 David Hilbert gave an introductory course
in invariant theory at the University of Géttingen. The present text is an
English translation of the handwritten course notes taken by Hilbert’s
student Sophus Marxsen.

When Hilbert gave this course in 1897, his research in invariant the-
ory had been completed. In particular, Hilbert’s famous Finiteness The-
orem had been proved and published in two striking papers (Hilbert
1890, 1893).* These papers changed the course of invariant theory dra-
matically, and they laid the foundation for modern commutative algebra.
Thus 1897 was a perfect time for Hilbert to give an introduction to invari-
ant theory, taking into account both the old approach of his predecessors
and his new ideas. It is this bridge from nineteenth-century mathematics
into twentieth-century mathematics which makes these course notes so
special and distinguishes them from other treatments of invariant theory.

Hilbert’s course is at a level accessible to graduate students in mathe-
matics. Prerequisites include familiarity with linear algebra and the ba-
sics of ring theory and group theory. The text provides a self-contained
introduction to classical invariant theory, and it will be of interest to any-
one who wishes to study this subject. But we believe that this translation
will also be valuable as a historical source for experts in contemporary
invariant theory. Mathematicians and computer scientists who are in-
terested in algorithmic aspects of invariant theory can read the present
notes in parallel with Sturmfels (1993).

Let us attempt to answer the question, “What is invariant theory?”
A nineteenth-century mathematician might have answered, “Invariant
theory is the bridge between algebra and geometry.” This point of view

*For English translations of Hilbert’s research papers in invariant theory see
M. Ackerman (1978).

viii
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found its most explicit expression in Felix Klein’s Erlangen Programm
(Klein 1872). Today invariant theory is often understood as a common
branch of representation theory, algebraic geometry, commutative al-
gebra, and algebraic combinatorics. Each of these four disciplines has
roots in nineteenth-century invariant theory. This will become evident
from Hilbert’s course.

The standard references to today’s invariant theory include, among
others, Dieudonné and Carell (1971), Springer (1977), and Mumford
and Fogarty (1982). In modern terms, the basic problem of invariant
theory can be characterized as follows. Let V be a K -vector space on
which a group G acts linearly. In the ring of polynomial functions K[V]
consider the subring K [V]G consisting of all polynomial functions on V
which are invariant under the action of the group G. The basic problem
is to describe the invariant ring K[V]€. In particular, we would like to
know whether K[V]€ is finitely generated as a K -algebra and, if so, to
give an algorithm for computing generators.

Hilbert essentially proved the following theorem (see Section II.2 of
this text): If G is a reductive algebraic group, then K[V]€ is finitely
generated as a K -algebra. A minimal set of generators is called a full
system of invariants. Recall that a group G is reductive if all its lin-
ear representations are direct sums of irreducible representations. After
Hilbert’s complete solution to this outstanding problem of invariant the-
ory, the field was pronounced dead, only to be resurrected thirty years
later by the work of Hermann Weyl (1939), in which invariant theory was
developed for all classical Lie groups. Weyl developed invariant theory
as a special instance of representation theory.

A famous problem, left open by both Hilbert and Weyl, asked whether
the Finiteness Theorem continues to hold for every subgroup of the gen-
eral linear group GL,,(C). It is known as Hilbert’s fourteenth problem.
In 1959 Nagata answered this question by giving an example of a (nonre-
ductive) group G acting linearly on a vector space V such that K[V]¢
is not finitely generated. Popov (1979) extended Nagata’s work by prov-
ing the following remarkable converse to Hilbert’s Finiteness Theorem:
For every nonreductive algebraic group G there exists a representation
V such that K[V]€ is not finitely generated. Another important re-
sult in today’s invariant theory is the theorem of Hochster and Roberts
(1974), which states that the invariant ring K[V]¢ is Cohen-Macaulay,
provided K has characteristic zero and G is reductive.

Classical invariant theory is concerned with the following special case:
the group G is the group GL,,(C) of invertible complex m xm-matrices,
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acting by linear substitution on a space V of m-ary forms, that is,
homogeneous polynomials in m variables. In fact, in Hilbert’s course
most of the discussion centers around the m = 2 case of binary forms.
For a complementary point of view on the invariant theory of binary
forms we refer to the exposition of Kung and Rota (1984).

We now give a summary of Hilbert’s course. In Section I.1 he intro-
duces the space V = S*C™ of m-ary n-forms, that is, homogeneous
polynomials of degree n in m variables. It is proved that this com-
plex vector space has dimension ("+':_1) . The group GL,,(C) acts on
S™C™ by linear substitutions, which amounts to the nth symmetric
power representation. Starting with Section 1.2, Hilbert specializes to
the case m = 2. It is proved that GLy(C) is generated by diagonal

matrices (8 ?\), lower triangular matrices (lll ?), and upper tri-

angular matrices ( (1) ’1/) The concepts of invariants and covariants

are introduced in Section 1.3.

Let ag,a1,...,a, and z1, T3 be coordinates on S*C? and C?, respec-
tively. A covariant is a polynomial I(ag, a1, ..., a,;x1,Z2) which is fixed
under the action of any matrix T € GL;(C), up to a factor det(T)*.
If I depends only on ag,ay,-..,a,, then it is called an invariant. The
number p is called the weight of the co- or invariant. It is extremely
important to note that here GLy(C) acts on C? by the contragredient
(or inverse) representation (cf. Springer 1977, §3.1). Otherwise the whole
concept of “covariants” does not make sense. The essence of this point
is expressed in Hilbert’s statement, “The simplest covariant is the form
f itself,” at the end of Section I.3.

The action of the group GL;(C) gives rise to an action of the Lie al-
gebra sl3(C) on the space S*C? of binary n-forms. The two Lie algebra
generators corresponding to the lower- and upper-triangular matrices are
denoted D and A. In Section 1.4 it is shown that invariants are annihi-
lated by D and A. This characterizes invariants among all polynomials
in ag,a1,...,a, which are invariant under the action of the diagonal
matrices only. A similar criterion is proved for covariants. In Section 1.5
we see that in this criterion any one of the two conditions DI = 0 and
AT = 0 isimplied by the other, and hence can be omitted. In order to
show this, Hilbert proves the commutation relation

(DA — AD)A = (ng —2p)A

for the action of the Lie algebra generators on the space of polynomials
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in ag, ..., a, of degree g and weight p. We refer to Serre (1987, Chapter
IV) for an introduction to the representation theory of the Lie algebra
sl2(C).

The action of the Lie algebra generators D and A leads in Section 1.6
to the “smallest system of conditions for the determination of invariants
and covariants.” Every covariant can be written as

m
C(ag,---,8n;T1,L3) = Z Ci(ag,...,an) 7" x5,
=0

The leading coefficient Cy is called the source of the covariant. The main
result in Section 1.6 is that the following system of differential equations
characterizes covariants:

DC,' = 'l:Ci_l (’L= 1,...,m).

These equations imply in particular that each covariant is determined
by its source.

Section 1.7 is concerned with the Hilbert series of the rings of invariants
and covariants. A self-contained introduction is given to the enumera-
tive calculus of Cayley and Sylvester. It is similar to the presentation in
Springer (1977). In Section 1.8 the concept of transvections is introduced.
It is proved that each covariant of a binary form f can be expressed as a
polynomial in the transvections fi,..., f,, divided by a suitable power
of f itself. Several applications are given, including the determination
of the complete system of covariants for the binary quartic. The natu-
ral generalization of the concept of invariants and covariants to several
base forms is presented in Section I.9. In Section 1.10 Hilbert introduces
three procedures for generating new covariants from old ones. The first
one is the remarkable statement: “Covariants of covariants are again co-
variants.” The other two are the polarization process and the Aronhold
process.

So far invariants and covariants were always represented explicitly
as polynomials in ay,...,as;x1,23. The last three sections of Part I
are concerned with three alternative representations. In Section I.11 we
think of (the roots of) a binary form of degree n as an unordered col-
lection of n points on the complex projective line. This allows us to
express each covariant as a symmetric function in the coordinates of
these n points. The other two representations, in terms of one-sided
derivatives (Section 1.12) and using the symbolic method (Section 1.13),
are of historic interest, but they are less important for what follows in
Part II of Hilbert’s course.
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The symmetric function representation of Section I.11 leads to a direct
proof of Hilbert’s Finiteness Theorem in the case of binary forms. This
proof, which is also due to Hilbert, is given in Section I1.1. See Sturmfels
(1993, Section 3.7) for an alternative presentation of the same proof. The
key lemma for this proof is the existence of a finite Hilbert basis for a
system of linear equations over the natural numbers. Today this lemma
is foundational for the theory of integer programming (Schrijver 1977).
In Section II.1 of Hilbert’s course we can fully appreciate the purpose
for which “Hilbert bases” were invented.

The Finiteness Theorem for binary forms is due to Gordan (1868).
Gordan’s original proof gave an explicit construction of the complete
system of invariants based on transvections and the symbolic method,
but it is much more complicated than the one given in Section II.1.
However, both Gordan’s proof and Hilbert’s proof in Section II.1 do
not generalize to forms in m > 3 variables. The “generalizable proof”
is presented in Section I1.2. This is the proof which in 1890 shocked
the invariant theory community. It is based on an averaging operator,
called Cayley’s )-process, and another key lemma, called Hilbert’s Basis
Theorem for polynomial ideals. This proof works in full generality, but
it is not constructive.

The remaining sections of the course are based on Hilbert’s 1893 paper
“On the complete system of invariants.” In this paper Hilbert essentially
gives an explicit algorithm for computing a full system of invariants. In
Section I1.3 Hilbert discusses the relation between the ring of invariants
and the field of invariant rational functions. He proves that the invariant
ring is a unique factorization domain, and that it coincides with the
intersection of the invariant field with the polynomial ring C[V].

The material presented in Section I1.4 is fundamental both for Hil-
bert’s algorithm and for geometric invariant theory (Mumford and For-
garty 1982). The vanishing locus of all homogeneous invariants is called
the nullcone. The forms lying in the nullcone are called nullforms. The
main theorem in Section II.4 states that, if Iy,...,I; are any invariants
which define the nullcone set-theoretically, then the invariant ring C[V]¢
is integral over C[Iy,...,Ix]. The algorithmic significance of this result
is explained in Sturmfels (1993, Section 4.6). The key lemma in the proof|
of this main theorem is Hilbert’s Nullstellensatz It is the very purpose
for which the Nullstellensatz was first invented. Several applications of]
the main theorem to binary forms are given.

In Section I1.5 Hilbert gives a more precise combinatorial description
of the ternary nullforms. They are precisely those ternary forms f such
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that after a suitable linear transformation, the Newton polygon of f
does not contain the origin. The geometric meaning of a ternary form
being a nullform is that the planar curve {f = 0} has certain types of
singularities, which makes the curve unstable. This example is the point
of departure in Mumford and Fogarty (1982). In geometric invariant
theory the concept of stability (= lying outside the nullcone) is extended
to arbitrary projective varieties, and, as the main application, certain
moduli spaces are constructed.

Section I1.6 deals with Hilbert’s Syzygy Theorem. In modern language
this theorem states that the polynomial ring C[zy,...,z,] has global
dimension n, that is, every module over the polynomial ring admits
a finite free resolution of length at most n. The Syzygy Theorem is
applied to prove the fact that the Hilbert series of the invariant ring is
a rational function. In commutative algebra this is sometimes called the
Hilbert-Serre Theorem (cf. Atiyah and Macdonald 1969, Theorem 11.1).

In the last three sections, I1.7-9, Hilbert discusses applications of in-
variant theory to (algebraic) geometry, and he outlines future directions.
Some of Hilbert’s questions have received an answer during the past cen-
tury (notably, Nagata’s solution to Hilbert’s fourteenth problem). Other
classical questions are still open, and many new questions arise from the
increasing demand for invariant theory as a tool in applied mathematics.
These questions guarantee the future of invariant theory as an exciting
area of research in mathematics.
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I

The elements of invariant theory

Lecture I (April 27, 1897)

The theory of algebraic invariants, with which we want to concern our-
selves here, is a modern discipline. Its origins can be traced back to
Cayley (1845), who used the term “hyperdeterminants” for functions
possessing the invariant property. At present, we only mention as ref-
erences the four main text books which all differ from each other and
treat the subject from different perspectives. These are the following:

Clebsch. Theorie der bindren algebraischen Formen. Leibzig 1872,

Salmon. Modern Higher Algebra. Dublin 1885. German trans. by
Friedler. Leibzig 1885.

Faa di Bruno. Théorie des formes binaires. Turin 1876. German
trans. by Walter. Leibzig 1881.

Gordan. Vorlesungen iiber Invariantentheorie. Leibzig 1885 (in par-
ticular vol. II).

One should add to these: Franz Meyer, Bericht iber den gegenwdrti-
gen Stand der Invariantentheorie, 1892. (In the “Berichte der deutschen
Mathematiker Vereinigung.”)

The necessary prerequisite for an understanding of the following is a
knowledge of differentiation and of the basic theorems from the theory of
determinants. The latter can be found in, for example, Baltzer, Deter-
minantentheorie; Hasse, Raumgeometrie, Lecture 7; Salmon, Modern
Higher Algebra, Lecture 1; Serret, Algébre Supérieure, Tome II, Ch. IV
(of course also in the German translations); H. Weber, Algebra, vol. I,
Sect. II.

The books by Salmon and Fad di Bruno are the best introduction to
invariant theory.




I.1 The forms ﬁﬂ
I.1 The forms

A sum of products of constants and variables will be called a polynomial.
Thus, if c;x; are constants, and x, y, z are variables, then

F(x,y,2) = Zciklx‘ykzl, i,k,1=0,1,2,3,4,5,
ikl

is a polynomial in three variables. The general form of a polynomial is

f(x,y,z,...) = Z cikl__.xiykzl Ty i,k,l,... =0,1...,n.
i,k

Each of the products, that is, each expression ¢ z*y*2!- - -, is called
a term of the polynomial. Its characteristic number n =i+ k 4+ 4 .-+,
that is, the sum of the exponents of the variables, is called the order
of the term. The order of the tesm with the highest order is called the
order of the polynomial.

We always want to think of a polynomial as ordered, by taking first
the term of order zero—the constant—then the terms of order one, then
those of order two, etc; we want to indicate this by using the notation:

F(zy,2,...) = [0} + [1] +[2] + - - - + [n],

where n is the order of the polynomial.

The last term [n] can not be identically zero, because otherwise the
order would be smaller than n. On the other hand it is possible that
all terms other than [n] vanish, in which case the function is called a
homogeneous function or a form. In this case, therefore, all terms have
the same order.

In the following we will only consider forms. We want to introduce
fixed notation for them, which we shall use throughout. The order of
a form is always n (respectively, v, N,...); the number of variables in
general discussions will be m, so the variables will always be denoted
T1,T2,...,Lm-

It is no restriction to consider only forms, since we can always obtain
a form from a polynomial and vice versa. Indeed, if we add a variable
Tm to

F(z1, @2y .. Tmo1) = [0] + 1] +[2] +--- + [n],

then

®(x1,Z2,-..,Tm) = [0]zF, + [1]z77! + [2a72 + - - + [n]
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is a homogeneous function, from which we can easily reconstruct the
original function by setting z,, = 1:

<I>(:z:1,:z:2, ey Tm—1, 1) = .7'-(1}1,1}2, eee ,:z:m__l).

Moreover, we have

T1 T2 I3 Tm—1
(2 2 e )=“’(”"“’2"“’””'""

Hence, the theory of forms in m variables is essentially identical to the
theory of general polynomials in m — 1 variables. We will now derive
two theorems which we will use frequently. Let

®(x1,T2, ...y Tm) = Z Cik..sTiTS Ty i+k+--+s3=1n.
1.0y 8

If we replace z; by ux;,-where u is arbitrary, for example, a variable,
then we obtain

O(ury,..., uTm) = Z cik___,uix‘lukx'g SEER Vg iy
1,...,8
i,k itk+---
= Z cik...axixz . ..x:nuﬂ' + s
1,...,8
Therefore,
B(uzy,..., utm) = u" Y ci.saiak -2l
1,...,8
or, finally,
O(ury,. .., uTy) = v"®(x1,22,...,Tm)- (I

A polynomial has this property precisely if it is a form, which can be
seen by decomposing it into its homogeneous parts. It can consequently
be used as a defining property of forms.

If we differentiate (I) with respect to u, which is admissible since it
holds identically as an equation in u, then it follows that

0%(uzy,..)  8%(uzy,..) 0%(uzs,...)
d(uz1) A(uzs) (utm)

= nu”‘1<I>(:z:1, .. .),

Tz +--+

and if we set » = 1, then we obtain

0P 0P 0P
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Lecture II (April 29, 1897)

There are two ways in which one can classify forms: either according to
order or according to the number of variables—which is more commonly
done. In the latter case there are special names for forms with a small
number of variables:

1. m = 1. Unary forms. The general form is cz}.
2. m = 2. Binary forms. Here the general expression is

F = coxl 4+ 127 zp + - - + cuzh.

The number of terms is n + 1.
m = 3. Ternary forms.

m = 4. Quaternary forms.

m = 5. Quinary forms.

6. m = 6. Senary forms.

9w

The terminology for m = 1,5, 6 is little used however. As the primary
purpose of this section we are left with the determination of the number
of terms of a general form. Let ¢(n,m) be the number of terms of a
general form of order n with m variables. We know—and it is easily
seen—that

d(n,2)=n+1,
#(1,m)=m.
We claim now that the desired formula is
_(n+D)(n+2)(n+3)---(n+m—-1)
¢(n,m) = 1-2-3..-(m—1) '
This formula is valid for m = 2. We will prove it for general m by
induction from m — 1 to m. For this purpose we will use a recursion
formula which can be derived as follows. Let (™ denote a form of order
n; then in the general case we have the expression

F(zy,...,&m) =22 FONzy, ..y Tne) + 25 F D (24, ...y Tnmt)

4o 2 FON ey Tm).

(IIT)

Therefore

¢(n1m) =¢(0’m_1)+¢(1,m_ 1)+---+¢(n,m—1),
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and, likewise,
¢p(n—1,m)=¢(0,m—-1)+¢(1,m—1)+---+¢(n—1,m —1).
Subtraction of the two formulas results in
¢(n,m) — ¢(n — 1,m) = ¢(n,m — 1)
or
#(n,m) = ¢(n —1,m) + ¢(n,m — 1).

If we now set
(n+1)---(n+m-—1)

1/2/-3---(m—1) ’

x(n, m) — x(n—1, m) = ¢(n’m) —¢(n—-1, m)

x(n,m) = ¢(n,m) —

then we obtain

_(n+1)-(ntm—1)

1.2 (m—1)
nn+1)---(n+m-—2)
1-2---(m—1)
_ (n+1)(n+2)---(n+m-2)
=¢(mm—1)- 1.2 (m—2)

=0,
since we assume the formula to hold for m — 1. Consequently,
X(n’m) = X(n - 17m) == X(l!m)’

through repeated application of the last formula. Hence, we obtain that

2.3...
X(",m)=¢(1;m)—m—%-(—m—7i-1—)=m—m=0.

Therefore, formula (I1I) is valid for m variables, and is thus valid in
general.

Lecture III (April 30, 1897)

Finally, we want to point out briefly a geometrical interpretation of the
theory of forms. If, given a binary form, we set 1 =z, x2 = 1 (which
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does not change the essential nature of the form, due to its homogeneity),
then we obtain a polynomial in one variable of order n:

cox™ + 1z + x4+ +ca

The theory of binary forms therefore includes the theory of algebraic
equations in one variable. If we interpret x;, z» as the coordinates of a
point on a line, then a binary form set equal to zero represents n points
on a line. The theory of binary forms is thus also identical with the
geometry of a line (or a bundle of lines and planes). Analogously, one
realizes that a ternary form set equal to zero describes a relationship be-
tween two variables; hence the theory of ternary forms is identical to the
geometry of the plane, namely, of algebraic curves. Finally, the theory of
quaternary forms is analogously an essential aid in studying the geome-
try of space, especially of algebraic surfaces. The forms with more than
three variables do not readily admit such a geometric interpretation.

1.2 The linear transformation

We are led to essentially new and deep properties of forms through the
application of linear transformations. Let

f(")(xl,xz,...,xm)

be a general form. We can derive another form from it, if we replace the
m variables x by other variables z’ via relations of the form

T =¢1($'1,. .. ’x:-n)’
o)) =¢2($'1, e ,:L':,n),
T = dm(2]s ..., 2h),

where the ¢s denote forms of the same order. Such an operation is called
a transformation, the new variables are called z', and the resulting form

Fl(z),xh, ..., xh)
=F(@1(x]s 1T )y B2(TLs -, Ti) s oy P (T -+ 1 Thy)

is called the transformed form.
Among the transformations, the linear ones are distinguished, that
is, the transformations for which ¢1,¢2,...,¢m are linear forms. The
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relationship is then given by the following equations—here again we
want to fix notation:

T1=anT] +oxh + -+ aimhy,

Iy = Oz21$'1 + a22$'2 4.4 azmxin,

'
Tm = Am1T] + Am2Th + -+ + AmmTh,-

The « are called the transformation coefficients. We regard them as
given, without ever specifying them. The transformed form becomes

F(zy, @b, Thy) =F(T1,T2, ..., Tm)
=.7'-(0111$'1 j// yee ey Qn1T) + - )

Here, we primarily need to observe three properties of linear transfor-
mations:

1. The transformed form has the same order as the original form. This
is because the general term

Cxy Tyl - Thm, n+uve+-+ vy, =n,
becomes
'] ' ' 1z '
ci(anz) + a2z 4 -+ ) (@21 4 -+ )2 - (@) + -0 ),

from which it is apparent that in each new term the coefficients ¢; ap-
pear homogeneously to the first power, the transformation coefficients
a appear homogeneously to the nth power, and the variables z’ also
appear homogeneously to the nth power. We now want to write the
transformed form exactly like the original one, only with primed letters,
namely:

-1 -2 -1
F(x1,Z2,. .., Tm) = 0T + 127 1zp 4+ 227 222 + ez a3 4 -+
equals
TN Iy o amn 1 an—1_, roan=2_,p2 4 _yn-1_,
f(xl,xz,...,xm)-—COxl +CI$1 $2+02$1 Ty +C3$1 $3+"' .

. Observe that not only is the stated theorem valid, but we have also
shown that the new coefficients ¢, are homogeneous functions of degree
one of the original coefficients, and homogeneous functions of degree n
of the transformation coefficients a.

A simple example might serve as an illustration.

Let

F@(zq,15) = Az? + Bz, + Ca2.
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Using the transformation
T1 = 0112] + 01Ty,
Ty = 021T) + 0227,
we obtain
F = Ax’? + B'rizh + C'z} = FO(z!,z}),
where
A’ = Ad?, + Bayiag + Cod,,
B’ =2Aay0q2 + B(anogs + arzasy) + 2Cazas,,
C' = Aai, + Bajyaz + Cal,.

This confirms the assertions made above.

2. The transformation is invertible. Indeed, to recover the original form
from the transformed one, we only need to solve the above equations for
the z’, which is possible since there are m equations for the m variables
z'. We only need to assume—and we want to keep this assumption; it
is the only one we need to make—that the transformation determinant,
that is, the determinant of the transformation coeflicients

a1] 012 *cc Oim

Q21 Q2 - Ogm
A= ,

Om1 Om2 " Omm

is different from zero. If the (m —1) x (m —1) minors of this determinant
are A;r, then the solved equations are

A:l:'l =Anz + Az + -+ AT,
A:l:'z = Ayaxy + Agpxg + - + Ao,

Az:n = Aimz1 + AomT2 + - + AT,

The pattern is very easy to surmise; compared to the other equations
the indices are simply transposed. We have

— A A '
Ti = aiT)] + Ty + o+ aim Ty,

Axi=Auz1 + Agiza + -+ + ApiTin.
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Lecture IV (May 3, 1897)

3. The group property of linear transformations. If we first apply the
transformation

T1=any + apghy + - + opl,,

Ty = Clmla:ll + C’m2-73,2 +-- 4+ ammz':n

to a form F, then we obtain the transformed form F'(™)(z{,x}). To this
form we now want to apply a second }in&r transformation, such as

z) = Puxy + Prazy + -+ + Bim Ty,

1:,1 = ﬂmlzlll + ,Bm2$,2, +- 4+ ﬂmmz:;,-

In this way we obtain a new form F"(™(z¥, ). The order of this form
is the same as that of the original form. It is now clear that one can
replace the two steps by a single one, since one has

T = a1 (B11zy + Prazy + -+ + BimTo,

+ aig(Ba12Y + B2zl + - + Bami,

+ aim(ﬂmlxlll + ,Bm2$'2' +--+ ,Bmml':;)-

From this it is immediately clear that one can obtain the z” from the z
directly through one linear transformation, namely, through the follow-
ing one:

T1 =727 +712Z5 +* + V1imTm,

_ " " "
Tm = Ym1T] + Ym2Za + - + YmmTm,

where we set

Yi=anPu+apfuat-+oirfBu+c +FimBmi -
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Consequently, one also obtains:

a1 012 ¢ Qim Pu Pz - Bim
021 Qz; - Gom Ba1 B2z -+ Pam
am1 Om2 *° * Omm Bm1 Pm2 - Bmm
711 M2 T Mim
Y21 Y22 *° V2m

Ym1 Ym2 *** Tmm

which, incidentally, can also be concluded from the simultaneous van-
ishing of A (respectively, B and C).

From the above we obtain the following theorem, which we call the
group property of linear transformations:

Theorem A sequence of linear transformations can be replaced by a
single linear transformation.

In the case of two linear transformations, each new coefficient v is a
linear homogeneous function of the «, as well as the 3.

Geometrically, a linear transformation means a projective relation-
ship. The equation F(™(z,,...,z,) = 0, for m = 2,3,4, represents a
point set, a curve, or a surface of order n, respectively; /(™ (x,, ..., Tm)
represents a similar object, related to the previous one by colinearity.
The first property, therefore, says that the order of two objects that are
related through colinearity is equal; the second one says that the colinear
relationship is mutual; the third says that if two objects are related by
colinearity to a third one, then they are related colinearly to each other.

If we set

F™(zy, ..., zm)=a1z? +---,
() 0 TR N A

FrUL, ..k =alzy "+,
w(n) e 0N 1 nm

FrNad, ... xm) =afzy" + -,

then the af are, as remarked above (Lecture III), linear in the af, of
nth order in the F;;, and hence also homogeneous linear in the a; and
homogeneous of nth order in the a as well as the 5.
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The example n = 2,m = 2 used above shall again serve as an illus
tration. There (Lecture III) we had

FP(zy,25) = Az? + Bzyz, + Cz2
transformed into
F=F =A%+ B'zizh + C'z)?
via the transformation
T1 = a1y ‘(611293'2,
Io = 021:1:'1 + Clzz:l‘é,
where
A'= Ao}, + Boyyag; + Cod,,

B’ =2Aon1c; + B(oniogg + azag) + 2Cag 0y,
C' = Aa?, + Boygo, + Ca?,.
Therefore, the transformation
Ty = Buzy{ + Praz},
£y = Ba127 + Brazy
applied to the function F’ results in

2
F = ]_-/ — ]_-n — AllinZ + Bllzlllzg + Cllzlzl ,

where
A" =A'B2 + B'B1101 + C'B,
B" =24'811612 + B'(B11622 + B12621) + 2C" By faa,
C" =A'B%, + B'B13022 + C'B3,,
or, if we use the expansions for A’ ,B',C':
A" = A(0}, 6} + 20m 012811821 + 02,82

+ B(anoa B + (an1az + ayz091)B11 821 + a120228%)

+C(03,6% + 2011022811821 + 0do83,),




I.2 The linear transformation 13
B" =2A(a},811612 + a11012(611522 + Ba1B12) + 033821 822)
+ B(2a11021 811812 + (11022 + 012021) (811822 + B12621)
+ 2012022021 822)
+2C (a1 811812 + a21022(B11B822 + B21512) + 35821 522),
C" = A(a}, 8%, + 2011012012822 + @35 5%2)
+ B(a110216%, + (011022 + 012021)B12022 + 012002282,)
+C(018%; + 2021022812022 + a3203)-
One can also arrive at these formulas directly by setting
A" = A}y + By + Cy,
B" =2Ay11m2 + B(111722 + Y12721) + 2C721722,
C" = Ay}, + Brizyaz + Cda,
where
11 = 11611 + 2021,
M2 = a11b12 + 1202,
Y21 = az21811 + 22021,
Yoz = 21512 + 22 022.
Indeed, the combination of the two transformations results in
z1 = 011 (Bu1xy + Braxy) + ar2(Ba1xy + Ba2xy) = 11z + 71275,
T2 = a1 By + Praxy) + ax(Ba1Ty + B2Ty) = 21T + Y2277.

If one substitutes the formulas for - into the expressions preceding them,
then one indeed again obtains the above formulas. One may also verify
the remarks regarding the orders.

Lecture V (May 4, 1897)

Since a sequence of linear transformations may be replaced by a single
linear transformation, the question arises whether, conversely, a gen-
eral linear transformation may be replaced by a sequence of special
linear transformations. To begin with, it is clear that this is possible
in different ways; one has to make appropriate choices for the special
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transformations. Here we only treat the case of binary forms since this
is the most useful for us, and the general case is not fundamentally
different.

We make the following claim:

Claim Every linear transformation of binary forms can be composed of
the following three types of linear transformations:

(1) Iy = K’zllv

To = Az}

(2) z1=1 +/ﬂf€'z’
1'2:1"2.{’
(3) = 1:,17

— / /
T =vx) + T,

Aside from these, we mention the important linear transformation
(3") z1 =15,
zy =1x}.

Our goal is to prove the asserted theorem, namely, to obtain from (1),
(2), (3) the general linear transformation

_— ! '
T1 = 0117 + 12T,

— ’ ’
Ty = 1Ty + 02T,

If we apply the transformations (1), (2), (3) successively, then we ob-
tain, by omitting the primes in the intermediate steps after applying a
transformation:

Iy = KT} kz1 = Kk(zy + pry)

A
Tg = AT Azy = Axh

k(z1 + pxa) = K(xh + pvzy + pxh),
Azy = Avz) + ATh

or
z1 = (k + Kuv)z) + KpTh,

Ty = Avz) + Azh.
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This can be viewed as the most general linear transformation, because
one only needs to set

A= ay,
21

b
2

_ Q1302
p=——,
Q1102 — (12021
o= Q11002 — (X12(x)
Q22
in order to obtain the initial form. However, if one of the denominators

becomes zero, then this method does not work. If ayj00 — ay2a7 =0,
then one has

that is, the transformation determinant vanishes, while we explicitly
made the assumption (Lecture III) that it should not vanish.
On the other hand, the case

022=0

needs to be considered separately; then we must assume that, because
6 #0,

a1 #0, a1 # 0.
To obtain the special transformation

T = 11T + 012,

To =T

via the transformations (1), (2), (3), we first derive (3’) from (1), (2),
(3), which is done through successive application of

3)forv=1; (2)forp=-1; 3)forv=1; (1) fork =+1, A=-1.

Because then one obtains

T1=71) Ty =1} — T4
Ty =) + 4 Ty + =) —zh + 2
Ty — Ty =) — Ty —xh —y =)

! — !
I =T =



16 The elements of invariant theory

that is,
A
= 1:2,
T2 =1xi.

This is the transformation (3'). According to the preceding, one can
now derive from (1), (2), (3) the transformation

A A
T1 = 12T + 0115,

1
I =21y,

since a1z # 0, a1 # 0. But transformyt'on (3') takes this transforma-
tion to

i
'] | A
T1 = anT; + a2,

'
To = 0211'1,

which completely proves the theorem above.

On the other hand, one can obtain the transformation (3) from (2),
(3') through application of the transformations (3’), (2) for p = v, (3').
This is because we obtain

’ PR — !
Ty =1 Ty =2 +vrh Ty + vy =15 + v}

and so indeed
1
Ty =T,

Ty = VT + 5.
And this, in turn, implies the following theorem.

Theorem FEvery linear transformation can be obtained through the
transformations (1), (2), (3').

If one has two given numerical substitutions, one can, through the com-
bination of both, derive arbitrarily many other transformations (even
through repeated application of a single substitution). Nevertheless, in
general one will not obtain all possible transformations in this way. In-
stead, one will obtain a certain group of transformations through such
mutual combinations. In general, the number of transformations in this
group will be infinite; only in special cases will it be finite. In the case
of binary forms, these finite transformation groups are intimately con-
nected with the regular solids. We cannot go into details at this time,
however.
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1.3 The concept of an invariant

In the following we will initially limit ourselves to the theory of binary
forms and use them to clarify the general concepts. The generalization
of the latter to forms with arbitrarily many variables poses no difficulties
in most cases.

We always want to write the general.binary form as:

n n -
f™(z1,25) = aoz? + (1)a1z’1‘_1z2 + (z)agz;‘ 222 4 ... 4 anal,

where (7) are the binomial coefficients

(n) =n(n—1)(n—2)---(n—i+1).

i 1-2-3---14
We will always use the word “coefficients” for the a; in this form (not

multiplied by the binomial coefficients).
Application of the linear transformation

T = ane} + a1eTh,

Io = azll"l + Clzz:l"z

roduces a new form f'‘™(z/ ,Z5). Similarly, application of the linear
p 1>L2
transformation

Ty = fuzy + P1273,

T2 = Ba1Z] + B227y

produces another form f(™ (=¥, z%), etc. The question now arises: Do
there exist properties that are common to all these “equivalent” forms,
which are derived from f through all possible linear transformations?

Such properties produce the invariants and covariants of the form f,
which we now have to define and inspect more closely.

Definition An invariant of the base form f is a polynomial function
of the coefficients ag,ay,...,a, that changes only by a factor equal to a
power of the transformation determinant 6 if one replaces the coefficients
ag,ay,...,0, of the given base form by the corresponding coefficients
ag,ay,...,a, of the linearly transformed form.

Lecture VI (May 6, 1897)

The defining equation of the invariants is therefore

I(ag, a3, - -,8,) = 6PZ(a0, 01, .. -, an).
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Here we assume the base form to be given as
— n n n—1 n
f=aozl + 1 41Ty Ta 4 +apTy,
and the transformed form as
n -1
f'=apzy" + (1>a'1:t'1" Th+ - +a,Th"
Furthermore, the transformation
T1 = omZT) + opTh,
Ty = 01T + 22T}

has § = anaz; — a202;.
The quadratic form
f= aoz"l’ + 2a17122 + aga:%
provides an example. The transformed form is:
F' = ahz)? + 2027} + ahl?,
where (cf. Lecture III):
ah = apal, + 2a1011091 + az0d,,
o} = apa110a2 + a1 (01092 + ay2021) + azaz1022,
a}h = ap0?y + 2a1012002 + az0d,.
One invariant of the form f is the expression
agay — G'%,
because one has
agay — ay’
= a(z)(afla%Z - ‘1310‘%2)
+ 2a00, (0%101120122 +o2yan1001 — anoz(anog; + azaz;
+ aoa2(afla§2 + a'fzagl - 2011012021022)
+a?(domy 091012093 — (anra2; + 012021)?)
+a3(03,03; — 0},03,)
+2a102 (1102105, + 01200203, — ag1a2(e1092 + Q12091
= agaz(a110s — 01120121)2 - 0:%(0111022 - CY12¢“21)2
= 62(agay — a?),

as asserted.
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An invariant set equal to zero defines a property that is shared by the
whole class of equivalent forms. This is of essential importance. In our
example,

agas — a% =0

indicates that the equation f =0 in z;/z, has a double root or, what
amounts to the same thing, that f is the square of a linear form, a
property that is indeed preserved under linear transformation. Because,
if

f = (loz1 + liz2)?,

then

2
= (lo(aux'l + ai27h) + i (aa1z] + a22x’2))
= (lgz + i)
In addition to the invariants we need to consider the covariants, which
we define as follows:

Definition A covariant is a polynomial function of the coefficients aq,
ai,...,an and the variables z1,z2 that changes only by a factor equal
to a power of the transformation determinant 6 if one replaces the co-
efficients ag,a1,...,an, of the given base form by the corresponding
coefficients ag,a,...,al of the linearly transformed form and, simul-
taneously, replaces the variables z,,x2 by the linearly transformed vari-
ables z,z5.

