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attempts to correct misprint% and add some comments (identifiable as footnotes,
marked with “Comment:”).

This re-edition was prepared by Darij Grinberg. It is unofficial and has been en-
dorsed neither by the authors of the original article nor by Elsevier (its publishers);
its legality derives from the Elsevier Open Archives license as it was formulated in
20137 The article is in copyright (© 1978 Published by Elsevier Inc.

I have tried to reproduce the original paper as faithfully as possibly while correct-
ing errors and making use of the possibilities of contemporary LaTeX typography
(e.g., numbering theorems, finishing proofs with [J signs). Nevertheless, errors and
unintended discrepancies are likely to have happened. Please let me know if you
find anything wrong!ﬁ

1. Introduction

Since its emergence in the middle of the last century, invariant theory has oscil-
lated between two clearly distinguishable poles. The first, and the one that was
later to survive the temporary “death” of the field, is geometry. Invariants were
identified with the invariants of surfaces. Their study, the aim of which was to give
information about the solution of systems of polynomial equations, was to lead to
the rise of commutative algebra. From this standpoint, projective invariants were
eventually seen as poor relations of the richer algebraic invariants.

A casualty of this trend was the study of the projective generation of surfaces,
a problem which was condemned by Cremona as “too difficult,” and which has
never quite recovered from the blow, despite the recent excitement over finite fields.
In contrast, other heretical schools survived the Fata Morgana of algebra with the
promise, not always fulfilled, that sooner or later they would be brought back into
the commutative fold. Thus, the genial computations of the high school teacher
Hermann Schubert were proclaimed a “problem” by Hilbert, who was articulating
the general feeling at the time that enumerative geometry required a justification
in terms of the dominant concepts of the day, namely, rings and fields.

Similarly, the mystical vision of Hermann Grassmann, another high school teacher,
was only appreciated by other oddballs like Peano, Study, and several inevitable
English gentleman-mathematicians. It took the advocacy of someone of the stature
of Elie Cartan to get Grassmann’s techniques accepted by a public by then avid
for simplications, but reluctant to acknowledge embarrassing oversights; and then,
only at the cost of putting them to a use for which they were not intended, though
magically suited. The recognition that anti-commutativity is a sibling, with an
equally noble genealogy, of commutativity is only now beginning, under the prod-

2 All corrections I have made are identified in footnotes, marked with “Correction:”.

3See https://web-beta.archive.org/web/20131022235944 /http://www.elsevier.com/about/
open-access/oa-and-elsevier/oa-license-policy for an archived version of this license on
Elsevier’s website.

“My email address is darijgrinberg@gmail . com .
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ding of the particle physicists, who with exquisite salesmanship have proclaimed
it a law of nature.

The second pole of invariant theory was algorithmic. To be sure, all invariant
theory is ultimately concerned with one problem. In crude, oversimplified, off-
putting language, this problem is to generalize to tensors the eigenvalue theory of
matrices, and all invariant theorists from Boole to Mumford have been, tacitly or
otherwise, concerned with it. The algorithmic school, however, saw this problem
as one of “explicit computation,” an expression which was to smack of mathemat-
ical bad taste in the 1930s. In a century which prefers existence to construction,
structure to algorithm, algebra to combinatorics, such a school could not thrive,
and it did not, supported as it was more by the English and Italians than by the
Germans and French. There were, however, weightier reasons for this defeat of the
algorithmic school. Their most striking productions, the expansions that go under
the names of Capelli, Clebsch, Gordan, and Young, were hopelessly tethered to
characteristic zero, and seemed to belie the avowed combinatorial ideal of doing
away with all numbers that are not integers, and preferably positive ones at that.
To top it all, Igusa showed that, with the massive machinery of algebraic geome-
try, some of the results of classical invariant theory could be extended to fields of
positive characteristic.

In this environment, the 1974 paper of Doubilet, Rota, and Stein [3], which for
the first time succeeded in extending to arbitrary infinite fields, by constructive
algorithmic methods, the two “fundamental theorems” of invariant theory, could
only appear as an intrusion. To make things worse, the authors” sympathy for the
nineteenth century went as far as to embrace matters of style, thus alienating many
readers in a less romantic century. In 1976, de Concini and Procesi [1] charitably
rewrote parts of that paper and developed some of the suggestions made therein,
thus showing that the authors’ claims were indeed well-founded.

In this paper we give a self-contained combinatorial presentation — the first one,
to be sure — of vector invariant theory over an arbitrary infinite field. We begin
by proving the Straightening Formula, which is probably one of the fundamental
algorithms of multilinear algebra. This formula is the culmination of a trend of
thought that can be traced back to Capelli, and was developed most notably by
Alfred Young and the Scottish invariant theorists. Had it not been for the disrepute
into which algorithmic methods had fallen in the thirties, the full proof of this
formula would have appeared earlier than in 1974, and might have anticipated the
current revival of classical invariant theory.

In comparison with other classical expansions, the straightening formula offers
two advantages. First, it holds over the ring of integers. Second, it recognizes
the crucial role played by the notion of a bitableau in obtaining a characteristic-
free proof of the first fundamental theorem. In fact, we give two proofs of this
result. Both of these proofs are based on new ideas, first presented in 1974. Even
in characteristic zero, either of these proofs differs from any previously given, and
is, in addition, much simpler as it only relies on elementary linear algebra and
some combinatorics. The success of the notion of a bitableau also shows why
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previous attempts to prove the first fundamental theorem by expansion into single
Young tableaux were bound to fail. Strangely, Alfred Young himself was the first
to consider bitableaux in his study of the representations of the octahedral group,
but it did not occur to him that they would be useful in the study of the projective
group.

Less surprisingly, the straightening formula is also used to give a simple proof
of the second fundamental theorem, in a version that has been proved by van der
Waerden in characteristic zero. The present proof shows that the straightening for-
mula is indeed the characteristic-free replacement of the Gordan-Capelli expansion.

The second fundamental theorem has lived in a limbo ever since Weyl’s fumbling
justification in “The Classical Groups” [4]. Some invariant theorists have taken the
easy way out and claimed it as a result in algebraic geometry, stating certain facts
about the coordinate rings of Grassmannians or flag manifolds. We believe on the
contrary that the second fundamental theorem plays a crucial role in invariant the-
ory which can perhaps be best understood by analogy with the predicate calculus.
Here, two aspects have long been recognized as complementary: a syntactical as-
pect, where the subject is presented as a purely algebraic system subject to formal
rules; and a semantical aspect, where the possible set-theoretic interpretations, or
models, are classified. These two aspects are connected by the Godel completeness
theorem.

A corresponding situation obtains in invariant theory. Here, what we call the
letter place algebra is the syntactic counterpart to the semantics of representing
abstract brackets by actual inner products of vectors and covectors in a vector space.
The second fundamental theorem is the invariant-theoretic analog of the Godel
completeness theorem. This suggests a host of questions on invariants which can
be gleaned from analogous questions in the predicate calculus.

Other applications of the straightening formula, some of which were adumbrated
in 1974, will be given elsewhere. We mention, as examples, a characteristic-free
theory of symmetric functions, the study of polynomial identities in an associative
algebra, the classification of transvectants, and connections with the algebra of
second quantization. The present work is merely the first in what is hoped to be a
far-reaching extension of the research program of projective invariant theory.

2. Young Tableaux

The fundamental combinatorial notion in this study is that of a Young tableau. Let
(A) = (A1,...,Ap) be a partition of the integer n: that is, (A) is a finite sequence of
positive integers such that

M+ +A,=n

and
A 2> 2 Ap >0,
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If (A) is a partition of n, then| its shape, also denoted by (1), is the set of integer
points (i, —j) in the plane, with 1 < j < pand 1 < i < A;. The shape (1) =
(A1,...,As) is said to be longer than the shape () = (p1,...,pt) if, considered as
a finite sequence, (A) is greater than (i) in the lexicographic order from left to
right. Here, the definition of the lexicographic order is subject to the following
caveatﬁ If a finite sequence (A1, Ay, ...,As) is a proper prefix of a finite sequence
(M1, 2, .., ut) (that is, we have t > s and (pq, p, ..., ts) = (A1, A2, ..., Ag)), then
(A) is understood to be greater than (y) (not smaller than (i) as with the usual
definition of lexicographic order)ﬂ Thus, for example, (3,1) is longer (i.e., greater)
than (3,1, 2).

A Young tableau oﬂ the shape (A) with values in the set E is an assignment of
an element of E to each point in the shape (A). For example, T; and T, are Young
tableaux of shape (1) = (5,4,2,2,1,1) with values in the integers{|

4 47 8
35

g
I
= NN /= W
N~ DNDN
53
I
W INNN P

[M1f p and q are two integers, then the cell (p,q) shall mean the point (g, —p) in
the plane. Thus, if (A) = (A1, A2,...,Ay) is a partition, then the shape of (1) is the
set of all cells (p,q) with1 < p < fand 1 < g < Aj,. These cells are called the cells
of (A).

Recall that a Young tableau of shape (A) with values in E is an assignment of
an element of E to each point in the shape (A); in other words, a Young tableau of
shape (A) with values in E is an assignment of an element of E to each cell of (1).

SCorrection: Added “then” to make the sentence unambiguous.
6Correction: Added this caveat. Without it, for example, the Second Fundamental Theorem of
Invariant Theory (as stated in this paper) would be false, because the partition (d,1) would be
strictly longer than (d).
"Thus, the lexicographic order is defined as follows:
A finite sequence (A1, Ay, ..., As) is greater than a finite sequence (1, Hy, ..., 4t) in the lexico-
graphic order if and only if one of the following two statements holds:

e Thereexistsak € {1,2,...,min {s,t}} such that Ay > p buteachi € {1,2,...,k — 1} satisfies
Ai = .
e We have t > sand eachi € {1,2,...,s} satisfies A; = ;.

8Comment: If this sounds counterintuitive to you, think of the word “longer” as referring to the
horizontal length of the partition’s Young diagram (not the length of the partition as a list of
numbers).

9Correction: Replaced “on” by “of”.

10Correction: 1 have corrected these two tableaux. The original versions were their transposes, and
they would fail the claim that T is standard.

1 Correction: This paragraph and the next two have been added by me.
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If R is any tableau, and if p and g are two positive integers such that the cell (p, q)
(that is, the point (g, —p)) belongs to (A), then we let R (p,q) denote the element
of U assigned to this cell (p,q). This element R (p,q) is called the entry of R in cell
(p,q). For a given p > 1, the p-th row of the tableau R consists of the entries of R in
all cells of the form (p,q) with g > 1 (arranged in the order of increasing g). For a
given q > 1, the g-th column of the tableau R consists of the entries of R in all cells
of the form (p,q) with p > 1 (arranged in the order of increasing p). For example,
the 2-nd row of the above tableau T; is 1235, whereas its 3-rd column is 43.

In this paper, E is always a totally ordered set. A Young tableau is said to be
standard if the entries in each row are increasing!| from left to right, and the entries
in each column are nondecreasing downward'” In our previous example, T; is
standard but T is not. This definition, though unconventional, is the natural one
for dealing with bitableaux (which are introduced in the sequel).

A word on notation: &, denotes the symmetric group on p symbols, and for a
permutation ¢ € &y, its signature is denoted sgn ().

3. The Straightening Formula

Let X = {x1,...,x,} and U = {uy, ..., ur} be two alphabets, and let P be the alge-
bra of polynomials over the field K in the indeterminates (x; | u;); this K—algebr

P is called the letter place algebra. Suppose (xl-l, Ceey xip> and (u,'l, ey ul-p) are two fi-
nite sequences with the same length of letters from & and ¢/. Their inner producﬁ
<x1~1 cexg, | g u]-p> is the polynomial in P defined by

(xli X ‘ Ujp - ujﬂ) - Z sgh (U) (xi‘ﬂ ’ uh) o (xi”p ’ uj”) '

12Comment: The word “increasing” means “strictly increasing” throughout this paper.

13Comment: This notion of “standard” is not the one commonly used nowadays in combinatorics
(although it seems to have had some popularity in invariant theory). What is called a “standard
Young tableau” in this paper would probably be called “cosemistandard Young tableau” or
“transpose semistandard Young tableau” (indeed, it is a Young tableau whose transpose is semi-
standard, in today’s language). The currently popular use of the word “standard” is different:
It stands for a Young tableau T with the following properties:

e The entries of T are 1,2,...,n (for a fixed n € IN).
o The entries of T are pairwise distinct.
o The entries in each row of T are increasing from left to right.

o The entries in each column of T are increasing downward.

4 Correction: Added the words “this K-algebra”.

15 jon: ioi Ay ox Cow )7 “la o x TP
Correction: The original wrote (x,l Xj, | Uj, -, U p) instead of (xl1 Xi, | uj, u]p) .1
have removed the commas, since they seem to be unintentional.
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The inner product is an antisymmetric function in x; and irﬁ U m Thus, we
may suppose, up to a change in sign, that in any inner product, the indices of x
and u are increasing. Moreover, an inner product is nonzero if and only if no letter
is repeated.

We define a total order on the set I/ by setting 17 < up < --- < uy. Similarly, we
define a total order on the set X by setting x; < x, < --- < x;,. Thus, a tableau
with entries from X or from ¢/ may be standardﬁ

The content of a monomial in P is the pair of vectors

(a,B) = ((a1,-- - an), (B1,---,BK))

where a; (resp. B:) is the total degree of the factors in the monomial of the form
(xs|uj), 1 <j < k(resp. (xi|ur), 1 <i < n). The monomialﬂ of content
(a, B) generatd”|a subspace of P, denoted by P («, ). The elements of P («, B) are
homogeneous polynomials, in which each monomial has the same content; we say
that a polynomial in P («, ) has content (a,p). It is clear that the product of a
polynomial of content («, §) an a polynomial of content (', ') is a polynomial

of content (« + o/, B+ B’). For example, the inner product (xil x| g ujp)

has content («, B) where a; (resp. f;) is 1 if x; is in the sequence x;, ..., x;, (resp. u;
is in the sequence Uj ooy u]'p) and 0 otherwise.

16Comment: 1 have added this “in” in order to stress that it is antisymmetric in the p variables
i1,i3,...,1p and in the p variables ji,ja,...,jp separately, but not in all the 2p variables taken
together.