The defining equation of the covariant is therefore
! ! A U — .
C(ag,al,...,an; 1y, 25) = 6°C(ao, a1, . . ., Gn; T1,Z2).

The power with which the coefficients ag,a1,...,a, appear will always
be called the degree of the invariant; the power of the variables z1, x5
will always be called the order of the covariant or invariant. An invariant
is then simply a covariant whose order is zero. Invariants and covariants
together are also called an “invariant system,” and their characterizing
property the “invariant property.”

The simplest covariant is the form f itself. In this case p = 0.

One can see in the example of an invariant we gave that it is very
difficult to recognize the invariant property of an invariant or covariant
by means of calculation. We therefore have to look now for properties
of invariants and covariants until we have found those that characterize
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them precisely. Then we will succeed in proving the invariant property
of a given function, and, moreover, to list all possible in- and covariants.

Lecture VII (May 7, 1897) .

1.4 Properties of invariants and covariants

Before we consider special properties of in- and covariants, we remark
that, without loss of generality, they may be assumed to be homogeneous
in the z as well as the a. This is because, according to Section 1.2, after
a linear transformation is applied, each z is replaced by a linear com-
bination =’ of the =, and likewise ag, a3, ..., a, are replaced by linear
combinations of these coefficients. Therefore, each homogeneous poly-
nomial function of the = on the one hand, and of ag,a1,...,a, on the
other hand, remains homogeneous after a linear transformation is ap-
plied. Therefore, even if C(ag,a1,...,8,;Z1,Z2) is not a homogeneous
function of the a and the z, then the invariant property also holds
for its homogeneous parts, since the equation C(ag,ai,...,ap;z},25) =
67C(ag, a1, ..., an; 1, 22) has to hold for each such part of C as well.
Therefore, we can and will, in the following, assume each in- and co-
variant to be homogeneous in z as well as a. We will show, however,
that each invariant of a form always has to be homogeneous in the a
to begin with; furthermore, that each covariant that is assumed to be
homogeneous in the z necessarily has to be homogeneous in the a.

In this section we shall pursue the following strategy for the derivation
of the invariant properties of in- and covariants. A function that pos-
sesses the invariant property must also possess it for each of the three
types of transformations. Through application of each of the latter we
will arrive at important relations. But since a general linear transforma-
tion is composed of these three types, application of a general transfor-
mation will in itself not lead to any new results. On the other hand, one
consequence of this fact will be that in- and covariants are even char-
acterized by these properties. Thus, we will successively apply the three
types.

Apply the transformation (1) (Lecture IV) to the form

n _ n -
f(z1,72) = aozT + (l)alx'f Tyt 4 (i)aﬂ? ‘zh+ - +anty.
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The given form then becomes:
n _ -
f = f(rz!, Axh) = aor™z}" + (l)a,ln," 1" gl + - -
n . VI .
+ (i)am""x'ln INzh' 4 ap Aty

n n /n—l ! n ! ,n—i /i
= ayx] +(1)a'1x1 o+ + ; uT T2

n
+---+anzy,

where
ag = aok™,
ai = a1 1),
al = a;r" A,
L
al, = apA".
Now, let

— Vo V1 v,
I(“Osaly---van) = E Zuoul...u,.aooal @’

n

be an invariant of the form f, where the Z are numerical coefficients.
Then we have the identity

I(af,al,...,ah) =T(ags™, a16™ 1A, ..., a,2")
= Z{Zuoul...u,,ago ""-nuoallll I‘-'-(n_l)ul A
. a;"n("_i)u‘ /\iu; ... a;;nAnu,.}
= {Zyr..0n0’as -l - -aln
K'nuo+(n—1)u1+-~+(n—12)u.~+---+u,._1 /\u1+---+iui+---+nu,.}
= kPNP Z Zyowr..va00°a7" -+ ap”,
from which we obtain the identities
g+ (n—Du+--+(n—8vi+--+vp_1=p,
vt diwit oo+ (n—1vp_g + nvp =p.

Addition of these two formulas results in:

nt+n+ -+t - v+ nv, = 2p,
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or '
n(vg +v1+ -+ + vy) = 2p.
But
g=vo+tvi+ -+,

is just the degree of the term under consideration (Lecture VI). We want
to call the expression

v1+2v5+3vs+ - +nvy,

the weight of the term under, consideration.
The two characteristic equations we have found are the following:

n+2n+3vs+ - + oy, =p, n
ng =2p. (m
But since p has to be the same for all terms, we have the following:

Theorem FEvery invariant of a form must be homogeneous in the coef-
ficents, and every term must have degree
_2

- H

n

where p is that ezponent of the transformation determinant by which
the invariant changes under substitution of the transformed coefficients.
Furthermore, all terms must have the same weight, which is also equal
to p.

The common weight of all the terms is also called the weight of the
invariant; thus, this weight gives, at the same time, the exponent of the
transformation determinant.

On the other hand, the theorem just proven has evidently a converse.
Namely, we have the following;:

Theorem Every homogeneous and isobaric function of the coefficients
a, which satisfies the equation ng — 2p = 0, where g is the degree, p the
weight of this function, and n the order of the base form, is an invariant
with respect to transformation (1).*

The proof is evident; if one substitutes the &’ instead of the a into
T, then a factor kP AP appears because of the assumed identities.

* A function is isobaric if all terms have the same weight.
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One can verify the theorems in the example of the invariant of a
quadratic form:

ahal — o}’ = 6%(agas — a?).
Here, n =2,p = 2,9 = 2, and indeed
ng=2-2=2.2=72p,
and
v+ 2u = vy + 205 = 2.

We proceed in the exact same fashion to obtain the analogous relations
for covariants. We shall assume the covariant

C(ag,a1,.--,an;Z1,Z2)

to be homogeneous in the z (see earlier in this Lecture). Let the order
of the covariant be m, so that it has the form

C(ag,ay,-..,8n;21,T2) = CoxT"* + (1

m -
)Clxl leg 4o+ Crzy.
The coefficients of C are, as before,

—_ Vo V1 v,
Ci = E Zuoul IRV %0 SRR / S

where the Z are again numbers. From the definition of a covariant we
obtain the relation

1o [ e A .
C(a'o’a'h sy By .’L‘l,.’L‘2) = 6”6’(0,(), a1, ... ,amx11x2),
and in particular also
r1 T2

n -1 R _ .
C(aon ,G1K" A,---,anz\",?,-x-) = kPXC(ag, a1, ..., Gn; 1, T2).

Comparing the coefficients of 7 'z} on both sides, one obtains the
identity:

> Zogun ..unaloal - -alp POy

x \V1+2v2+ - 4nvn K—(m—i) At

= Zn”/\pZ,,oul unG00aYY - an.
Thus, we obtain the relations
e+ (n—Dun+- -4 vp1—(m—i)=p,
M+2v 4+ nvp—i=p,
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and, through addition of thqse two, the third one
nyg + vy + .-+ nvp —m = 2p,
or
ng; —m = 2p,

where g; is the degree of the appropriate term. Therefore, the charac
teristic equations of a covariant are

42+ vy =p4i, (m)

ng; —2p=m. Iv)
We can again omit the subséﬁpt i in g¢;, since the last relation shows
that ¢ is constant for all terms; hence it must be equal to the degree o
the covariant.

Lecture VIII (May 10, 1897)

Thus, we have the following:

Theorem If
m m
C=Cozl* + ( 1 )Clx’{“lx2 + (2)0’2x;"_2x§ R o .
is a covariant of a form, then all terms of the coefficients Cy,Cy,...,Cp,

have the same degree g; however, they have weights equal to p, p +
1,..., p+ m, respectively. The weight p of the first coefficient Cy is
called the weight of the covariant, and determines at the same time
the power of the transformation determinant by which the covariant
changes under the transformation. The order of the covariant is

m = ng — 2p.

For m = 0 we obtain from this the theorems about the invariants.
Conversely, one also has the following:

Theorem Each function that is homogeneous in the coefficients on the
one hand and the variables on the other hand, and which, when ordered
as above, satisfies the equations

n+2v+---+nv,=p+i,
ng — 2p=m,

18 a covariant with respect to (1).
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Because, if we substitute into C the a’ and z’ instead of the a and
z, then a factor of kPAP appears, due to the assumed relations.
Analogously, we now have to study which properties we obtain from
the application of transformation (2) (Lecture V):

' '
T1 =Ty + UTy,

Y@= )
Iy = Zy.

If we apply it to the form
f=aozl + (T)alx'l"lxg + -+ ap 27,
then we obtain:
1 =aofat + wap)" + (] on(at + e+

n —i 7t n
+(i)ai(x'1+/w'2)" ‘zh + -+ anh
n -1 n —4 i
AL AL ! r an—t st r M
=agr; + (l)alxl x2+"'+(i)ai$1 3 +--tapTy,
where
U
a0=a0,
’
aj = a; + pag,

al, = ay + 2ua; + uag,

In general, a} = a;+ (;) pa;—1+ (;) u?a;_o+- -+ ptag. This is because
a comparison of the coefficients of z{" "z4* gives

n\ ,_(n\ | n n—i+k ok n :
(e (e (21t (o

Thus, the above formula follows because of the identity

n n—i+k\ _(n\/[i
i—k k ERCYATA
Since § = 1, an invariant has to satisfy the equation

I(ag,a1,-..,an) = I(ag,ai,...,al),

where we assume that the above expressions are substituted into the
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right-hand side. This equation is supposed to hold for all p, thus on
can differentiate both sides with respect to u and obtains in this way:
0= 9Z(a') dag + 0Z(a’) daf + dZ(a’) dal,
"~ Oal du day du dal, du’

But we have

d v
day _ o
dp
daf
o
d !
( =2 = 2q,
du
and, in general, da!/du = ia/_, . The function Z(ag, af, ..., a}) therefore
satisfies the differential equation
9T (a") oZ(a") , dZ(a’)
.0 R Ik Sl g S
oa + 8a] ag+ -+ Bal, na,_,

But the function Z(a’) depends on the a’ in the exact same way as Z(a)
depends on the a, which gives the following:

Theorem An invariant of a form satisfies the differential equation
8T 8T

oT oT
a0-871+2a15a—2+3a25a—3+-~-+nan_1—8;;—0. (V)

On the other hand, one can also show easily that each function, which
depends only on the coefficients and satisfies the differential equation
(V), is an invariant with respect to type (2).

Because, if the differential equation (V) is satisfied, then the equation

0Z(a) o et 9Z(a")

Rl SedlV Rt el !

oaj ° da’ nan-1 =0,
n

and hence the differential equation
0= 0Z(a’)day = OI(a’) daj +
"~ Oaly du OJay du ’
is also satisfied. Then, finally

aW)

d
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thus Z(a’) is independent of 4, that is,
I(ay,a},. .-, a,) = F(ag,a1,...,8xs),
for some function F. For u = 0, one obtains from this
I(ag,a1,.-.,an) = F(ag,a1,...,a,),
therefore
I(ag,a,-.-,a,) =ZI(ag,a1,...,an)

is indeed an invariant with respect to (2). Thus, the differential equation
(V) at the same time expresses everything that we can obtain through
application of a transformation of type (2).

Since the differential equation (V) is obviously of great importance, it
is advisable to introduce a special operational symbol for the operation
performed by it; namely, we want to define:

9] 7] 9]
D +2a1—+3a2—+ -+ N1 57—

- aqu Oa, dag Oay’
Then we have proven the following:

Theorem Each invariant T of a form satisfies the differential equation

DI =0. (V')

Lecture IX (May 11, 1897)

An entirely similar analysis can be made for covariants. The equation
C(ag,ay,...,ah; x1,75) = C(ag, a1, . .., 8n; T1,22)
has to be satisfied identically if one sets

i i 4
a; =a; + (1) a1+ (2) aiap® + - + aop’

and, at the same time—in addition—

'
T =11 — pIY,

ThH= zs.
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We always regard the unprimed letters as the independent variables.
Differentiation of the above equation with respect to u gives

dc(a’)
du =0
that is,
aC(a’) ac(a’) , 8C(a’),. , , 8C(a") dC(a") ,
a0 gy 20T Tger 201t 2 =0

!

Since C(a’) depends on the a,z] in the exact same way as C depends

on the a;, z;, we have the following:

!

Theorem Each covariant C éf a form satisfies the differential equation
DC =z,—. vI
252 (Vi)
Furthermore, every polynomial function C in the a and x, which sat-
isfies the differential equation (VI)DC = x2gch, is a covariant with
respect to the transformation (2).

This theorem contains the previous one about invariants as a spe-
cial case. Because we can again introduce primed lettegs Iinstead of the
unprimed ones, we obtain the differential equation ﬂ:ﬂil =0 by sub-
stituting the transformation formulas that follow from (2), that is,

[y [ A A .
C(a’O’a’l)“"anixlvx2) = F(ag,a1,...,0an;T1,T2).

Hence, for p = 0, we have:

C(ag, @1,-..,8n;T1,22) = F(ag,a1,...,an;T1,T2),
so that indeed
' ! 1, 0 ' — .
C(ag, al,.--,05;11,23) = C(ag,a1,...,0n;T1,T2)

is a covariant with respect to (2).
The examples we have already considered above serve to verify our
theorem. For the invariant

7 = agas — af
of a quadratic form, we have indeed
DZ = ao(—2a1) + 2a180 = —2apa; + 2apa; = 0.

Furthermore, the base form f itself satisfies the differential equation

of

Df =.’L‘2-a;;.
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This is because

n _
Df =ay (Y) iy PYSEPRRS (k) kag_1z? kek 4. 4+ nap_173,
and

af _ n. _
Tage- =napz} tzy+ -+ (k B 1)%—1(" — k4 1)z *ak

4+ -+ na,_175.

From this and the identity

k(Z) =(n—k+1)<kf1),

the assertion follows immediately.
The third type
/
1= 1
(3)

Ty =vI) + 4

(with transformation determinant § = 1) admits similar observations as
type (2). After all, only the role of the variables is interchanged. Type
(3) transforms the form

n n .
f=aoz? + <l)a1x?‘1x2 +oeet (i)airz’f"x; +- 4 anTh

to
f=a rn n rn—1 ’ ’
=apT; + Lt (vzy+z5)+---
n —i -
* (z’)“”"l" (vl +33) + -+ an(val +35)"

A

n " n L
1 gmn 1 1 an—t gt !

= agT) +<1)a1x1 x2+~-'+<i)aixl Ty + -+ a,Th,
where

' n-—1 n—1 2 n—i
a; = a; + 1 aiy1V + 9 GigoV° + - +apt T,

which is easily seen by applying the identity

(£ (F)-000)
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to the general term. Furthermore, one has

An invariant of f now has to make the equation
Z(ag,ay,---,ay,) = I(ag,a1,-.--,a,)

hold identically in the a,v (and, later for covariants, the z). Differenti
ation with respect to v produces:

dZ(a’) _
dv =0,
or '
0= Bl'(a’)iiiﬁ T a’)giz_’l__‘_“ + I (a')da;,_, + 0Z(a')dal,

"~ daly dv day dv dal,_, Ov dal, dv’

or, according to the above formula,
oT oz oz o7
na, —a}-;+(n—1)a25;;+(n—2)a3—6-£+---+an __aa"n—l =0,

where the primed letters have been replaced by the unprimed ones. We
introduce the symbol

7] 7] 7]
A='n,a1-a—a";-i-(’n-—l)azb-;I+(n—2)a,35;2-+...+an5a____l_’

and obtain the following:
Theorem Each invariant I of a form satisfies the differential equation
AT =0. (vir)

Conversely, every polynomial function T, which satisfies the differential
equation AT = 0, and which depends only on the a, is an invariant
with respect to (3).

Finally, for the covariant
’or AN .
C(a’O’al, BRI 2 1,‘1,.’132) - C(“O: Q1,y...,0n; T1, Iz),

where
/!
I, =11,
Ty =VT1 + T2,

we must also have
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that is, )
’
8 ()

AC (a') -
C(a’) 81',2 1

so we obtain the following:

Theorem Each covariant of a form satisfies the differential equation

AC =1, g—ai. (VIII)

And furthermore, we have:

Theorem Every polynomial function of the a and the x, which satisfies
the differential equation AC = 1, g—fz , 18 a covariant with respect to the
transformation (3).

The examples again serve to verify these theorems: If
I= apaz — a%,

then one has

AT = 2a1a9 — 2asa; = 0.

One can show equally easily that the form f itself satisfies the equation

of

Af =1, —.

f=z B2,

We have now already penetrated very deeply into invariant theory, even

more so since we can now, at the conclusion of this section, formulate

the important theorem whose proof now poses no more difficulties what-
soever:

Theorem Every polynomial function of the coefficients ag,a;,...,a,
and the variables x,, T2 that is homogeneous in the a as well as the
T and that possesses the properties derived in the present section is a
covariant.

The proof of this theorem is as follows. Let C be a co- or invariant that
satisfies the equations (I1T1), (IV), (VI), and (VIII). We transform the
base form f via the general linear transformation:

— / '
T =011T] + 1219,

Ty = a1x) + ag2Th.
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But we obtain the same result if, assuming a22 # 0, we apply succes-
sively the transformations (1), (2), (3) with suitably chosen &, A, u, v.
Thus we first introduce into C the a’(l), 1:’(1), as they are produced by
type (1); then

C(ah); -’1321)) = kPAPC(a; ),
and therefore (Lecture V):
Claqry; (1)) = (11022 ~ azan)? C(q; z).
Subsequently, we do the same with type (2), and then type (3). But with
both of these no new factor appears, and so it indeed follows that:
C(af,,a'l,...,a;(o;l,x;) = 6C(ag, a1, - .- ,an; T1,T2).

But if a9y = 0, then (Lecture V) one has to apply the transformation
(3"}, which introduces the factor (—1)?. Nothing else can have changed,
since (3') is composed of (3), (2), (3), (1) for § = —1. But prior to
this, one has to apply a transformation which, according to the above,
introduces the factor (a120:21)P. Therefore, after applying all the trans-
formations, one will obtain

C(a'61 sy y; 71, T5) = (—1)P(a12021)PC (a0, a1, - - -, an; T, z3)
= (—ay2021)PC(ag, a1, . .., an; T1,T2)
=(5”C(a0,a1,...,an; .’L‘1,.’L‘2).

This completes the proof of the theorem.

With the last theorem, we have gained a new definition of in- and
covariants. It enables us to recognize the invariant property of a given
function much more easily than is possible through computation—as
the simplest example of the invariant of a quadratic base form already
shows.

Lecture X (May 13, 1897)

1.5 The operation symbols D and A

The necessary and sufficient conditions for the invariants and covariants,
which we derived in the preceding section, can be reduced to a smaller
number. This is done using certain relations of the symbols D and A,
which we have to derive in this section. The symbols D, A obey the
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simplest laws of ordinary differentiation. As is immediately obvious, one
has the formulas:

D(A; + A2) =D(A1) + D(A2); A(A1+ A2) =AA + AA;
D(A1A2) = A1DA; + A:DA;; A(A1A2) = A1A A + A A A
D(const) =0; A(const) =0;

D(const - .A) =const - DA; A(éonst - A)=const - AA,
where A, A;, and A denote arbitrary functions.

We furthermore want to observe the effect of the operations D and
A on the degree and the weight of a function. Let

— vo V1 v,
A= E :ZVO---Vnao apy ---ay’

be a homogeneous, isobaric function of the a (the Z should not contain
the a, but need not be numbers). According to the preceding we only
need to consider

D(ag’a?* ---an*) and  A(ag’---al*).
We obviously have

v 1 v,
ao al_ ...an)

vo V1 Vn = N a( n
D(ag’ay* - - ay, )=Z a1 S
_ i=1 *

n
_ . vo 1 Vi1l  Vitl Un Vi—1
= E 1ai-1V580°a1 "+ a; ) Gy cceatal
i=1

that is, the degree of a term is
l+vp+ri 4+ +vici+ v+ -+ +rv;—1=g,
and the weight is
42+ + -+ D)+ i - D)+ G+ D+ -+,
= +2n+-+ G-+ + (E+ Vg + -+
+nv,+i—-1—1

=p—1.
Likewise
n—1
o Vo Vi  _ .Vn
A(ag"a'l" . a;’;‘) — Z(n - i)ai+1 (ao a, a, )
i=0 aa,-
n—1

_ . L vi—1l _wvo Vi1l Vil v,
= E (n—d)aip1via;* " ag’ - -0l el - ap.
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Therefore, the degree of a term is
1+ttt -+ v+ Vi +- -+ +y—1=g,
and the weight is
42+ + -y +i D)+ E+H D)W+ 1)+ oy,
=vi+22+--+ G-+ + G+ D+
+ov,—t+1+1
=p+1
We therefore have the following:
Theorem The opemtioryﬁ) and A, applied to a homogeneous, isobaric
function, leave the degree g in the a; unchanged; D lowers the weight

p by 1, that is, to p— 1; A raises it by 1, to p+ 1. Homogeneity and
isobarity are, therefore, preserved by these operations.

After these preparations we prove the following:

Theorem If A is a homogeneous and isobaric function in the a;, of
degree g and weight p, then

(DA - AD)A = (ng — 2p)A. (I

We prove this theorem in three steps:

1. If formula (I) is valid for two expressions A; and .4, which have
the same degree g and the same weight p, then it is also valid for the
sum A; + A;. From

(DA - AD)A1 = (ng - 2p)A1,
(DA — AD)A; = (ng — 2p) Az
it follows immediately by addition that
(DA — AD)(A; + A;) = (ng — 2p)(A1 + Ap).

2. If the formula is valid for A; (degree = g1, weight = p;) and
A; (degree = g, weight = p;), then it is also valid for the product
A1 Az. The product is easily seen to be a homogeneous and isobaric
function of degree ¢ = ¢; + go and weight p = p; + p2. According to
our assumptions, we have now

(DA - AD)A; = (ng1 — 2p1)A;,
(DA — AD)A; = (ng2 — 2p2)A;.
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Using the rules stated above one finds for the product:

(DA — AD)(A14;)
=DA(A1A;) — AD(A1 A7)
= D{.A1A.A2 + .A2A.A1} — A{AlDAz + .AzD.Al}
= A|DAA; + {AAHDA} + A DAA,; 4+ {AA DAy}
—A1ADA; — (DA }H{AA} — A,ADA; — {DA,}H{A A}
= A {DA.A2 — ADAs} + Az{DA.Al — ADA1}
= (ng2 — 2p2) A1 Az + (ng1 — 2p1) Az Ay
= (n(g1 + g2) — 2(p1 + p2)) A1 Az;

therefore, indeed

(DA — AD)( A A;) = (ng — 2p) A1 As.

3. The formula is valid for A = const., since then it only says 0 = 0,
and for

-A = a4,
because in this case -

DAa; =D(n - i)a;41 = (n — i) (¢ + 1)a;,
ADa,- = Aia,-_l = z(n —i4 l)a,-.

Consequently,

(DA - AD)a;=(ni—i>+n—i—in+i% —1)a;

=(n—-2i)a;.

Finally the general theorem follows directly from these three facts.
As an example, consider for n = 3

A = aja3 + 5a2; g=2,p=4.
Here we have

3]
D=a0-———+2a1i+3a2

6a1 60:2 BT":B,
a a a
A_3a13_a0+2a26_a1+a36_a2’
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hence )
DA =agas + 2a1 - 10a2 + 3aza; = agaz + 23a1a2,
ADA =3a1a3 + 2a3 - 23a2 + a3 - 23a; = 26a1a3 + 4643,
AA=3a; 0+ 2a5a3 + a3 - 10a; = 12a3a3,
DAA=ag -0+ 2a; - 12a3 + 3a3 - 12a; = 24a1a3 + 36a3.
From this it follows that
(DA — AD)A= —2a1a3 — 10a3 = —2(a;a3 + 5a3)
= -2A,

as asserted. (

We shall need to derivé two general formulas from formula (I). Let
A be a homogeneous, isobaric function of degree g and weight p. Then
DA is a homogeneous and isobaric function of degree g and weight
p — 1, and generally, if we let

D?’=DD, D}*=DDD,...,

then D*A is a homogeneous isobaric function of degree g and weight
p — k. If we now apply the operation D to both sides of formula (I),
then we obtain

(D?’A —DAD)A = (ng — 2p)DA.
Application of formula (I) to DA, on the other hand, results in
(DAD — AD?*)A = (ng — 2p + 2)DA.
Addition of both formulas gives (omitting the variable):
D?A - AD? = (2ng — 4p + 2)D,
or
D’A - AD? =2(ng—2p+ 1)D.
But if one applies the operation A to (I), then it follows that
(ADA — A’D)A = (ng — 2p) AA;
and if one applies formula (I) to A.A, then one obtains
(DAZ - ADA)A = (ng — 2p — 2)AA,
and addition of these formulas results in

(DA? — A’D) = 2(ng — 2p — 1)A.
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Lecture XI (May 14, 1897)

The following two important formulas are valid in general:

D*A — ADF = k(ng — 2p + k — 1)DF 1, (IT)

DA* — A*D = k(ng — 2p — k + 1) A%~ 1, (1)

This is easily proven by induction from k to k 4+ 1. Namely, suppose
the formulas (II), (III) are valid for k. We first apply the operation D,
o (II), then formula (I) to D*; likewise, we first apply the operation
A to (III), then formula (I) to A¥. Then we obtain the following
identities:

D*+1A — DAD* = k(ng — 2p + k — 1)D*,
DADF — AD¥*! = (ng — 2(p — k)) D¥,
ADA* — AM1D = k(ng — 2p — k + 1) A¥,
DAk+ _ ADAF = (ng - 2(p + k) A.

And if one adds the first two formulas on the one hand and the second
two on the other hand, then one obtains the formulas (II) and (I1I)
for k + 1. But since they are valid for £ = 2, they are valid in general.
For k =1, they both turn into formula (I), provided one defines

DA =A%A=A

We shall assume that the formulas we derived are always being applied
to a homogeneous, isobaric expression.

1.6 The smallest system of conditions for the determination
of the invariants and covariants

Using the relations derived in the previous section, we can now substan-
tially simplify the necessary and sufficient conditions of Section 1.4 for
in- and covariants. We first show this for the invariants.

Let A be a homogeneous isobaric function of the a; of degree g and
weight p, where ng = 2p. Suppose further that A satisfies the differen-
tial equation DA = 0. Then we want to show that A also satisfies the
differential equation AA = 0, and hence is an invariant.
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We form the sequence of expressions:

A AA A4 A4 ... AF 14 AF4
degree ¢ g g g g g
weight p p+1 p+2 p+3 ... p+k—-1 p+k

But, since A*A has degree g-for all k, the weight cannot take on
arbitrary values; therefore, from some A on, all have to be identically
zero. Let this be A*A = 0, while A*—1A4 # 0. But, according to formulal
(I1I) in the preceding section, we have

DA A —%"D.A = k(—k+1)AF 14,
Therefore, we must have

k(k -1)A*14=0.

Here it can neither happen that A¥~! A = 0 (because of our assump-
tion), nor that k = 0, because then .A would be identically zero, and so
it follows that

k=1,
that is,

and our assertion is proven. Herewith, we have the following:

Theorem Fvery homogeneous isobaric function I of the coefficients
ag,a1,--.,0n, of degree g and weight p, where ng = 2p, is an invariant
if it satisfies the differential equation DZ = 0.

This theorem already enables us to construct as many invariants as
we wish. We give some examples.

l.n=1; f =aoz1 + a1z5.
Here an invariant must have the form:
I= Z Zyoriagal’,
so it follows that

vw+uv =g, V1 = p,

2v1 = vy + 11,

that is,

V1 = 1.
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Thus, up to a constant, one has -
T = (apa1)",
or, more simply,
T = apa,.
But this is not an invariant, since the differential equation
a?=DI=0

is not satisfied. Therefore, “a linear form has no invariants,” which can
be seen directly as well.

2. n=2; = aox? + 20,7179 + ag23.
(a) From g =1 it follows that p = 1; so one would have
I= ay,

and this is not an invariant, since the differential equation is not satisfied.
Consequently, a second order form does not have an invariant of degree
one.

(b) From g =2 follows p = 2. So one must have
T = Zagay + Z'a2.
In order for the differential equation DZ = 0 to be satisfied
DI =a9Z'2a, +2a1Zay = 0,
or
20001(Z + Z') =0,
thus
Z'=-27
must hold. Therefore, one has the following:
Theorem A guadratic form has only one invariant of degree two, namely
agag — al.

We always omit constant factors, which can of course be added at any
time.

3. n=4, g =2 results in p = 4. We then set ‘
T2 = Zaoas + Z'ayaz + Z"a3.
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Since we have '
Dagay = 4agas,
Dajaz = agaz + 3a,a,
Da2 = 4a;az,
it follows that ]
DI = 4Zaga3z + Z'agaz + 3Z'a1a2 + Z"4a1a; = 0
or
4z + Z')ao%g/—}f (3Z' +42")a1a2 = 0.
This equation has to be identically satisfied, so it follows that
Z' = -42, 42" = -32' =122,
and hence
Z"=3Z2.
Hence there is only one quadratic invariant of the biquadratic form,
which is
T = apaq — 4a1a3 + 3a§.
The equation AZ = 0 is satisfied since
AIz = 4aja4 — 3a, - daz + 2a3 - 6as — a4 - 4a; = 0.

Lecture XII (May 17, 1897)

4. n=4, g =23 resultsin p=6. Thus, we set
T3 = Zagagzas + Z'agal + Z"a2ay + Z"ayas03 + 21V a3,
and it only remains to satisfy the differential equation DZ = 0. We
obtain:
DI =ao{2Z"a1a4 + Z"aza3} + 2a1{Zaoaq + Z"ara3 + 32"V al}
+3a2{2Z'apaz + 2"aja2} + 4az{Zagaz + Z"a?}
=0.
Thus we must have
27" +2Z =0, 22" + 47" =0,
Z"+6Z'+4Z =0, 62V + 32" =0,
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from which we get )
ZI:—Z, Z”=‘—Z, ZI”=2Z, ZIV‘:—Z.

Hence, there is only one invariant of degree three of a biquadratic form,
which is
T3 = apazay — agal — a2a4 + 2a;a2a;3 — a3.

The differential equation AZ; = 0 is automatically satisfied.
Likewise, we must now reduce the number of conditions for a covariant
of a form to be as small as possible. As before, let

C = Coxl™ + (T) Crz 1z + (’;’) Coz? 22} + -+ + Cruzll;

this expression C is a covariant of the form f() if and only if the follow-
ing conditions are satisfied: Cy,C,...,C,, are homogeneous functions
of equal degree ¢, as well as isobaric expressions of weight p, p+1, p+
2, ...,p+ m, respectively, where ng — m = 2p must hold, and, further-
more, the differential equations

ac ac
DC-—mza—ml, AC—mla—mz

are identically satisfied.
Each of these two differential equations can be replaced by m + 1
others. The first one is obviously equivalent to the following:

DCozT + ('rln) DCizP lzo 4+ - + (T) DCizT 'z + -« + DCrz

m
i—1

= mC’o:I:’I"—Im2+...+ ( )Ci_1<m_i+1)m‘;rl—lm;+_..

+ (T) C’m_l.'r;".

Since this equation has to be identically satisfied, each of the followin
m + 1 differential equations has to hold:

DCy = 0,
DC, = C’Oa
DCy, = 20,
DC; = iC;_y,

DC, MCp_1.
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We treat the second differential equation in the same way. Then we
obtain

ACouzT + [T )ACIET mg 4+ -+ () ACIETT gk + - + ACHa]
1 ]

m m - . : .
= (1 )C’lm;n + 2(2)02:1:;"_ lpg 4 ovo 4 (i+ 1)(1 Tl)c‘i+lmT—lma
+ oo+ mCpzh Lay,

and, consequently, the following differential equations must hold individ-
ually, from which we can deduce in turn the validity of the differential

equation AC = 13 g—fz:

ACO = mC’l,
AC; = (m=1)C,,

AC; = (m —1)Ciyy,

AC’m—l = Cm’
AC, =0.
The first m of these differential equations are of particular impor-

tance; they imply the following m equivalent ones, which in turn can
replace them:

Ci= 2AG,
m
Cy = —1-A2C'
2 — m(m _ 1) (1]
C3= 1 A3C'0,

m(m — 1)(m — 2)

1 .
i = Al
¢ m(m—1)---(m—i+1)

CO’

1

Cm:m(m—l)---2-

m
lA Co.

We have herewith shown that the covariant is completely determined by,
its first term. For this reason, Sylvester has called the first coefficient




I.6 The smallest system of conditions for covariants 43

Cy the source of the covariant. This source has to satisfy the differential
equation

DCy =0.

But, as we will show promptly, with these m + 1 differential equations,
all the others are automatically satisfied, a fact that we want to record
as the following theorem. ’

Lecture XIII (May 18, 1897)
Theorem The expression

C=Coz" + (’rln) Ciz7 'z, + (T;) Coz 7222 + .- + Cpaall

is a covariant of the form f™ (z,, z2) if and only if Co is a homo-
geneous iSobaric function in the a, of degree g and weight p, such that
m = ng — 2p, which satisfies the differential equation

DC, = 0,

and if, furthermore, the C,, Cs,...,C,, are derived from Cy via the
formulas

Ci=1ac,
m
C,= —1 A
2 = m(m _ 1) 0,
O = 1 A'C,

T mlm—1)---(m—i+1)

1

Cm:m(m—-l)-~-2

A™Ch.

These conditions are not only necessary but also sufficient. The hy-
potheses of homogeneity and isobarity are satisfied for all C (Lecture
X). It therefore only remains to show that the differential equations
DC, = Cy,...,DC,, = mCp_1, AC,, = 0 are also satisfied. Indeed,
according to Section 1.5, equation (III), we have

DA*Cy — A*DC = k(ng — 2p — k + 1) A*F1Cy;
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hence, according to our assumptions,
DCim(m—~1)---(m—k+1) = k(m—k+1)Cr_ym(m—1)--- (m—k+2),
that is,

DC, =k Ci_;.
Finally, it remains to prove that AC,, =0, or that

A™HCy =0.
The sequence

Co, ACy,...,A%1C,, AFC,,...

has to stop somewhere, because the weight cannot become arbitrarily
large; say A*~1C; # 0, AFCy = 0. Then (Section 1.5, equation (I1I))

DAFC,y ~ A*DCy = k(m — k + 1)AF10y,
and therefore
k(m—-k+1)=0.

Then, since k = 0 is not possible, it follows that

k=m+1.
Thus, we have indeed

A™Cy = 0.

This completes the proof of our theorem.

This theorem gives us again the ability to construct as many covariants
as we wish. We demonstrate this through some examples.

1. The base form itself. Let

n

C=a0m'{‘+ (1

-1
)alm’l‘ To+ -+ anxy.

Indeed, Cy = ap is of degree g = 1, homogeneous, and isobaric of weight
p=0,sothat n=n-1-2-0, and satisfies the differential equation

DC() = Dao =0.
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Furthermore,
1
ay = —Aao = —na,
n
1 9 1
= 1
9 n{n —1) W= - 1)(n Jnaz,
1 n
an, =—A"ay = —=nla,
n!

2. n=3. From g =2, p=2, it follows that m = 2. We set
Co = Zagaz + Z'a3;
then from the above we have
Co = agay — a%,

from which we find that

Ci=1AC =

5 (3a1a2 + 2a3(—2a1) + agao)

N =

1
= E(aoaa - alaz),
1 2 1 2
Cg = EA Co = 5(30,10,3 - 2a2 - a1a3)

=aja3 — ai.

45

Hence, there is only one covariant of a cubic form of degree 2 and weight

2, which is

C = (apaz — a%)m? + (apaz — a1a2)z122 + (@103 — a%)mg.

3. n=3;,g=3, p=3, and hence m = 3. We set
Co = Za%aa + Z'a0a1a2 + Z”a?,
and

DC = ao(Z'agaz + 32"a?) + 2a1Z'aga; + 3a2Za% =0
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must hold, that is,

. Z'+3Z =0, Z'=-32Z,
©32"+27'=0, Z"=-%Z'=2Z.

Therefore, we have
Co = a%aa — 3agaias + 2a?,

from which it follows that

AC, = 3(aga1a3 + alas — 2apa?),
A2Cy = 6(2a%a3 — a;a2 — apazas),

A3Cy = 6(3a1a2a3 — 2a3 — aga?).