17Comment: Explicitly, this is saying the following:

o If two of the numbers iy, iy, .. ., iy are equal, then (xil X, | Uj - u]'p> = 0. The same holds
if two of the numbers jy, jp, ..., jp are equal.

o If we interchange two of the numbers iy,i,...,ip, then the inner product
(x,-l X, | uj, - -ujp) gets multiplied by —1. The same happens if we interchange
two of the numbers jy, 2, .. ., jp-

Both of these properties follow from the fact that

(i ooy Loy, ) = % sgn (o) (v, L)+ (i 0 )

7eES)

(xil | uh) e (xil | ujp)

(xip | ufl) (xip | ”fp)
(and from the antisymmetry of the determinant).

18Correction: 1 added these three sentences to clarify the definition of a “standard” tableau with
entries in X or U.

9Correction: Replaced “monomial” by “monomials” here.

2 Correction: Replaced “generates” by “generate” here.
2 Correction: Removed a misleading comma before this “and”.
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A bitableau is a pair [T, T'] of Young tableaux of the same shape (A), where the
tableau T has entries from X" and the tableau T’ has entries from U. The content of
the bitableau [T, T'] is the pair of vectors (a, B) where a; (resp. B;) is the number
of occurrences of x; in T (resp. u; in T'). With a bitableau [T, T'] of content («, ),
we associate the polynomial, denoted by (T | T'), obtained by taking the product
of the inner products of each row of T with the corresponding row in T’. The
polynomial (T | T), which is in P («, B), is called the bideterminant of the bitableau
[T, T'], or simply, the bideterminant (T | T").

Example 3.1.
X1 X2 X3 Uy Uz Uy

Xy X3 Uy U = (x1x0x3 | ugusuy) (xpx3 | uqun) (x1 | us).
X1 Us

As for inner products, the bideterminant (T | T") is nonzero if and only if no
letter is repeated in any row of T or T’. Moreover, we can suppose, up to a change
of sign, that the entries in each row of T and T’ in the bideterminant are increasing.

A bitableau [T, T’] is standard if both T and T’ are standard. For example, the
bitableau

X1 X2 X3 Uy Uz Uy
X1 X3 , U1 U3
X2 us

is standard.
We can now state the main result of this section

Theorem 3.2 (the straightening formula). Suppose [T, T’] is a bitableau of shape
(A) and content (a, B). Then, its bideterminant (T | T’) is a linear combination,
with integer coefficients, of bideterminants of standard bitableaux of the same
content and of the same or longer shap

22Correction: In the following theorem and also in the Corollary that follows it, I have replaced
“standard tableaux” by “standard bitableaux”.
23Comment: Here is a less ambiguous way to state this: Its bideterminant (T | T’) can be written in

the form (T | T') = ¥ «; (S]- | S}), where ] is a finite set, each «; is an integer, and each [S]-, S]’}
i€l

is a bitableau having the same content as [T, T'] and with the following property: The shape of
[S]-, SJ/} is longer or equal to the shape of [T, T']. (The shape of a bitableau [T, T'] is defined to be
the shape of the tableau T (or, equivalently, the shape of the tableau T").)

In general, we often speak of the “shape” or the “content” of a bideterminant, when meaning

the shape or the content of the underlying bitableau. For example, a bideterminant of shape (A)
and content («, B) means a bideterminant of a bitableau of shape (A) and content («, ).
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Example 3.3.
X2 U\ _ (X1 up \
(ala)=(R]a) (e tmm.

Corollary 3.4. The vector space P («,8) is generated by the bideterminants of
standard bitableaux of content («, ).

Proof of Corollary We only need to observe that the monomial (x;, | uj,) - - - (xip | ujp>
is the bideterminant of the bitableau:

Xiy uj

Yip,  Uj,

]

To facilitate the proof of Theorem we introduce the notion of a shuffle product.
Let

(it g1y, l,)

be an increasing sequence of integers, and
A = <x11 DY xlpxlp+1 DT xls | u]l o .. u]5> ,
B = (xll e xququrl [N xlt ‘ uml . .. umt>

be two inner products. The shuffle product AB supported by the variables xi,, . .., Xj,, X1, ..., X|
is defined by

<x11 Y xszlp+l Y xls | u]l Y u]s> <xll Y xqulq+1 Y xlf | uml Y umt)

/
=) sgn (o)
g
<x0'i1 PP x(n-pxierl . e xis ’ u]-l . e ujs) <x0'll P xO’qulq+1 P xlt ‘ uml . e umt) ,

where the summation is over all permutations ¢ of the set {il, ey dp, L,..., lq} for
which ¢i; < .-+ < iy and 0y < --- < 0l;. This restricted summation is indicated
by the notation Y. Another notational device is: A dot over a letter indicates that
the letter is in the support of the shuffle producﬁ The notion of a shuffle product
supported by letters in I/ is similar.

24Comment: We say that a letter is “in the support” of the shuffle product if this letter is one of the
variables on which the shuffle product is supported.
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Example 3.5. The shuffle product (x1xpx3 | u) (x3x4x1 | u’) supported by xq, x7
in the first term and x3, x4 in the second is given by

(%1323 | u) (3427 | 1)

= (x1x0x3 | u) (x3x427 | u') — (x10323 | ) (xpx4x1 | 1)
+ (x1204x3 | w) (xpx3x7 | 1) + (223373 | w) (x104%7 | @)
— (xpx4x3 | u) (x1x3%7 | u) 4+ (230403 | @) (x1200%7 [ ')

Only two of the terms in the expansion are nonzero, and after an appropriate
reordering, we have

(X1XQX3 | u) (X1X3X4 | u’)
= (X1X2X3 | u) (X1X3X4 | u/) — (X1X3X4 | u) (x1x2x3 | u') .

Now, observe that, by definition,

(xi1 | uh) <xi1 | ujp)
(xil ...xip ”h ...u]-p) = . (1)
(xip | uh) (xip | ”jp)
We can expand the determinant by the first column to obtain the identity
(xi1 X R ujp) - (xil | uh) (xiz e X, | gy - ufp) : (2)
Similarly, using Laplace’s expansion, we see that each s € {0,1,..., p} satisfies
(xz'l"'xip | uj, "”jp) = (%, - % [y o) (xz‘s+1"'xip | ”J's+1"'”jp>

EL These two identities are examples of the fact that, under certain assumptions,

25Comment: This latter formula will be referred to as “Laplace’s identity” further on in this paper. It

follows from the following apocryphal property of determinants (sometimes known as “Laplace
expansion in the first s columns”):

Laplace expansion in the first s columns. Given p € N and s € {0,1,...,p} and a p X p-

matrix A = <ai'j>1<i<p 1<j<,y We have
ana 0 Aols Ao(s4+1),s+1 " Ao(s+1),p
Al = )3 sgn (0) : : : ®)
ceES,;
01<(72<-f7-<as; dos1 -+ loss Agp,s+1 e Aop,p

o(s+1)<o(s+2)<---<op
Let me outline two proofs of (3):

o First proof: Argue that the right hand side of (3) is an alternating multilinear function in the
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the shuffle product of two inner products is equal to an inner product of length

rows of A (the alternating property follows from showing that the right hand side vanishes
whenever two consecutive rows of A are equal) that takes the value 1 when A = I,. But it is
well-known that the only such function is | A|.