Consequently, there is only one covariant of a cubic form of degree 3 and
weight 3, which is

C = (a2a3 — 3apaiaz + 2a3)z? + 3(aga1as + alaz — 2apa?)ziz,

— 3(agazaz — 2a2a3 + ayad)z 122 — (apa? — 3a;aza3 + 2a3)z3.

It is also easily seen that the condition A™+1Cy = 0, a consequence of]
our initial assumptions, is also satisfied.

We add some remarks to the first sections. We could have formulated
the definition of invariants with somewhat greater generality from the
beginning, without changing or generalizing the concept.

Definition An invariant of a form f is a polynomial function of the
coefficients ag,aq,.-..,an that, under substitution of the transformed co-
efficients a} for the a;, is transformed into a function of the a) which
contains the original one as a factor.

That is, we require that

I(a‘i)aalla s sa‘:r.) = ¢(a) 'I(ao,al,- . aan)v

where ¢(c) is a polynomial function of the matrix entries @ which does
not depend on the a anymore, since otherwise, ¢ - T{a) would contain
higher powers of the a; than Z(a’). But then ¢(a) has to be a power
of the substitution determinant. Because from

’ ’
T1 =a11T] + a1229,

/ /
To = Q21T] + 2Ty
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it follows that

' _ / /
i = =(anz) — ajez2) = ay;Z; + ajZ2,

Nl-= M=

! !
zh = ~(—aa1z1 + a11%2) = g T1 + 09T,

Now, we start with the transformed form f’ and transform it via these
formulas. Then we must recover the original form f. Hence, we get

I(ao,a1,.--,an) =9(’) - I(ag,ay,. .., an)
= ¢(al) * ¢(a) ) I(a()’ A1y-.y an)1
and therefore
P(a’) - ¢la) = 1.
But
x{a
p(e) = X,
where x(a) is a polynomial function of the a. Thus, it follows that
x(a) - (a) = &V.

But, since § is an irreducible function of the o, both ¢ and x must be
powers of §, up to a constant factor; therefore

I(ai)’a‘llv- v 10‘;1,) =c: 6pI(a01a11~ .. 1an)-

On the other hand, if we apply the identity transformation

]
.'121 =.'121,
’
.'122 =.'122,
then we obtain
I(ao,al, . .,an) =c -I(ao,al, . .,an),

whence ¢ = 1, and we recover the original definition of invariants:

I(aé)’a,lv .. 'aa;;,) = 6pI(a01a11 .. 7a'n.)-

Lecture XIV (May 20, 1897)

Theorem The invariants of a form of odd order must have even de-
gree g.
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To see this, observe that ng — 2p = 0; therefore at least one of th
integers n or ¢ has to be even, since otherwise the weight would not
be an integer, which is impossible according to the definition p = v; +
2ug +---.

An essential distinction occurs according to whether p is even or odd.
In the case of odd p one uses the terms skew in- and covariants; in the
case of p even, one talks of even in- and covariants. Skew invariants are
very special; the first one appears for the form of order five.

The transformation

) =15,
To=1)
switches the coefficients a. We obtain

!

Ay = Qn,
[ A—
a; = Qp-1,
!
Ay = Qn-2,
L—
a, = ag.

If 7 is an invariant, then the equation
I(an,an-1,---,a0) = (=1)?I(ag, a1, ..., an)

must always be identically satisfied. Likewise, a covariant must always
satisfy the equation:

C(an,n-1,...,00;Z2,21) = (~1)PC(ag, a1, . . ., an; T1, T2).

Since this equation has to be identically satisfied, it provides us with a
tool to express one half of the coefficients Cy, Cy,...,C, in terms of the
other half. Namely, if one compares the coefficients of ziz}'~*, then one

has
C’i(an, .o ,ao) = Cm_i(ao, ey an) . (—l)p.

This makes clear the importance of the distinction of whether the weight
p is even or odd. Because, from the above, we have the following;:

Theorem If one permutes the coefficients ag,a1,...,a, t0 Qn,Qn-1,
...,aq, then an even tnvariant remains unchanged, whereas an odd one
changes only its sign. Furthermore, the covariant coefficient C; is
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changed to C,—; for an even covariant, and to —C,,_; for a skew co-
variant.

The examples considered above affirm this theorem.

1.7 The number of invariants of degree ¢

One of the main questions in the theory of invariants concerns the com-
plete system of all invariants. Here, we first want to embark on the
computation of the number of all invariants of a given degree g and
given weight p, which also determines the order of the base form, and
we want to call this number wy(g,p), or simply w(g,p) or w when
no ambiguity can arise. But this number only accounts for the linearly
independent ones: Because if Z;,7; are two such invariants, then

I=1I+X,

is also an invariant of degree g and weight p; but we will not count
these, only those that cannot be expressed as a linear combination of
the others.

We can right away make a conjecture about the number in question.
In order to obtain invariants of degree g and weight p, we need to set

I=Z Zaglat---apr

where
v+ +--+vp=g,
n+2n+--+nv,=p.

Here we are given n, g, and p, and from these we have to determine
all possible systems of nonnegative integers vy, 14, ..., 1, . This number,
that is, the number of terms of degree ¢ and weight p, is in any case
finite, call it wy,(g,p). Hence, there are w,(g,p) coefficients Z in T.
Furthermore, 7 must satisfy the differential equation DZ = 0, that is,

DI = Z:ZDa'6°a'l’1 ceeapr =

The coeflicient of each term must vanish, and since there are wy(g,p—1)
such terms—the terms are of degree g and weight p — 1—one obtains
wn(g,p — 1) linear equations for the wy(g,p) quantities Z. One can
therefore arbitrarily choose {wn(g,p) — wn(g,p — 1)} of them, and all
the others are then uniquely determined. If we now arbitrarily choose
{wn(9,p) — wn(g,p — 1)} systems of values for the first {w,(g,p) —
wn(g,p — 1)} quantities Z, but such that there are no linear relations
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between them, then it is easily seen that every other arbitrary system
of values for the first {wn(g,p) — wn(9,p — 1)} quantities Z can be
expressed as a linear combination of the ones already chosen; because

for {wn(g,p) — wn(g,p — 1)} unknown coefficients we obtain the same
number of equations. We therefore have reason to conjecture that there

are a total o .
wn(g,p) = wn(g,p) — wn(g,p— 1)

linearly independent invariants.

Lecture XV (May 21, 1897)

This argument, however, makes use of hypotheses that are not at all self-
evident. Firstly, there is the question of whether every invariant must
contain all terms of degree g and weight p and, secondly, we cannot
know whether the wn(g,p — 1) equations for the Z are really linearly
independent. It is therefore necessary to give a rigorous proof for our
theorem, which we want to formulate as follows.

Theorem The number of invariants of degree g and weight p is

wn(g,p) = wn(g,p) —wn(g,p— 1) ()
for a form of order n = 259. Here, wy,(g,p) is the number of terms of
degree g and weight p.

Namely, let
w(g,p)=w+h

be the number of terms of degree g and weight p. Here h > 0, be-
cause otherwise every term of degree g and weight p could be expressed
linearly in terms of the first w of the w invariants, hence also all sub-

sequent ones. Furthermore, for each term of a polynomial function, we
call the number

e=ng—2p

the excess of the term. Then all the terms of an invariant of a form of
order n have excess e = 0. Our invariants

T, T, .., Tw

have therefore all excess e = 0. We now list all terms of excess e = 2,
say

K:laK:Z,' .. 7K:ka
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and it is clear that the X should be of degree g, and

k=wn(g,p—1).
It therefore remains to show that
k= h.

We will do this by showing that neither £ > h nor k& < h is possible.

1. If k > h, then one could conclude the following:
We form

11,12, P ,Iw; A’Cl, A’Cz, ey A’Ck
These are all terms of degree g and weight p. Their number is w + k >

w+h = wy (g, p); therefore, there must exist at least one relation between
them:

1l AKy + A + -+t AKXy + di Ty +de Ty + - - + dy T, = 0.
If we set
akKy +cKe + -+ e Kx =’C,
I, +dyIy + - - +dy Ty = —1,
then we must have

AK =T,

where 7 is an invariant. But this is impossible, which can be seen as
follows. The sequence

K,DK,D?K,..., DIk, DK, ...
has to terminate, say at D'~1K # 0. Now we have
(D'A - ADYK = I(ng— 2p+ 1 + 1)D'IK.

Certainly, | # 0, otherwise K would be 0, which is not possible since
the K; all have distinct terms. Therefore D'AK = D'Z = 0, and it now
follows that

I=-1,
which is impossible. Hence, the assumption that k > & cannot be cor-
rect.

2. k < h cannot hold either. Because if we attempt to list all possible
invariants, then we obtain &’ linearly independent equations for the
w + h unknown quantities Z, where k¥’ < k < h. Then there would be
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w+ h — k' linearly independent invariants, which is more than w, so we
obtain a contradiction to our assumption.
Therefore, k = h, and our theorem is proven.

Our previous examples can be used for verification. We saw (Sec-
tion 1.6) 51‘; there is only one invariant for n =4, g = 2, p =4, and if
we list all the terms for g = 2, p = 4 as well as those for g = 2, p =3,
then we obtain

apas, aiaz, a3 wy(2,4) = 3;
apas, G102 w4(2,3) =2;
hence
wy(2,4) = 1.

Likewise, for n =4, ¢ = 3, p =6 one has
g=3,p=6: apazas, aoa, aiazas, a3, alas w4(3,6) = 5;
g=3,p—1=5: agaias, apazas, alas, aja? w4(3,5) = 4;
hence
wy(3,6) =1.

The formula we have proved is of fundamental importance. One sees,
however, that it would be very difficult and tedious to derive the number
of invariants in each individual case with its help. We can, however,
easily derive from it a much simpler formula for w, which then makes
the calculation of w very easy.

Lecture XVI (May 31, 1897)

The number w,(g,p) admits the following representation:
1
1-y) (1 -zy)(1—22y) - (1= 2"Y) [ poys

This notation means that if one expresses the function W

ona0) = 7 0

v)
in terms of powers of z and y, then the coefficient of zPy9 is equal to

wn(g,p). This is because

1
-9 -2y)- (I —z"y) =(1+y+2+--)A+zy+22? +-)

x(1+z2y+zhy?+--) - (1+z"y+ 22y + ),
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so that the general term is:

Yoz yu1$2u2yua cogWngn = Vit tnn yl/o+u1+---+u,,.

The coefficient of the term zPy9 will be such that p can be expressed in
the form 1, + 215 + - - - + ny,, and, simultaneously, g can be expressed
in the form vy + 11 + - -+ + vy, and hence will be equal to w,(g,p), as
asserted.

Formula (1) can always be written in such a way that it contains only
one variable. If we expand the fraction in question in terms of powers of
y, then we get

1
1-9)1-zy)---(1-2z"y)
where the C; are functions of the z only. Furthermore,
1
1-y)(1-zy)---(1—z"y)
1- $n+ly
(1—zy)(1—z%y) - (1 —zry)(1 - zntly)’

=14+ Ciy+Coy® +Cay® +---,

(l—y)(

hence
1-y)(1+Cry+Coy® +---) = 1 — 2" y)(1 + Crzy + Cazy? + - - ).
If we determine the coefficient of y¥9 on both sides, then we get

Cy—Cy_1 =Cyz9 — Cy_y129t™

hence
1— $n+9
Cg = 1——_7;9 Cg_l.
Successive application of this formula for g, g—1,...,2,1 and subsequent

multiplication of all formulas results in:

(1 _ .’B"+g)(1 _ _,En+g—l) . (1 _ _,En+2)(1 - .’I:"+1)
(1-29)1—-2971) -+ (1 - 2?)(1 - x)

The coefficient of zP in this expansion is again wy,(g,p), that is,

_ (1 _ .’IZ"+1)(1 _ _,En+2) . (1 - _,En+g)
wn(g,p)—< TS G e sy )zp.
So, if we set

(1 _ .’IZ"+1)(1 _ _,En+2) v (1 _ _,En+g)
(T—2)1—2%) - (1-29)

C, =

(2)

=co+c1z+coxl+---+cpzP 4+,
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then

Cp = wn(gap)

and them%re
wn(gvp) =Cp — Cp-1.

But we also have

(1 _ _,En+1)(1 _ _,En+2) e (1 — _,En+g)
(1-2) (1-z)(1—22)---(1—29)

= (l-z)(co+crz+ - +cpzP+--°)

= co+z(c1—co)+ - +xP(cp —cp1) +- -,

so wy(g,p) is again the coeflicient of zP in this last expansion. And so
we have the important and easily usable formula:

_(a- ) (1 — z"2) .. (1 — 29
wn(g,p) = { (1-2z2)(1—x3)-.-(1 —29) }zp )

()

We immediately use this formula to derive the “full invariant systems”
for forms of order two, three, four, that is, to list all possible invariants
from which all others can be derived as polynomial expressions, but such
that none of them is a polynomial function of the others.

1. n = 2. Here p = g. We therefore have

N (1—z3)(1—z4) .- (1 - z9+2)
wz(g,g)'{ (1-2z2)(1-2z3).--(1—29) }zg’

or

wa(g,9) = {(1 _‘zy+1)(1 — 2% }zg .

1—-22

But if one expands TTIP" and then multiplies by the numerator, then
all terms of the numerator except 1 result in summands of degree higher
than ¢, and so can be omitted. Therefore,

1
’LU2(g,g)= <1—.’B2) )

wy(g,9)=0 if g is odd,

SO

wa(g,9) =1 if g is even.
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Thus, there are no invariants of odd degree. There is one invariant of]
degree two, namely,

2
T = apaz — a9,

from which it follows that Z” is also an invariant, and is of even degree.
But since there is only one invariant of-degree 2r, we have the following
result.

Theorem There is only one invariant of a quadratic form, namely,
T = apaz —al.

Note that we omit those invariants that are polynomial functions of Z.

Lecture XVII (June 1, 1897)
2. n=23. Then p= -3-29- We have
wlo 39\ - (1-2z)(1 —25)--- (1 —29+3)
PR ) TV A=) -29) - (1-29) J,%

_ { (1 _ $g+1)(1 _ .'1:9+2)(1 - .'1:9+3)}
h (1—2z2)(1 - 28) -

or, since we can omit a number of terms,
3g 1— g9+ — g9+2 _ 59+3
wlg, 5 )=
< 2) { 1-22)(1-13) }z%‘l
_ 1 ’_ 9t (1 4z 4 22)
N 0-D /8 \T-20-D J.%

N { (1- z2>1(1 ) },2} - {%}11

el Tl

since it is clearly irrelevant whether we determine the coefficient of z*t+*
in z*P(z) or the coefficient of z*¥ in P(z). Likewise, it is irrelevant
whether we determine the coefficient of z* in P(z) or that of z2* in
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P(z2?). Therefore, we further have:
Y (9’ 37,,) - { - x4)1(1 — ") } B { (- z?-ﬁl —z%) }
T >}
" {1—;4} } {a = }

- {1—;} * {u = x4)1<1 —o5)  (1- zﬁ)l(l ) }

[ 1 + 1+2%+28 -1
Cll-zt ), l(1-28) (1 —x'2) f 8

Calculation shows that the second part contains only terms of the form
z4m+3n  where m = 1 or 2, hence none of the form z39, and so does
not contribute anything. And thus it follows that

3g 1
o(oF) ={==).

From this it follows readily that there are no invariants if g is not di-
visible by 4, one invariant if g is divisible by 4. One therefore has the
following:

Theorem A cubic form has only one invariant, namely,

Izagag—3a¥a§+4a";a3+4aoag—6aoa1a2a3,

the so-called discriminant of the cubic form.
3. n=4. Hence p = 2g. We have
w(g,2) = { (1- zy+1) (1- zy+2) (1- zy+3) (1- zy+4)}
1-22)(1-2%)(1-2%) 220
1 — g9+l _ 2942 _ 2943 _ pg+4
Z{ - -2 (1~ }

The following calculation is also based on the same principles as in the
previous case. One has:

w(g, 29)

B {u —22)(1 = 23) (1 - 2% } - {<f g—+;2(>1 Ji;ﬁ = 2) }
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or
w(g,29)
{<1—z2>(1—z3> 1—z4>} { 1—m>(1—zz2><1—z3>},,g
$2

={<1—x2><1—z3> 1—z4>} { 1—z2><1—x4><1—z6>},,2g
={<1-z3>21”-x4> 1—z6)}
‘{<1—z2><1:z4>1—z6>} 0
B { - z4>1<1 — ) }

or, finally,

w(g,2g) = { 1- 12)1(1 - z?) }:1:9

Lecture XVIII (June 3, 1897)

Calculation gives
w(g,2g9) = {(1 +:E2+(E4+-")(1 +.’L‘3+(E6+"’)}zg;

hence there are as many independent invariants of degree g as there are
positive integer solutions of the equation

2k+ 3l =

Hence, for g = 2 there is one invariant, just as for ¢ = 3, and these are
(cf. Section I.6):

T, = apaq — 4a1a3 + 3a3,

T3 = apaza4 — aoal — alaq + 2a1a2a3 — a3.

But then

=1
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is also an invariant; that is, one can form as many invariants of degree
g from Iy and I3 as there are nonnegative integer solutions of the
equation

2k+ 3l =g.

Furthermore, these are all linearly independent. Because, if there existed
a linear relation

> emIF I =0

between them, then it would have to be valid identically for all a; and
so, for instance, for a; = 0, a3 = 0. Thus, we would also have

k+l ok 21 !
Z cuagtaled (-1) =0

identically. But all k, as well as all [, are distinct, since every k deter-
mines the corresponding [ and vice versa. Thus, all the terms in the sum
are distinct, which shows that such a relation is not possible. From this
follows immediately the theorem:

Theorem The full invariant system of a binary form of order four is
formed by the two invariants I, I3.

It would lead too far to carry out a general analysis of more cases,
especially since the calculation becomes increasingly difficult. The form
of order five is of particular interest, because it is here that the first
skew invariant appears. Sylvester has studied this case extensively. We
mention the results of interest to us. For n = 5 we have

59 1— 236
wig, =
2 1-z)(1-28)(1-212)(1-218) [ ,
={(1-{._7;4_{._7;8+...)(1+_7;8+_7;16+...)
(14+z2 42+ )1 +28+2%4...)(1 —:c36)}zg.
There are no invariants of odd degree. The invariant of lowest degree

is the one of degree four. If one counts how many linearly independent
invariants of degree g can be formed from those of lower degrees and,
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on the other hand, how many our last formula predicts, then one finds
the following:

g=4 linv. linv.Z4 deg.g =4 weight p =10
g=8 2inv. 1 newinv.Zy " ¢g=8 " p=20
g=12 3inv. lnewinv.Z;; " g¢g=12 " p=230
g=16 3inv.

g=18 1linv. 1 new inv. Zy4 " g=18 " p=45.

For g = 36, one finds furthermore that one can construct one more
invariant from Z, Zg, Z;2, Z1s than the formula for ¢ = 36 predicts.
Hence there must exist a linear relation between them. Thus, there must
exist a relation between Zy4, g, Z12, Z1s, a so-called syzygy, which is of
degree 36 in the a. Aside from this relation, there are no more special
phenomena to observe.

Theorem The full invariant system of the form of order five is given by
the four invariants Iy, Ts, 212, Z1s, between which there exists a syzygy
of degree 36.

Sylvester has calculated these invariants and the syzygy and found
that, if one expresses the invariants in a form which has a minimal
number of terms, then these numbers are as follows:

Is 12 terms
Iy 59 terms
AP 228 terms
Zig 848 terms
The latter have, for the most part, very large coefficients (listed in Fad
di Bruno (1876) and Walter (1881)).
For n = 6 we obtain results similar to n = 5.
We end this section with a general theorem discovered by Hermite,

the so-called Reciprocity Law. We found (Lecture XII) that the number|
of terms of degree g and weight p = 5 has to be

ng\ _ [(1 -zt (1 —z"t?) (1 -2"3)... (1 —z"9)
o (25) =1 -9 (-2 b

which we can also write as

)= L ©

l-z)1-22)---(1-2n)
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regardless of whether g > n or not. If we interchange n and g, then the
number of terms of degree n and weight 229- is, according to the first
formula,

— p9+1 _ 2y... (1 —
w0 (mF) = { . (fg— x)>(<11 _x:;) - (1(1— x:)m) } e
We therefore have that )
en (62) s (22). ®
and, since
o (6:2) = (620) ~en (0.2 1),

it follows that
wn (g, "2—9) =w, (n, 122) . (II1)

This is the Reciprocity Law.

Reciprocity Law of Hermite The number of invariants of a base form
of order n and degree g is equal to the number of invariants of a base
form of order g and degree n.

In particular, we have the following.

Theorem A linear form has no invariants; likewise, there is no base
form with an invariant that is linear in the coefficients. A base form of
even order has a quadratic invariant; a form of odd order does not. A
form of order n has a cubic invariant if and only if n is divisible by
four. And so forth.

One can formulate the reciprocity law also in a different, number-
theoretic form. Namely, w,(g,p) is equal to the number of representa-
tions of p as a sum of g integers from the sequence 0, 1, 2, ..., n. This
can be seen as follows. A term

agoallfl - a;’ln
of degree g and weight p determines such a representation of p, namely,

0+0+ - +0)+(1+1++1)+ -+ (n+n+ - +n)=p,

vo times v times vy, times

where the number of summands is g. Conversely, given such an arbi-
trary representation, one can immediately form a term of degree g and
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weight p. If we fix the way one is derived from the other, then the
relationship is a one-to-one correspondence, which proves the assertion.
Since we have in general, for arbitrary p,

w’n(gap) = wg(n,p), (4,)

this implies the following:

Theorem Any integer p can be written as a sum of n numbers from
the sequence 0, 1, 2, ..., g in as many ways as it can be written as a
sum of g numbers from the sequence 0, 1, 2, ..., n. '

The counting method of Sylvester, which we have described in this
section and which can be adapted to the case of covariants, is apparently
a very clever and often convenient method, but we can nevertheless not
be satisfied with merely knowing the number of invariants, as it is even
more important to also know about the in- and covariants themselves,
and about the relations between them. The Sylvester counting method
does not produce general results of fundamental importance.

We therefore need to search for new methods. In the following section
we want to show that every in- and covariant of a form can be expressed
as a polynomial function of the in- and covariants of degrees two and
three—aside from the base form itself.* Therefore, their determination
will occupy us at the beginning of the following section.

Lecture XIX (June 4, 1897)

I.8 The invariants and covariants of degrees two and three

If one considers the problem of determining all possible in- and covariants
of low degrees, one sees easily that for degree ¢ = 1 there is only one
covariant, namely, the form f itself. This is because Cp = a, satisfies
the differential equation DCy = 0 only if a, = ao.

We therefore move on immediately to the determination of the covari-
ants of degree two. A covariant is completely determined by its source,
so we restrict ourselves to determining those. There are no covariants of]
degree two with odd weight, which we will not prove. If the weight is an
even number,

p = 2m,

* That is, as a quotient of a polynomial in the numerator and a power of the base
form in the denominator
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then there is exactly one covariant associated to each p between 2 and
n, respectively n — 1, namely, the so-called pth transvection of the form
f over itself, which we will not prove either. This covariant is

fo= {aoa,, - (11)> aiap_1 + (g) a28p_3 — -

+(-1)! (7r I_) 1>a1r—1a'1r+1

el

The covariant property of this function can be proved using the principles
of Section 1.6. The coefficient Cy of xf"_z” is a homogeneous isobaric
function of degree two and weight p, and the order m = 2n — 2p of the
covariant satisfies the condition m = ng — 2p. Furthermore, C, satisfies
the differential equation DCp = 0, which can perhaps most easily be
seen by putting Cp in the form

Cy = "Z_I {(_1)1‘ 8i0p; (‘;’)} + (—1)"% (ﬁ) a3,

i=0

and then applying the operator D to the summands. One can then de-
duce the property DCj = 0 easily by rewriting the resulting expressions
appropriately (separation of one term from the sum, interchanging ¢ and
i — 1, etc.). This proves the covariant property.

Therefore, there is one covariant of degree two for each even weight
from p = 2 to p = n, respectively n—1. If the base form has even order,
then there is an invariant of degree 2 for p = n, and only one according

to the Reciprocity Law. For p = 2, 4, 6, ..., the coefficients of z2"~%"
are

c(f2) = aoaz —a? =cy,

c (f4) = agay —4a1a3 + 30% = ¢4,

c(fs) = apag—6aias+ 15a,a4 — 10a§ = cg,
If one considers the forms of order two, four, six, ..., respectively, then
these are the quadratic invariants of the forms of order two, four, six,
..., respectively.

Regarding the covariants of degree three, they all have odd weight

p=2r+1
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and are those which occur in the following expression, where p = 3, 5, 7,
..., n, respectively n — 1:

-1
fo= {ao [aoa,, —(p—2)aiap_1 + p1_2(p —4)azap_

s (1 (2] Joror

-1 -1
—2a4 [aoa,,_l - (p 1 )ala,,_2 + (p 9 )agap_3 — .

_ -1
+(~1)1! (i B 1) Or—10r41

1 (p-1 "
w7 )t et

Homogeneity and isobarity of the source ¢, are apparent; the condition
m = ng — 2p is satisfied as well. That Dc, = 0 can be seen most easily,
as follows. If one sets

-1 1 -1

then we have from above that
DA =0,

since p — 1 is even, and, furthermore, one sees easily that

1

apap — (P - 2)0'1043—1 A+ = n—_mAA .
Therefore
ao
=—20 _AAdA-2
Cp ——1 a1 4,

from which it follows that

—22  _DAA - 23,DA - 24ag
n—p+1

= —;m {00(DAA —2(n—p+1)4)}.

Since (Section I1.5)

(DA — AD)A = (2n - 2(p— 1)) 4,
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it follows that
DAA=2(n—p+1)A,
so that, indeed,
Dec, =0.
For p = 3 one obtains, for exarﬁple,

3 = ag[apas — aja;] — 2a1[agay — a?]

= a(z)ag — 3agaiasz + 2a"f.

If we now add the covariants f- f,, where f, runs through the covariants
of degree two for even p, to the covariants f, of degree three for odd p,
then we have the complete in- and covariant system of degree three. Of
course, we again omit the proof that there are no others.

Lecture XX (June 4, 1897)
The covariants f, are of great importance, even more so since we have
the following:

Theorem Every covariant of the base form f can be ezpressed as a
polynomial function of the covariants

f17 f?) f37 teny f'm

up to a power of the base form itself, appearing in the denominator. We
obtain the representation if we substitute

a'O:f)

aiy = 0
in the source of the covariant, and if for the remaining coefficients
Gny Gn-1, ---, G2

we substitute

e

+(-1)" (,r’f 1> rmsarss + (17 @ } !
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“if p=2m is even, or

-1
ap=%+%[—(p1 )-;—(p—4)a2a,,_2+---

—1\1
+(—1)"+1 (i _ 1) ;r'a‘rra1r+l] y
if p=2r +1 is odd.

That is, if C is a covariant of the form f, then one can write

C = G(fl’ f2, f3,-- 7f'n)
= N ,
where G is a polynomial function of its arguments.
We proceed to the proof of the theorem. Let

C=Co.’L';n+-'-

be the covariant, so Cy = Cp(ag, a1, ..., an) is its source, which therefore
satisfies the usual conditions. We now substitute into Cj the sources of
the n — 1 covariants

f2r f3, -0y fn
for

Gz, @3, ..., 0n,
that is, the quantities

€2, €3, +..,Cp-

This can easily be done since one sees immediately from the formulas
for ¢, that
a’p =2 g(a'()’ a1y... ;ap—l; cp)1
Gp

where p is either 1 or 2 and g is a polynomial function. One will therefore
simply express a, through ag, a1, ..., @n—-1, ¢, and subsequently a,_
through ag, ai, ..., an-2, ¢n, etc. The occurring functions are always
polynomial functions up to a power of ag. If one replaces f by ag and
fp by ¢p in the formulas given in the statement of our theorem, then
one obtains the formulas that express a, through aq, a1, ..., ap-1, ¢y,
up to terms which contain a;. From all this one sees that

Cr = Lo(ao, ay; ¢2,¢3,...,Cn)
0= ]

N
10
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where I'g is again a polynomial function. Obviously, we now have:

61"0() 61"0602 61"0603 “'+%6cn i 2
da; 8¢y Oa; | Ocs Oa; B¢, Oa;’ TS
and

6F0 aro 6F0 602 6F0 6cn

701D = Ba; T By 00 T e Bay
But since Cjy satisfies the differential equation DCy = 0, it follows that

DIy, =0
also holdj; explicitly:
61"0 61"0 ol ol
°%a; T 2% Ge 3t 5, o
Since, on the other hand, 3, C3, . .., Cn, are covariant sources themselves,
it follows that D¢z =0, Dc3 =0, ..., D¢, =0, so we further have
Mo _ .
6a1 -
that is, if one substitutes c¢3, c3, ..., ¢, ao, a1 for ap,a1,...,a, in Cp,

then the resulting expession does not contain a; anymore. We therefore
have

N .
ag Co = Fo(ao, €2, C3, «- ., cn)

Here, all the terms in I’y have the same weight, since this is the case in
Co, and substitution of the ¢; for the a; does not change the weight,
according to the formulas. If one therefore replaces ag by f, ¢z by fs,
c3 by f3, ..., cn by fn in [y, then all summands are changed by the
same power of the determinant after applying a linear transformation.
Thus To(f; f2, f3, ..., fn) is a covariant. But then it follows that

fNCO = Fo(f’ f?’ f37 rery f'n)1

because both sides of the equation are covariants with the same source.
They are therefore identical if one can prove in addition that Ty is
homogeneous in the z. But this can be seen as follows. Let

Po P2 ,P3
ag°chics® -+ chn,

respectively

fpofP2 fpa . n
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be an arbitrary term in the expansion of I'g. The order of this term with
respect to the z is
npg+ (2n —4)pa + (2n - 8)ps + - -
+(2n — (2n — 4)) pa_2 + (2n — 2n)p,,
+(3n —6)ps + (3n — 10)ps + - - -
+(3n — (2n — 2)) pn_1

if n is even, and
npo + (2n — 4)p2 + (2n — 8)ps + -+ + (2n — (2n — 2)) pn—1
+(3n —6)p3 + (3n — 10)p5 + - -- + (3n — 2n)p,

if n is odd. And since the weight of the term f f5?..- ff~ is equal to
the weight p of Cy, we have

2p2 +3p3 + - +npn = p.
It now follows easily that this order then is

n{po + 2(p2 + pa + - + pn)

+3(p3+ps+---+pn_1)} —2p  for n even,
n{po+2(py +pa+ -+ +pn-1)

+3(ps+ps+-+pa)} — 2p for n odd.

If we now express
po P2
ao 02 oo cﬁ"

in terms of the a, then it has to be homogeneous of degree N + g, where
g is the degree of Cj, because a(’)v Co = I'g. This is because, if there
were terms of higher or lower degree, then they would have to cancel
out, and would therefore cause all terms appearing in a3°ch? -8~ to
cancel each other out, so that af°ch?---cf~ would vanish and could

therefore be ignored. Thus we have
po+2(p2 +pa+ -+ pn) +3(ps + ps + -+ + pn-1)
_ =N+g if n is even,
po+2(p2 +pa+ -+ pa-1) + 3(p3 + ps + - - + pn)
=N+g if n is odd.

But this implies that the desired order of the term f?o f*... is

n(N+g)—2p=nN+ng—2p=nN +m.
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It is independent of the term we consider, and is equal to the order of
fNC. Herewith our theorem is completely proved. Since 'y does not
contain a; anymore, we can set a; = 0 in the beginning.

We right away give applications of our theorem.

I. n = 2. An in- or covariant of f must be a rational function of
f =00z} + 2012123 + a2} = fi,
_ 2 _
Ja=apa; —ai = Hap

of the form
| oo PR MpM
LS
Since we assume homogeneity in the variables, we have M = M; = .-,

Because of homogeneity in the coefficients, we therefore have M’ =
M{ = ---, and finally that N < M, that is

C=f 3

From this follows:

Theorem The complete system of forms of a binary quadratic form is
given by the base form and the discriminant.
(“System of forms” means the system of invariants and covariants.)

II. n = 3. The complete system of invariants and covariants, of which
all others are polynomial expressions, is given by

f=Fa fi=H2 f3=T33, d=dso,

where d is the discriminant of f (Lecture XVII), even though we cannot
yet prove this here. According to our theorem, d must be a rational func-
tion of f, f3, f3, that is, we must have a syzygy between f, H, J,and d,
which we can easily determine from our theorem. In general, denote by
g the result of setting a; =0 in ¢. If we set a; = 0 (Lecture XVII) in

d = aa? — 3a%a2 + 4a3a3 + 4a0a3 — 6agaiazas,

then

d = a2a3 + 4apad,
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and, furthermore,

_ C2
&2 = apaz, whence a; = —,
Qg
- 2 E3
C3 = agjas, whence a3 = —.
a

0
From this it follows that

&2 a3
d=a} 3 +4a0 5
ao a(4) + ar() ag
_ & +48
===,
0
so our theorem implies that
f3 fa
d==+4=
Iz 12
and the desired syzygy is
aH3 = df? - J2 (A)

This relation is very important. We remark that it gives, at the same
time, the representation of the square of the unique skew covariant J
as a polynomial function of the others, which subsequently will occur
often.

Lecture XXI (June 15, 1897)

The syzygy (A) gives the solution of the cubic equation. This solution,
which we shall study in detail subsequently, shows a connection between
covariants and the theory of equations. We give here an exact, rigorous,
and systematic treatment of the solution of the cubic equation f = 0.
We distinguish two cases according to whether the equation f = 0 does
or does not have multiple roots.

1. d #0. We have
M = 3(Vdf - ) (Vif + T).
In this case (vVdf — J) and (Vdf + J) cannot have a common factor.
Because, if this were the case, then it would also have to occur in f and
J. Ifit is z; — az,, for instance, then we apply the transformation
I — oz =15,

!
I = .’121.
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Then, if f = f' = a}z;*+3a,z)2zh+- - -, then H, 7, d, f are unchange
by the transformation, up to a power of the substitution determinant,
because of their covariant property. Since f’, J’', and hence H’, are
supposed to contain the factor z5, we have

ag =0,
17 12 _ 0
gy — 0y =Y,
whence

a; =0.

contyadicts the hypothesis. But we want to emphasize once again, how
essential the covariant property of f, H, J, d is in this argument, be-
cause from it alone did we conclude that the covariants H’, 7', d' be-
longing to f’' are essentially identical to H, J, d, and that therefore a
factor common to f and J also has to be a common factor of f’ and
J', after applying an appropriate transformation. However, if a = 0,
then one cannot apply the transformation; then f, 7, H have the factor
r; in common, so a3 = 0, a1a3 — a% = 0, and therefore a; = 0. But
then f contains the factor z; twice, which again is impossible.

Thus, if d # 0, then the functions (vdf — J) and (vVdf + J) have
no common factors. So, if we set

H=I1-m,

Th‘}E’ f' would contain the factor twice, and thus so would f, which

where | # m because of the last fact, then necessarily
1
3 (Vdf -7)=",

1
'2'(\/31' +J)=m?,
from which we conclude that '

1
=7
with 1 # € = /1. To factor f one therefore has to either first factor
‘H and form I + €'m, or, if one does not even want to solve a quadratic
equation, one has to form J and take the cube roots of %(\/af +J)
and %(\/E f—J), which has to be possible, and then proceed as before.

(L+m)(l + em) (L + €2m),

2. d =0, H # 0. In this case the syzygy reduces to
J? = —aH>.
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After applying a suitable transformation, we may assume that f con-
tains the factor z, twice; therefore ap = 0 and a; = 0. If we apply
the transformation to H also, then we must get the covariant H' of
the transformed form, which contains the factor x, twice, since ag =
0, a; = 0. Thus, it also was contained in it twice before the transfor-
mation. We therefore only need to take the square root of H—which is
possible—and obtain the factor which occurs twice in f. The third fac-
tor, which can then be found immediately, must be different from these,
otherwise—always after an appropriate transformation—we would have
ag = 0,a; = 0, a; = 0, and therefore H = 0, which contradicts our
assumption.