e Second proof: For any permutations &« € &5 and B € &, we define a permutationa © € &,
as the map

, a (i), ifi <s;
1,2,...,pt —41,2,...,p}, i . ] .
{ ph = P} {[S(z—s)—f—s, ifi >s
Notice that the map &5 x &, s — &, (¢,8) — a D B is a group homomorphism. Now,
it is not hard to show that each permutation T € &, can be uniquely written in the form
T = 0o (a® B), where 0 is a permutation in &, satisfying 0l < 02 < --- <csando (s +1) <
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o(s+2) <--- <op,and where a € &s and € &,_;. Thus,

p
> sgn(7) [ Jaxii
i=1

TES)
P
— Y Y., ) sgn(oo(a®p)) [ Ta@o@ap))i
cES); REGS EG) s T i=1
rl<o2<---<0s; =sgn(c) sgn(adp) —
o(s+1)<c(s+2)<--<op :<ﬁ ”(ao(aﬂﬁﬁ))i,i)( it u(m(ﬂ%))ii)
i=1 i=s+1
s P
= Y Yo ) sgn(@)sgn(@®B) | ] 2cowep))i I A(go(acp))ii
TEG; nES BEG,_s | =l Y—— i=s+1 —
01<02< - <0s; =sgn(a) sgn(p) =ly(ai),i =0g((i—s)+s),i
o(s+1)<o(s+2)<---<op (since (a®p)i=ai) (since (a®B)i=PB(i—s)+s)
s P
= )3 Y. ). sgn(o)sgn(a)sgn(p) ( ﬂa(ai),i> < IT ﬂa(ﬁ(i—s)+s),z‘>
ceES; aE€S; BES, 5 i=1 i=s+1
rl<o2<---<0s;
o(s+1)<o(s+2)<---<op p—s

= iljl A (B(i)+s),i+s

(here, we have substituted i+s
for i in the sum)

s p—s
= ) Y. ). sgn(o)sgn(a)sgn(p) (Haa(m‘),i> ( ﬂa(ﬁ(z‘)+s),z‘+s>
7EGy; WES, BEG, i=1 i=1

rl<o2<---<0s;
o(s+1)<o(s+2)<---<op

s p—s
= Z sgn (U) ( Z sgn () H aU’((Xi),i) Z sgn (,B) H A (B(i)+s),i+s

TeES); a€G; i=1 BEG,—s i=1

rl<o2<---<0s;
o(s+1)<o(s+2)<---<op

a ... a -
ol,1 ol,s aO’(S-‘rl),S-i—l a(T(S-‘rl),p
agsll ot lgss a(rp,s-i—l RN aﬂp,p
ana 0 Aol Ag(s41),s+1 " Ao(s+1),p
= )y sgn (0) : : :
eSSy,
orl<o2<---<0s; Aos Ags,s Agp,s+1 Agp,p

o(s+1)<o(s+2)<---<op

Since the left hand side of this equality is precisely |A| (by the definition of |A]), this rewrites

as
g1,1 - Aols Ao(s+1)s+1 " Ao(s+1)p
Al = Y. sgn (o) : . . .
cES); . o
rl<o2<---<0s; Ags1 Aos,s Agp,s+1 Aop,p

o(s+1)<o(s+2)<---<op

This proves (3).
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greater than that of each of the two original inner products@

Lemma 3.6. Let <x1~1 XX X RUTEEE ”js> and

<xl1 XXX | Uy - - umt) be two inner products satisfying:

<. <ip<hh <0<y,

]'1 < e <& js/
my < .- < my,
s<p+yq, and t<p+q.
Then the shuffle product

C = (xll o .. xlpxlp+1 DR xls | u]l DR u]s) (xll o e xqulq+1 o .. xlt | uml .« o umt>

is a linear combination, with integer coefficients, of bideterminants of bitableaux
of shape strictly longer than each of the partitions (s) and (¢) of the integers s
and t.

Proof of Lemma The proof is a computation with four steps. First, expand the
shuffle product C:

/
C=) 'sgn(o)
g
(xo'll ... xo'lpxlp+1 .« o xls ‘ u]l .« o u]s> (xo_ll .« .. xg_qulq+1 .« .. xlt uml .. umt) .
Now apply Laplace’s identity to the letters in U;
/ . . . .
C =Y "sgn(0) (xm.l Xy | L, ..u].p) (xl.’m x|, ..ujs)
g
. (xUll e xO’lq | ﬁml .. ﬁmq) <x1q+1 e xlf | ﬁquA .. ﬁmt) .

To distinguish between the two shuffle products, a bar instead of a dot is used in
the second. We next group together the first and third factor:

C= Y "sgn (@) sgn(v)sgn (1) [ (o - Xoi, |ty <t ) (Yot = oty | tyom, =+~ thm, ) |

g, T,u

. <x1p+1 .« . xls | uT]p+1 “ .. uTj5> <xlq+1 “ .. xlt | u]/lmq+1 PP u]/”ﬂf) .

26 ion: o s X e o ) U s X e o )
Correction: Replaced (xl1 Xy Xiyyq o Xiy | Ujy oo ]S) by (le XiyXiyyq o Xig | Ujy oo U ]S)
in the following lemma.
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Finally, we apply Laplace’s identity, this time on the letters x;, ..., Xiys XLys oo o X1°

/
C=) sgn(t)sgn(p) <Xi1 X, Xy X | gy U, Uy uqu>
T,“I/l

. <xip+1 e xis | uij+1 e uT].S> <x1q+1 oo xlt | u‘umq+1 oo u‘umt> A

Each term in this last expansion for C is a bideterminant with three rowﬂ with
the first row of length p + g > s,t. This concludes the proof of the lemma. O

Since the summation in the shuffle product always includes the identity permu-
tation, we can restate the previous lemma in the following equivalent form

Lemma 3.7. Let (xz-1 XX X | uj, - ”js) and

<xl1 S XX X | Uy - - umt> be two inner products satisfying

<o <ip<lp<--- <y,

j1<"'<js/
my < ---<my,
s<p+tyq, and t<p+gqg.

Then,

(xil...xis | ujl...ujs) (xll...xlt uml...umt)
/
—— Y 'sgn(0) (xm.l e X | g ..u].5>
o,
o#id
(x(fll T xUqulq+1 e xlt | uml Tt Mmt)
+ D/
where the summation is over all the nonidentical permutations o of
{ir,...,ip,h,..., 1y} satisfying ¢iy < --- < ¢ip and 0y < --- < 0l;, and the

term D is a linear combination with integer coefficients of bideterminants of
bitableaux of shape strictly longer than (s) and (¢).

Remarking that all we have done remains valid if we exchange the roles of the
alphabets X and U, we are now ready to prove Theorem

Proof of Theorem We begin by defining a total order on bitableaux of the same
shape. Let [T, T'] be a bitableau of shape™|(A) = (A4,...,A,). Theentry in T (resp.

2’ Comment: Some of these rows can be empty. (This happens when p = s or g = t.)
B Correction: Added “of {iy, ..., ip,11,...,13}” in the following lemma.
2 Correction: Replaced “form” by “shape”.
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T') on row s and column ¢ is denoted by Xi(s,) (resp. uj(sp))- With the bitableau
[T, T’], we associate the sequence

((L,1),... i (LA, i(21),...,i(2A), ..., i(p 1), i (P A,
T, (LA, 21) e (2A2), s (1) s (PAY))

which is the sequence obtained by reading off the bitableau row by row@ The
bitableaux are now ordered according to the lexicographic order on their associated
sequences.

Fix a pair of vectors (&, B), and consider from now on solely the bitableaux of con-
tent («, ). Now, suppose the theorem is false for at least one of these bitableaux
Let (A) be the longest shape with a bitableau of content («,8) not satisfying the
theoremP Among the bitableaux of shape (1) and content («, 8), let [T, T'] be the
smallest bitableau not satisfying the theorem:

Sy o X My o i)
[T, T'] = : : ;o :
Yip1) T Yi(pay) Hitp1) = Hi(pay)

Suppose that [Ty, Tj] is obtained from [T, T’] by putting each row in increasing
order. Then, [Tj, T{] has a lexicographically smaller associated sequence than [T, T’
(unless [Ty, T{] = [T, T']) But (Ty | T{) = £ (T | T'), and hence, if [T, T'] is
a counterexample, so is [Ty, Tj]. We conclude that all the rows in [T, T’] are in
increasing order.

Clearly, [T, T'] is not standard; let us suppose that T is nonstandard. Then,
there exist integers I and m, wit}ﬁ 1 <1 <yp and@ 1 < m < Ajyq, such that
i(l,m)>i(l+1,m). Thatis, we have the following situation

Xiry 0 Xi(lm—1) Xi(1,m) Xi(lm+1) T Xi(1,Ap)
Xi(l+1,0) 0 Xig+1,m=1)  Xi(+1,m) Xi(+1,m+1) 0 Xi(l41,A)
We call such a situation a violation.

In the bideterminant (T | T’), consider the shuffle product of the two inner prod-
ucts corresponding to rows [ and [ 4 1, which support the letters

30Comment: ... where we first read the tableau T and then the tableau T’.

31Correction: 1 have added the preceding two sentences (replacing “Now, suppose the theorem is
false.”) and also added the words “of content (&, 8)” in the next two sentences. Otherwise, the
following sentence would not make sense (there might not be a “longest shape”).

32Comment: This is well-defined, because there are only finitely many shapes that afford bitableaux
of content (&, §), and at least one of these bitableaux fails to satisfy the theorem.

3 Correction: 1 have added the preceding parenthetical.

34Correction: Added the word “with”. Also, replaced “1 < m < A;” by “1 <m < Aj4”.

% Correction: Replaced the ambiguous comma by an “and”.

36Correction: Fixed the size of the parentheses in the table below, and removed an unnecessary
comma.
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Xi(141,1) - - - » Xi(141,m)r Xi(1,m)s - - - » Xi(1,1,)- Since the support contains A; 41 letters, and
the length of each of the inner products is at most A;, we can apply Lemma 3.7| to

obtain /
(T|T)=-) =+(T,|T)+D, (4)

g,
o#id

3 Correction: Replaced “the lemma” by “Lemma ’.




Invariant Theory, Young Bitableaux, and Combinatorics page 17

where D is a linear combination of bideterminants of shape greateﬂ than (A). @

38Comment: Here and in the following, “greater” means “strictly longer”.
3 Comment: Let us explain why this holds.
Foreachk € {1,2,...,p}, let

re = (xi(k,l) S Xigea) | Wiy uj(k,/\k)> :

Then, (T | T') = ryry - - - 1 (by the definition of the bideterminant (T | T”)).
Now, consider the inner products

41 = (xi(l+1,l) X L,m =) Xi (1 1L,m) X4 ,mA1) T X (14 1,A ) | Ujr+1,1) " ”j(l+l,/\,+1))

and

r = (xi(z,l) S X)X (L) Xi(Lm+1) X)) | #iaa) ”J‘(W))
= (xi(l,m)xi(l,m+1) XA X)) Xi(lm—1) | Uiy~ uj(l,/\,)) .
These two inner products satisfy
il+L1) <---<i(l+1,m)<i(l,m)<---<i(l,A)

(since i (I,m) > i(l+1,m) and since the rows of T are increasing) and j(I+1,1) < --- <
jl+1,A41)and j(1,1) <--- <j(l,A) and Ajyq < Aj+1and A; < A; + 1. Hence, Lemma [3.7]
can be applied to these two inner products, showing that

T

/
=— ) sgn(o) (xai(1+1,1) S X Lm) X4 Lma 1) T XLy | W) ”j(l+1,)\1+1))
7,
o#id
(x(ri(l,m)xai(l,m+1) O Xei(LA)Xi1)  Xi(lm=1) | Uiy - '”j(l,)»;))
+D, ©)
where the summation is over all the nonidentical permutations o of
{i(1+1,1),...,i(l+1,m),i(l,m),...,i(I,A;)} satisfying i (I +1,1) < --- < gi (I +1,m) and
oi(l,m) < --- < 0i(l,A;), and the term D’ is a linear combination with integer coefficients of

bideterminants of bitableaux of shape strictly longer than (A;) and (A;41).
Now, multiplying the equality (5) by (r172---7;_1) (ri42r143 - - - 7p), We obtain

ripars (rra -+ ri2y) (rgaries - 1p)

!
=— ), sgn(o) (xm‘(z+1,1) S X Lm) i Lm1) T X4 1A ) | i) uj(lJrl,/\lH))
ag,
o#id
(xai(l,m)xai(l,m+l) o Xei(LA)Xi(11)  Xi(m—1) | Uja) - '”j(l,A,))
(r1r2--12q) (rigaris - 1p)
!/
+ D' (rirp -+ 1121) (rgarigs - 1p) -
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Since r17; (r1r2 -+ - 11-1) (Fiqatigs - - tp) =11t -+ -1y = (T | T'), this rewrites as
(T1T)
/!
=— ), sgn(o) (xm‘(lJrl,l) X1 Lm) X4 Lma1) T X1 | Biaa1) ”j(l+l,)\1+1))
7,
o#id
(xai(l,m)xai(l,m+l) C Xei(LA)Xi(1)  Xi(lm-1) | Uy - '”j(l,Al))
(rirp---1121) (7’1+2rl+3 o 'rp)
!/
+ D' (riry - 1121) (rigarigs - 1p) -

Thus, in order to prove (@), we need to verify the following two claims:

Claim 1: Let o be a nonidentical permutation of
{i(l+1,1),...,i(l+1,m),i(l,m),...,i(I,A)} satisfying ci(I+1,1) < -+ <
ci(l+1,m)and oi(l,m) < --- < ci(l,A;). Then,

(xm(l+1,1) © Xei(41,m) Xi(141,m41)  Xi(141,A04) | Uja+11) " uj(l+1,/\,+1)>

(xtri(l,m)xai(l,m+1) XA X)) Xi(Lm=1) | Uiy '”j(l,/\l))

(rira---11-1) (Vl+zrl+3 - 'rp)

==+ (T, | T')
for some tableau T, which differs from T only in rows [ and [ + 1, and whose rows [
and [ 41 are
Xi(11) o Xi(Lm=1) Xoi(1,m) Xei(lm+1) T Xoi(LA)
Xoi(14+1,1)  * Xei(l+1,m-1)  Xei(4+1m)  Xi(+1m+1) 0 Xi(l41A)

Claim 2: Let [S, S'] be a bitableau of shape strictly longer than (A;) and (A;;1). Then,
(5 | 5,) (rira2 -+ -111) (Vl+2rl+3 T rp)
is a bideterminant of shape greater than (A).