3. d = 0, H = 0 (identically in the z); therefore, J = 0 as well.
Suppose f contains the factor z; twice, that is—we assume that the
transformation has already been applied—aq = 0, a; = 0; since H =0
we have aia3 —a% = 0, so in particular as = 0. Therefore, f is the third
power of a linear form, and one only has to take the third root of f.

We summarize the three cases.

1. d # 0. Three distinct roots.
2. d =0, H # 0. Two distinct roots, one a double root.
3. d =0, H = 0. One triple root.

One can see from this calculation how closely connected the vanishing
of the invariants and the identical vanishing of the covariants is with the
type of solutions of the equation f = 0. The key factor in determining
the type of solution was the existence of certain covariants of f, that
is, functions that are related to f in a way that cannot be destroyed
by linear transformations, so that, as long as one only considers these
functions, one may assume without loss of generality that any appearing
linear factors are equal to z;, or z,.

Using these same principles one can solve the equation of degree four.
We will return to this and will see that it is also based on a syzygy, just
as the cubic equation.

Lecture XXII (June 17, 1897)

III. n = 4. The complete system of forms for a form of order four is
given by the following five in- and covariants, whose invariant property
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we have proven earlier (Lectures XI, XII, XIX):

f = fi,4a=aox} + 4a12312 + 6027322 + dazT 73 + asx},
— 4
f2 = Haa=(aoaz — )zt +---,
- (2
f3 = .73’5 = (a0a3 — 3agaiag + 20,%).’1?? +---,

f4 = iz,o = aga4 — 4(110,3 + 30,%,

2

L 3 2
J3,0 = agaza4 + 2a1a2a3 — a; — apgaj — afay.

Only later will we be able to show that all remaining in- and covariants
are polynomial expressions in these. According to our general theorem,
however, all in- and covariants can be expressed rationally in terms of
f, H, J, i. So, in particular, j can be expressed rationally in terms of|
these, that is, there is a syzygy between our five covariants. With our
general theorem it can be determined without difficulty. We have

3 = Qpa204 — a% - aoaﬁ,
and furthermore
Cq4 = agay + 3a%;
hence

=2
- C
a __54—30,% _ C4—3;§- _ 540,8—3(_2%
4= = =
ag ag a3 ’

¢3 = ala3
and
C3
a3 = —5
a?’
C2 = aoay;

therefore

Thus, it follows that

RN S S

or
iff=Hf-3H - H - T2,
or finally

G —HfH+ a1+ T2 =0. (B)
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This syzygy is of degree six and order twelve. Here too, one can inter-
pret the syzygy as a polynomial representation of the square of the only
skew invariant J in terms of f, H, i, j; in fact, it is very common that
the square of a skew in- or covariant is a polynomial expression of the
remaining in- and covariants that together constitute the full system of
forms.

The equation in =

~J*=0

is identical to the cubic equation for 771-

MR —ifPH+ 52 =0.
If we set 2}‘- = X, then it reads
A3 —ix4j=0. (1)
Let the roots of this equation be A1, Az, Az; then
A3 —d4i=40=-2) (A =22) (A= X3).
And therefore we can write:
T? = —4(H — M1 f) (H - Aaf) (H = Asf). )

This formula now also allows us to solve the fourth degree equation
f = 0. We only treat the case d # 0 in some detail, however. It is
well known that in the case of multiple roots the analysis reduces to
equations of lower degree, and we can then apply the methods discussed
for the cubic equation. For d = 0, we only note what the exceptional
cases are (d is the discriminant of f).

I. d # 0. First of all, in this case the three factors H — A; f must be
mutually distinct, that is, A; # Ay # As. Furthermore, no two of the
quantities H — A;f can have a common factor. Otherwise, this factor
would also appear in H and f. If it is x5, then ag = 0, and because
apaz—a? = 0, we must also have a; = 0. But this is not possible because
then d = 0. Thus, equation (1) must have three distinct roots; hence its
discriminant d’ must be nonzero. But

d' = 275% — 8,

and must be identical to d up to a constant. Hence, if we can prove this,
then the claim A; # Az # A3 will also be proven. The discriminant of
a form of order n is of degree 2(n — 1) in the coefficients, hence d has
degree six, just like d’. Furthermore, d is an irreducible function.
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If d = 0, then f has a double factor; after an appropriate transfor
mation, we may assume this factor to be z2. Then agp = 0, a1 = 0;
therefore

J(O’ 07 az,as, a’4) = _ag1
2(0, 07 a3, as, a’4) = 30’%7
and thus it follows that
d’(0,0,az,a3,a4) = 27a5 — 27aS = 0,

which, therefore, also has to be the case before any transformation is
applied. Whenever d = 0, then also d' = 0; this means that d is a
factor of d’, and since both have the same degree they can only differ by
a constant. Thus we have found at the same time that the discriminant
of a biquadratic form is

d=275% 3.
From this we conclude that H — A; f has to be a square, that is,
H-Mf=¢}, H~ Ao f = ¢3, H —Aaf = ¢3,

where no two of the functions ¢1, ¢2, ¢3 have a common factor. Finally,
it therefore follows that

(A2 = A1) f = (¢1 + ¢2) (61 — ¢2),
(A3 = A2)f = (¢2 + ¢3) (b2 — ¢3),
(A1 = A3)f = (¢3 + 1) (¢3 — ¢1).

Lecture XXIII (June 18, 1897)

These three decompositions into.quadratic factors are the only three
possible ones, that is, they are all distinct, and one has

$1 + @2 = lilacs; ¢2 + ¢3=lilacy; #3 + 1 = lalacy;
$1 — ¢2 = l3lscy; ¢2 — ¢3 =lylacy; @3 — ¢1 = lilsch.

where the [; are the linear factors of f and the c;,c are constants. To
prove that the decompositions are indeed different from one another, we
observe that

(R VS

1 X ¢2] =0

1 23 ¢3
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holds identically because of the defining equations for ¢, ¢2, ¢3; thus,
we also have

(A3 = A2)¢? + (A1 — A3)é% + (Mg — M1)g2 = 0.

If there existed a linear relation between ¢,, ¢3, ¢3, then we could set
¢3 = a1¢1 + a2¢2; there would therefore exist a quadratic relation for

¢la ¢2:
Bi(p1 — pa1¢2) (1 — pag2) = 0,

holding identically in . Then ¢; and ¢, would only differ by a constant
factor, which cannot be the case because then A; = A,. Now, if ¢; +
¢2 equaled ¢2 + ¢3 or ¢2 — ¢3 up to a constant factor, then there
would exist a linear relation between ¢1, ¢2, ¢3. Since one can make an
analogous argument for the other factors, we have shown that the three
decompositions are mutually distinct.

It is apparent from the above that the solution of the fourth degree
equation f = 0 rests in an essential way on the solution of the cubic
equation 4X3 —iX 4+ j = 0, the so-called resolvent cubic. After solving it
one forms H — \; f, takes square roots—which must be possible—and
obtains in this way ¢i1, ¢2, ¢3 whose pairwise sums and differences are
the factors of f. One does not even have to solve the quadratic equations
¢1+¢2 = 0, ete.; it is sufficient to determine the greatest common divisor
of ¢1+¢2 and @2+ ¢3, etc. From this one obtains one factor from which
one can easily determine the others.

At the same time, we have accomplished the factorization of H; we

have
(A2 —M)H =X (¢1 + \/gm) (¢1 - -}i@),

(A3 —A2)H =113 (¢2 + %@) (¢z - :\\—:¢3),

3
_ A3 A3
1= X)H =2 (g +1/5301) (¢ |/ T01),
and here too we obtain all three possible factorizations—for the same

reasons as before.
Since

T = V=4 ¢1¢263,
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one realizes that the equation J = 0 belongs to those equations o
degree six that are solvable by radicals. Thus, it obviously belongs to a
special class of equations of degree six.

Finally, we remark that the quantities A;, Az, A3 belong to the so-
called irrational invariants; likewise, the ¢1, ¢2, ¢3 belong to the so-
called irrational covariants, expressions that are self-explanatory. The
invariants ); have weight two, as is easily seen; the covariants ¢; have
weight one.

We briefly consider the example:
f=ai+a3;

therefore, ag = a4 =1, a; = a; = ag = 0. Here, we have

H =z223,
j = .’1?1.’1?2(.’12% - :12%),
1=1,
Jj=0,
d=-1.
The resolvent cubic is
a3 —1=0.
Therefore
1 1
AL =0, Az = 7 A3 = —3
H— M\ f = (2122)?, $1 =T172;

1
H=lof=—3(@}-2))%  do=(al-2)y/-5;

1 1
'H-)\sf-——ﬁ(mf +z3)?, ¢3=(mf+m§)\/;.

This can be used to readily verify the theorems derived above.
We only list the results in the case where f has multiple linear factors.
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IL d=0.
1. 1 #0; thus j #0, J # 0. Then we have
AL = A # Az,
f =1kl h#ls#l,
¢1 = ¢ = clf,

¢3 contains the factor I, once,
J =Bm.
The double root can be found by taking the square root of ¢;.
2.1=0;thus j=0, J#0, H#0, and
J? =41,
J is the third power and H is the square of an expression of order two.

Furthermore,
Al =A2=A3=0,

le%l&
¢1 = g2 =3 =12,
=t
=18
3.1#£0; J=0.
f=cH=_(ls)?
H=¢3,
¢3 = l3ly,
¢l=01 .
¢2=0.
4.1=0;j=0H=0; 7 =0.
$1=¢2=¢3=0,
=4

The four cases can be characterized as follows: In case (1) there is one
invariant, whereas there are none in case (2); but there are two covariants
in both cases; in case (3), there is only one invariant and one covariant;
and in case (4) there exist neither invariants nor covariants.
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As has been done for forms of order three and four, one could inves-
tigate for forms of order five and higher how the in- and covariants ar
related to the properties of the equation f = 0, with respect to multiple
roots, etc. While there are some results in this direction, there is not
yet a complete theory, even for forms of order five. From here on, o
course, the difference is that such a decomposition into linear factors,
which could be done for forms of order three and four, is not possible
any more in general; but even there the solution of the equations was
only an incidental result, as we pointed out from the beginning.

Lecture XXIV (June 21, 1897)

1.9 Simultaneous invariants and covariants

So far we have always begun our observations with one base form. But
most of our results can be greatly generalized if we begin with an arbi-
trary number of forms, that is, if we consider a system of “simultaneous
forms.” If we are given a number of forms, say two (the extension to
arbitrarily many forms will be self-evident) forms of orders n and m

f®(z1, T2) = apz? + (n

-1
1)a1:r’1‘ T+ - +a,x7,

m
9™ (z1, T2) = boaT* + <1)b1m1 Tlmp s+ bl

then we want to apply the same linear transformation to both of them:
) = ant) + ai2zh,

'] '
T2 = 21T + 225

Then f, respectively g, gets transformed into a new form f’ of order
n, respectively g’ of order m. Let

n foamn ny , _yn-1_,4 roan
7 )(93'1, T3) = apT) +(1)a1ml Iy +-+apTy

m -

Analogously to the above, we then define a simultaneous invariant of f
and g to be a polynomial function Z of the coefficients a and b that
satisfies the equation

1 ! [ ¥ ' U - N
I(ag, a1, . - -y 6,; bgy b1, ... bry) = 6PT{ag, a1, ..., 8n; boyb1y ..., bm).
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The exponent p is called the weight of the invariant. Similarly, we define
a simultaneous covariant of f and g to be a polynomial function C of
the coefficients ¢ and b and the variables z that satisfies the equation

! 7 [ X / /. ' /
C(ao,al,...,an, 0 1,...,bm, zl,zz)
= 6pc(a'01a17'--7a"n; boybh"'abm; thZ)'

The exponent p is called the weight of the covariant. The usual in-
and covariants are a special case of these; they are obtained when the
“degree” in the b (or the a) becomes zero. The generalization to more
base forms is evident. For instance, if n = 2, m = 2, then the function

T = agby — 2a1by + asbp

is an invariant. This is easily seen if one substitutes into agb) + 2a}b] +
ahby the expressions (Lecture VI):

2
ah = apod; + 2a1011001 + 6203,
a} = aganiai2 + a1 (1o + aiaazr) + asoniass,

a} = aga?, + 2a1a12002 + a202,;
2 12 22

2 2
bp = boai; + 2biaiaa + baagy,
by =boari01z + bi(aiion2 + ai2021) + baazianz,

b = boaly + 2brarz0m2 + baod,.

We see just as before, when we showed (Section 1.4, Lecture VII) that
we may assume invariants and covariants to be homogeneous, that if C
has the invariant property, then all the parts into which C decomposes
also have the invariant property, provided that each part individually
is homogeneous in the x, as well as the a, the b, etc. Without loss of
generality one may, therefore, assume—which we want to do—that all
expressions to be considered are homogeneous in all coefficient sequences,
as well as the variables.

We can now immediately extend all the properties of invariants and
covariants that we derived earlier (Section 1.4 ff.). We indicate this briefly
for the case of two base forms. Let

_E: vo vV Un M0 L1
I— Zaooall"'an"bo bl ,,,b:fnm
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be a simultaneous invariant of f and g. After applying transformatio
(1) (Lectures V, VII):

T1 = KT,
(6 = KA), 1)

Ty = AT,

the transformed coefficients are

ap = apk™, by = box™,
al = ais™ I, b, = bik™ A
. ’ — m
a, = aan', bm - b'm,A )

and we must therefore have that

Vo V1 |, oVn  nvotH(n—1 v+ dun_1+mpo+-(m—1)ps 4+ pim—1
E Zag’ayt - ek ( )
% bgob‘l” e b#l«nmAVl+2V2+"'+nVn+ul +2p2+-+mpm
— KP)P vo V1 VnpHOLB1 | Liim
= kP E Zag’ai* - - abgbyt - - Wb,

where p is the weight of the invariant. Hence, it follows that for each
individual term we must have:

v+ -+ v +muo+(m—Dur+- + tim—1 =,
vi+2v+ -+ nvn +pg+ 2u2 4+ mpm = p.
Addition of these two formulas gives
n(vo+ v+ +vn) +mpo +p1 -+ pm) = 2p,
or, if
w+rvi+:+uvp=r,
Mo+ pr+- -+ Um=3$
are the degrees in the a, respectively the b, then
nr + ms = 2p.
This formula and the following
n+22v+-o+nvpr+2u o mum =p

(which, incidentally, provides a new definition of the weight) are the
necessary and sufficient conditions for the function Z to be an invariant
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with respect to the transformation (1). The weight of every term must
be constant, namely, equal to 1(nr + ms).
The situation is analogous for the covariants. If

M
C=CozM + ( 1 )C’lz)lw'lzz + .-

is such a covariant, and if p is the weight of Cj, then we find for the
weight of a term Cj;, which has to be the same for all its summands:
bi=p + 'i,

and furthermore

nr+ms—2p=M.
The weight of Cj is at the same time the weight of the covariant. The
presence of these properties is at the same time sufficient for invariance
with respect to (1).

Everything remains valid for arbitrarily many base forms; one only
needs to set

p=vi+2m+ -+ tpur+2u+-Fmpmte
2p=nr+ms+---,
and

M=nr+ms+.--—2p.
The properties that result from invariance with respect to (2):

Iy = zll + /J‘:LJZy
(6=1), (2)

Ty= x4

can be derived equally easily. The transformed coefficients are (Lecture
VIII):

’ i i 2 i
a;=a; + (l)ﬂai—l + (2)M ai_2+ -+ pao,

by =b; + G)ubi—l + (;)Mzbi—z + -« + by,

where
da}, db;

—— p— /
= =g, == =ibj_;.

dy
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Since 6 =1, an invariant Z has to identically satisfy the equation
7 U

! ! r . ! — .
I(ag,ay,---,an; by, by,...,b,) =I(ag,a1,...,6y,; by, b1,...,by).

Differentiation of this equation with respect to u gives:

0Z(a';b") , O0I(a3¥V) ., oI(a";b)
aa, T Tag 2t TG M
dZ(a";b) , II(a';b) ., oI(a";b")

+ 6bll bo + 6b12 2b1 + e + ab‘n m bm-—l = 0.

If we now set

0 0 0
D, =a0oz— +2a157— + - +nan_1 7,

Oaq Oas da,
8 8 8
—bho— 4+ 2By — ... L
D, b°8b1 + 2b; b3 +--- +mbm_1 FTE
D =Da. + Db1

then an invariant Z satisfies the differential equation
( b0

The converse can also be shown analogously to before (Lecture VIII). Fi-
nally, it is obvious that an invariant Z also has to satisfy the differential
equation

AT =0,
where
A= Aa. + Abv
and
0 , 0
A, —nala—ao +(n— 1)(12%1— + - +an%;—_—1,
0 0 0

This is immediately apparent if one observes that Z also has to be an
invariant with respect to type (3):

z1 =Ty,
(‘S = l)a (3)

To = vT] + Th.

The converse also holds.
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Regarding the covariants, they of course have to satisfy the differential
equations

oc
DC—ZL‘Q%,

oc
AC_ZI%’

and if the first differential equation is satisfied, then C is a covariant
with respect to (2); if the second one is satisfied, C is a covariant with
respect to (3).

Since a general linear transformation is built from (1), (2), (3), it is
clear that the properties we derived for invariants and covariants consti-
tute the necessary and sufficient conditions for Z or C to be an in- or
covariant.

Lecture XXV (June 22, 1897)

But this system of conditions can be reduced in size, just as in the case of
one base form. One only needs to prove the pertinent relations between
D and A, which is easily done.

It is self-evident that D and A satisfy the usual rules of differentiation
with respect to sums, products, etc. (Lecture X). We always want to
assume that the expressions to which we apply them are homogeneous
of degree r in the coeflicients of the form f, of degree s in the coefficients
of the form g, etc. Furthermore, they should be isobaric of weight p in
both groups of coeflicients jointly (we do not assume isobarity in the
individual coefficients).

Theorem The operations D and A, applied to such an expression, do
not change the degree of each coefficient sequence; D lowers the total
weight by 1, A raises it by 1.

Most important is the following:

Theorem If A is a function of the a;, b;,..., homogenous of degree r
in the a;, homogeneous of degree s in the b;, ..., and isobaric of weight
p in coefficient groups jointly, then

(DA - AD)A = (nr+ms+--- —2p)A.
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Because of its importance, we want to prove this theorem. We decom-
pose A into
A=A +As+-- -,
so that A;, Aj,... each are isobaric in the a;, b;,...; suppose for in-

stance that .4; is isobaric of weight p; in the a;, of weight ps in the
b;, etc. Now, clearly

(DaAp — ApD,)A; =0,

where a, b are two arbitrary distinct coefficient sequences, since it is
irrelevant whether we first differentiate with respect to the a and then
the b, or vice versa. Therefore, one has

(DA — AD)A; ={(Da +Dp+ ) (Ag + Ap + -+ )
— (Aa+Ap+-) (D +Dy+-- )} A,

where one is supposed to take all possible combinations, that is, calculate
as if multiplying. Therefore,

(DA — AD)A; = (DA, — A.D,)A; + (DpAp — ApDy)A; + - -

+ Z(DiAk - ArD;)A;
itk
or

(DA—-AD)A; = (DaAs~A,D,) A1 +(DpAp— ApDp)Ar +- - -,
or, since the previous theorem holds (Lecture X),
(DA — AD)A; = (nr — 2p1).A1 + (ms — 2p2) Ay + -+
=(nr+ms+---—2p)A;.
Since an analogous formula is valid for all 4;, one obtains after addition
of all those:
(DA - AD)A= (nr+ms+---—2p)A.
From this formula we can derive two others:
D*A - AD* =k(nr + ms+--- — 2p+ k — 1)D* 1,
DA* — A*D =k(nr + ms +--- —2p— k+ 1)AF-1,
But since the theorem about when C is a covariant of a base form
makes use only of formulas of this kind, one sees that we have the follow-

ing very general theorem whose proof is immediate from the observations

in Lectyre X11. ...
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Theorem If Cy is a homogeneous polynomial function in the coefficients
a; of the base form f of degree n, the coefficients b; of the base form
g of degree m, etc., and that is, furthermore, isobaric in all coefficient
sequences, of total weight p, and that satisfies the differential equation

DCy =0,

then there is one and only one covariant that has Cy as a source, which
s
1

M
This simultaneous covariant of the forms f, g,... is of degree v in the
a;, of degree s in the by, ..., is homogeneous, and has weight p and
order M = nr + ms + --- — 2p. These conditions are necessary and
sufficient. For M = 0, we obtain the necessary and sufficient conditions
for a simultaneous invariant.

1 _ 1 _
C =CozM + -1—,Acoz’1" 2o + 5A?Coziw 222 4+ =AM,

We explain this in terms of an example. Let

f® =agx? + 3a;2275 + 3az7173 + a3zx3,

g® =box3 + 3byx3xy + by 73 + b33
Let r=1,s=1, M =0, and hence p = 3. We set
I =Y Zab = Zaghs + Z'arby + Z"asby + Z" agho.
Then
DI = Z'agby +2Z2"a1by + 3a201Z" + Z"asbg + 2a1b1 2" + 3baagZ =0

must hold identically, and so it follows that

Z=1 (by choice),
Z'=-3,
ZII =3
Z" =~1.

Hence there is one and only one simultaneous bilinear invariant of two
cubic forms, which is

T = agbz — 3a1b2 + 3agb; — asbe.

The covariants are really only a special case of simultaneous invariants.
We formulate this in the following theorem.
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Theorem A covariant of arbitrarily many forms that is homogeneou.
in the variables and is of weight p and order M is transformed into
a simultaneous invariant of weight p + M of those forms together with
the linear form box1 + bixg, if one replaces in it x;, respectively xs, by
—by, respectively by, and conversely.

Namely, suppose the transformation formulas are
T1 = 0117] + 02Ty,
T3 = 01T + 0aTh;
hence, if we invert,
07 = azeT1 — 01272,
8zh = —an1z1 + 01172,
The linear form above is then transformed into
f = f =bo(@11z} + a1225) + bi(aa1z] + aznxh)

Q = (boa11 + brag1)T) + (Boas2 + biana)xh,
s0

by = bpaii + biaay,
bi = bpa1z + biaaa;

if we solve, then

1
—b; = 3(—0111)'1 + a12bp),

1
by = 3(—0215'1 + aabp).

From this one sees that, up to the factor % , 1 and z3 can be expressed

in terms of z{ and z in the same way as —b; and by can be expressed
in terms of b/, bj. Hence, if the covariant is C, then

C(...; x4, =) = 6PC(...; 1, T2).

If one now substitutes —b; for,zl, respectively by for Za, on the right,
then one has to substitute —%1- for z7, respectively ¢ for z5, on the
left. Hence, one obtains

' '
c(...; it b—°)=6”C(...;—b1,bo),

6 s
and, since we assume homogeneity of C,
1
C(...; —b, bg) = 6PC(...; —b, bo),

&M
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which completes the proof of the theorem. Thus, if one does not specify
the number of base forms, one is justified in considering only invariants.

This, incidentally, also agrees very well with the differential equations
because, since C is a covariant, we have D,C = z; %cl’ and hence, after
the substitution, D,C + by gf; = 0, that is, DC = 0. The situation for
the other differential equation is analogous.

Lecture XXVI (June 24, 1897)

We shall omit the extension of the Cayley enumeration method—which
apparently has not been done yet—and proceed right away to determine
a system of covariants through which all others can be expressed ratio-
nally. Aside from the covariants determined in Section 1.8, they are the
simplest imaginable, namely, those that are linear in the coefficients of
two base forms.

Let f be a base form of order n, g one of order m, and n > m.
Then there is one and only one simultaneous covariant of f and g that
is homogeneous and linear in the coeflicients of both base forms, and
that has a given weight p < m. It has the form:

C= {agb,, - ({:)alb 1+ (g)asz_z ——

+(—1)”a,,bo}z'1'+m_2p +e, p<m.

Using the theorem from the previous lecture, it is easily seen that this
is a covariant. The differential equation DCy = 0 can be verified by
writing the source of C as

P

: p

Co = Z(—l)taibp_i (Z)
=0

and applying the operation D inside the summation sign. This covariant

is very important. It is called the pth transvection of f over g and is

abbreviated as

(f7 g)l"

The pth transvection of g over f can differ from that of f over g at
most by a sign.

The transvection process is a fundamental process for the construction
of covariants because one can show—which is not possible here—that if]




88 The elements of invariant theory

one has a system of base forms and if one forms all possible transvections
and transvections of transvections and base forms, and continues in this
way, then one obtains all existing covariants. *

The covariants of degree two, which we determined earlier, are in-
deed the transvections of the form f over itself. For odd p, they vanish
identically, and for even p, one has, as one can see easily,

fo =3(f, Py
The covariants f3, fs,... are also such transvections, namely, the trans-
vections of the covariants f2, fs,... over the base form.

The first transvection of two forms
(f, 9)1 = (aobs — arbp)x?t™ 2 4 ...

is especially important. It is also called the functional determinant or
Jacobian covariant of the two forms; one can—up to a constant factor—
write Z\t in the form

of of
le Bzz

b9 09 |
aiL‘l az‘z

The second transvection of a form over itself
%(f’ f)2 = (aoaz — a%)z%n_'* EE.

is also called the Hessian covariant of the form,; it is—up to a constant
factor—the determinant of the second-order derivatives:

o oy
0z? 9z,0z,
*f  2f

aiL‘z or 1 az‘%

Furthermore, we can now describe how a simultaneous covariant can
be expressed as a rational function of transvections and the base forms,
in the following theorem.

Theorem FEvery simultaneous covariant of the base forms f and g of
orders n and m, respectively, where m < n, can be erpressed, up to
a power of f that occurs in the denominator, as a polynomial function

*See Gordan (1868).
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of the transvections f, fa, fs,..., fn, 9, S1, 82, .., Sm , where in general
we set

8; = (fa g)i-

This is done in a manner analogous to that in the theorems (Lecture
XX) concerning one base form, if we add

bO:ga

b Qo (o)

to the formulas for a, above.

The proof of the theorem is entirely analogous to that for one base
form. Starting with b,,, one has to replace the b; by the sources of the
s; and, subsequently, the a; by the sources of the f;. Now, the argument
proceeds as before.

We apply the theorem to simultaneous forms of low order.

1. n =1, m = 1. All invariant expressions are polynomial functions
of the in- and covariants:

f =aoz1 + a173, g = bozy + bi73, 81 = agby — a1bo.

This is because, according to our theorem, any such C can be exbressed
in the form:

_ cofNgMsP +crfMgMist +---

fQ

But, since we may assume homogeneity everywhere, we have

c

N+M=N+M=---,
M+P=M+P1="---,
N+P=N+P =,

from which it follows that
N=N;=---, M=M=, P=Py=---.

Since consequently N > @, the assertion is proven.
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2. n = 2, m = 1. Here every simultaneous covariant can be expressed
rationally in terms of the co- and invariants

f=aoz} + 20,7172 + a32%,
fa=apaz —al =M,
g =boz1 + b1 22,

81 = (a0b1 - a1b0).’131 + (a1b1 - azbo).’l)z =7

But we can easily form another invariant, namely, the resultant of the
two forms f, g. The fact that resultants and discriminants are invari-
ants will be proven later. But it follows already from the fact that if]
they are set equal to zero, they satisfy the necessary and sufficient con-
dition for common, respectively, multiple linear factors, a property that
is clearly invariant with respect to linear transformations. In our case,
the resultant of f and g is:

N

R = aobf — 2a1b1bg + agbg.

We express this rationally in terms of f, f2, g, 81, according to our the-
orem. We have

R= aob% + azb%,

2 = aga2,
81 =aobr,
and therefore
2 H
R=f=+—¢
We have thus obtained the syzygy
Rf =17 +Hg?,
or
I* =Rf - Hg*

and here, too, the square of the skew covariant is a polynomial function
of the remaining ones, as was the case with all syzygies so far.
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3. n =2, m = 2. All in- and covariants are rational functions of
f=az?+--,
g=bor+--,
f2=a002 —a? = H,
81 = (aoby ~ albo)zf‘l’ + e,

82 = agby — 2a1b; + azbo.

So, for instance, the invariant of g is

H = boby — b2
Here
f_2 = Qpaz,
§1= aObla
82 = agbz + azbo,
whence
35 — agb
by = 2 — aabo
Qg
We have, therefore,
s2—9 % sy
= g — a
f f?
or
sof —gH 82
H=g saf — g _ st

f? 2’
so we obtain the syzygy

Hf? = gs:f —g"H ~ 51
or

52 = gsof — *H - f°H,

Again, the square of the skew covariant can be expressed as a polyno
_of the others.
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Lecture XXVII (June 25, 1897)

1.10 Covariants of covariants

If one fixes a covariant of one or more forms as base form, then one has
the following:

Theorem Covariants of covariants or simultaneous systems of covari-
ants are again covariants.

Remark Since invariants are special cases of covariants, the theorem
holds also for invariants and simultaneous systems of invariants.

Namely, let
poz] +-+- =P,
qzf+- =,

be certain covar\m.@i of base forms; that is, if
po = A(a,...), p1=B(a,...),
pg=A(d,...), ! =B(d,...), ... ,
then we have

7", 1T

PRz e = 6 (poa] + ),

On the other hand, the transformation sending a to &’ was defined
from the transformation sending z to =’ via the identity; therefore after
direct transformation

pozy” + - =poxT + -+,
Then obviously,
py = 61,
Now, let
S=s02]+---
be a covariant of P, Q,...; that is, let
s6x)° + -0 = 6"(s02] +---),

where

80=f(p0,...,Q0,...),
$0=F(Dbs- s Q0s- )
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But, according to the relations between p’ and p”, etc., which we have
just derived, we get

,_ P P . @ 4
sO_f 6_A:’ 6A",”" 6AN,6AN’.“’..' .

But since—as always— f is assumed to be homogeneous in the p as well
as the ¢, one has:

1

Here, A is the same for all ¢/, since all the s have the same degree in
the p,... . Thus, if we set

so = f(po,-..)=f(A(a,...),...) = F(a,...),
then
sy = f(05,.-)=f(Ad,...),...) = F(a',...)
and analogously for the other s’. But from this follows
Elyf(a, oz + %g(a', N P AR
= 64 (8075 +--°)
= 6*(F(a,...)2l +G(a,... 2] 'z + - -),
or finally
Fa',.. )T\ +G(a,.. )z T + -
= 6’4 (F(a,... )z + G(a,.. )z tza + - ),
which finishes the proof of the theorem.

This shows, for example, that transvections of transvections are again
covariants, because transvections always remain homogeneous.
We illustrate this theorem with some examples.

1. A cubic base form:
f = aox? + P
The second transvection of the form f over itself is

H = (agaz — a?)z? + (a0as — a1a2)1172 + (a1a3 — a%)x%
=Hoz? + 2H 17122 + HaZ32. |
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If one forms the transvection of H over itself twice, then one finds
1M, H)2 = HoHz — H}
= (aoaz — a3) (a163 — a%) — 1(aga3 — a1a,)?,
and this is indeed an invariant of f, namely, its discriminant.
2. If, in (1), one transvects f over H once, then one obtains
(f, H)1 = (agH1 — ayHo)xi + -+
= 2(a3as — 3agaiaz + 2a3)z3 + - --
=17
hence, up to a constant, this is the covariant of the cubic base form that
we called J before (at the end of Lecture XX).

3. Let
f= ao.’E% + 2a171T9 + (121‘%,

\ g= boxy + b1z2.

(f, 9)1 = (agby — a1bg)z1 + (a1b1 — azbo)z2 =Z,
and furthermore

(9, )1 = bo(a1b1 — azbo) — b1(agby — a1bg)
=2a1bob1 — a2b3 — aob?;

Then

hence the resultant of a quadratic and a linear form is the functional
determinant of the linear form and the functional determinant of the
two base forms.

4. Let
f=aoz}+ -
We form
%(f, F)a = (apaq — 4a1a3 + 3a2)z? + - --
= Cox? + 2C17172 + Coz} = C.
Then

3(C, C)g = CoCe — C}

is an invariant of degree four, and hence it must be the unique invariant
of degree four of the form of order five, according to an earlier, not
explicitly verified, remark.
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Hence, our theorem shows that the formation of in- and covariants is,
in some sense, a grouplike process in that one repeatedly obtains again
in- and covariants.

We need to become acquainted, in this section, with two more pro-
cesses which, when applied to an invariant system, preserve the invariant
property. The first is the polar process. We have the following:

Theorem The polars of a covariant possess the invariant property if the
second sequence of variables y;, y2 is subjected to the same transforma-
tion as the first sequence of variables z,, z3.

If C, is an arbitrary expression that contains the variables z;, z,
homogeneously, then
ac ac
Ce) =915 —
Py(Cz) =1 oz, + Y2 Er
is called the first polar of y with respect to C. In general, the polars are
obtained if one expands

C(x1 + Ay1, T2 + Aya)

in terms of powers of A. From Taylor’s Theorem one finds that

pY ocC oc
C(z1 + My1, T2 + Ay2) =C(z1, z2) + T <y1 e + 12 B_x;)

+ _)‘_2 2 9_22 + 2 ___ac + 2 QE_C.
2 \"1 822 T VY2 5510z, T V2 03
+

The coefficients of —f‘?, )5—?, are then called the first, second, ...
polars. One can easily see that the formation of the polars can be reduced
to the formation of the first polar since the second polar is simply the
first polar of the first polar, the third is the first polar of the second
polar, etc.

Now, if C is a covariant, our theorem asserts that the polars of C are
also covariants if the y are subjected to the same transformation formu-
las as the z. This is clear, because then apparently x; + Ay1, 2 + Ay2
for arbitrary X are also subjected to the same transformation formulas.
Therefore we have

C(ap, .. -; T7 + Ayy, o5 + Ays) = 6°C(ao, - - -5 T1 + Ay1, Ta + Ay2),
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and for each value of A\ one must have:

C [ ey
s -oi 2 + 37 (31 gt + 15 o2
1

1! Oz}
2 ( ,2 0%C(a’; ') >
+— yl —_— + oo + PR
2! oz,

A 0C(a; ) 0C(a; x)
= 14 N —_—
67 {C(a; ) + T (yl 92, +¥2 975 )

+)‘_2 2?_2_(”@'_;2.).4.... 4.
or \U oz? '

Since this equation is valid for all A, the coeflicients of equal power
of A must possess the invariant property; so, indeed, every polar is
covariant. Invariants, covariants and polars of covariants are therefore
again covariants of the base forms.

Lecture XX VIH-(June 28, 1897)

Incidentally, we should remark that the weight of each polar of a co-
variant is equal to the weight of the covariant itself. If one applies the
process of forming the kth polar to an expression, then the degree in the
new variables 1, y2 is raised by k, and in those with respect to which
one differentiates it is lowered by k. Besides, the number of groups of
variables in C can be arbitrary, as long as they are all subjected to the
same transformation formulas as the = and y. Considering the simplic-
ity of the situation it seems unnecessary to provide examples; we only
mention one briefly. The first polar of a form of order three

F=aoz? + 3a17%72 + 3027172 + a3z}

is:
Py () = y1(3a07? + 6a, 2172 + 3a222)
+ y2(3a17% + 6az172 + 3a373)
=3(Aox? + 2417173 + A7),
where
Ao = agy1 + @13,
A1 = a1y1 + azyz,
Az =azy1 + azys.
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But since
AoAy — A}
is a covariant of P, it is also a covariant of f(®, and indeed

ApAz — A% = (aoy1 + a192) (8291 + a3yz) — (a1y1 + azyz)?
= (a0a2 - a%)ylz + o
is the Hessian covariant of f, with y substituted for z.
A second process that preserves the invariant property is the so-called

Aronhold process, which can be viewed as a generalization of the polar
process. We have the following:

Theorem If C is an invarient expression with respect to the simulta-
neous forms f, g, h,..., and if furthermore F is a general form of the
same degree as f, and if the coefficients

ag, a1, a3,...
of f correspond to the coefficients
bg, b1, b, ...

of F, then the function

b E_ +b a_c +b E_ + .-
0 dag 1 da; 2 das
also possesses the invariant property, provided the form F is added to

the simultaneous system f, g,....