[Proof of Claim 1: Let T, be the tableau which differs from T only in rows [ and / + 1, and
whose rows [ and [ + 1 are

Xi(1,1) o Xi(lLm=1) Xoi(l,m) Xei(lm+1) " Xoi(LA)
Xoi(l+1,1) " Xei(l4+1,m=1)  Xei(l+1,m)  Xi(l+1,m+1)  ° Xi(l+1,A14)
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Then,
(To | T')
= (rry---r_1)
: (xi(l,l) O Xi(m=1) Xei(Lm) Xoi(lm+1) " Xei(LA) | Uiy 'uj(l,Al))
: (xai(l+1,1) C Xei (1 1m) Xi(l4+1,m+1) T Xi(I+1LAp ) | Ujr41,0) - '”j(l+1,/\l+1)>
T2ty 1p)
= (Xoig411) " Xoia1,m) i+ 1m+1) " Xia1A,) | Hia+11) WA,
+ ) ] +
(xi(l,l) O Xilm =) Xai(L,m) Xai(Lm+1) * 7 Xai(l,A) | Ujay - ”j(l,Al))
=+ (xvi(l,nt)xai([,;n+1) “Xai(1,ay) X)Xl m=1) \Hj(z,l) "'uj(l,/\l)>
(by the antisymmetry of the inner product)
(rira -+ 1121) (7’1+27’l+3 e 'Tp)
=% (xai(l+1,1) © Xoi (14 1,m) Xi(l+1,mA+1) XA ) | Ujr+1,1) " ”j(l+1,/\1+1))
(xai(l,m)xm'(l,erl) o Xei(LA)Xi(L) C Xi(m—1) | Uiy - uj(l,)\l))
(rir2 -+ 1mio1) (r14ariga - 1p) -
Therefore,

(xm'(z+1,1) © Xgi(l41,m) Xi(4HLmA1) T X4 1,A ) | Uja+1,1) ”j(l+1,/\;+1))
(xai(l,m)xai(l,m+1) s Xei(LA)Xi(1)  Xi(lm-1) | Uiy - '”j(l,/\,))

(rir2 -+ 71121) (71+2Vl+3 e '7;7)
=4+ (Ta | T’) .

This proves Claim 1.]

[Proof of Claim 2: A composition shall mean a finite sequence of positive integers. Note that
each partition is a composition, but not each composition is a partition. If () is a composition,
then the notion of the “shape of (u)” is defined in the same way as it has been defined when u
is a partition. If () is a composition, then an almost-tableau of shape (1) with values in the set E
means an assignment of an element of E to each point in the shape (y).

Define a Young tableau T by the following procedure:

o Step 1: Let T, be the Young tableau T.

e Step 2: Replace the I-th and the (I 4 1)-st rows of the tableau T, by the rows of S. (Notice
that S may have fewer or more than 2 rows; thus, the number of rows of T, is not necessarily
preserved in this step. Also, the resulting array T, is an almost-tableau, but not necessarily
a Young tableau, because the lengths of its rows might no longer be in weakly decreasing
order.)

e Step 3: Permute the rows of the almost-tableau T, in such a way that their lengths become
weakly decreasing (i.e., it becomes a Young tableau once again). Denote the resulting Young

tableau T, by T.
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By our choice of (1), the polynomia]@ D is also a linear combination of bidetermi-
nants of standard tableaux of shape greater than (7).
Now, each tableau T, differs from T only in rows [ and [ + 1, which in T, are@

X,y o Xi(Lm—1) Xoi(lm) — Xei(lm+1) " Xai(L,A))
Xoi(l+1,0) °° Xoi(l+1,m—1) Xei(l+1,m)  Xi(l+1m4+1) " Xi(l+1,A44)

In the tableau T, however, we have the inequalities

i(lLbm) <i(lm+1)<---<i(l,A)
%
il+11) < - <i(l+1,m—-1) <i(l+1,m)

For any nonidentical permutation ¢ in the shuffle product, the index ci (I, m
must equal one of the indices i (I +1,1),...,i (I +1,m); in particular, we havq%
oi(I,m) < i(l,m). Thus, the tableau T, has a lexicographically smaller associated
sequence than T. By our choice of [T, T’], however, this shows thaﬁ each of the
bitableauxﬁ [T, T'] satisfies the theorem, and hence, by substitution, we can write

Similarly, define a Young tableau T (using the tableaux T’ and S’ instead of T and S); in doing
so, make sure to permute the rows in the same way as during the construction of T.

The resulting bitableau {T, T! } has the bideterminant

(T | f’) = (S|8') (rr2---11-1) (risarigs -~ - 1p)

(because its rows are precisely the rows of the bitableau [T, T’] except for its I-th and (I +1)-st
rows, which have been replaced by the rows of the bitableau [S, 5']).

Now, we shall show that the shape of T is greater than (A).

Indeed, the bitableau [S, '] has shape strictly longer than (A;). In other words, the tableau
S has shape strictly longer than (A;). Thus, the first row of S has length > A;. Thus, in Step 2
of our procedure by which we defined T, the shape of the almost-tableau T, has increased in
lexicographic order (because the I-th row, which used to have length A;, now has length > A;,
while the rows above it have preserved their lengths). Furthermore, in Step 3 of the procedure,
the shape of T, has either stayed unchanged or increased in lexicographic order (because when
we sort a list of numbers in weakly decreasing order, this list either stays unchanged or increases
in lexicographic order). Thus, throughout the procedure, the shape of T, has increased in lex-
icographic order. Therefore, the shape of the tableau obtained at the end of the procedure is
greater than the shape of the tableau at its beginning. In other words, the shape of T is greater
than the shape of T (because the tableau obtained at the end of the procedure is T, while the
tableau at its beginning is T). In other words, the shape of T is greater than (A) (since the shape

of T is (A)). Hence, (T | T/ ) is a bideterminant of shape greater than (A).

Because of (T | 'f’) = (S|8)(rra---7r-1) (1427143 - -1p), this rewrites as follows:

(S|8") (rira- - 11-1) (14271453 - - - 1p) is a bideterminant of shape greater than (A). This proves
Claim 2.]

40Correction: Added the words “the polynomial” in order to separate expressions.

4L Correction: Added the words “which in T, are”.

42Correction: Added “we have” and replaced comma by semicolon for disambiguation.

43 Correction: Added the words “this shows that” for clarity.

4 Correction: Replaced “tableaux” by “bitableaux”.
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(T | T') as a sum of bideterminants of standard bitableau@ of shape equal to or
longer than (A). This contradicts our initial assumption.

It remains to observe that if T were standard, then T’ would have to be nonstan-
dard; the same reasoning can then be applied to T’ to yield a contradiction. This
concludes the proof of the theorem. O

The proof contains implicitly an algorithm for expressing any bitableau as a lin-
ear combination of standard bitableau by successive corrections of violations.
This is inefficient for practical computations, as the number of bitableaux intro-
duced during a correction is, in general, very large.