The proof of this theorem is similar to the one for polars. Replace the
function f by f + AF, that is, ap by ag + Abo, a1 by a1 + Aby,... .
Then af + Ab} is related to a; + Ab; through the same equations that
relate a) to a;. Since C is a covariant and no assumptions were made
about the coeflicients of f, we have

Clag + Abp,y ... -5 24, xh;...) = 6PClag + Abo, . .; ...; T1,T2;...) -

If one expands both sides in terms of powers of A, then the right-hand
side is identical to the left-hand side except that here the letters are
primed. But since the equation is supposed to be valid identically in A,
the coefficients of equal powers of A are equal, in particular those of A,
from which one sees that the function
ac ac
bo %(; + b a—al + -

above is indeed a covariant whose weight is the same as that of C.
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For instance, from the invariant of the form of order four
agay — 4aa3 + 3a§

one can derive in this way the simultaneous invariant of two forms of
order four:

boas — 4dbjaz + 6bgag — 4dbzay + byao,

and this is indeed the fourth transvection of the two forms one over the
other.

That the polar process is a special case of the Aronhold process just
discussed can be seen as follows. Let C be a covariant containing z;
and z3; if we replace x; and zo by —b; and by, respectively, where
boxy + b1z, is a linear form, then we obtain a simultaneous invariant. If
we add a linear form agz; + a2, then

a0 0C(~—by, bo) +ay O0C(—by, bg)
\\W/ abO abl
is also an invariant. We rewrite this expression as
o 9C(—by, be) 4 9C(—by, bo)
TS S T
From this we obtain again a covariant if we replace ao, a1 by y2, —y1,
and bg, by by xz2, —z;, respectively; that is, the polar
o ac
n oz, Y2 a7,

is indeed a covariant.

I.11 The invariants and covariants as functions of the roots
Until now we have almost exclusively considered the invariants and co-
variants as functions of the coefficients of the base forms and the vari-
ables; in the three following sections we need to introduce three new
ways of representing them.

We begin by considering at first only one base form:

n
f=a0.’13?+<

1) alx'l'_lxz + -+ anxy.

According to the Fundamental Theorem of Algebra one can decompose
f into exactly n linear forms, so one has

= ao(z1 — w1z2) (T1 — wex2) -+ - (T1 — wnT2),
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where wq, wy,...,w, are the n roots of the equation f =0 in z;/z5.
The quotients a;/ap are symmetric polynomial functions of the w. A
homogeneous in- or covariant can be written in the form

ay; as a
C:‘a(ljv (,‘—')_1"'»_n;z1)z2>’
ap ao ag
thus it can also be written as a symmetric polynomial function of the
roots w, if one adds a suitable power of ap as an additional factor.
Suppose given an invariant Z(ag, a1,...,an) We write

I(ag,a1,...,0n) = a{}'g(wl,wz, ey W)

and ask: How can we determine from G whether G is an invariant?
To this aim, we observe how a linear transformation transforms the
roots. Let

Ty = anT + Ty,
T3 = 01T + QpaTh;
hence
6T = apaTy — 1273,
(521'2 = —21T1 + a11X3.
Under this transformation, f becomes
f=f"=ag(zh —wyz3) (x) — wiz3) - - (] — wpT)).
Each linear factor is transformed into another linear factor, and we sup-
pose that the w; and the w] are related in this fashion. Then
T1 — wiTy = anxi + aarh — wi(aa ) + anc))
= ci(T] — wiTh);
therefore
a1y — witgy = ¢4,
Q12 — Wity = —Ciwé,

and consequently

;0w — a2

W] = ——————=,
a1 — Wil

Using this fact, we now prove the following:

Theorem The erpression

I=ay ZH(““ - wg)
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is an invariant of the form f, provided that each of the products [] is
a homogeneous function of the differences, say of degree p, that each o
the products contains each root w the same number of times, say w, and
that the whole sum is a symmetric function of the roots w.

Lecture XXIX (June 29, 1897)

This theorem is easy to prove. Namely, we have

QoW; — Q12 QWi — )2

w: d w;c = ’
0y — Wity ) — WEQg)

or

Wi —wp = (agow; — oa2) (011 — wraa1) — (o2awk — 0n12) (11 — wWikay)
(@11 — wiog) (@11 — wrao)
_ wi(aggon) ~ ajpagy) —wi(aiag — a12a91)
B (011 - wia21) (a11 - wkazl)
Wi — W
(11 — wiagrHen — wrag1)’

The product [] contains p such differences. Thus, if we form
D | R}
for which we want to prove that
I =61,

then J] contains the factor 87; hence so does 7' because of homogeneity.
Therefore, we have

=ap”s? ) [] o
0 (11 — w1a21) (@11 —wkoz1)’

But, furthermore, [] contains each w; w times; so it follows that

1
T’ =a)" 6P 5
% Z [ -+ (11 — wpom )

(011 — wiaa1) (a1 — w2a21)
X H(w, - LU]C).
But we also have (Lecture XXVIII)

a6 =a06102 .. .cn

=ap(a1) — wiaz) (@1 — waay) - -+ (@11 — wna2),
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so it follows that

T =6af Y [Jwi —wr),
which completes the proof of the theorem.
It also follows that: The weight of the invariant I is p, the degree
s w.
We give some examples. The discriminant of a form of order n is

D= ‘13("—1) H(wi ~wi)?.
There are n(n — 1) factors altogether; thus the relation ng —2p =0 is
satisfied, that is,
n2(n—1) - 2n(n—-1) =0,
as it has to be. The discriminant is an invariant.
Likewise, for n =4,
a(2) Z(wl - LU2)2(LU3 - LU4)2
has to be an invariant of degree two and weight four. Since there is only
one such, we conclude that this expression has to be equal to
ag Z(wl — wy)(wa — w4)? = c(aoays — 4a1a3 + 3a3).
For n = 4, the expression
ad Z(wl — wy) (w3 — wa) (wy — wa) (w2 — wa)

is also an invariant of degree three and weight six. Since there is only
one such, namely, j = agazay + 2a1a2a3 — a3 — aga? — a?ay, it follows
that this expression has to be equal to ¢; - j.

On the other hand, for n = 4 we also have the invariant

ad [T {(w1 — ws) (we — wa) + (w2 — ws) (w1 — wa)}

of degree three and weight six. Hence, this expression must be essentially
identical to the previous one, namely, equal to cg - j. From this, one
recognizes at the same time the significance of j = 0. In this case, one
of the three factors is equal to zero, say

W) — w3 Wy — Wy

w2 — W3 W2 — Wy

or

wi—ws wi—wi_
—

Wy —w3 Wy — W
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and if one makes an analogous calculation for the two other factors, then
one sees that 7 = 0 is the necessary and sufficient condition for the four
roots of f to have harmonic position* in some combination.

The theorem we have proven also has a converse.

Theorem FEach invariant of the form f is a symmetric function of
the roots that depends homogeneously only on the differences and that
contains each root in each term (written as a function of the differences
of the roots) to the same degree.

We omit the proof of this theorem. Furthermore, the theorem can
easily be generalized to simultaneous invariants. If

n _

f=apz} + (l)alz'{ e 4= ao(T1 — wiz2) - - (1 — wpT2),
m _

g=boz{* + (1 )blz;n Yoy + o = bo(Ty — p1%2) - (T2 — PrmT2),

then we have the follovsjlj:

Theorem The ezpressi

T =afby Y [Tw: —wi) [T (o = o6) [ (wi = o)

18 an invariant if the sum is a symmetric function of the w as well as
the p, which is homogeneous in all root differences, in such a way that
in each term of the sum each w appears equally often, namely, w times,
and each p appears equally often, namely, u times.

This theorem too has a converse, and can also be generalized to arbi-
trarily many forms.

The resultant of the two forms f and g provides an example. Recall
that it is equal to

a§ 8 [[(wi = px) = a05 [J(wi ~ ox),
so0 it is indeed an invariant. The condition nr + ms = 2p is satisfied,
since p =mn, w=m, and u = n.
For n =2, m =2,
agbo {(w1 — p1) (w2 — p2) + (w2 — p1) (w1 — p2)}
is an invariant; indeed, it is equal to
2(aob2 —2a1b + azbo).

* Four points are in harmonic position if the cross ratios of their coordinates are

_equato-1.
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Thus, we have at the same time implicitly treated the case of covari-
ants.

1.12 The invariants and covariants as functions of the
one-sided derivatives

Every binary form is essentially identical to a polynomial function in
one variable. This polynomial is obtained by setting z; = z,z3 = 1,
and we will write:

f= f(")(:z:, 1) = apz™ + (71,') a1z 4+ 4 a,.

Furthermore, we want to introduce the notation

(n—d) d'f(x, 1)
n! drt

fi =

3

so that f; is in essence the ith derivative with respect to the one variable
(the ith one-sided derivative). We then have the following:

Theorem Every covariant C of the form f can be directly expressed as
a polynomial function of the one-sided derivatives f;; one obtains this
expression by substituting f; for a; in the source of the covariant.

Of course, this theorem is also valid for invariants. We omit the proof.
In any case, it demonstrates once again that there is a connection be-
tween invariant theory and differential equations. In fact, it is possible,
under certain circumstances, to integrate differential equations invariant
theoretically. Since the intrinsic properties of forms are given by the van-
ishing of in- and covariants, we see that we can also characterize them
through differential equations, which one knows as soon as the in- and
covariants are known.

Lecture XXX (July 1, 1897)

Representation of the in- and covariants in terms of one-sided derivatives
is of great importance for many problems. We shall only mention one,
which was already treated by Clebsch. Suppose that one or more forms,
whose coefficients are not arbitrary anymore, but have been specialized
in some way, satisfy certain conditions. The problem is to determine
necessary and sufficient conditions in such a way that forms that satisfy
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them can be transformed linearly into the original ones; that is, one
should find the “invariant criteria” for the specialization.

We can treat this problem with our representation and carry it out
completely for spherical functions, for instance.

We illustrate the representation of in- and covariants in terms of one-
sided derivatives with some examples. The Hessian covariant is

H = (agaz — a%):z:f"~4 + -,
so we have
H=fofo— f}
("’"2)! " ("’_1)! 2 12
EAr A [‘T] f
or

= ___2(71,1— 0 (nff" = (n- l)f'z).

n
Likewise, the Jacobian covariant is
(£,9)1=(aob1 — arbo)zTT™ 2 + ...
= fog1 — gof1
or

1 1
(figh=—fg'= ;f’g-

In general, the pth transvection of f over g is

(f,9)p = fogp — (f) figp—1 + (g) fagp—2 — - + (1) fpg0.

Of course, for invariants, the variables have to disappear from the
representation when one substitutes explicity expressions for the one-
sided derivatives. For example, for n = 2, the Hessian covariant is

H=3@ff" - %)
= 1(2(aoz? + 2017 + a2)2a0 — (2007 + 2a1)?)
= alz? + 200017 + apay — adz? - 2090,z — o}
=apaz — a?.
One can easily construct more such examples.

Remark The main theorem of this section has been stated and used,
especially for spherical functions, by Prof. Hilbert in his inaugural disser-
tation: “Uber die Invarianten Eigenschaften Spezieller Binirer Formen,
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Insbesondere der Kugelfunktionen,” Konigsberg, Prussia, 1885. The re-
sults herein are generalized to the terminating hypergeometric series

Fla, B, v, x)=1+ aﬂz+a(a+1)ﬂ(ﬁ+1) o

T .+. sy
1.7 1-2-9(y+1)
in the case that 8 = —n is a negative integer, in the treatise: “Uber eine

Darstellungsweise der Invarianten Gebilde im Biniren Formengebiete”
by D. Hilbert, Math. Ann. 30. There it is shown that for the latter, one
can use that theorem to determine very simple and interesting invariant
conditions.

1.13 The symbolic representation of invariants and covariants

After we have seen two new representations of in- and covariants in the
previous two sections, we now finally come to a representation that is
entirely different from the previous ones. The symbolic representation of
invariants and covariants was the one used almost exclusively in earlier
textbooks, notably in England, America, and Italy.* Even Cayley used
a symbolism for invariant-theoretical investigations. The method, how-
ever, which will concern us subsequently, which allows simple symbolic
computations often convenient for the derivation of the in- and covari-
ants, originates with Clebsch, and was practiced after him, notably by
Gordan. We begin with a form and consider its invariants; the consid-
eration of covariants and simultaneous in- and covariants then presents
no additional difficulties; for them we will only state the appropriate
theorems, however.
Let

: n
f=aoxl + (1>a1z?“1z2 + o+ anTy
be the given base form, and let
I= Z Zyg-ovy 0007 - ain

be one of its invariants. Instead of ay® we write explicitly aoao---ao (o
times), etc. Then the invariant is

I = E Zpopi g Opg Oy Oy Gy -

where the number of the occurring @ is obviously the degree; further-
more, the sum of the subscripts is the weight of each term, and hence

*See Kung and Rota (1984) for a modern treatment of the symbolic method for
invariants of binary forms.
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also of the invariant. Now we substitute a b for the second a, etc., and
write

I= [Z Zypap byscps - ]

in such a way that each term of the invariant contains exactly one a,
one b, ... . But then we can, without ambiguity, write exponents instead
of subscripts; that is,

I=[[Y Zuampaee -]

Because from this symbolic expression we obtain completely and unique-
ly the explicit expression if we write subscripts instead of exponents
(which is indicated via the arrow |), and thenset a =b=c=---. The
new variables a, b, ¢, ... are called the symbols, which give the represen-
tation. One uses as many symbols as the degree of the invariant.

This representation, however, would complicate matters rather than
simplify them if one could not write the resulting expression more simply,
provided one thinks of a#!,... as real powers. But for this it is necessary
that one introduces the symbols a,b,c,... into the individual terms
appropriately; because, while it is initially arbitrary for which a in each
term one substitutes b, and for which a one substitutes c, ..., it is
not arbitrary anymore if one.wants to achieve a simple representation,
which is always possible. At the very least, the arbitrariness is always
very limited.

To give an example of this, consider the invariant of the quadratic
form. Thus, we write

a=b=c=...=a

la=b=c=:--=a ’

T =apay — a?
= 1(aoaz — 2a? + azay)
= 1(aob2 — 2a1b; + a2bo)b=q
= 2(b% — 2ab + a?)p=q
or
=1(b-a)%

From this expression one obtains the explicit representation if one first
expands, replaces exponents by subscripts, and finally substitutes a = b.
In homogeneous expressions, one has to insert a® or 4° ..., depending
on the missing symbols.

When can one tell from looking at such a symbolic expression whether
it is an invariant or not? We will derive a sufficient condition for this. If
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an expression 7 is to be an invariant, then it has to satisfy the differential
equation

DI =0.
If we use the symbolic representation, then this becomes
DL =Dy[[.. ], _ +Ds[[--]]

But we have

4.

b=...=a b=---=a

7] 7]
Da=ao——a—1-+2a1———2-+---+nan- —a—

In the symbolic representation, the expression
i 0 _8(af) 3

8@ T 0a 0@
replaces
) 7]
1ai-1 B_a,-;
therefore
8a 8 0(a?) 8 0(a®) 8 ™) 0o

*= 392 " T5a 8(a?) da 6(a3)+”.+ da 9(a)’

where all powers of a are to be considered independent for the moment.

One therefore obtains:
0
D,=n. —,
=" Ba
where now the powers are to be considered as such, that is, as depend-
ing on a. An invariant in its symbolic form must therefore satisfy the

differential equation

o[(..] . 8L-d) _ o[l..]
5c T o
So far we have thus found:

.+..=0

Theorem The erpression
T = Z ZatibHacha ...

is the symbolic representation of an invariant if and only if each term
contains equally many, say g, symbols, if furthermore each term has
the same total degree, say p, where ng = 2p, and if it satisfies the
differential equation

oz
o o1 o1

et T =0
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This invariant, in its nonsymbolic representation, is of degree g and
weight p.

Lecture XXXI (July 2, 1897)

It is now very easy to give a polynomial function of the symbols a, b, ¢, ...
that satisfies these conditions, namely, an arbitrary polynomial function
of the differences b—a, c—a, ..., as long as the homogeneity conditions
are observed. Because of the importance attached to these differences,
one also writes them in the form:

b — a = (ab),

¢ —a=(ac),
etc. A polynomial function of these differences is written as

S=_ Z(ab)° (ac)*(bc)? (bd)" - - (al)*.
This obviously satisfies the differential equation
s 85
Oa  Ob
since each factor of each term'satisfies it:
9(ab)®  O(ab)?
5a tTa T
Furthermore, the sum of the exponents

+--. =0,

-=—0(ab)° ! +o(ab)’" 1 +0=0.

o+et+pt--+A=p

must be-constant in each term of the sum. Now suppose the symbol a
occurs « times, the symbol b occurs B times, ... in each term of the
sum; then apparently

at+B+-=2c+etpt--)=2p,
and therefore the condition
a+fB+y+---=ng
has to be satisfied also. Now, we necessarily have
a<n, B<n,v<n,...,

since only the symbols a%,al,...,a™; b%,b!,...,b";... make sense. But

the number of symbols that occur in each term is equal to g, so the
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number of quantities o, 3,7, ... also has to equal g. If even only one of]
the quantities o, 3,~,... were less than n, then its sum could not be
equal to ng, which is required. Hence, it follows that

a=n,B=n,v=mn,...

has to hold. And thus we have obtained the following:

Theorem 1 The symbolic expression

S=Y" Z(ab)*(ac)" (bc)? - - - (al)*

is an invariant of degree g and weight p, if p is the sum of the exponents
o+ T+ -+ X, common to all terms, and if, furthermore, each of the
g symbols occurs exactly n times in each individual term.

Incidentally, the converse holds also.

Theorem FEach invariant can be represented symbolically as a function
of the differences.

We shall give a brief sketch of the proof further below.
One should remark that writing the coeflicients symbolically amounts
to writing the base form in the form

f=(@1+4az))" =(z1+bx)" =...,

where the a* = a;, b* = a;, etc. have the same meaning and are only
introduced together to preserve uniqueness.
We illustrate the above with some examples. Clearly,

(ab)* =T
is an invariant of the form of order n. Indeed,

(ab)™ = (b —a)"
- (’1‘) b"=la + (’2‘) b 202 ~ ...

n n
= aga, — (1)a1an_1 + (2)azan_2 — -+ (-1)"ana0.

If n is odd, then this expression vanishes identically. But if n is even,
then this is exactly the nth transvection of the form f over itself.
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In particular, if for example n = 4, then
(ab)? = b* — 4b3a + 6b%a? — 4ba® + a*
or
(ab)4 =apa4 — 4a1a3 + 6(1%-— 4aza; + aqaq
=2(apaq — 4a a3 + 3a)
= 21.
Similarly, one sees that

TN (ab)?(ac)?(bc)? = 6;.

But, in order to give an example of how one can represent explicitly given
invariants symbolically, as well as at the same time give an example for
such symbolic calculations, we want, conversely, to try to express j in
symbolic form. We have

ap a; a2

a2 43 a4

ap a1 a2

=[{b by b3|,
C2 C3 Cq
whence
1 a a? 1 a a2
j=|b b B3| =b?{1 b b
2 A 4 1 ¢ ¢?
= bc?(ab) (ac) (be).

Needless to say, it is irrelevant in which row of the determinant we ini-
tially place the a, in which the b, and in which the ¢, since all three
symbols have the same meaning; in general, we have: “One can inter-
change symbols that have the same value,” which is obvious. If we now|
interchange a and b in the last expression for j, then one finds that

j = —ac*(ab) (ac) (be),
and addition of both formulas gives

2j = c2(ab) (ab) (ac) (be).
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If we now furthermore interchange ¢ with a, and ¢ with b, then one
finds that

2j = a*(be) (be) (ac) (ab),

2j = —b?(ac) (ac) (ab) (bc).

Addition of these three formulas gives

1 a a?
6j = (ab) (ac)(bc) [1 b b%|,
1 ¢ ¢

hence
6j = (ab)*(ac)?(be)?,

as we just claimed.

For covariants and simultaneous in- and covariants we have theorems
analogous to those for the invariants of a single form. We list the the-
orems without proofs and remark that the proofs for the simultaneous
invariants can be carried out just like those for the invariants of a single
form, and that then the proofs for the covariants result from the fact that
each covariant has to become an invariant if one sets 7 = —b;, 23 = by,
where bg, b, are the coefficients of a linear form, and conversely. If we
use the abbreviation

T +azxy = ag,

so that the base form is f = a% = b2 = ..., then the theorems in
question are as follows.

Theorem 2 The symbolic expression

> Z(ab)(a0)"(be) -+ ad] -

is a covariant of degree g, order m, and weight p, if p is the sum of
the exponents o + T+ Kk + -+ common to all summands, and m is the
common sum of exponents £ +n+---, and if furthermore each of the g
symbols a, b, c,... occurs n times in each summand.

So, for example, we have
(D= (@b,
the ith transvection of the form f over itself; in particular we have
H = (ab)?a7 24772,

the Hessian covariant of the form f = a? = b7.
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Theorem 3 The symbolic expression
> Z(ab)*(ac)” - -+ (aa’)#(ba’)% - - - (a'b')"(a'c)* - -

is a simultaneous invariant of degree g in the coefficients of f = al =

b% = ---, and of degree g’ in the coefficients of f' = a;"’ = b;", =,
etc., and of weight p, if p is the sum of the exponents, common to all
summands, and if, moreover, each of the g symbols a, b, c,... occurs

n times in each summand, whereas each of the g’ symbols o/, b, ', ...

occurs n’ times in each summand, etc.

An anq/o/g:us theorem holds for simultaneous covariants. The converse
of these theorems holds also. One can represent each invariant of one
or more forms symbolically as a polynomial function of the differences
(ab), (ac),..., and one can, similarly, express each covariant of one or
more forms in such a way that it appears symbolically as a polynomial
function of the types (ab) and a,.

The idea for a proof of this converse is based on the following: Suppose
we are given an invariant

I =T(ag,---,0n; Ggy---,G;-..)

Then
oz oz oz
boT%+b1%+"'+bnT%

is also an invariant, which is linear in the b, and whose degree in a
is lowered by one. Furthermore, it is transformed into the original one
if one identically equates the new form that was added with the form
with the coefficients a, that is, if one sets ag = bg, a1 = by,.... By
adding more forms, one can clearly obtain an invariant that contains
the coefficients of all its base forms linearly and is transformed, up to
a constant, into the invariant Z if one sets the added forms identically
equal to the ones to which they were added. One can now write expo-
nents instead of subscripts without creating ambiguities, and obtains a
symbolic representation like the one at the beginning of this section. But
if one considers this representation as an actual invariant, that is, if one
considers the exponents as real exponents, then the resulting expression
must be a simultaneous invariant of only linear forms. But each simulta-
neous invariant of linear forms is a polynomial function of the differences
(ab), (ac),..., as one can prove, in somewhat complicated fashion, in-|
ductively for simultaneous forms (see, for instance, the proof in Clebsch
and Lindemann, Geometrie, vol. I, p. 184 ff.). The symbolic expression
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must, therefore, always be expressible as a polynomial function of the
differences—which also proves the converse.

Thus, if one wants to form all possible invariants and covariants, one
only needs to form all possible polynomial functions of the types (ab)
and @, , while observing the side conditions. It can thereby happen that
an expression takes on different meanings depending on which base form
one considers; for instance, every symbolic expression represents a simul-
taneous invariant of linear forms. Conversely, it can also happen that
a given invariant has several different symbolic representations. When
making symbolic calculations, one of course chooses the simplest one.

Final remarks to Part 1

If we now recapitulate briefly what we have discussed so far, then it
consisted mostly of three things—disregarding the enumeration calculus
that we employed. After defining invariants and covariants, we first de-
rived necessary and sufficient conditions for them. There, we used the
essential fact that each linear transformation can be reduced to three
especially simple linear transformations. We restricted ourselves to bi-
nary forms, but it is evident that this restriction is not essential, that
indeed these reflections can be extended easily to forms with arbitrarily
many variables. Second, we constructed a system of covariants for which
we could prove that all other possible covariants can be expressed ra-
tionally through these. This theorem, which can also be generalized to
forms with arbitrarily many variables, proved to be particularly fruitful
for the construction of the covariants and the syzygies existing between
them. Third, we gave three new representations of covariants, of which
the symbolic representation led to a simple way of constructing covari-
ants, and which has the advantage of being directly applicable to forms
with several variables. We can perhaps characterize the three parts in
the following schematic way:

1. Definitions and concepts. Basic properties.
2. Fundamental Theorem. Examples and corollaries to it.
3. Methods of representation.

The rational representation of all covariants through a finite system of
them directly raises the question whether, for a given system of simul-
taneous forms, one can construct a finite system of in- and covariants
through which all the others can be expressed as polynomials. We now
have to consider this question, which is substantially deeper than the
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one regarding rational representation, and which has an affirmative an-
swer. To answer it we need to make observations that are completely
different from the ones so far. The theorem about the finiteness of a full
invariant system—first proven in general by Hilbert—is of fundamental
importance for higher invariant theory. All further observations are base
on it; it forms the foundation for the second part of the theory as well.
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The theory of invariant fields

Lecture XXXII (July 5, 1897)

I1.1 Proof of the finiteness of the full invariant system via
representation by root differences

The invariants of a simultaneous system of base forms constitute an inte-
gral domain, insofar as a polynomial function of invariants or covariants
is again an invariant or covariant, as long as homogeneity—rather only
the power of the substitution determinant—is preserved. Thus, there
arises the following question: Does this integral domain have a finite
basis? That is: Is there a finite system of invariants through which all
others can be expressed as polynomial functions? And one has to ask
furthermore: If there is such a “finite full invariant system” (respec-
tively, system of forms), how many mutually independent syzygies exist
between the invariants of this full invariant system? These are the im-
portant questions with which we will concern ourselves subsequently.
The primary discoverer of invariant theory, Cayley, has already made
the conjecture that a simultaneous system of forms has a finite full in-
variant system. However, he was unable to find a proof for this conjecture
so he finally began to doubt its correctness again. He was only able to
prove it for binary forms up to order six by assuming only one base form.
Later, however, Gordan proved this theorem for an arbitrary system of
simultaneous forms in two variables by using the symbolic method. But
this proof is very cumbersome (compare Gordan, Vorlesungen iber In-
variantentheorie, vol. II, p. 231). Gordan’s proof can also not be gen-
eralized to forms in arbitrarily many variables; he only succeeded for
ternary forms of order two, three, and four (Math. Ann. 1, p. 90, and
the notice in Clebsch and Lindemann, Geometrie, vol. I, p. 274). Later,
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Mertens proved finiteness in a nonsymbolic way, but also only for binary
forms (cf. Crelle’s Journal fiir Reine und Angewandte Mathematik 100,
p. 223.) This proof too is very cumbersome. But then, Hilbert (Math.
Ann. 33) gave a very simple and relatively short proof of the same fact.
It is based on the represe;lt/atian of an invariant as a function of the dif-
ferences of the roots; but for this very reason it also holds only for binary
forms and cannot be generalized to forms with more variables. It was
again Hilbert who then found another proof (Math. Ann. 36), which can
be directly generalized to arbitrary simultaneous systems of forms with
arbitrarily many variables and variable sequences. This proof, which uses
higher algebra, at the same time gives information about the number of
syzygies and other questions that arise in finiteness considerations. In
this section we first want to study the first proof of Hilbert regarding
the finiteness of the full invariant system of a system of binary forms.
We first prove two lemmas.

Lemma 1 If from N arbitrary quantities w, ..., one forms the sum of
their first, second, ..., Nth powers:
w + SRR
w2 + ceey
wN + EEN

and if p denotes an arbitrary positive integer, then there always exists
an identity of the form:

WP =G+GWw+GPu?+... t GN-DYN-1 (1)
where G, GV, GA ... GWV-1D are integral functions of the above sums
of powers.

Namely, if s;, s2,... are the elementary symmetric functions of the

w, then we have

wh — sle_l +ssz‘2 —.-Fxsy=0.
But sy, s2,...,sn are polynomial functions of those power sums; hence,
they are of the same form as G, G, ... . It follows that

N N-1 N—2+

w = S1w — SoWw - F SN

holds identically. Using w?, where p > N—otherwise the theorem is
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trivial—one can write

N p—N

w? =w” -w N-1

= (s1w —sowN 2 4 )P N

and it is clear that by continuing in this way, one can lower the highest
power of w down to w™~!, and introduce only w, w?,...,w™N~! and

polynomial functions of the power sums. This proves the lemma.

Lemma 2 A system of arbitrarily many linear homogeneous Diophan-
tine equations has a finite number of nonnegative solutions such that
every other nonnegative solution can be obtained from these linearly and
homogeneously with nonnegative integer coefficients.™

The given Diophantine equations are assumed to be of the form:
aiz1 +ahxy+ - +ahz, =0,
afz) +ajz2 +--- +ajz, =0,

(m)

al (m)

1+ a5z + - +ai™z, =0.

Consider first the case of one equation. Let its positive coefficients be
oy, a3,...,0,; the negative ones be —f1, —fa,...,—fFx; and §,n re-
place the x. That is, the equation is

arfy +obe+ -+ al, =m+ o + -+ Bana.

Suppose
€1=A1, 8 =42,...,8 =Ap,m =By,...,m = By

is an arbitrary positive solution of the equation, where all A and B are
nonnegative numbers. One positive solution, however, can be given right
away, namely,

=Bk, m=a; &1 === 1= ==6=0,
'r’n='r’2=---=’r’k_l ='r’k+1 ="'=7’,\ =0.
If one takes all allowable combinations for 7 and k, thatis, i =1,...,p;
k=1,...,), then one obtains p\ solutions, in any case a finite number.

Now, let v be the largest of all the coefficients o, 3. Then all possible
nonnegative solutions can be reduced, with the help of the above special
solutions, to the case where either all A or all B are smaller than v. To

* A minimal such finite set is called a Hilbert basis of the monoid defined by the
linear Diophantine equations.
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see this, suppose for instance that A; > «, By > . Then we subtract
from the given solution the special solution & = 8, 72 = a1; the new
solution is then still nonnegative, and this process can be repeated until
all A or B have become less than . So, we can restrict ourselves now
to those solutions, say, for which all A have become less than ~. But
since a < « for all a and & < « for all relevant £, it follows that

py2 > B1B1+ BBz +--- + BB,

and hence certainly A < v and B < py? for all A and B. Thus,
we only need to consider those A and B. But the number of solu-
tions for which A and re smaller than a given finite number is
certainly finite. Hence the lemma is proven for one form. An inductive
step from m — 1 to m shows that it is then valid in general. Because, if
zy, zh,...; =¥, =4,...;... form the finite system of solutions for the first
equation, then an arbitrary solution of the first equation is representable
in the form

1=y +y2x] + -,

T2 =y125 + Y215+,

.
where the y have to be integers. If one substitutes these values in the
remaining m — 1 equations, then one obtains for y the exact same prob-
lem as before for the z. In this way, one can reduce the proof of the
lemma for arbitrarily many equations to the case of one equation; but
this case we have dealt with. The lemma is therefore valid in general.
Both lemmas, which we have proven, are similar to the invariant the-

orem in question in the sense that both assert the finiteness of certain
closed systems.

Lecture XXXIII (July 6, 1897)
Let us now proceed to the proof of the theorem. We prove it for a base
form
f=ao(z1 — 0122) (z1 — a273) -~ (21 — QnZ3).
We abbreviate
a; — ak = (i, k).
Each invariant of f can be represented in the form (Section I.11):

T=01,2°"(13""23)"" (n-1,n)""""+.-.. (2
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One is supposed to form sufficiently many terms of this form so that the
function becomes symmetric in the a. And the 2, el3,..., denote
nonnegative integers. But every a has to appear the same number of
times in this representation (Section I.11); hence, if we set e“* = ek,
the following equations must hold:

elb2 4 elB 4. pelnmell 4 23 4 ... 4 g2

(3)

Pt nyl na2 .es n,n_l
e +em 4o te .

All positive integers which satisfy these n —1 homogeneous Diophantine
equations, and only those, give invariants of the form f. The number of
unknowns is n(n—1)/2. These equations have a finite system of positive
integer solutions, through which all others can be expressed as linear
combinations with positive integer coefficients. Let this finite system of
solutions be '

1,2 13 2,3 n~1ln,
e’ e, 67, ., 8 ;
L2 1,3 2,3 n—1ln,
32,,32 geeey €9 5 niy €9 H
1,2 .13 2,3 n—1,
e, e, o, e, ., ep o

Every other solution can then be constructed from these with positive
integer coeflicients; for instance, let

1,2 1,2
eb? =p1€;’” +p2ey” + - +Pme}ﬁ2,
1,3 _ 1,3 1,3 1,3
€T =p16 +p2€2 +"'+pmem ) (4)
- n—1,n n—1,n -
en 1,n=p1e1 ) +p2e2 ) +.._ +pme; l,n.

We now form the following quantities:

n—1,n

wi=(1,2)27(1,3)5" ... (n = 1,m)E ",
(5)

n—1,n

Wy = (1, 2)35,',2(1’ 3)35,’.3 e (n — 1, n)em
Then, evidently
Ty, =W W2 e wl™ e (6)

is an invariant, where all subsequent terms are derived from the one
that is written out by permuting the roots in all possible ways. We form
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all those invariants for which m# < n! = N. This is in any case a finite
number.

Each of the m products (5) gives rise to N — 1 further expressions
through permutation of the numbers 1,2,3,...,n in the parentheses.
Then, according to the first lemma, we have equations of the following
kind:

Wit =Gy + Ggl)}ul/-f-ng)wf +- GgN_l)w{V_l,
(7)

WE = G + Gilwm + GROWE + -+ + G Dwl 1,

where the G, G,...,Gy, respectively, are polynomial functions of the
power sums:
witee, widee, w4
(8)
wm+...’ w?n.*_...’ wTIX.*_..._

Note that the power sums (8) are invariants belonging to system (6).
But now we directly obtain the most general expression for an invari-
ant from (2), (4), (5) to be

_ , 1, P2 p
I__wfwz ...wm'".*_....

If we substitute herein the values (7), then we realize immediately that 7
has to be a polynomial function of the power sums (8) and the quantities
Wiy, w{v —1 ... But since Z is symmetric in the roots and since the
exponents never get larger than N, it follows that every invariant has to
be a polynomial function of the invariants (6). This completes the proof
of the finiteness of the full invariant system.

It hardly needs mentioning that, while the system (6) is a full invari-
ant system, it is not the smallest; the number of mutually independent
invariants will be much smaller. But we only aimed at proving finiteness
in principle.

The proof can be generalized without effort to a simultaneous system
of binary forms. One only has to replace (2) by a symmetric integral
function whose leading term contains all root differences of the base
forms (including differences of roots of different forms) in such a way that
the roots of those linear factors belonging to the same base form occur
with the same degree. This characteristic property of a simultaneous

invariant finds its expression in a system of linear Diophantine equations
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that plays the role of the system of equations (3). Aside from that, the
same conclusions hold.

I1.2 A generalizable proof for the finiteness of the full
invariant system

‘We now turn to Hilbert’s second proof of the finiteness of the full invari-
ant system. This proof is very important because, as already mentioned,
it can be generalized to forms with arbitrarily many variables. Here too
we will consider binary forms only, but one can easily convince oneself]
that every step we make can be made completely analogously for forms
with more than two variables.

For the moment we need to concern ourselves with a new operational
symbol, which we define as follows. Let

n
f(z1,22) = apz}] + (

1)0.123711_1.'132 + o+ a2

be the given base form. We transform it via the transformation

z1 = oy + By,
Ty =y1 + 0y

into
n -
9(y1,y2) = boy? + (1)51111l 11/2 +- 4 byg.

The b contain «, 3, v, 6 with degree n. Thus, we can differentiate them
with respect to these variables. We therefore want to introduce the fol-
lowing notation:
0? o2
Q= — ———.
Bads  OB0y

The operation  proves to be of particular importance, especially in
light of the following.

Lecture XXXIV (July 8, 1897)

Theorem Let F(b) be a polynomial function of the transformed co-
efficients b. If one applies the operation Q p times to the erpression
€"F(b), considered as a function of a, a, 8, v, 6, where

e=qab— [y
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is the substitution determinant and m is an integer, until QP(e"F(b))
does not contain the a, 3, v, 6 anymore, then one obtains an invariant:

QP (e” -}'(b)) =7I(a)
of weight p—m.