As an exercise, apply the algorithm to obtain the following identity (only the
subscripts are shown):

23|12 13|12 12|12

14|13 |=124|13]|—-(24]13

2 1 2 1 3 1
12|12 123|123
+1 23|13 ]|—-12 1
4 1 4 1

4. The Basis Theorem

As we have seen, the standard bideterminants (i.e., the bideterminants of standard
bitableaux@) of content («, ) spa the vector space P («, §). In this section, using
the technique of set polarization operators, we show that, in fact, they form a basis.

We augment the alphabets X and U/ by adding new letters from the sets S and
T, respectively. The sets S and 7 are supposed finite, but large enough that the
ensuing constructions can be performed. This enlarges the algebra P, even though
the vector space P («, ) remains unchanged[”]

Thus, a bitableau can have entries from all of the four alphabets X, i/, S and T
(more precisely, it consists of a tableau with entries from X U S and a tableau with
entries from U/ U T). A bitableau with entries from the alphabets X’ and ¢/ only will

45 Correction: Replaced “tableaux” by “bitableaux”.

4Comment: More precisely: “... for expressing the bideterminant of any bitableau as a linear
combination of bideterminants of standard bitableaux”.

47 Correction: Replaced “tableaux” by “bitableaux”.

8 Correction: Replaced “spans” by “span”.

49 Comment: Here, we identify each pair of vectors (a,B) = ((a1,a2,...,an),(B1, B2, ---,Bx)) with
the pair of vectors

X1,02,...,0%p, 0/0/"'/0 ’ ﬁl/ﬁZ/"'/,Bk/ O/O/"‘IO ;
—— —_——
|S| many zeroes | 7| many zeroes

this allows us to speak of P («, B) even after the alphabets X’ and U/ have been enlarged.
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be called an (X, U )-bitableau. The (X, U )-content of a bitableau [T, T’] is defined as
the pair of vectors (a, 8) where a; (resp. B;) is the number of occurrences of x; in
T (resp. u;j in T'). (Thus, the (X,U)-content differs from the usual content only in
that it disregards the new letters from S and 7.) An (X,U)-bideterminant means a
bideterminant of an (X, U )-bitableau.

The (X, U)-content of a monomial in P is the pair of vectors

(06,‘3) = ((“1/'"/“n)l(lglr"'/ﬁk))/

where a; (resp. B:) is the total degree of the factors in the monomial of the form
(xs | u) withu e UUT (resp. (x| u) withx € X US).

Let x;, u;, sj, and t be letters from the alphabets X, U, S, and 7. The set
polarization operators D (sj, x;) (for integers [ > 0) are defined as follows: Let

M= (e L) (g 1) - (o o) - (s 1 6)

be a monomial of (X,U)-contenﬁ (a,B), where uf,...,u},v},...,0
of U UT. Then,

ZI are elements

(i) if a; < I, we set D' (sj,x;)) M =0,

(i) if a; > 1, we set D! (sj,xi) M = ¥ M,, where Ml,...,Mr,...,M(“, are all
r 1
l)

the (lxi) distinct monomials obtained from M by replacing each subset of [

[
letters x; by [ letters Sj. (In particular, each of the monomials M, contains the

letter x; exactlyﬁ (a; — 1) times and the letter s; exactlyﬂl times.ﬁ

The operator D' (s, x;) is now extended to all of P («, B) by linearity.

0 Correction: 1 have added the preceding paragraph, since the original paper was cavalier about
where these issues (i.e., in which contexts to disregard the new letters from S and 7, and in
which context to count them in). I hope my correction is correct!

Sl Correction: 1 have added the preceding paragraph, since the original paper was cavalier about
where these issues (i.e., in which contexts to disregard the new letters from S and 7T, and in
which context to count them in). I hope my correction is correct!

2Correction: Added “for integers | > 0”.

3 Correction: Replaced “content” by “(X,U)-content”.

S Correction: Added the word “exactly” in order to separate two unrelated expressions.

5 Correction: Added the word “exactly” in order to separate two unrelated expressions.

56 Comment: Notice that case (i) should be regarded as a particular case of case (ii). Indeed, if a; < I,

then (0?) = 0, and there is no subset of [ letters x; in M (because M has fewer than [ letters x;

in total); therefore, if we apply the rule for defining D! (s]-, xi) M in case (ii) to case (i), then we

obtain D' (s;, x;) M = ¥ M, = (empty sum) = 0, which is precisely how we defined D' (s, x;) M
r

in case (i). Therefore, strictly speaking, there was no need to treat case (i) separately.
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The operator D° (sj, xi) m is the identity operator, and for 1 < | < g;, the
set polarization operator D’ (sj,x;) maps a polynomial in P (&, 8) to a polynomial

lying outside P (a, 8). [
For bideterminants, the set polarization operators act in the following simple

way@

Lemma 4.1. Let (T | T') be a bideterminant of (X’,U)-content («, B). Then:
(i) If &; <1, then D' (s;,x;) (T | T') = 0.

(ii) If a; > 1, then D! (sj,xi) (T|T)=YX(T,|T), where Ty,..., Ty,..., T "
r
(7)
are all the distinct (al) tableaux obtained from T by replacing each subset

!
of | letters x; by I letters s;.

Proof of Lemma Expand (T | T’) into a sum of monomials M’ of (X, U )-content™]
(@, B):
(T|T) Z M.

Now, if a; < I, then®!| D! (sj, xi) M = 0 for all the monomials M’. Hence (i).
Now, suppose that a; > . Then,

D' (s;,x;) (T | T') ZDZ (s;,xi) M' =YY" M.,
t r

> Correction: Replaced “D°” by “D"”.

Comment: It is not hard to prove that for a given choice of x; and sj, the sequence
(D° (sj, x;),D (s ],xl) ,D? (s ],xl) ,...) is a divided-powers Hasse-Schmidt derivation in the sense
of [17, Definition 2.6]. Explicitly, this means that the following holds:

e We have D (sj,x;) =id.

!
e We have (Dl (s, xl-)> (ab) = Y (D8 (sj,x) a) (Dl_g (sj, xi) b) foralla € Pand b € P.
§=0

e We have D (sj,x;) - D7 (s}, x;) = <P : q) DP*1 (sj,x;) forall p € N and g € N.

As a consequence, the operator D! (s]', xi) is a derivation on P, and each I € IN satisfies

It D! (sj,xi) = (D! (s, xi))l. Thus, if the ground field K has characteristic 0, then the operators
D! (sj,x;) can all be computed from D! (sj, xi)-
Operators such as D! (sj, xi) are the hallmark of characteristic-free invariant theory (and, gen-
erally, tend to occur when studying polynomials over fields of arbitrary characteristic).
Correction: In the following lemma, I replaced “content” by “(X,U)-content”. Also, added the
words “then” to parts (i) and (ii) in order to separate formulas, and replaced run-on-sentence by
three separate sentences.
0Correction: Replaced “content” by “(X, U )-content”.
61 Correction: Added the word “then”.
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where M! (for a fixed t) are the 07 monomials obtained from M' according

to rule (ii) of the definition of D' (sj, x;) Interchanging the order of summation,
we have
D' (sj,x:) (T T') =} M;,
rot

But®d
;Mi = (T 1T,

where the same set of I letters x; are replaced by [ letters s; on both sides of the

equation. Hence,
D' (s;,x) (T|T) =Y (T, | T').

r

This proves the lemma. O

The set polarization operators D! (tj, ui) are defined in an analogous manner,
and the analog of the previous lemma is true for these operators.