We prove this theorem as follows. We consider another linear trans-
formation, independent of the first one:

y1 =021+ 22,

Y2 ’)"Zl + 6 2;.
Thereby, f(y1,y2) = aoyf + - is transformed into

fy1,92) = g'(21,22) = bzl + -+
Suppose furthermore that
o2 o?

= 9a'06' ~ 0p0y’
d=a's — IB,'Y,-

QI

Moreover, we consider a third linear transformation that is composed of|
the previous two, as discussed in Section I1.2.
Let this transformation be

Ty =a"z1 + "2,
Ty =7"21 + 6" 22,
where we set
o =ad + B,
ﬁll — aﬁl +ﬁ61’
v =l + 6,
5// — ,Yﬁl + 551,
so that
' =a"§" — ,B”'Y” =c-€
and set
02 0?
Ha' 6" - aB"oy" .

Under this transformation f(z1,z») is transformed into

QII —

f(z1,22) = g"(21,22) = bgel +---.
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The expression
I(a) = Q”(e”}'(b))

depends now only on the a, but not anymore on the transformation
coefficients «, 3, <, 6; thus, it is irrelevant which transformation we use
to form it. Hence we also have

I(a) = QP (" F ().

But the b’ depend on the a in exactly the same way as the 4" depend
on the b. Therefore,

() = Q’p(e'"}'(b”)).
From this it follows in turn that
€"I(b) = QP (""" F(B")),

since €™ is a constant with respect to the operation ’. Therefore, one
has

€"I(b) = Q’p(e""}'(b”)).
To rewrite this identity further we use another property of the operation
Q; namely, the following:
Theorem If B is a function of the o', 8", 4", §"” that does not contain

the o, B, 4', &' outside of these expressions, then

Q'(B) =¢-Q"(B).

The proof of this theorem is a direct computation. Namely, we have

cmy FB_ PB _ 0 (0B\ o (9B
T 0alds  0p'oy T 06 \ O oy \op' )’

Now we have
oB oB oB

o =~ %90 T oy
OB 0B OB
a5 ~“ap" * Va5
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whence

OB _ [5 OB ¢ 8’B

0al08" oa’ap" O’ 06"
0B 0B
+ v {'B aﬁna,yn + 6 8’7"85" } !
0’B 0’B 0*B
————— e — IB + )

F) ﬂl 3’)” a8 ﬂll F) IBII a,yn

_ #B__ , 9B
v Oa’ 86" 87"85" *

And from this it follows indeed that
0’B 3B 9’B &?B
a8 7 /=(a5_'67) nasn TR R
da’08' 000y O’ D6 8p" oy

that is,
' (B) =¢-Q"(B).
Repeated application of this theorem gives:
Q%(B) = ¢ - Q""(B),

where B is a function as described above. One can even consider B to
be arbitrary here; one only has to make sure that on the left-hand side

one considers B as a function of the variables ,...; ¢, ..., which are
to be considered independent. On the right-hand side, however, B is to
be considered as a function of the variables «,...; o”,..., which are

now to be considered independent.
According to this theorem, the formula

€"I(b) = Q’p(e'"}'(b"))
now becomes
GWI(b) — 6pQIIP (G"Wf(b")),
and since, according to an earlier remark, the right-hand side is equal
to €?Z(a), we have
Z(b) = € "I(a),

as asserted.
One can also prove the converse.
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Theorem For each invariant T one can find a function F such that,
for suitable m and p, the equation

I(a) = QP (" F(b))
holds.
One only needs to take
F=C-1I,
where C is a constant to be determined. Since then
I(5) = @(a),
it follows from
QP (CeI(a)) = I(a)

that
QP (Ce?) = 1,
or, since this implies p = p;, that
1
T Qper’

But this is always possible since QPeP is always different from zero. This
last statement is a very essential fact that we will use often. To prove it
we remark that Q? can be written in the form

. 82 \? 8?2 2 82 \*
02 = -2 + ,
dadd dadbd 9By 860y

an expression which is to be considered symbolic, however, that is, such
that one adds the superscripts in the numerator in such a way that, for
instance,

2\’ & 9?2 9 o
(aaaa) ~ 80?062’ 006 0BDy  0adBoY0s

An inductive step from p to p + 1 shows easily that, using analogous
notation, we obtain for higher differential quotients that

v~ (5e) - () (ze) (a5v)
=\ ads 1) \3ads BB

* (’2’) (62;5)"-2 (32:97)2 Tk (%)p'
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On the other hand we have
@ = (oo - ({)asp 1o+ (5) 0tr=2(g0y = -+ (100600

Applying QP to this expression, only those terms contribute something
that correspond to a summand in QP. The others don’t contain either
a, 6 or 3, v to a sufficiently high power, and therefore give zero. Thus,
we obtain for the desired QP(eP):

2 2
QPP =pl? + (11)) (p— 1{91!2 + (g) (p—2)1%2% 4 ... +p!?

or
OPeP = (p+ 1)p!2.

This proves our assertion.

Lecture XXXV (July 9, 1897)

For the proof of the finiteness of the full invariant system we now have to
derive another theorem that represents a general fact about finiteness.*

General Finiteness Theorem Let Fi,F3,F3,... be an infinite se-
quence of forms in the n variables x1,x,,...x,. Then there always ex-
ists an integer m such that each form in the sequence can be expressed
as

f=A1fl +A2f2+"'+Amfm,
where Ay, Asz,..., An are suitable forms of the same n variables.

Prof. Hilbert has discussed the importance and impact of his theorem
in Math. Ann. 36. Indeed, it has important applications for many pur-
poses, and we will see that, in particular, we can use it together with
the other observations of this section, to prove the finiteness of the full
invariant system, in a way that is easily seen to be generalizable. We
must now prove the theorem.

Note also that the statement of the theorem assumes that the given
sequence of forms F1,F,, Fs,... is a countable set, that is, one can think
of it as ordered in some way, according to some given rule, and that it
is given in that order. But there are no additional hypotheses.

In the simplest case n = 1, the theorem is clear. Each F has the form

* The following theorem is now known as the Hilbert Basis Theorem.
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cz”, where c is a constant. Let ¢;z™ be the first form of the sequence
with a coefficient different from zero. We then look for the next form in
the sequence whose order is less than rp; if there is no such form, we
retain c;z" . But if there is one, say c2x™, then we proceed to the next
form in the sequence whose order is less than r2. If we continue in this
manner, then we finally arrive at a form ¢;z™ = F,, in the sequence
with the property that none of the subsequent forms have order less than
r;. Every form is then divisible by F,,, and so m is an integer which
satisfies the assertion of the theorem.

For n = 2, we can argue analogously. We sketch the proof for binary
forms as follows. Suppose that the first two forms have a common linear
factor, and assume further that this factor is contained in every subse-
quent form of the sequence. Arguing as in the previous case, there is
a form in which this factor appears to the lowest power. We divide all
forms by it and obtain a new sequence that does not have this com-
mon factor anymore. But it can have another factor in common, which
we also remove in the same way. But since the forms have finite order,
there can only be a finite number of common factors. Hence, after a
finite number of operations, we reach a sequence of forms such that no
factor is common to all forms. Let this be

Fl1y Fay Fayenr -
We proceed to a point in the sequence such that the first part
Fiy Fayeey Fo

has the property that the forms have no common factor. But then we
can construct two forms ®;, 5 so that

O, =A1F| + Ao F) + - + AnF},,
O, =B1F|{+ By Fy+---+ B.,.F,
have no common factor, where the A and B are forms of the prescribed

kind. But then, any arbitrary binary form F, whose order is not smaller
than the sum r of the orders of ®; and ®;, can be put in the form

F = A®, + B®,,

where A and B are suitable forms. As far as the forms of order smaller
than r are concerned, one can in any case find a finite system with the
property that all others can be expressed by it. Finally, to recover the
original form F we only need to multiply the obtained identities with
the common factor.
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For n = 3, the proof of our theorem would already encounter sizeable
difficulties, which would only increase as soon as we further increase the
number of variables. We will therefore take a different route to the proof
of the theorem, namely, an inductive argument from n — 1 variables to
n variables.

Let F1, F2, F3,... be the given sequence of forms in n variables,
and let F; be a nonvanishing form of order . Then we first deter-
mine a linear substitution of the variables zi, x3,...,z, which has a
nonzero determinant and transforms F; into a form G; of the variables
Y1, Y2y .-, Yn in such a way that the coefficient of y}, in the form G
is nonzero. Suppose this linear substitution transforms F,, Fs,..., re-
spectively, into forms G, Gs,.... If we now consider a relation of the
form

Gs = B1G1 + B2Gy + - -+ + Bpr Gy,

where s is some subscript and By, Bs,..., By, are forms in the variables
Y1, Y2,- - -, Yn, then it is transformed by the inverse linear substitution
into a relation of the form

Fs=A1R+ALF+ -+ AnFn,

where A;, As,..., A, are forms in the original variables z;, zo,...,z,.
Hence, the theorem is proven for the forms F, if it is proven for the
forms G.

Since the coefficient of y[, in G; is different from zero, one can reduce
the degree of any form G, in the sequence G with respect to the variable
Yn below r by multiplying G; with a suitable form B, and subtracting
the product from Gs; this can be seen by direct division. We therefore
set, for an arbitrary s:

Gs = BsGy +!]aly:;_1 + gazy:;_z + 0+ Gor,y

where B, is a form in the n variables yi,...,y,, while the forms
gs1, §s2, « - -, gsr contain only the n — 1 variables yq,...,¥n-1.

We now assume that our theorem is already proven for forms in n—1
variables, and apply it to the sequence of forms g;1, g21, 931, . - .. Hence,
one can determine a number u such that for every value of s we can set

gs1 = bs1911 + bsaga1 + -+ - + bspgu1 = ls (911, 921, -+, 9p1),

where b,1,...,bs, are forms of the n—1 variables y1,...,y,—1. We now
construct the forms

ggtl)zg”_ls (glt,--"gu.t) (t=1,2,...,7‘), (1)
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from which we obtain in particular, for ¢ = 1, that

1
951) =0.

We now again use our theorem for n — 1 variables and apply it to the
form sequence gg), gg), gg), .... One can then determine an integer
p such that, for every value of s, we have a relation of the form

1 y . 1y (1
952) = b§1)9§2) + b§2)9§2) +eeet bsu(l)(l)gy(lm(l)

= l.gl) (g;g% gg;)v s ,g“(l)g(l)) )

where again bgi), .. .,bw(x)(l) are forms in the n — 1 variables y1,...,
Yn—1. We set

2 1 1)
g.gt) = g.gt) - lgl) (ggt), ggt)!""gu(‘)t(l)) (t = 112""’T)1 (2)
from which it follows that, for ¢t = 1,2, we have

2 2
951) =0, 952) =0.

The application of our theorem to the form sequence gg), gg‘;), gg), -

leads to the relation
93 =1 (gf‘;), 9595+ 79;;(2)3(2)) :
If we then set
o = 9P -1 (62, oD, i) (E=12..,1) ()

then it follows, in particular, that

3 3 3
951) =0, 952) =0, 953) =0,

and, continuing in this way, one ultimately obtains

-1 -2 - -2 -2 -2
Y =g (o0, oY) @=12,m),

(4)
—1 -1 -1
gV =065V =0,., =0
And finally:
- — -1 -1 -1
gD =1 (o670, 657V, g0,
from which

0=g§i™0 — 1 (g0, 0570, g0R)) t=1,2,1) (5)
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follows. Addition of the equations (1), (2), (3), (4), (5) results in

gst = l.s (glt’ gaty .- agut) + l.gl) (gg),gg)7 e ag,(‘g)t) +oe-

- -1 -1 -
+1-D (gg ),gg ),_'_gl("(r_ll))t) (t=1,2,...,7).

On the right-hand side we can replace the forms

-1 -1 -1 1 1 1
g:g ),gg )7’gl("£r—1))tvvg§_t)1ggt)1’gl(‘()l)t

by linear combinations of the forms gy, gat, ..., gm: through repeated
application of the equations (1)-(4), where m denotes the largest of the
integers p, u(V, ..., u{""V . In this way we obtain from the last formula
a system of equations of the form:

gst =Cs191t + C25g2t + -+ + Csm@Gmt
=ks (glt,g%,---,gmt) (t=172a""’7‘),

where cs1,Cs2,. .. ,Csm are again forms in the n — 1 variables y;, 5, ...,
Yn—1- If we multiply the last formula by y.~* and add the resulting

n
equations for t = 1,2,...,r, then we obtain the equation

Gs — B;G1 = ks (G1 — B1G1,G2 — ByGy,y ..., Gm — BnG1)
since
gsly:;—-l + 9323/:;_2 +-tgsr = Gs — B;G, .

If C, denotes a suitable form in the n variables y1,¥s,.-.,yn, then this
equation becomes

gs =ng1 +ks (gl,g2,~--,gm,) =£s(g11g2v'-,gm);

that is, the integer m is a number satisfying the requirements of the
theorem for the form sequence G;,Gs,Gs,..., and hence also for the
sequence Fi,F,, F3,.... Therefore, the theorem is valid for n variables
if it holds for n — 1 variables; and since it is proven for one variable, in
holds in general.

Lecture XXXVI (July 12, 1897)

With the help of the previous two theorems it is now easy to prove the
finiteness of the full invariant system. We consider the complete system)
of invariants of the binary form of order n

flz1,223) = aoxl + - + anxy.
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The invariants are forms in the n + 1 variables aq,...,a,. They clearly
form a countable set, if we first select only the linearly independent ones.
We are allowed to do this, since the additional linear functions of the
given invariants do not contribute to the full invariant system. But then,
the number of invariants of a given degree is finite, because the number
of terms of a given degree is finite, and the worst possible case-—which
in fact never occurs—is that there exist as many invariants as there
are terms of a given degree. Then each of these terms would be a linear
function of the invariants, hence an invariant itself; and so all conceivable
homogeneous functions of any degree would be linear functions of the
above invariants, hence invariants themselves.

But since the number of invariants of a given degree is in any case
finite—incidentally, one can see this directly from the enumeration cal-
culus, although we want to phrase everything now so as to make its
generalizability immediately apparent—one can order the invariants of
a given degree in some way, for instance, as it is done with division
of algebraic expressions. That is, one first takes the invariants with af
(where g is the degree), then those with ag_lal,ag”lag, .. .,ag'lan,
then those with ag_za%,ag_2a1a2,.... Using this order, one can first
write the invariants of degree one, then those of degree two, etc. (The
constant is expressly omitted.) Suppose the invariants, in this order, are

i1,92,03,. .. .

Then our finiteness theorem says that an arbitrary invariant ¢ in this
sequence can be put in the form:

i= A1 + Agig + - + Anim,

where i,13,...,%, are the first m invariants, and m is a finite num-
ber, and where A;, As,..., A, are forms in the a. But then we assert
that i can be expressed integrally and rationally through these m in-
variants 13,12, ...,%m . The above equation is an identity. So, if b are the
transformed coeflicients, then we have in any case:

i(b) = A1(b) - 1(b) + Az(b) - i2(b) + -+ - 4+ Am(b) - im (D).

Now, i,%1,...,im are invariants; let their weights be =, 7q,...,mm, re-
spectively; then, in the notation of the beginning of the section, we have

€"i(a) = A1 (b) - €™i1(a) + Az(b) - €™iz(a) + -+ + A (D) - €™ i (a).
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If we apply the operation € to this identity = times, then it follows*
that

i(a)Q"e" =i1(a)Q7 (€M AL(D)) + - - - 4+ im(a)Q" (€™ A (D)),
and therefore** (Lecture XXXIV):
i(a) = Tu(a) - i1(a) + Iz(a) - iz(a) + - - + Imm(a) - im(a),

where, according to our theorem about 2, the expressions of the coeffi-
cients Z;(a), Io(a), ..., I (a) are again invariants. Because it is evident
that after r-fold application of © to €™ A;(b) exactly the a, 3,7,6 drop
out, since €™ contains them to the same degree as i (b)—because of
i1(b) = €™i;(a)—and hence A;(b)-€™ contains them to the same degree
as 41(b).A1(b).

Now i;1(a), i2(a),...,im{a) have at least degree one,so 7, T, ..., Iy
have certainly lower degree than i(a). We can do the same with Z;(a),
...»Zm(a) as with i(a), and can clearly continue this process until the
degree of the invariants 7, used as coefficients, is smaller than that of
im; then we have shown that each invariant has to be a polynomial
function of the invariants ij,4s,...,im . It is, of course, possible that the
number of invariants in the full invariant system is smaller than m; but
this is irrelevant. We have in any case proven rigorously the following:

Theorem (Finiteness of the Full Invariant System) Every binary
form possesses a finite ful{invam’ant system such that each invariant of
the form is a polynomial function of the invariants in the full invariant
system.

Lecture XXXVII (July 13, 1897)

One sees easily that the above proof can be generalized, since it is evident
that the operation ) can be generalized, in a suitable way, to forms with
more than two variables, and that then theorems hold which are entirely
analogous to those that we have proven for binary forms. We can even
admit several sequences of variables; indeed, one can even subject them
to various linear transformations without invalidating the observations.
In this way, one can prove quite generally:

* Note that £2™e™ is a nonzero constant.
** That is, as a polynomial function.
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Theorem Given a system of base forms in arbitrarily many sequences
of variables, which are subject to various linear transformations in a
prescribed way, there exists a finite number of integral rational invariants
through which every other integral rational invariant can be expressed
integrally and rationally.

This also implies the finiteness of the full system for covariants, since
they are special cases of invariants.

The situation is different, however, as soon as one generalizes the in-
variant concept as in the investigation of F. Klein (1872), and Sophus Lie
(Theorie der Transformationsgruppen, Leipzig 1888). So far, we had de-
fined an invariant as an integral homogeneous function of the coefficients
of the base forms that possesses the invariant property with respect to all
linear transformations of the variables. But one can also follow the more
general definition, based on a certain subgroup of the general group of
linear transformations, and then ask about those integral homogeneous
functions of the coefficients of the base forms that possess the invariant
property only with respect to the substitutions of that subgroup. Even
though these invariants obviously contain the invariants in the previous
sense, it does not yet follow from our theorems about the finiteness of
full invariant systems that for the invariants in the general sense one
can always find a finite number through which every other invariant
of the same kind can be expressed integrally and rationally. In certain
cases, the method of proof of this section can also be applied to this new
question (see Section IL.8 as well as the quoted paper by Hilbert (1890)).

With each mathematical theorem, three things are to be distinguished.
First, one needs to settle the basic question of whether the theorem is
valid; one has to prove its existence, so to speak. Second, one can ask
whether there is any way to determine how many operations are needed
at the most to carry out the assertion of the theorem. Kronecker has
particularly emphasized the question of whether one can carry it out
in a finite number of steps. Third, it has to be actually carried out;
this is the least interesting question. We illustrate these questions with
an example. One can ask: Is there a place somewhere in the decimal
expansion of m = 3.14159... at which there appear ten consecutive
ones 11111111117 Tt is not improbable that this may be the case. If we
assume one could prove this in some way, then one can ask the second
question: Can one find a number N of which one knows that there are
at least ten consecutive ones before the Nth decimal of 7 = 3.14...7
The number N can be much too large, as long as we can only prove th
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assertion for it. Third, one would then actually have to calculate the
number Nj so that the Nith up to the (V] + 9)th decimal are all ones,
and so that there are no ten consecutive ones appearing earlier; or one
might have to calculate the first N; 4+ 9 decimals of .

We too are faced with a similar question. We have proven that a
binary form of order n has a finite full invariant system. Suppose that
the degree of the invariant of highest degree in the simplest full invariant
system is NN; then the question arises: If we are given the number n,
can we calculate an upper bound for N? Our proof has settled the
finiteness question only in principle; there is not the slightest indication
that we can actually calculate such a number N. If one considers n =
307, for instance, then the proof does not indicate any number of which
one would know that it is bigger than N. We will have opportunity in
the next sections, however, to consider this question further. The third
question would here amount to actually calculating the invariants which
form the full invariant system. (We will not consider this question, which
is pointless for base forms of higher order.)

II.3 The system of invariants 7;7;,7,,...,I; *

For the sake of concreteness, in the following we again fix a binary form.
The following observations would hardly have to be modified if we were
to generalize them in the sense ‘of Section I1.2.

The invariants form an integrg\dgmain with a finite basis, which con-
stitutes the full invariant system. First we inquire about factorization in
the integral domain. Here, we simply have the following:

Theorem Each invariant can be factored uniquely into prime invariants.

Indeed, let
1 =192 in
be an invariant; the decomposition into factors that are polynomial func-

tions of the coefficients ag, ... is well known to be unique. On the other
hand, each factor of an invariant is again an invaeriant, because we have

i(b) = i1(b)iz(b) - - in(b),

* The results in the present and following sections were first published in Hilbert
(1893).
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and furthermore
€"i(a) = €"i1(a)iz(a) - - - in(a) = i1(b)ia(b) - - - in(b).

Since ¢,11,142,...,in are irreducible functions, one of the factors i;(b),
...,4p(b) necessarily has to become €”i(a) (where p is possibly zero)
when we express the b in terms of the a. Hence, we have

e"i(a) = 41(b)ig(b) - - - Gj—1(B)iy+1(b) - - - ih(b)epih(a).

Applying Cayley’s Q2-process to both sides of the previous equation, we
get

(@)™ = in(a)2" {epil(b) o ih(b)} ,

SO

i(a) _ Q™ (ePiy(b) - - - in (b))
in(a) Qmer

il(a)ig(a) s ih—l(a) =

is an invariant. But since the quotient of two invariants is again an invari-
ant, if the denominator divides the numerator, the quotient i(a)/ ii s =
in(a) is also an invariant. The conceivable case that one of the factors
i(b) turns into several factors i(a) cannot happen because after contin-
uing the process there would be nothing left for the last factor.

In the previous section we have studied, or at least proven the exis-
tence of, a system of invariants through which all other invariants can
be expressed integrally and rationally, that is, as a polynomial function.
But one can specialize the question and ask whether there is a system
of invariants through which all others can be expressed integrally and
algebraically, that is, by abandoning the “rational.” * It is clear that the
smallest such system cannot contain more invariants than the invariant
system for an integral and rational expression, which is at the same
time an integral algebraic expression. In general, however, the number
of invariants which allow an integral algebraic expression of the others
will be much smaller, since there will always be a number of syzygies
that occur in large numbers for base forms of higher order. For instance,
for a binary form of order one and one of order five there are twenty-

three joint invariants; but by eliminating the eight quantities a,b from

*In the first case, we are looking for invariants which generate the invariant
ring as an algebra; in the second case the invariant ring is integral over the
algebra they generate.
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the equations
Il =f1 (a'Oa-'-aaS; b07b1)7
Iy = f2(ao,...,as; bo,b1),

Ty3 = faz (ao, .. ., as; bo, b1)

one sees that there will exist at least fifteen syzygies, and there could
even be more.
After these preliminary remarks, we prove the following:

Theorem Given an arbitrary base form or system of base forms, one can
always find certain invariants 71,1, ...,k so that there is no algebraic
relation between them and through which every other invariant can be
expressed integrally and algebraically.™

That is, if ¢ is an arbitrary invariant, then it satisfies the equation
i+ Grim T+ Goi™ 2 o+ Gy =0,

where Gi, Go,...,Gm are integral rational functions of the invariants
. I1,... Ik.

To prove the theorem, let ij,143,...,%, be the invariants of the full
invariant system, if there does not exist a relation between them, the
theorem already holds. If there exists one, however, let it be

~~R(i1, iz, ..., im) = 0.

Suppose that i; is of degree vy in the coefficients a, i; of degree
vy, ..., iy of degree vy, . Since i1, 13, .. ., 4, are homogeneous functions,
we may assume that after introducing the a, R is a homogeneous func-
tion in them, because otherwise the homogeneous parts would have to
become zero individually. If we now set

g wfvy g v vy

where v = vj Vo vy, then all ¢/ are homogeneous in the a of degree
v, and it is clear that the relation R = 0 can be brought into the form

R (i, ... i) =0,

where R’ is an integral rational homogeneous function of i},45,...,4,,
of some degree e. Possibly, we have

.} €

i+ =0.

* This theorem amounts to applying Noether Normalization to the invariant ring.
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But if the coefficient of i/,° is zero, then one can find, as explained in
the previous section (Lecture XXXV), a linear substitution with nonva-
nishing determinant such that, if

o w1 1
11 =0a11%] +- -+ aimipy,,

! 1 1
tm = 0m1?y + e+ Ammiy,

then the coefficient of i/.° in R’ is equal to one. But then there exists
an equation between the invariants if,...,# . The fact that these are
invariants follows from the invertibility of the transformation, together
with the fact that the invariants i},...,:,, all have the same degree,
and this equation shows that i,, hence i/ and, therefore, also in,
is an integral algebraic function of the m — 1 invariants ¢{,...,i _;.
If there are no more syzygies between them, the theorem is proven; if
there is one, then one applies the same procedure again. It is clear that by
continuing this process one gives a direct proof of the theorem. It is worth
remarking, incidentally, that the system of invariants Z1,Z5, ... ,ZTx need
not be determined uniquely; we have only proven that there is at least
one such system. Furthermore, our proof shows that one can determine
T1,15,...,Tk so that they all have the same degree.

Lecture XXXVIII (July 15, 1897)

We continue with the following:

Theorem It is always possible to add an invariant T to the invariants
T1,1,...,Tk such that every other invariant of the base form can be
expressed rationally in terms of the invariants 7,71,Z2, ..., Ik .*

We are now dropping the “integral” from the rational expression while
we omitted the “rational” earlier. We prove this theorem as follows. Let
11,79 be any two invariants of the full invariant system i1,4,...,%m
through which all others can be expressed integrally and rationally. Ac-
cording to a theorem about algebraic functions, one can determine two
constants cp, cp such that i; and iz can be expressed rationally in terms
of 71,7Z;3,...,Zx and

i1z = c1if?ig? + il if*T).
Here i{*i3? and 148277 have the same degree in the coefficients of the

* This is a special case of the Primitive Element Theorem.
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base form; that is, i12 is an invariant (for the construction of oy, s, f1,
P2 see the treatise Hilbert (1893). Therefore, every invariant can be
expressed rationally in terms of i12,7;,Z2,...,Zk,%3,%4,...,im. This
line of reasoning can be continued by first combining 412 and 73 to get an
invariant ;33 ..., etc., until one finally obtains an invariant 7 = i133...,;m
such that all other invariants can be expressed rationally in terms of
T, T),1,,...,Ik, as asserted by the theorem. Of course, I satisfies an
equation of the form:

T*+ G (Th, - IK)IF Y + G (Tn, .. ) T* 24+ -+ G = 0.

If we assume that k is as small as possible, so that the equation above
will be irreducible, then 7 is an integral algebraic function of degree k
in Il,IQ,. .o ,IK.

The invariants Z; 71,75, ...,Zx determine a function field that we
shall simply call the invariant field of the base form. The invariant field
is of degree k. It is very important to study the invariant field in more
detail.

As we have just shown, each invariant is an integral algebraic func-
tion of T; 7;,7s,...,Tx; we now want to show that, conversely, every
function ¢, which depends rationally on Z; 71,Z,,...,Zxk and integrally
and algebraically on 77,7,,...,Tk, necessarily has to be an invariant
polynomial. This is because such a function satisfies an equation of the

form .
ik+f1(Il>"-1IK)ik_l+"’+~Fk(111"-1IK)=0,

where Fi, Fs,...,F are integral rational functions of 71,7Z,,...,Zx . It
can, furthermore, be expressed in the form
-1,

where g and h are integral rational functions in the coefficients of the
base form that have no common factors. We, therefore, have that

gk gk—l gk—2
m +.7:1F+.7:2 hE—2 +--o+ F =0,
or
g k—1 k—2 k-1
—h—+.7-'1g + Fag**h +--- + Fh" " =0,
or

k
& = —Figt - Fagtth— o - Fih*
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that is, g¥/h has to be an integral rational function of the coefficients,
and since g and h have no common factors, h must be a constant.
Hence, ¢ must be an integral rational function of the coeflicients of the
base form, that is, an integral rational invariant. Thus, we have the
following:

Theorem The integral algebraic functions in the invariant field deter-
mined by I; I,,1,,...,Ix form precisely the system of all integral ra-
tional invariants.*

*

According to a fundamental theorem of Kronecker,*™ each function
field contains a finite number of integral algebraic functions wy,ws,...,
wy, such that every other integral algebraic function w in the field can
be brought into the form

w = aw1 + agwy + - - + QpWh,

where ay,...,a, are integral rational functions of Z; 7,,Z,,...,Zk.
Thus, if we can find these elements wy,ws,...,ws, then the full invariant
system is formed by wy,ws,...,wn; I; 11,1, ..., Ik

Now, every integral algebraic function w of the field, which according
to the above satisfies an equation of the form

wk+f1 (Ila"-sz)wk_l ++fk(Il7’IK) =0)
can be expressed in the form
w= cll'k_l +CzIk_2 + -+,

where ¢1,¢g,...,c; are rational functions of I;,7Z,,...,Tx. We know
further that, if w’ is another root of the equation for w, then we must
necessarily have

k-1 k-2
W =T + ¢TI’ + -0+ Cg,

where 7’ is likewise a second root of the equation satisfied by Z, that
is, the equation

TF+ G (T, Ik) T 4o 4 G (T, ..., Ik) = 0.
Analogously, one has further that

w' = cll'//k—l + C2I//k—2 + -+ ck,

wk=1 — ¢ T-DF o ph-nk=2

*In modern notation, the theorem states that C[V]¢ = C(V)¢n C[V].
**See, e.g., Zariski and Samuel, Commutative Algebra, vol. I, 1958, p. 266.
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These equations allow us to obtain information about the quantities

¢,-..,Cc. Solving them with respect to ¢y, cz,...,c gives:
1 I 12 e w
1 T 17 W
1 Tk-1  Tk-1D? k-1
ci==% ’
! 1 I 12 co. kT
1 Tk k-1 . gk-1F!

and analogously for the others. If we multiply numerator and denomi-
nator by the denominator, then we obtain in the denominator the dis-
criminant of the equation satisfied by the Z,7’,...; thus, setting this
discriminant equal to D, we have:

ci==% D’
and so also

Z==c1D.
But D depends integrally and rationally on the coefficients of the equa-
tion ZF +G1Z%~14... = 0, hence D is also an integral rational function

of I1,I,,... ,IK.‘Mfore, Z is a rational function of I;,7,,...,Ix.
But since the elements of the two determinants in Z, which is the prod-
uct of numerator and denominator in the above expression for ¢;, are
all integral algebraic functions of the 7;,Z,,..., Tk, it follows that Z is
also an integral algebraic function of these quantities. And so, we finally
conclude that Z is an integral rational function of 7,,Z,,...,Tk, since
the quantities Z;,7;,...,Tx were determined in such a way that they
do not satisfy any algebraic identity, together with the theorem that a
function of certain mutually independent quantities, which is rational
and at the same time integral and algebraic, has to be an integral ra-
tional function. An analogous conclusion holds for the other coefficient
¢;, and it follows herewith that
Z\ I 4 BT 4+ 2
Y= D

__g(I;Il,...,IK).
= D H

that is. one has the following:
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I1.4 The vanishing of the invariants

Theorem Every integral algebraic function of the invariant field, that
is, every invariant of the base forms, is an integral rational function of
I, 1h,... Ik, up to the discriminant of the equation defining the invari-
ant field.

Hence, to determine all invariants one only needs to determine the
integral rational functions of Z; I, ..., Tk that are divisible by D.

The system of invariants 77,7, ...,ZIx, whose importance we saw in
this section, possesses more fundamental properties, which we need to
discuss in the following section.

Lecture XXXIX (July 16, 1897)

I1.4 The vanishing of the invariants

Among all base forms, one can consider in particular those whose coef-
ficients have numerical values such that the K invariants I;,7,...,Tx
are all equal to zero. Since every other invariant is an integral algebraic
function of these invariants, that is, satisfies an equation of the form

F R e Fo=0,

where Fi, Fa, ..., Fi are integral rational functions of 7, ..., T, which
cannot contain a constant term since otherwise the homogeneity of the
equation would be disturbed, it follows that in this case every invariant
must vanish, because one has

from which it follows that 1 = 0. Such a base form, all of whose invariants
vanish, is called a null form. We will soon realize the importance of
studying the vanishing of the invariants. In any case, to begin with, we
have the following:

Theorem If the coefficients of the base form are given special values
such that the K invariants Iy,T,,...,Tx become equal to zero, then all
other invariants of the base form vanish also, that is, it is a null form.

The converse of this theorem is true also, which is essential. We will
show that if one knows of y invariants 7;,7,...,Z, of the base form
such that their vanishing implies the vanishing of all other invariants o
the base form, then all invariants have to be integral algebraic functions
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of I1,7a,...,T,. This theorem is not entirely easy to prove; the proof
will use the following general theorem.

Theorem Suppose given m integral rational homogeneous functions
f1, f2,..-+ fm in the n variables x1,%2,...,Tyn, and let F,F,F",... be
arbitrary integral rational homogeneous functions in the same variables
Zi,...,Tn that vanish for all those values of the variables for which the
given m functions fy, fa,..., fm all vanish. Then one can always deter-
mine an integer r such that each product H(r) of r arbitrary functions
of the sequence F,F',F",... can be expressed in the form

H =afi+afot- - +amfm,
(r) '

where ay,ag,...,a, are suitably chosen integral rational homogeneous
functions in the variables z1,x2,...,Zn.*

This theorem is very important and applicable. It is very likely that
it can be strengthened number theoretically. That is, if one assumes the
coefficients of fi,..., fm, F,F',... to be integral, then one can require
a1,02,.-.,a8, to be forms with integral coefficients. But a proof for
this has not yet been given. Requiring integral coefficients is generally
a sharpening of all theorems in this part whose possibility has yet to be
proven.**

The proof of this theorem is very cumbersome, and it would lead us
too far afield to discuss a proof here. (It can be found in Hilbert (1893).)
But we would like to briefly demonstrate its significance through two
examples.

We choose n = 2. That is, we consider m binary forms fi,..., fm.
These can all have a common factor, say ¢. Then
fi=¢-¢1,
f 2= ¢ ) ¢2a
f m= ¢ * Om,
so that ¢1, ¢2,. .., ¢m do not have any more common factors. Then there
are no more sets of values z;, Ty for which all forms ¢, ..., ¢, vanish.

* This theorem is now known as the Hilbert Nullstellensatz.
** See the following related papers: C. A. Berenstein and A. Yger, Effective Bezout
identities in Q{z1,...,2n], Acta Math. 166 (1991), 69-120, and P. Philippon,
Denominateurs dans le théoréme des zéros de Hilbert, Acta Arithmetica 58 (1991),
1-25.
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Our theorem then says that every binary form whose order exceeds a
certain number can be expressed linearly in terms of ¢1,¢2,...,¢n. We
set 1 = z,T2 = 1, which gives us two integral rational functions in one
variable x. As is well known, there is then a theorem that says that one
can find two integral rational functions a(z), b(z) such that

1 = a(z)¢1(x) + b(z)d2(z),

since ¢; and ¢2 have no common factor. If we again set ¢ = 3;-1;, then
it follows that

Th=a-¢1+b-¢s
and, analogously,

ri=a' ¢ +b ¢,

so, indeed, each term ca:‘l’:zg , where a + 3 > 2v, can be expressed in
the desired fashion. Returning to the forms fi, fa,..., fm, one sees that
a form F with the same zeroes as fi,..., fm has to be divisible by ¢;
thus, this problem is reduced to the previous one, because % can indeed
be expressed in the desired fashion through ¢,,...,¢m, and hence F
through fi,...,fm-

For ternary forms, the proof can still be carried out by the previous
line of reasoning. Given two ternary forms whose common zeroes are
all distinct, the number r» = 1 is already sufficient. One then has the
theorem, which was first stated and proven by M. Noether, and which
is thus only a special case of the general theorem:

Theorem Given two algebraic curves fl(a) =90, fz(li ) = 0, of orders «,

B, respectively, such that the curves intersect in a - 3 distinct points,
every curve F = 0 which also passes through these o - 8 points can be
expressed in the form:

F=a1fi+azfa=0,
where a1 and ay are again ternary forms.

For three quaternary forms the proof is still not difficult; the general
proof, however, is very cumbersome. It can be found in the cited work
of Hilbert (1893).

Once this theorem is proven, the proof of the aforementioned theorem
is not far. We now prove the following:

Theorem If u invariants Iy,T,...,Z,, have the property that their
vanishing always implies necessarily the vanishing of all other invariants
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of the base form, then all invariants are integral algebraic functions of
those p invariants I,I,,...,Z,.

Lecture XL (July 19, 1897)

According to the general theorem one can find a number r such that
every product H(r) of r or more arbitrary invariants of the base form
can be written in the form

[I=A%L+ AL+ + AL,
(r .
Let #y,4,...,%, be a full invariant system; let the highest degree that
appears in them be v. Then each invariant 7 whose degree is > rv can
be written as a sum of products H(T) of r or more invariants 1y, since
such a degree can only be reached if at least r factors appear. Thus, we
have

I(ZTV) =AL+ AT+ -+ A,,,Ip,.

But, as we already explained in Section I1.2, the A;, A,,..., A, can be
chosen to be invariants (Lecture XXXVI); hence

Iory=0Ti+ DI+ -+ J.1,,
where now the invariants J have a lower degree than Z. Now, let
J1,32,--.,j~ be all linearly independent invariants of degree < vr. Just
as I, one can?eﬁsent J1,-.-,J, as linear functions of I,...,7,
whose coefficients are invariants, and this procedure can be continued
until the coefficients become the invariants ji,j2,...,7n~. Hence, one
can put I into the form

I=6G&,.. .. )i+ G @,....\T)ja+ - +Gn (D1, -, Tu) IN-

Furthermore, every invariant can be put into this form, because we hav
just proven it for degree > rv, and for degree < rv it is self-eviden
because the latter are the invariants j themselves. The same is true,
however, for the invariants 717, j,Z,..., so we have
NI =Gij1+ Gaja+ -+ GNIN,
2I=6{j1+Gija+ -+ GNIN,

i1+ 65 4+ + 6 Mijn,

: I___.g(N)
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for which we can also write

(G1—D)jr1+Goja+-- +GNIN=0,
Glir+ (G —Dja+---+GRiN=0,

M+ 6y + -+ (Q§VN’ —I) jn =0.

Here, all G denote integral rational functions of the invariants 7;, 75, ...,
Z,,. If one now eliminates ji,j2,...,j~ from these equations, then it
follows that

G-I G - Gn
G G-I - g |_.
g™ g™ ... gM_1

and this equation proves that 7 is an integral algebraic function of
I,,1,,...,1,; thus, our theorem is proven. We remark that the theorem
is not valid for arbitrary integral rational functions, since the invariant
property of I,7,,...,7,, was used several times in an essential way.

This theorem is of the utmost importance and is very fruitful. We will
see this immediately, because we will show in a series of examples how
it can be used, among other things, for the determination of the full
invariant system in a very convenient and transparent fashion.

In view of our theorem it is very important for the study of the invari-
ants of a base form to know necessary and sufficient conditions for all
invariants of this base form to vanish; if we interpret the N coefficients
of the base form in the usual way as the coordinates of a projective space
of N — 1 dimensions, we are thereby led to the study of that algebraic
object Z in this space, which is determined by setting all invariants
equal to zero. If, as before, K denotes the number of algebraically inde-
pendent invariants, then according to the earlier observations there are
exactly K invariants 73,7,,...,Tx whose vanishing already completely
determines the algebraic object Z; from the theorem just proved it then
follows that necessarily p > K, that is, it is not possible to find a smaller
number of invariants whose zeroes already determine the object Z.

We explain these observations, and apply our theorem to binary forms.
For a quadratic form, the vanishing of the only existing invariant says
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that the form has a double factor, that is, if for

f = aox? + 2017172 + agz?

we have
D =aga; —a? =0,
then f can be linearly transformed into

f' = azi.

Likewise, the cubic form

f = a0z} + 3a173z4 + 3027172 + a373

can be linearly transformed into
f'=12% (mz + nzxs),

if its only invariant (the discriminant) is D = 0. If the two invariants
1,j of the biquadratic form

f=a0:1:‘%+~-+a4a:§
vanish, that is, if
i=0,j=0,

then one can, since f then has a threefold factor, transform the form
linearly into

f' =3 (mzy + nxy).

One can proceed analogously for forms of even higher order.

We now use these facts, proven earlier (Section 1.8), to establish the
full system gf)i:/ and covariants for single forms, as well as systems of
forms, for which our theorem serves as a very useful tool.

Instead of considering the in- and covariants of a form, we can consider
the invariants of two simultaneous forms, which we need to do since our
theorem applies only to invariants. But since one is justified to talk only
of invariants instead of covariants, one realizes that our methods are
indeed quite general. First, we want to construct the full form system of
the binary cubic form, so we consider the two forms:

f = aoz} + 3a173x2 + 3a2717% + a3z},
g =boz1 + h1z2.

If we indicate by bars the forms we obtain by replacing z1 by b1, Z2
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by —bg, then, according to earlier observations we obtain the following
simultaneous invariants of f and g:

F=f(b1,—bo) = agh? — 3asb3bp +- -,
H = (aoaz — a}) b2 — (aoas — a1a2) boby + (a1a3 — a3) b,
D=qala2+---,
F=(adaz+ )b+
Between them exists the syzygy
g =DF - T

Lecture XLI (July 20, 1897)

We have seen earlier that all invariants can be expressed rationally
in terms of f, H, J. On the other hand, we now want to show that|
all invariants can be expressed integrally and algebraically in terms
of f,H, D. If D = 0, then f has a double factor; hence we can set
as = 0, a3 = 0— assuming the application of the appropriate transfor-
mation. From H = 0 it follows that

a?b? =0,
 and from f =0, that
aobf — 3a1b%b0 =0.
Hence, either by = 0 or, if we want to assume b; # 0, then a; =0, a¢ =
0. In the latter case, all invariants vanish, however, since ¢ alone does
not have any. So assume that
a2=0, (13=0, b1 =0.

Hence, the vanishing of the invariants f, 7, D says that the form g is
contained twice in f. But from this one concludes easily that, conse-
quently, all simultaneous invariants of f and ¢ have to vanish. That is
because these are of the form (Section 1.9)

Y Zaeataapbion,
where
vo+vi+Vve+rv3=r,

Ho + By =S,
3r+s
2

Vi +2vp+ 33+ puy =
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are constants. In this invariant all terms containing as, a3, or b; vanish.
Thus, we only need to prove that those terms for which v, = 0, v3 =
0, p1 = 0 vanish too. For those we have

Vo +11=T1,
Ho = 8,
= 3r+s
1= 9 )
whence
2v1 = 3w + 31 + o
or

3vo +v1+ e =0.
Since the exponents are positive integers, it follows that
l/0=0, 13} =0, [,l.o=0.

Thus, if the whole invariant is not to be a constant—which we never
consider—these terms have to be zero, thus, don’t exist at all. The van-
ishing of f, H, D, therefore, implies the vanishing of all other invariants.
According to our theorem, each invariant is, therefore, an integral alge-
braic function of f, 7, D, which is confirmed by the syzygy for the
invarjant 7

There cannot exist an algebraic relation between f, H, D since their
number coincides with the number 4 + 2 — 3 = 3 of constants* which
necessarily occur in f and g¢. (One needs to subtract 3 from the total
number since 3 constants can be eliminated by a linear transformation.)
So, we can view f, H, D as the three independent variables. Hence,
according to the theorem at the end of Section I1.3, each invariant can
be represented in the form

- A+BT_

Df — 47>
because we have to add the invariant J to the invariants f,H,D in
order to obtain rational representation. That is, we have to consider the
field of the equation

T D +4H =0,

* The group G = SLz(C) acts transitively on S3C2@C?, hence trdegg C[V]% >
dim(V) — dim(G).
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whose discriminant is sz — 4. Here, A and B are integral rational
functions of D, f, H. But then the conjugated quantity

, A-BJ
W =——""""—73

Df —4H
is also an integral algebraic function of the field, thus an invariant. And,
since J is not divisible by the denominator, but w+w’ and w—w’ have
to be invariants also, it therefore follows that A, as well as B, has to
be divisible by the denominator. Hence every invariant can be brought
into the form

w=A1+BJ,

where A;, By are integral rational functions of f, H, D. So we have
proven the following:

Theorem The full system of forms of the binary cubic form is given by
f, H, J, D. Between these there exists exactly one syzygy.

We use the exact same procedure to determine the full system of
covariants for the binary biquadratic form. To this aim we consider the
invariants of the two forms:

f = a0z} + 4a:12372 + 6azz323 + dazzi 73 + a47d,
g=bgxy + byzs.
We certainly have the following invariants:
£
i =agaq — 4aja3 + 3a3,
Jj=agazas+---,
T = (adas — 3a0a1a2 + 203) S + - -+,
H=(aoaz —a?) b1 +---
agb? — 2a1bgb1 + a2b3  a1b? — 2a2bpby + a3bl
" |12 — 2a2boby + asb?  ab? — 2asboby + agbd|’
Between them exists the following syzygy (Section 1.8)
T+ 47 i H+ T =0.

According to Section 1.8, all invariants can be expressed rationally in
terms of f, H, J,i. On the other hand, we will now show that ev-
ery invariant can be expressed integrally and algebraically in terms of
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i, j, f, H, because, if i and j are equal to zero, then the discriminant
is zero also. So one can set a3 = 0, a4 = 0; but we also have a3 = 0
because 7 = 0; hence f has a threefold linear factor. Furthermore, since
H =0, we have

a?b} =0,
and from f = 0 it follows that
lJ.()b‘l1 - 4a1b:1"b0 = b? (aobl - 4a1b0) =0.

If b; # 0, then a; =0, a9 = 0, so all invariants vanish. But it can also
happen that b; = 0. These conditions,
0.2=0, a3=0,a4=0,b1=0,

say that the form g occurs three times in f.

Lecture XLII (July 22, 1897)

Each invariant can now be represented in the form
Vo V1 V2 V3 Vaglogiil
E Zag’ay'agtas®a, by by,

where

vw+rv+ve+vsturvg=r,

Ho + p1 =35,
r+s
2

are constants. To prove that the invariant vanishes we only need to
show that there are no terms for which v, =0, v3 =0, =0, 3 =0,
because for those terms

vi+2up+3vs+4vs 4y =

S~ vo+uv=r,
Ho = 8,
v =21+ 21 + %,
whence
4vg + 217 + po = 0.
Since vy, v1, o have to be nonnegative, it follows that
vp=0,v=0 =0

Therefore, all invariants vanish necessarily if 4, j, f, H vanish; hence,
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every invariant is an integral algebraic function of these. If one adds
J to them, then rational representation of each invariant is possible.
Consequently, we have to consider the field J, i, 7, f, H, for which we
have the equation

—3 —_—2 —3 —=3

J —if H+4H +3jf =0.
According to the theorem at the end of Section II1.3, each invariant can
be expressed in the form

_ A+BJ
CiPH- 4 - i
and, therefore, the conjugate expression
,___A-B7
CiPH-4H - T
is also an invariant. From these two equations we conclude immediately

that A and B are divisible by the denominator; hence, every invariant
can be brought into the form

w=A1+0J,

where A;, B; are integral rational functions of 4, j, f, 7. Thus, we have
the following:

w

w

 Theorem The full form system of the biquadratic form is given by the
forms f, H, J, i, j. Between them there exists a unique syzygy.

One proceeds completely analogously in the construction of the full
form system for simultaneous forms. We consider the simultaneous in-
and covariants of a quadratic and a linear binary form, that is, the
simultaneous invariants of a quadratic and two linear forms:

f= ao:cf + 2017172 + aza:%,

g=boz1 + b1z,

l=coz1 + 129,
where | denotes the added form. We already know the following simul
taneous invariants for them (compare Section I1.9):
b —g-7
= agaz — a},
aob? — 2a1bgby + a2b3,

N s >

= (aoby — a1bg) ¢y — (a1by — azbo) co-
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We also have seen already that all other invariants can be expressed
rationally through f, g, h, Z; and that, furthermore, we obtained an
expression for r in terms of the following syzygy:

T = rF - hg.
On the other hand, we now show that all invariants can be expressed

integrally and algebraically in terms of f, g, r, h. Namely, the vanishing
of h implies that f can be put in the form

f = 4101%7

hence that one can set ¢; = 0, a; = 0. The vanishing of f, r,  then
implies that

agc? =0,
aob% = 0,
boc1 - blC() =0.

If ap =0, boc; — bycp = 0, then all invariants containing a vanish; but
then the two forms g, ! have only one invariant bgc; — bycg, which then
also vanishes. If ag # 0, then ¢; =0, b; = 0; hence one has

a) =0,0.2=0,Cl=0,b1 =0,

that is, the two linear forms g, [ are in essence identical, and at the
same time identical with the linear form that appears twice in f. Every
invariant has the form:

Z Zagaylay?bhobi choclt,

where
v+uv+urvp=r,

Ho + p1 =35,
P0+P1=t,
2r+s+4t

~ V1+2V2+ﬂ1+p1= 5

are constants. Only those terms need to be considered for which v =
0, 2 =0, u1 =0, p; =0. For those we have
Vg =T, io =8, po =1,
0 = 2ug + po + po,

whence vy = 0, g = 0, po = 0. Hence, such terms do not even occur,
and the invariant is therefore zeroif f =0,g=0,r =0, h = 0. Thus,
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every invariant is an integral algebraic function of f, g, r, h. If we add Z,
then a rational representation is possible. We therefore have to consider
the field formed by the invariants Z, f, g, r, h for which the equation

Tz—rf+h'§2=0

holds. Each invariant can be given the form

w_A+BT
rf—hg®
and the conjugate expression
, A-BT
W = =7
rf — hg?

must also be an invariant. Since, therefore, A and B have each to be
divisible by rf — hg?, it follows that we can set

w=4, +Blf,

where A;, B, are integral rational functions of f, G, h, r. Hence, we
have the following:

Theorem The full form system of a quadratic and a linear form is given
by the forms f, g, h, r, T.

The same line of reasoning can also be applied without change in
the case of the full form system of two quadratic binary forms, that is,
the full form system of one linear and two quadratic forms. Let those
forms be

f= aoxf + 2a1z122 + azx%,
g= bo:l:% + 2byz179 + bzfll%,
l=cpz1 + C129.

These have, as we saw earlier (Section 1.9), the following simultaneous
invariants:

f.9
H = agas — a3,
H =byby — b2,
si=(f9);»
32=(f1 g)za

and between them exists the following syzygy:
HF - s;fg+ Hg® + 52 = 0.
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We also saw that all invariants can be expressed rationally in terms of|
f, H, 3,31, s2. On the other hand, we now show that all invariants can
be expressed integrally and algebraically in terms of f, §, H, H, s3. We
observe what their vanishing implies. The discriminant of f + Ag, where
A is an arbitrary parameter, is

D(f + A\g) = H+ Asz + A2H;
hence D (f + Ag) = 0 for every A. Therefore, f = a2, g = b2 must be

squares; but, for instance, for A = -1,
f-g=a}-0
must also be a square. Thus, the two factors (a; —b;) and (a; + b;)
can only differ by a constant factor. Therefore,
a; — by =mla; + b;),
whence
a(1 —m)=0b;(1+ m),
so a, and b, are not essentially different from each other. The vanishing
of H, H, sy therefore says that f and g can be brought into the form
f=ao2?,
g =bozl.
Furthermore, we should have
7= aoc% = 07
g= boc% =0.
Either ¢; # 0, and then ag = 0, bg = 0, and all invariants vanish since
I alone does not possess any. Or ¢; = 0 besidesa; = 0,a2 = 0; b =
0, by = 0, in which case the vanishing of f, §, H, H, sy says that the

linear form [ occurs twice in f as well as in ¢g. An invariant has the
form

Vo V1 V2 pHO pi1 342 00 01
~ E Zag’ai ag?byob b5 e’ ity
where
vp+uvi+uvp=r,
Mo + p1 + p2 =8,

po+p1=1,
2r+2s+t
2

vi+2va+p+2pu+p =



IT.{ The vanishing of the invariants 155

are constants. Only those terms can occur for which
r1=0,12=0; 43 =0,pu=0 p=0.
For those one has
0= 21/0 + 2[10 + Po;
whence v9 = 0, g = 0, pg = 0. Thus, such terms cannot occur at all
and, consequently, all invariants vanish if f, g, M, H, s vanish. Hence,
each invariant is an integral algebraic function of f, g, M, H, s5, and if

one adds §;, then a rational representation is possible. Because of the
equation

R+ Hf —s,fg+HF* =0
every invariant is representable in the form:
w=— A+ 1331 .
Hf" - s3fg+ Hg*

Then the conjugate expression
! A — B3,

H 72 — 52f9 + Hg?
is also an invariant, and since consequently A and B are divisible by
the denominator, it follows that

w

w = A; + B,
where A;, B; are integral rational functions of f, g, H, H, s3. Thus we
have the following:
Theorem The full form system of two simultaneous quadratic forms is
gi’ven by fa 9, Hv H, 51, 82.

The procedure we have used here for the construction of the full in-
variant system is completely general. We will also illustrate the line of
reasoning briefly with the example of the full invariant system of three
quadratic forms, as well as that of two cubic forms.

Lecture XLIII (July 23, 1897)

We consider the joint invariants of the three quadratic forms
f=ao0r? + 2012172 + azx3,
g= bofll% + 2biz1x2 + bzwg,
k=coz? + 2¢, 7172 + ca73.
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According to earlier observations we have at least the following invari-
ants:
Dj =aga2 — a3,
Dy = bgb2 — b3,
Dy = cocz — o,
(f,9)2 = aobz — 2a1b1 + azbo,
(f, k)2 = agc2 — 2a1¢1 + azco,
(9, k)2 = bocz — 2byc1 + baco,
a a; a2
d=|by by baf.

Co € C2

One can now show easily that all other invariants can be expressed inte-
grally and algebraically in terms of Dy, Dy, Dk, (f,9)2, (f, k)2, (g, k)2.
Because, if one forms the discriminant of the form f + g + xk, where
v, k are arbitrary quantities, then one finds

D(f +79 + kk) = Dy +~(f, 9)2 + k(f, k)2 + v*Dg + +75(9, k)2 + £ Dy.

Thus, if the above six invariants are zero, then D(f + g + kk) becomes
zero for all values of v, k, from which it follows not only that f, g, &
have to be squares of linear factors, but also that these three linear
factors all have to be identical. To see this, one only needs to first set
4= -1, Kk =0, and then 7 = 0, K = —1. Then the assertion follows in
the aforementioned way.

One can, therefore, transform the three forms so that they simultane-
ously take on the form:

f=a022,
g=b0$%a
k =cox?.

Just as beMne now concludes easily that terms of an invariant that
only contain ag, bg, co cannot exist; hence, all invariants are zero. There-
fore, every invariant is an integral algebraic function of Dy, Dy, Dk,
(f,9)2, (f, k)2, (g, k)2. These must be independent of each other since
their number equals the number of mutually independent constants in
f, g, k, namely, 9 -3 =6.

For instance, one sees easily that d is an integral algebraic function{
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of those invariants. Apparently one has:

ay a; as a; —2a1 ap
Zdz = bo b1 b2 ¢ b2 —2b1 bo
Co € C2 ¢ —201 c¢g

ZDf (f1 g)2 (f1 k)2
=|(9:f)2 2Dy (9:k)2]-
(k’ f)2 (kvg)2 ZD’C

On the other hand, one can show, the details of which we will not go
into, that all invariants can be expressed rationally in terms of all seven
invariants, so one needs to add d to the above system of six invariants.
Hence, the last equation is the equation of the invariant field. But from
this the conclusion is clear that all invariants can be expressed integrally
and rationally in terms of the seven invariants d, Dy, Dy, Dy, (f, 9)2,
(fv k)2 (9, k)2 :

If one has two cubic forms

f=aeztto,

g=boz} +--,

and wants to determine their full invariant system, then this can be done
as follows. Form the discriminant of f + «g, that is,

D(f +79) = Df + YD1 + v*Dy +v3D3 + ' D,.

The coefficients Dy, Dy, Ds, D3, Dy must be invariants, since D(f +~g)
is an invariant for all . Through it one can express all other invariants
integrally and algebraically. Since, if they are zero, then f + vg always
has a double factor, and so f and g have a common double factor—
otherwise one could find values for v so that f + g does not have a
double factor—and we can set

a2=0,a3=0; b2=0,b3=0.

For a given invariant we then need to consider

> Zaparopewy,
where we must have
Vvp+uvy=r,
Mo + p1 = s,

2v1 + 2p1 =31y + 3y + 3ug + 244,
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from which it follows that vp = 0, 1 = 0, o = 0, y; = 0. Hence, all
invariants can be expressed integrally and algebraically through those
five, which are independent of each other.

One would now have to look for an invariant which, added to those
five, allows rational representation. Subsequently, one would have to es-
tablish all mutually independent integral algebraic functions of the so
determined function field, a task for which the often-used theorem at the
end of Section IL3 is of great service. If the problem is approached in
this way, one finds that one only needs to add two invariants to the five
to obtain the full invariant system, namely, the two invariants (f,g)s
and R, where (f,g)s is the third transvection, and R is the resultant
of the two cubic forms. A calculation convinces one that the two latter
are integral algebraic functions of those five invariants.

Finally, for two biquadratic forms

f=agat 4,
g=b0$%+...

one proceeds entirely analogously. One forms

i(f +79) =is + i1 + 7,
3(f +79) =d5 + i + 7252 + 735,
All other invariants can be expressed through the seven invariants iy, ig,
i1, jf, Jg» J1, J2, since their simultaneous vanishing says that f and g
both contain the same linear factor thrice. At the same time, they are
independent of each other. If one then adds another invariant which allows
a rational representation, then one realizes that the eight invariants found
in this way form the full invariant system of two biquadratic forms.
These examples should illustrate the method sufficiently. At the same
time, the question arises here as to the degree of the invariant field; since
the difficulty of determining the full invariant system depends, among
other things, on the degree.
ForTﬁi?lary base form, Prof. Hilbert has found a formula for this
degree, and it is very probable that this formula can be generalized in
an appropriate way to a simultaneous system of binary forms.

Lecture XLIV (July 26, 1897)

From the observations of the past sections the significance of the null
forms becomes apparent, and one recognizes, in particular, how important
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it is to know what the vanishing of all invariants says aboyt the base
forms, that is, to recognize the real meaning of the null forms, Thys, the
essential question arises, whether the null forms cannot be chargcterized
through other particularly simple properties. For binary forms this can
indeed be done in a particularly simple way, as is shown by the following:

Theorem If all invariants of a binary base form of order n=9p 41,
respectively n = 2h, are zero, then the base form possesses an (h + 1)-
fold linear factor—and conversely, if it possesses an (h+ 1)-fold linear
Jactor, then all invariants are equal to zero.

This theorem says that every null form can be put into the form:

_h— n —_h—2
e O

—h—1 n
+Gn-p-1Z3 <n —h— 1)),

and that, conversely, the latter is always a null form. Because of this,
this last form is also called the canonical null form. Thus, a null form
contains n— h arbitrary parameters; the latter determine all coefficients.
We first prove the first part of the theorem, and assume that all in-
variants are equal to zero. We form the h transvections of the form
n

f = ozt + <1

over itself, that is, the second, fourth, ..., 2h-fold transvections, which
are

)alx’l“lx2 + -t apzy

F1=(aoaz — a}) 2D
F2 = (aoas — 4a1a3 + 3a3) xf("_“) +oe,

Fs3 = (aoas — 6a1as + 15a2a4 — 1 — a3) 200 |

)

2h 1(2h -
.Fh=<aoa,2h—<1)a1a2h_1+...i§<h)a§)xi(n 2h)+_”.

From these covariants we form new ones that all have the same order. Let
M be the least common multiple of the numbers n, 2(n — 2), 2(n — 4),
..,2(n — 2h), respectively 2(n — 2k + 2), and set

M =mn =2my(n - 2) = 2ma(n — 4) = --- = 2my(n — 2h),
respectively

M=mn=2mi(n—2) =2ma(n—4)=--- =2mp_1(n—2h +2),
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depending on whether n = 2h+1 or n = 2h. Then we consider the two
forms

U=uf™ +uFT +uaF)2 + -+ upFp*,

V=of™+unF7T" +v2F7 + - + o,
respectively

U=uf™ +uF +upF7? + o+ upo1 Frot ™,

V=vf"+uFP™ +vF72 + -+ o1 Fao ™1,

where u, u1,...,u and v, v1,...,v, areindeterminate parameters. The
quantities U, V are objects related to the covariants, but are not real
covariants because the weights of the individual summands are different.
Their resultant is a certain function of the ay,...,a, and the u and v;
let it be

RU, V)= T,Ps(u,v),

where the P, are products of the u,v. Then the Z, are invariants of
the form f because Z, is an invariant of &/ and V, hence an invariant
of f, since now we have achieved homogeneity in the coefficients. This
follows from the fact that P, is a product of only the u and v, and the
coefficients of u and v are always homogeneous in the a. But all Z,
are equal to zero according to the hypothesis; hence U and V always
have a common linear factor, no matter which values one assigns to
the u, v. Therefore, all f, Fi, F2,..., Fp(—1) must contain the same
linear factor, because otherwise one could always find values for u and
v such that U and V would not contain a common linear factor, whereas
R (U, V) = 0. We transform the form f linearly in such a way that this
factor becomes equal to z;. Consequently, all sources of the covariants
f, F1,-..,Fn have to be zero, and hence it follows successively that:

ag = 01
 m= 0 because agaz — a2 = 0,

ay =0 because agas — 4a1a3 + 3a3 =0,

1/2h
ap=0 becauseaoa2h+---:i:§<h)q%:ﬂ.

For odd = this follows from the previous line of reasoning; for even n
one only has to observe in addition that the 2hth transvection is an
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invariant, hence is equal to zero. Herewith, the first part of the theorem
is proven.

The second part of the theorem is easily proven. We think of the form
as being transformed in such a way that z, is the (h + 1)-fold linear
factor, so that

a=0,a,=0,a=0,...,a; =0.
An invariant has the form
I= ZZa?a'{‘ ceeapt,

and all terms containing ag or a; or ... or ap vanish. For any eventual
other terms we have

Vpy1+Vpp2+ -+ =g,

(h+1)l/h+1+(h+2)l/h+2 +---+ny,=p
-
= 5

SO

2(h+ Dwpy1 +2(h+ 2)vpg2 + - + 2nvp = nppy + npg2 + -+ Ny

The numerical coefficients of the v on the left side are certainly bigger
than those on the right side. Since all v have to be > 0, they all have
to be equal to zero; so such terms cannot appear in Z in the first place.
Consequently, the invariant vanishes always—which proves the theorem.

This theorem and its proof indicate at the same time how to find a
system of invariants of a binary base form, through which all others can
be expressed integrally and algebraically. Such a system is formed by
the invariants Z,, respectively Z,, 4, because, if these vanish, then the
form has an (h + 1)-fold linear factor, so that then—according to the
second part of the theorem—all invariants vanish, allowing integral and
algebraic representation of Z,, respectively Z,,, F5,. Thus, one only needs
to construct the h transvections, the forms U, V, and their resultant.
The coefficients of the products of the u,v then give—for odd n by
themselves, for even n after adding (f, f),—the invariant system that
allows integral algebraic representation of all invariants.

All the above observations can be generalized to simultaneous forms,
and for the examples it is even advisable to use simultaneous forms
rather than a single form, since the in- and covariants of a form of or-
der higher than four are very complicated and numerous. However, the
investigations along these lines have not been carried out yet for simul-
taneous forms, even though there do not seem to exist any fundamental
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difficulties. Only one case has often been considered, and settled, namely,
the case of a simultaneous system of binary linear forms. Let

fi=a1T1 + bixa,

f2 =azr1 + baxa,

fn =anTy + bnx2

be given n linear forms. Their full invariant system is given by the
determinants

Pik = aiby —arb; (i,k=1,2,...,n).

But there is a large number of syzygies between them, since their number
is much larger than 2n—3. To obtain a system of independent invariants,
we proceed as follows. We form the function

A4 B 4t f = zh(E) + Tag(t),

which represents an involution determined by h(t) = 0, g(t) = 0. We
form the functional determinant of h and g, that is,

(h,9)1 =HE=D(t) = K (t)g(t) — ¢ (h(t) = g(t)? [%J (t)

=At? 4 4 A2 S 4 Ay,

The coefficients A, being linear combinations of the p;i, are themselves
invariants of the base forms. If these invariants A vanish, then either all
coefficients of h are zero, or those of g, or A and g are equal up to a
numerical factor. In all these cases, all p;;, are equal to zero, and hence
Ap, Ai,...,As,—4 form a system of invariants through which all others
can be expressed integrally and algebraically. At the same time, these
are independent of each other, since there are 2n — 3 of them. So, it
is not difficult, for a simultaneous system of linear forms, to find a full
system of invariants for integral and algebraic representation.

Lecture XLV (July 27, 1897)

I1.5 The ternary nullform

The concepts and observations we have been dealing with so far can be
extended in two directions. First, instead of considering binary forms in
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one sequence of variables, one can consider those in two sequences of
variables, that is, consider forms of the type

f(z1,z2; &1,62),

such that f is homogeneous of order n in the z, and homogeneous of
order v in the §. One can then specify different transformations for the
&; for instance,

Ty = az) + frs,

To =T} + 6x5;

(e =ab— )

§1=p] + 083,

62 = TEi + Agév
where the transformation coefficients are all independent of each other.
Invariants of f are then those integral rational functions of the coeffi-
cients which, up to a product of powers of ¢ and &, remain unchanged if
one replaces the original coefficients by the transformed ones. The latter
ones have been investigated, in particular when v = 1, which leads one
to the so-called combinants. Generally, one can ask the same questions as
before, for instance concerning the nullforms, which would be especially
important. Furthermore, one can introduce more sequences of variables,
and ask the same questions as before. The easiest case to consider here
would be the one in which all orders are equal to one. Our general the-
orems remain completely valid in this case. It only would remain to be
seen which modifications need to be introduced.

The second extension consists of considering more than two variables.
One can also go further and consider forms in arbitrarily many variable
sequences, where each such sequence contains an arbitrary number of|
variables, and each sequence is subjected to a different general transfor-
mation. For instance, in the form

(k=pr—0oT) -

f(x1, 22,235 £1,82),

where the order in the z is n and the order in the £ is v, the z (re-
spectively £) can be subjected to the independent transformations

Ty = any + oprh + a3y,

T3 = anx) + a2rh + asrs,

T3 = a31%] + a327h + 33y,

&1 = Buél + P23,

&2 = Bn &) + Pa2b,
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and one can make entirely analogous observations as before. The general
theorems about invariant fields hold true here as well. On the other hand,
as soon as one leaves binary forms, the construction of the nullforms
is not possible any more in the same way as in the previous section
for binary forms. But here too one can find a general method which
can immediately be applied to the most general case, as soon as one
understands it for a ternary form. We want to discuss this method and
then briefly indicate its proof. We consider the ternary form

n n n,
f(.’l:l,.’ltz,.’l:3) = § :anlnznsxllx2zx38v
with n7 + n5 + n3 = n, and subject it to the linear transformation

! ' '
T = oanzry + 012y + 01323,
g = a21.’12’1 + 022.’12’2 + 023.’123,
— ' ' '
I3 = 31Ty + 0325 + 33T3,
so that it becomes
[ S A A ' rn1_yn2_yns
[l (2}, 25, 23) = z :ammnsfﬁ Iy I3z
with ny1 +ne + n3 = n. If we set
a11 (12 13
0= |o21 a2 s,
Q31 (33 033
then an invariant of f is defined by the equation:
Z(a') = 6*Z(a).

It has the analogous elementary properties that hold for binary forms
and their invariants.

The nullforms can then be established in the following way. Each null
form, through a suitable linear transformation, can be brought into such
a form that certain coefficients vanish, while the others remain arbitrary
and independent of each other. Conversely, every such form, in which
certain prescribed coefficients are zero, and the others are arbitrary, is
a nullform. Thus—just as for binary forms—one can find a number of|
canonical nullforms, which are null forms for any values of the arbitrary
coefficients, and such that, conversely, every nullform can be linearly
transformed into one of these canonical forms.

The canonical nullforms can be found as follows. Take an equilateral
triangle of side length n (see Fig. 1, for which n = 5), and divide each
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Fig. 1.

side into n equal parts, of which each part has length one. Draw the
parallels to the other sides through each dividing point, so that the
whole triangle is partitioned into equilateral triangles of side length one.
For an arbitrary vertex P of such a small triangle, that is, for each
so-called lattice point, one can choose as coordinates the lengths of the
sides PA’, PB’', PC’, where A’, B’, C’, respectively, are determined on
the sides BC, CA, AB of the whole triangle as intersection points of
the parallels to these sides which pass through P.

Each point corresponds uniquely to a coordinate triple, and to each
coordinate triple corresponds uniquely a lattice point, and we remark
that these coordinates are always positive integers < n, whose sum is
n. Therefore, to each point of the lattice there corresponds, in a one-to-
one fashion, a term of the ternary form of order n

n n n:
f= E :an1n2n3x11x22:’:33'
Namely, the term ayn,pn,n, 27 252 23* shall correspond to the lattice point
with coordinates n;, ns, n3.

Now, if M is the center of the whole equilateral triangle, then we
obtain precisely all canonical nullforms according to the following rule.

Rule Draw an arbitrary straight line through the center M, and then
determine all those vertices which lie on this line or on the side of A
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off the line. The coefficients Gnyn,ns in the ternary form of order n,
corresponding to these vertices ni, na, n3, are to be set equal to zero,
while the other coefficients are left arbitrary.

Here, A is an arbitrary but fixed vertex. Since in this way one obtains
all canonical nullforms, it follows that the number of different kinds of
nullforms is equal to the number of essentially different positions that
the line through M can assume with respect to the vertices under con-
sideration. Herein, one need not consider those positions for which the
corresponding forms are special canonical nullforms.

For n = 2 up to n = 5 we obtain the following types of canonical
nullforms:

n=2: 1. (z2z3)2,
2. azazy + Z2(T273)1;

n=23: azir, + (T273)3;

= 1. (x2z3)371 + (T223)4,

2. z2{az2z? + ToT1(T2T3)1 + (T223)3};

n=>5 1. ax3z? + z1(z273)s + (7223)s,
2. za{z2xi(T2T3)1 + T21(T2T3)2 + (T2T3)4},
3. z3{ax? + z}(z2x3)1 + (€2Z3)2T1 + (€22Z3)3).

Here, the expression (z273), denotes a general expression of order s in
Z2,z3 with arbitrary coefficients (a binary form). It needs to be remarked
that, for n = 2, the two canonical nullforms can be transformed into
each other through a linear transformation, so in this case there really
is only one nullform. The figures for n = 2 up to n = 4 correspond to
Figs. 2, 3, and 4, respectively. For n = 5, we obtain Fig. 1.

Therefore, one can also say easily what the vanishing of all invariants
means geometrically for the curve f = 0. If n = 2, the curve breaks
up into two lines; if n = 3, the curve has a cusp. Further, if n = 4,
then all invariants vanish if and only if the curve f = 0O either has a
point of multiplicity three or else decomposes into a cubic curve and an
inflectional tangent of it.

ecture XLVI (July 29, 1897)

This very simple and clear method to determine the nullforms can also
be expanded to forms with more variables. For quaternary forms, for
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Fig. 2.

n=23

EAS

Fig. 3.

instance, one has to consider a regular tetrahedron of edge length n,
has to divide each edge into n equal parts, and then has to divide the
tetrahedron with parallel planes through these division points into small
regular tetrahedra of edge length one. Then put a plane through the
center of the tetrahedron. The rest is the same as before. If n = 3, for
instance, one obtains the following:

Theorem The invariants of a quaternary cubic form f vanish if and
only if the surface defined by f = 0 has a point of multiplicity two for
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Fig. 4.

which the quadratic polar is a plane which is counted twice; or if it has
a point of multiplicity two, for which the quadratic polar consists of two
distinct planes whose line of intersection is completely contained in the
surface.

Regarding the proof of this theorem for the ternary form, we give an
indication of the principles on which it is based. As can be shown easily
(see Hilbert 1893), the earlier geometric representation of the canonical
nullform has the following analytic interpretation.

Theorem The form is a canonical nullform if and only if one can find
three integers A1, A2, A3 whose sum A1+ Ay + A3 is negative, such that
each coefficient Gn n,n, becomes zero if Ainy + Agng + Aznz < 0 s
negative, while the other coefficients remain arbitrary.™

It is easily seen that the stated condition is sufficient. Namely, suppose
we are given an invariant

T = VA Eningny
- an1n2n3
ninang

*In the general setting of geometric invariant theory, this theorem is called the
Hilbert—-Mumford Numerical Criterion.
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7 is a homogeneous isobaric function, and one has—analogously to bi-
nary forms—for each term of the sum:

E Ni1€ninang =

ng

3

ninans

ng

E N2€ninany — —3—1
ningns

ng

E N3€ninans — ?s
nin2n3

where g is the degree of the invariant. Multiplying the three equations
by A1, A2, A3, respectively, and adding the resulting equations gives

n

D" eningns (A1n1 + Aana + Agng) = ?g (A1 + A2 +A3),

nina2nj3
or, if we set
AL+ A2 + A3 = =,
where A denotes a positive integer, then
n
)" enynans (A1n1 + Ang + Agng) = —?gk-
Tni1n2n3

If we omit the terms on the left for which A;n; 4 Ang + Agns is positive
or zero, then one has

! ng
Z €ninang (A171 + Agng + Agng) < —?A-

nin2ny

The sum Z/ extends only over those systems n;, nz, ng for which
A1ny 4+ Agng + Agng is negative. Therefore, we also have

’ ng
Z €ningng I)\Inl + )\271.2 + )\371.3' Z ?)\

nina2nj3

On the left is an integer, on the right a number > 0, so it follows that

1
Z €ningng |A1T1 + A2ng + Agng| > 1.

nin2n3

So we have that in each term of the invariant there is at least one of
the coeflicients @y n,n, of Z which are set equal to zero, that occurs
to a positive power. Because, if all powers ey, n,n; Would be zero, then
5" = 0, which cannot be. Thus, the invariant is also equal to zero, which
proves the first half of the theorem.
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The converse is substantially more difficult to prove. We only remark
here that one uses the following:

Fundamental Theorem A given ternary base form with certain nu-
merical coefficients has a nonzero invariant if and only if the substitu-
tion determinant
Q11 a1z @13
6 =las az az;
Q31 (32 Q33
is an integral algebraic function of the transformed coefficients.
We shall prove this theorem. Suppose that the ternary form
f(z1, 2, 23) = @127 + -+ + anxy
is carried into
! / ’ [ W W A ! ' n
f' (1,73, 25) = @jzy” + - +ayzy
by the transformation
T = 0111:/1 + 0121:/2 + 0131‘%,
Ty = 0211‘/1 + 0221:/2 + a231,‘:/3,
T3 = Q31T] + 32Ty + 33T3.

We think of the e as numerical quantities; then the a’ are forms of degree
n in the «, with numerical coefficients. If f has a nonzero invariant, then
6 is an integral algebraic function of the a’. That is evident. Namely, if
that invariant is Z, then we have

6*I (a1,...,an) =I(ay,...,aN),

where p # 0, since there does not exist an invariant of weight zero. Thus,
indeed, one has:

I(a},...,al)
gp XD PN) g,
Z(a1,...,an)

Conversely, if 6 satisfies an equation of the form
™ +G1(al,...,aN) 6™ 1 4 4 G (al,...,al) =0,

where the G are integral rational functions of the a’, then we certainly
“also have

Q™™ 4+ Q™ {G(al,...,aN) 6™} 4 + Q™G (al,. .., aly) =0.
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Here we set

2 2 2
36!11 3al2 36!13 3
Q=2 2 a | _ 9 4
T |Bes Bz Baxs| T foyidagsdoss

a ] a
5031 50!32 dass

The laws which we derived for this symbol in the binary case (Sec-
tion II.2) remain valid here too without change. Therefore, one has

Qmem™ + T, (al,...,aN)+Iz(a1,...,aN)+-~-+Im(a1,...,aN)=0,

where the T are invariants. Since Q™6™ # 0, not all 7 can vanish
simultaneously—which was to be proven.

With the help of this theorem we can now carry out the proof of]
the converse, stated above; however, it is still very cumbersome and
difficult. In the process, one has to use theorems about substitutions,
whose coefficients are power series, and these theorems are difficult to
derive in themselves. Thus, we can only continue to refer to Hilbert
(1893).

We should make one more remark. Every nullform can be transformed
linearly into a canonical nullform. If we call a “class of forms” the totality
of all those forms which can be transformed into each other through a
linear transformation with nonvanishing determinants, then one has the
following:

Theorem FEach class of nullforms contains a canonical nullform.

Lecture XLVII (July 30, 1897)

I1.6 The finiteness of the number of irreducible syzygies and
of the syzygy chain

With regard to the fundamental questions, we need to take a closer look
at the syzygies. We again fix a binary form

f(z1,22) = ap2l +--- + QnTy,

even though the observations are still valid in general. The full invariant
system is finite, as we have proven; that means one can choose from
among the invariants a finite number %y, i3,...,i5 so that all others are
integral rational functions of these. At the same time these N invariants




172 The theory of tnvariant fields

are still dependent on each other, in that—at least in general—there exist
a number of syzygies among them, that is, equations of the type:

X1=0,X3=0, X3=0,...,

where X, X3, X3,... are integral rational functions of i, %2,...,in,
and these equations hold identically in the coefficients a; of the base
form. The number of syzygies is inherently always infinite—if there is
one at all—because from X; = 0 it follows that

A1X1 =0,

where A; is an arbitrary function of 41, ¢2,...,%n5, and this equation
holds identically. In general, ’

A1 Xy + A Xo+ A3 X3 +--- =0

is a new syzygy, when A;, A;, As,... are integral rational functions of
i1,%2,...,in5. By an irreducible syzygy we mean one whose left side—
the so-called syzygant—cannot be obtained as a linear combination of
syzygants of lower degrees. We then have the following:

Theorem A finite system of invariants possesses only a finite number
of irreducible syzygies. In particular, between the invariants of a sys-
tem of base forms there always exists only a finite number of trreducible
syzygies.

This theorem is obvious from the Fundamental Theorem in Section
I1.2. Indeed, one thinks of all syzygies as ordered according to the degree
of the invariants—the number of syzygies of a given degree must be
finite because there are only finitely many invariants. Then one can find
a number m such that each syzygant X can be brought into the form:

X=A4X1+AXo0+ A3 X3+ -+ A Xn,

where X;, Xa,...,X,, are the first m syzygants. The theorem was only
stated for forms, but is valid for arbitrary integral rational functions,
which can be seen by setting one variable equal to one.

It is, furthermore, obvious that one can always choose A1, Ag,...,An
so that the relation X = 0 holds identically not only in the coefficients
a, but even in the invariants 4, 4s,...,45, considered as new variables.
This must always occur. Such a syzygy is called a second-order syzygy.

- For instance, one only needs to set A = X; and A; = —X; to obtain
an example. In some sense these syzygies are, therefore, not syzygies any
more.
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To determine the second-order syzygies, one therefore needs to deter-
mine the coefficients A in such a way that the equation X = 0 becomes

an identity in the 41,4s,...,4x5 . Suppose that
A = Xy;,
Az = Xy,
Am = Amj

is a general system of solutions. Then, again, the number of irreducible
solution systems is finite. That is, the number of irreducible second-order
syzygies is finite; or: It is possible to choose m’ solution systems such
that any other one can be expressed linearly in terms of these, and can
hence be brought into the form

A =B X114+ B X2+ -+ + B Xy,
Ay =B1 X321 + By X33 + -+ + B Xomne,

Ap =B Xm1 + Bo X2 + -+ + By Xy

where the B are again arbitrary functions of the ¢;,4s,...,i5. Obvi-
ously, one can proceed further in this fashion and ask about the solutions
of the equations

B1Xj1+ Ba X3 + -+ + By Xjmr =0, j=1...,m,

for the B, so that these equations hold identically in the i1,4s,...,ix.In
this way, one obtains the “third-order syzygies.” Their number is finite if
one does not count the solutions that can be expressed linearly in terms
of the others. One can continue in this way and obtain fourth-, fifth-, ...
order syzygies. Now, however, we have two important theorems. First,
one has the following:

Theorem The chain of syzygies terminates after a finite number of
steps.

If we assume that there still are syzygies of the pth kind, but no more
of (p+1)th kind or higher, then we always have that p < N 41, where
N is the number of invariants of the full invariant system. Incidentally,

this theorem is very difficult to prove; we cannot go into the proof (see
Hilbert 1890).*

*This is the Hilbert Syzygy Theorem. An elementary proof using Grébner bases
can be found in D. Eisenbud, Commutative Algebra with a View Toward Algebraic
Geometry, to appear.
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It is essential to know the number of syzygies of a given order when
one asks about the number of invariants of a given degree R; let this
number be x(R), where we are considering the invariants between which
there are no more relations. Further thought shows that one obtains the
number x(R) in the following way. Let i1,13,...,¢x be the full invariant
system. Then determine all integral rational functions of these invariants
which have degree R in the a; in such a way that there do not exist any
linear relations with constant coefficients between them. From this one
needs to subtract the number of independent first-order syzygies, add
the second-order ones, then subtract the third-order syzygies, etc.—a
calculation which has to terminate, according to the above theorem.
One then finds the important theorem: ’

Theorem The number x(R) of linearly independent invariants of de-
gree R is an integral rational function of R; this function is called the
characteristic function.*

Incidentally, these observations do not depend on the fact that one
is dealing with invariants; they can be made whenever one is concerned
with the algebraic connection between given quantities. We explain this
in terms of the following example, which should be worked out com-
pletely. We proceed from the following general theorem, which is an
immediate consequence of the general theorem in Section II1.2 (see loc.
cit. Hilbert (1890)).

Theorem Through a given algebraic space curve one can place a finile
number m of surfaces

Fi=0 Fr=0,...,Fmn=0

in such a way that every other surface that contains the space curve can)
be represented by an equation of the form

AlFi+ AP+ + AnFn =0,

where Aj, A, ..., A,, denote quaternary forms.
%
* The function x(R) is the Hilbert function of the invariant ring. The preceding

paragraph gives its representation as the alternating sum of the Hilbert functions
of the free modules in the minimal free resolution.
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Suppose given the cubic space curve

T =t3,
T9 =t2,
r3=t,
g =1.

Through this curve pass the three surfaces
-7:1=0, ]:2:0, ]:3:07
where
Fi=z123 — 73,
Fy =z9x3 — 7124,
Fs=zax4 — 3.

Every other surface that contains the curve can be represented in the
form

ArF1+ A2 Fa + A3F3 =0,
where the A are forms of the same degree in x;,x3,z3,74. To prove
this, let
F= ZC:::I ztrgiryt
be a form that becomes identically zero under the substitution z; =
3.1 =1t2,z3=1t,x4 =1. We set
®=" mod (F1,Fz,F3)
if
®—U=A1F1+ Ay Fo + AsF3.
Then, obviously,
riz3=2% mod (Fi,Fa,F3),
T1Zg=z9x3 mod (Fy,F2,F3),
Tox4 =23 mod (Fi,Fs,Fa),
and with the help of these congruences, F can be reduced to

F=) Cafizf +) C'zp*z*+» C'z4zf* mod (Fi, Fa, Fa).

This is because, using z1x3 = x2, one can remove either z; or z3 from
ztzh?z5?xy*. In the first case one keeps z$ )zg)z4), but then one can

remove either zo or z4 with the help of the congruence z2z4 = z2, and
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one keeps either zg)zg) or zg)zg) . In the other case, one has zg)zg)zg) ;

and because x1x4 = T273 one arrives either at zg)zg)zg)——that is, at

the previous case—or at :c(l):cg):cg) , which can be reduced to :c(l):cg) or

zg)x:(;) via 7173 = . Because of homogeneity one now has
K1+ K2 = Az + A3 = p3 + g,
hence also
3Kk1 + 262 > 23 + A3 > pa.
If one now introduces ¢ into the form JF, then it follows that
F(£3,82,¢,1) = Z Ct3r+2me o Z Clt2haths 4 Z Clths,

which is supposed to be identically equal to 0. But, because of the earlier
inequalities, no term of one sum can pair up with a term of another sum;
hence all C, C’, C” have to be equal to zero—which proves the assertion.

Lecture XLVIII (August 2, 1897)

We now want to further concern ourselves with the question of how
many surfaces of a given order R pass through the space curve so that
there are no linear relations between them. We first have to establish the
independent systems of equations that correspond to the higher order
syzygies. Among the forms

F=AF + Ay Fo + Az F3

there are those that are not essentially different from each other and
these are given by the equation

A1Fy + A2 Fy + AsF3 = B1Fy + BaF2 + B3F3
or, if one sets 4; — B; = Xy,..., by
X1 F1L + XoFy + X3F3 =0.
This equation is certainly satisfied by

X1 =13, X1 = T4,
X2 =1zx9, and by Xy =1x3,
X3=1:1; X3 =x3.
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These are the only solutions; any others can be expressed in the form
X1 =xz3)1 + 242,
Xo =z + 233,
Xz =11 + 12)5,

where the Y are arbitrary forms of the same order. This is because every
solution X; can obviously be written in the form

X1 = C1 + Cazs,

where C does not contain r3 any more. But we obtain a new solution
by adding —xz3C3, —z2C3, or —x1Cs, respectively, to this solution.
The solution X; = Cj... obtained in this way is such that X; does
not contain x3 any more. Similarly, we can also eliminate z4 from X;.
Thus, each solution can be reduced in such a way that X; contains
neither x3 nor x4. The equation

XiFi+ XeFa+ X3 F3=0

is supposed to hold identically in the . Hence, if we set £3 = 0, x4 = 0,
then Fy =0, F3 =0, F; = —x3 # 0; so we must have

XlEO

identically. Thus, every solution can be reduced to a solution with X; = 0,
modulo the two special solutions. The remaining equation is

XoFa+X3F3=0
whose general solution is
Xy =YF3 =Y (z224 — 23),
X3 =Y(—F2) = Y (z124 — T273),
which is clearly representable in the form
Xo=1x4Y -T2 — x3Y - 73,
X3=x4Y - 71 — 23) - T3,
where
X1=24Y 73 —23Y 74

is indeed equal to zero. Thus, every solution is a linear combination of
those two.
We must further investigate how often such a solution system occurs
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for different values of }4 and ). So we must solve the following system
of equations for the Y:

z3W1 + 14)2 =0,
21 +23)2 =0,
11 + 222 =0.
From this follows
W =—x42, Y2 = 237
and further
(—:02:04 + :c%) Z=0,

hence Z = 0. That is, the system of equations does not have any solu-
tions any more, so the chain of syzygies terminates herewith.

We now proceed to the actual determination of the number of lin-
early independent surfaces of order R that contain the space curve. The
number of coefficients of a quaternary form of this order is (compare
Section 1.1) equal to (R +1)(R+ 2)(R+ 3). To determine the number
Xx(R) of conditions that a surface has to satisfy in order to pass through
the space curve, one has to subtract from this number the number of
linearly independent forms F of order R that can be represented by the
formula

F = A(F, + AyJFe + Az Fs.
The latter number we obtain in turn by diminishing the total number of]
terms in the three forms Ay, As, A3 of order R — 2, that is, the number

3-2(R—1)R(R+1), by the number of those linearly independent form
systems X, Xg, X3 of order R — 2 that satisfy the equation

X1F1 4+ XoFo+ X3F3=0.

This number is equal to the number of terms in Yy, ), which have order
R—3; this number of terms, therefore, is 2-$(R—2)(R—1)R. According
to the previous discussion, nothing further needs to be subtracted. The
desired number is, therefore,
x(R) = %(R +1)(R+2)(R+3)-3- -};(R -~ 1)R(R+1)
+2-2R-2)(R-1)R
=1+43R.

All the constants appearing in this formula are of great importance.
Namely, the degree of the characteristic function gives in general the
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dimension of the object under consideration, the coefficient of the highest
power gives the order of the object, and the other coeflicients are in a
close relationship to the genus of the object. For curves, the second
coefficient directly gives the genus raised by one. Thus, our curve is of]
genus zero. The last remark, however, is only valid for curves without
double points, etc.*

Lecture IL (August 3, 1897)

As we already remarked, this kind of procedure can be applied quite
generally when it comes to algebraic relations between arbitrary quan-
tities. We consider a further geometric example. For a triangle there are
altogether nine items to consider, namely, the sides a, b, ¢; the cosines

of the angles cosa = ¢,, . ..; and the sines of the angles sina = s,,... .
C
b a
A c B
Fig. 5.

Between these nine items

a, b’ C,CayCB,Cy, Sa,y 83, Sy
there exist lots of algebraic relations; but, according to the cited theorem,
there must be a finite number of linearly independent relations. Such
syzygies are, for instance,
2 +s2-1=0, c?,+s?,——1=0,...;
asg—bsq =0, bsy—csp=0,...;
c? —a® — b +2abc, =0,....

*See Chapter 1.7, in particular Ex. 7.2, of Hartshorne, Algebraic Geometry, Grad-
uate Texts in Mathematics 52, Springer-Verlag, New York, 1977.
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Now, let §; = 0,52 = 0,...,S, = 0 be a complete system of such
syzygies. Then one can ask further about the second-order syzygies,
that is, after syzygies of the type:.

A1S1 4+ A8y + -+ A S =0,

which hold identically in those nine quantities. In essence, there is again
only a finite number. Likewise, one is led further to third-order syzygies,
etc. This sequence terminates at some point. Only when one knows all
independent higher order syzygies does one completely understand the
algebraic relationship between those quantities.

I1.7 The inflection point problem for plane curves of
order three

Finally, we need to point out some applications and generalizations of

invariant theory, for which there was no appropriate place so far. In

particular, we have up to now said hardly anything about the geometric

applications, which are especially far reaching. Here too we have to be

satisfied with an example. From the extensive material we select the

well-known inflection point problem for plane curves of order three.
Suppose given a ternary cubic form:

f(z1,22,73) = a1n1xi + -+ + agazzd,
written symbolically as
f = (0121 + asz2 + a3z3)® = (bi1z1 + boxs + bazs)®
= (121 + €273 + c323)° = (diz1 + daza + daz3)®.

The latter expression is to be understood as follows. One only needs
to calculate the exponents with the Binomial Theorem; this way one
obtains exclusively terms of the form

¢ a;apazizer;  (respectively c- bibebizizeay, .. ).

Into this one has to substitute everywhere a;x; for a;axa;; likewise, one
has to substitute a;x; for b;bib;, etc. Incidentally, this is also the way
in which one has to choose the multinomial coefficients in the explicit
expression for f.

The equation f = 0 represents a plane curve of order three. An easy
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calculation shows that f has the following covariant:

a? [ .g 8® .g

E‘g’ 10Xy X10%3

82 'g a? a? ;

h = r202 E‘é xro0x3 | *

82 .g a? F 8?

z30z1 739z, Eé
This is the so-called Hessian covariant. The equation h = 0 represents a
new curve of order three, which, therefore, has an invariant relationship
to the curve f = 0. The curve h = 0 is called the Hessian curve of
the curve f = 0. If the coefficients of f are generic, then the curve
f = 0 has nine inflection points, which are precisely the nine points of
intersection of the two curves f = 0 and h = 0. If the coefficients of f
are real, then exactly three of these inflection points are real. The nine
inflection points can be found algebraically as follows.

For ternary forms, we have—in analogy to binary forms—the theorem
that every homogeneous integral rational function of determinants of the

type

ai b1 Ci
az by ¢,
as b3 C3

viewed symbolically in a suitable way, is an invariant. Then the form f
has the following invariant:

ap by af| |ay by di| |ax e di| |b1 a1 dy
S= as bz C2 as bz dz as Co dz bz C2 dz .
az bz c3| laz b3z di| |az c3 d3| |b3 c3 d3
To obtain its explicit expression one has to expand this expression and
make the above substitutions. The invariant S has degree four. One can
furthermore prove the theorem—which we will not do here—that except
for f and h, f has essentially no further covariants of order three. This

theorem is important for what follows.
We consider the family of curves

af +68h =0.

All curves of this family pass through the nine inflection points of f = 0.
The Hessian curve of a curve of the family, H (af + 68h) = 0, must
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again be a curve in the family, since H (af + 66h) is a covariant of
order three of f, hence must be of the form

H (af +60h) = Af + Bh.

Thus it follows that all curves in the family af + 68h = 0 also have the
same inflection points as f = 0 (the inflectional tangents are, of course,
different). If one calculates A and B, then one finds

A=2028S + 83382 + ap?J,
B=a®-28T — 120428,

where the coefficients again have to be invariants. Accordingly, we know
two invariants of f, namely, S and J; these form, as one can prove, the
full invariant system of the ternary cubic form. Incidentally, the form J
is of degree six in the a;g;.

We ask: Are there curves in the family that are their own Hessian?
To answer this question, we need to determine o, 3 (that is, their ratio)
such that

H(af +66h) =C - (af +68h);
so we must have
A=Ca =20°3S +83%8% + af2T,
B=6CB =a®-28%7 — 120328,

and after eliminating C,
ot — 24580%6% — 8JaB® — 485244 = 0.

This equation has four distinct roots for &. Thus, there are four such
curves. Each of these curves must pass through the nine inflection points.
Each of them must furthermore intersect itself in its inflection points;
that is, the curves should have inflection points everywhere. But the only

\ possible interpretation of this is that they are made up of straight lines;

)thus, each of them decomposes into three straight lines. Since a straight
line can intersect a curve of order three only in three points, each of these
twelve lines must contain three inflection points, and all nine inflection
points lie on the circumference of every “syzygetic triangle.” Thus, we
have the following;

Theorem The nine inflection points of a curve of order three (without
double points and cusps) lie on twelve lines in groups of three, such that
through each inflection point there pass four lines. These twelve lines can
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be ordered into four groups of three each so that each group contains all
inflection points.

The analytical determination of the inflection points poses no more
difficulties from this point on. One determines the four values of o :
B; this requires the solution of an equation of degree four. Then, one
decomposes each of the four forms af + 63h into linear factors, which
must be possible. One sets these linear forms all equal to zero; then, one
finds that each pair of these equations always has a common root such
that one obtains a total of nine distinct such roots, which occur more
than once (the others are to be omitted). These roots give the inflection
points. )

The equation for % has another special feature. For this biquadratic
form in a, 8, the invariant is

i =apaq — 4aja3 + 3a?
=—485% 4+ 3.165?
=0.

So it follows that: The four syzygetic triangles have equiharmonic posi-
tions with respect to each other.

Lecture L (August 5, 1897)

I1.8 The generalization of invariant theory

The concept of an invariant is capable of generalization, as we have indi-
cated earlier. The infinitely many linear transformations form a group,
the most general group of linear transformations. We now select from
this most general group, the so-called projective group—a certain sys-
tem of linear transformations, which form a group. The group property,
which was self-evident earlier, is now made an explicit hypothesis. The
important problem of determining all relevant subgroups of the projec-
tive group has been completely solved by Sophus Lie through his the-
ories, and this solution is one of the main applications of his theories.
For such a group of linear transformations one can formulate the con-
cept of an invariant just as in the general case: One is supposed to take
a general form, transform it via an arbitrary linear transformation in
the subgroup, and ask for those integral rational functions in the coeffi-
cients of the form that take on the same values, up to a multiplicative
power of the substitution determinant, for the given and the transformed
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form. One can now pose the same questions for these invariants, which
of course always contain the general invariants, that were considered for
general transformations.

One of the simplest examples, and at the same time one of the most
important, is that of the orthogonal substitution, for instance, for three
variables. One calls orthogonal those substitutions whose application
transforms the sum of the squares of the variables into itself, up to
a constant factor. The form

f=2%+25+23
will therefore be transformed into
f=f =c(:z:’12 +x'22+x§2) )

It is evident that the orthogonal substitutions form a group; since, if one
transforms % f' further into

1 1 2 2 2
f=of=i"=d (93'1' +xy +x3 ),

then we also have .
2 + 23+ 123 =c" (.'1:'1'2 +zy 4+ xf,’z) ,
which precisely expresses the group property.

A general theorem now says that if one chooses an irreducible sub-
group from a group, then this subgroup admits a rational representa-
tion through parameters. The orthogonal substitution—always for three
variables—allows a rational representation through four parameters,
since its general form, as one can show, is

1 = (a} + a3 — a3 — af) 2} — 2(a1a3 + aza4) T — 2 (a104 — a2a3) 75,

- ’ 2 _ 2 _ 02 2 '
T3 =2(a1a3 — azaq) ¢} + (a? — a2 — a2 + a?) 75 — 2(a1a2 + aza4) 75,
£3 =2 (a1a4 + aza3) T} + 2 (a102 — aza4) 5 + (a2 — a3 + af — af) 25.
Here, a1, a3,a3,a4 are arbitrary parameters. Thus, this group is a four-
parameter subgroup.

Now the main task is to determine all invariants of an arbitrary ternary
form

f=Az?+- -+ Anzh

with respect to an orthogonal substitution. Such invariants are, first of]
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all, the general invariants of f. Secondly, however, we certainly also get
all simultaneous invariants of f and the form

2
z? 4+ 23+ 13

as invariants of f. That is, we need to determine all simultaneous in-
variants of f and the general ternary quadratic form f; = Y bipaizE.
Let S(A,b) be such an invariant; then we certainly also get

S(A',b') = 6°S(A,b)

for the orthogonal substitution. If, in particular, one sets b;; = 1, by =0
if 4 # k, then, according to our hypothesis, we get b}, = by = b3 =
¢, b, =0 (¢ # k). But, since S is homogeneous in the b, it follows that

S(AY)=c"-S(4,1),
hence
c-S(A,1)=67.5(4,1),

so S(A,1) = F(A) is indeed an invariant. Incidentally, this argument is
valid in general.

Theorem Suppose there is a group of linear transformations such that
each of them leaves a given form invariant; then the invariants with
. respect to this transformation group always include the invariants of the
form f and the simultaneous invariants of this form and those given
forms which are left invariant.

This generalization, therefore, utilizes our previous theories. The ques-
tion arises now whether, conversely, one obtains all invariants in this
way. While it is probable, it has not been proven yet, even for orthogo-
nal substitutions. This would completely answer the question about the
finiteness of the full invariant system.

However, one can prove the finiteness of the full invariant system for
the orthogonal substitutions of three variables completely analogously
to the proof for the general invariants (cf. Hilbert 1890). To see this, one
only needs to give a process 2, which creates invariants. But here, such
a process is :

o2 o2 0? 8?

=2+ L &
da? +6a% +-67§+6a2

One has the following:

Theorem If one transforms a system of base forms orthogonally and
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takes an arbitrary integral rational homogeneous function of the trans-
formed coefficients, multiplies it with an arbitrary power, with e non-
negative integer exponent, of (a? +a} + a2 +a2), and applies to this
function the process Q@ enough times to result in an expression free of
ai,az,as,aq, then the latter is always an orthogonal invariant.

This theorem then implies easily the finiteness of the full invariant
system; and because of this fact, one then proceeds immediately to all
the observations we made about invariant fields, etc.

Also, Hurwitz has recently shown that all these theories of Hilbert
can also be generalized to the orthogonal substitutions with arbitrarily
many variables. ,

Let us mention another special invariant theory. Suppose we are given
a space curve of order three. One can ask about all those transformations
that leave this space curve unchanged. These, of course, form a group,
namely—if we focus on a particular example (cf. Hilbert 1890, p. 533)—
a four-parameter group of quaternary substitutions. In this case too,
there is a process €2, analogous to the previous one, so that everything
procedes as before. At the same time, there exists a certain quaternary
form F of order four that remains unchanged under these substitutions.
This form is the discriminant of the cubic equation in ¢:

x1t3 + x2t2 +x3t+x4=0.

Here too, the question arises whether the invariants consist of the general
invariants of f and those of f and F.

The two subgroups mentioned here play a special role in geometry.
Even more important, however, are the translation and the rotation
groups, and more important yet is the group of motions. The latter is
given by a system of linear transformations, which form a group. It is
characterized by the property that the transformations leave the two
imaginary circle points and the line at infinity fixed. If this line is z3,
then the motion leaves

T3 and x4 22 + 23

fixed. But it suffices to consider only one form if one introduces line
coordinates u;,ug,us instead of point coordinates; in invariant theory,
these are also called contragredient coordinates—we will return to these.
The motion is then simply characterized by the property that the form

u%+u%
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remains unchanged. This leads us to consider other coordinates besides
the ordinary point coordinates, which we want to do now, at the end.

In order to return once more to the group of the motions, one first
needs to transform a form f(x1,x7,23) into contragredient coordinates
F(uq,us,u3), and then ask about the invariants which arise under the
group of substitutions that leave the form u2 + 4% unchanged. For two
straight lines, we obtain in this way only the cosine and the sine of the
angle they form; for a triangle, certainly the sine and cosine of the angles,
the length of the sides, the area, etc., are invariants. Presumably, here
too, the theorem that all invariants of the form F with respect to the
motion of the plane are simultaneous invariants of 7 and ® = u? + u}
remains valid; the converse is self-evident. ’

Analogous observations hold for three-dimensional space. Here, the
group of transformations is characterized by the property that the form

u%+u%+u§

remains unchanged.

Lecture LI (August 6, 1897)

I1.9 Observations about new types of coordinates

In this final section we want to point out briefly some further general-
izations of invariant theory, namely, some new types of coordinates.
Let fi, f2 be two ternary forms of the same order. The forms

K1f1+ Kaf2

form a so-called sheaf of forms. Here one can view k1, k2 as binary vari-
ables and subject them to a linear transformation that is completely
independent of z1,xy,z3, the arguments of fy, fo. In this way, one is
led to forms with several sequences of variables, and can now, just as
before, ask about the invariants of these forms. There already have been
extensive investigations in this respect, but the subject has not yet been
completely covered. Here too, one obtains differential equations that are
analogous to the earlier ones, and in many respects one returns to the
old invariant theory. In general, one of course has to be concerned about
using the earlier theorems as much as possible to obtain the generaliza-
tions. One obtains the invariants by successively first considering one,
then two, ... sequences of variables as transformation variables.




188 The theory of invariant fields

For applications to geometry, however, it is not sufficient to consider
only the case where the individual sequences of variables are subjected
to distinct transformations. While one often has to deal with several
sequences of variables, these will be subjected to transformations which
are dependent on each other. Here too, the invariants are defined as
before. But their study has not yet been carried out in general. We limit
ourselves to point out the specific problems so far as they have geometric
significance. We distinguish two cases.

First, assume that the number of variables in the variable sequences
is always the same, and they are all subjected to the same linear trans-
formation, for instance, in the form f (x1,z2,3; ¥1,¥y2,y3), where, of
course, the z and y are independent of each other. After Sylvester and
Cayley, such variable sequences are called cogredient variable sequences.
These occur in geometry, namely, during the formation of polars.

Second, the individual transformations may depend on each other in a
general way. In the plane one has to consider two sequences of variables:
the point coordinates z1, T3, 3, and the line coordinates u;, ug, u3. The
transformations of the latter are clearly determined once those of the
former ones are determined. One obtains the relationship by observing
that the condition of the relative position of points and lines

U1T] + U2x2 +uzxr3 =0
has to be preserved by the transformation. If
T = an ¥ + 01375 + 0q3xh,

’ ’
Ty = 1T] + 0122.’13’2 + a3xy,

3= a31x’1 + (132.’13,2 + a33xé,

then we must have

(01z] + a127h + a1325) ur + (e21zf + - Y uz + (egzh + -+ <) us
= uiz] + uhxy + ujzs.

From this it follows that
U] = 011%1 + 21U + a3U3,
up = o201 + 22Uz + 032u3,
U3 = Q13U + Oi23U2 + 033U3,

which makes it easy to see how the u can be expressed in terms of the
. Suppose now that we are given a form f (z1,%2,73) = a1z +--- .
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Aside from the in- and covariants, one can inquire about those forms
F (a, v, u2,u3) for which

F(a',u') = P F(a,u).

These forms are called contravariants. Such a contravariant is clearly
the left side of the equation of the curve f = 0 in line coordinates. If
a form F(a,z,u), which contains all three groups of variables a,z,u,
has that property, then it is called an intermediate form. The variables
u are called contragredient variables. One can, of course, also consider
simultaneous form systems. For instance, to determine the invariants of a
form f with respect to a motion, one has to determine the simultaneous
invariants of f(z1,z2,z3) and ¢ — u? +u. ’

Analogous observations hold in space, that is, for the quaternary case.
Aside from the point coordinates, one also has to consider the plane
coordinates up, Uz, us3, uq in this case. If one forms the determinant

Ty T2 T3 T4

Y1 Y2 Y3 Ya
21 22 23 24
t1 ty i3 {4

where the z,y,2,t are all subjected to the same linear transforma-
tion, namely, that of the point coordinates, then the plane coordinates
ug, Uz, us, ug are transformed exactly as the minors complementary to
z1,T2,3,%4, respectively. In space this fact gives rise to ancther obser-
vation. Namely, we now determine the minors of order two, that is, the
quantities

Dik = TiYk — TkYi,

and observe how these are transformed. These p;;, of which there are
six, are very important; they characterize a line in space, because of
which they are called line coordinates. Between them exists the following
relation:

P12P34 + P13P4a2 + P1apas = 0.

One arrives in this way at a new type of invariant object, namely, that
which contains the p and may or may not contain the z and u. This
is the basis for Pliicker’s line and azis geometry; he was the first to
investigate the p more closely. The generalization to even more variables
is evident.
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Modern geometry has recognized that it is a one-sided and unjusti-
fiable specialization to view the point as the element on which every-
thing is based, that is, to interpret only forms of three or four variables
geometrically. One is then led geometrically and analytically to great
difficulties, which are not inherent in the situation. One thus must in-
troduce further coordinates. The oldest idea is to use the line as the new
element in the plane, and the plane as the new element in space. One
can then build a geometry just as before, and now the point becomes
what in point geometry was the line (respectively the plane). This con-
stitutes the principle of duality. But an essential extension occurs if one
uses the straight line as the basis in space, as Pliicker did. The straight
line in space is given through six homogeneous variables p;x, between
which there exists a quadratic relation; thus, there is a four-fold infinity
of lines in space. A linear equation between the p;x

a12p12 + -+ a34p3a =0

constitutes a three-fold infinite family of lines; this family is called a
linear complex. Similarly, one can establish arbitrary equations between
the p and interpret them geometrically, or one can consider several equa-
tions simultaneously. In this way, one arrives at the ruled surfaces, etc.
The situation is analogous in spaces of higher dimensions.

An equation f(p;x) = 0 always represents a three-fold infinite fam-
ily of lines, a “complex.” The in-, co-, contravariants, etc., can still be
defined in the same fashion. An essential property of this line geometry
is that in it points and lines play the same role. Therefore, everything
becomes very general and elegant.

One can carry the generalization even further. One can take any geo-
metric object or system of algebraic forms as the basic object, and can
then raise all the questions of ordinary geometry. Certain systems of
equations represent geometric objects, such as point, plane, etc.

The equation

azy+br+cy+d=0,

for instance, represents a three-fold infinite system of hyperbolas in or-
dinary Cartesian geometry. A homogeneous relation between the coefhi-
cients F(a,b,c,d) =0 cuts out a two-fold infinite family of hyperbolas.
A point is given by a relation that says the hyperbolas with coefficients
satisfying this relation pass through the point.

Another example is that of a pair of points in the plane. There are
four-fold infinitely many such pairs of points. A point is given through
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the relation between the coefficients of the pair of points that says that
the two points coincide.

We get a new geometry if we use a line and a point on it as the basic
element. This object is three dimensional. One calls such a system a
connezr. The connexes are very important.

Finally, a very well-known and much studied geometry is that which
is based on the circle in the plane, and the sphere in space. The latter
is called spherical geometry. The sphere is given by the equation

k1 (:1:2+y2+22)+kzz+k3y+k4z+k5=0.

Thus, spherical geometry is four-dimensional. One can ask about the
significance of the linear complexes. A point is determined through that
quadratic relation between the k that says that the radius of the sphere
is zero. The plane simply has the equation

ki =0.

It is clear how one can raise further questions and treat them geometri-
cally or invariant theoretically.