Example 4.2.
X1 X2 X3
2 /
D (s1,x2) | x1 x2 T
X2
X1 51 X3 X1 51 X3 X1 X2 X3
= X1 S1 T | + X1 X2 T | + X1 S T’ ,
X2 51 51
while
X1 X2 X3
Dz(sl,x3) X1 X T | =0.
X2

Note that since the alphabets X, i/, S, and T are disjoint, the set polarization
operators commute.

The set polarization operators are the building blocks of the Capelli operator
C(T, T which is defined for each bitableau [T, T’] of shape (A) as follows:
Let a; (q) (resp. B;j(q)) be the number of occurrences of x; ﬁ(resp. uj) in the

62Correction: Added “(for a fixed t)”.

63 Correction: Added the words “of the definition of D! (sj,xi)".
64Correction: Removed a useless comma at this point.

5 Correction: Added “C (T, T’)”.

66Correction: Replaced “x;” by “x;”.
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gth column of T (resp. T'). The Capelli operator C (T, T’) [’]is defined by the
following formula@

e = T (I 0% ) ) ( TT 099 ).

1<g<A \1<i<n 1<j<k

Example 4.3. Suppose

X1 X2 X3 Uy Uz Uus
/
[T,T =] x1 x , Uy U3
X2 251

Then

C(T,T') = D*(s1,x1) D' (51, x2) D*(s2, x2) D" (53, x3)
D3 (t1,u71) D! (tp,up) D! (tp, u3) D! (ts, u3) .

We now impose a new total order on (X,U )-bitableau@ of the same shape.
Associate with each (X,U )-bitableau@ the sequence formed by reading off the
indices down each column, successively, first in T and then in T'. The bitableaux
are then ordered according to the lexicographic order of their associated column

sequencesm

Example 4.4. For the bitableau in the preceding example, the associated column
sequence is

(1,1,2,2,2,3,1,1,1,2,3,3).

If the (X, U)-bitableauJ| [T, T'] is standard, the associated column sequence can
be written

(1a1<1> g Wom@) @) (M) A1) L Be(D) .kﬁkul)) ,

7Correction: Added “C (T, T’)".

68 Correction: In the following formula, I replaced “DFi(%) (t,,1;)” by “DFi) (t,, uj)”.

9Comment: Note that this is a product of commuting operators (since the set polarization operators
commute). Note also that A; is the number of columns of the shape (A).

7OCorrection: Replaced “bitableaux” by “(X,U)-bitableaux”.

71Correction: Replaced “bitableau” by “(X,U)-bitableau”.

2Comment: This is indeed a total order on the set of all bitableaux of a given shape (A). This

is because a (X,U)-bitableau of a given shape (A) is uniquely determined by its associated
column sequence.

73Correction: Added the words “the (X, U)-bitableau”.
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We have used the fact that for the (X, U)-bitableau [T, T'] to be standard/¥, we must
have a; (9) = Bi (q) =0fori<gq [

Theorem 4.5. Let [T, T’] and [V, V'] be two standard (X, U )-bitableaux of shape
(A) and (p) with the same content. Then:

(i) We have C (T, T") (T | T') # 0.
(ii) If () is longer than (A), then C (T, T') (V | V') = 0.

(i) If (A) = (u), and if [V, V'] is greater than [T, T'] in the lexicographic order
of their associated column sequences, then C (T, T') (V | V') = 0.

el
Proof of Theorem (i) We calculate C (T, T') (T | T’) explicitly; we have’”’|

(x
w1 (1) rows ¢ ¢
(X1
(X
(T|T)=| (1) rows¢ : T
L X
(x,
ay (1) rows
[ Xn

Now, the letter x; can only be found in the first column of T. Hence, D) (s, x1) (T | T')
@ consists of a single term, obtained by substituting s; for all the x; in T.

74Correction: Replaced “for the bideterminant (T | T) to be nonzero” by “for the (X,)-bitableau
[T, T'] to be standard”. (Indeed, the bideterminant (T | T') being nonzero was not a require-
ment.)

7>Comment: This is because the entries in each row must be strictly increasing.

76Correction: In this theorem, I have replaced “Let (T | T') and (V | V') be two standard bideter-
minants” by “Let [T, T'] and [V, V'] be two standard (X, )-bitableaux” for precision. Also, I
have made each of (i), (ii) and (iii) a separate sentence. Also, I have replaced “smaller than” by
“smaller or equal to” in part (iii). Finally, I have rewritten part (iii) in contrapositive form, since
this is how this part is actually being proved and used (and it is more natural to state it like this
from a constructive point of view).

“uln ”

77Correction: In the formula below, replaced “a, (a)” by “a, (1)”; added more “:”s and “---”s;
added the words “rows” for clarity.
78Correction: Replaced “D“1(M) (s1,x;)” by “D) (s1,x1)”.
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Assume that [T D% (sy,x;) | (T|T) [° consists of a single term, ob-
1<i<]-1

tained by substituting all the letters x;, 1 < i <[ — 1, in the first column of T by the
letter sq. Then,

( I pei(1) (Slrxi)> (T|T)

1<i<I
_ Docl(l) (Slrxl) ( H Dlxi(l) (Slzxi)> (T ‘ T’)
1<i<l-1
r 51
Y. a;(1) rows
1<i<l-1
81
( xl
a; (1) rowsq 1
= D4 (51, 1)) - r
L xl .« ..
r Xy

&y (1) rows

Xn

\

Since tableau T is standard, any occurrence of x; in other than the first column

must be in the first Y a; (1) rows. If any of these x; are chosen for substitu-
1<i<l-1

tion during the polarization@ the letter s; would be repeated within a row, and
the resulting bideterminant would be zero. Hence, the only nonzero term in the
above expression is the term obtained by substituting s; for all the «a; (1) letters
x; in the first column of T. By induction, we have shown that the expression

< [T DM (sy,x;) | (T | T') consists of a single nonzero term, obtained by sub-
1<i<n

stituting s; for all the letters in the first column of T.
Repeating this argument for the other columns, we can easily see that C (T, T') (T | T')
is obtained by substituting s, (resp. t;) for all the letters in the gth column of T

" Correction: Replaced “a1 (1)” by “a; (1)”. Added parentheses around the product. Similarly in
the equalities below.
80Comment: “Polarization” here means the application of the operator D (1) (s1, x;).
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(resp. T'); that is']

$1 Sy - S/\l tl t2 . t)\l

S1 Sp - S/\l tl t2 e t)\l
C(LT)(T|T)=| : P

S1 S2 ty o

51 51

The two tableaux appearing on the right hand side will be denoted by U and U’
Thus, C(T, T') (T | T') = (U | U") #0. [

(ii) The expression C (T,T") (V | V') consists of a sum of bideterminants of the
same shape (y). If it is nonzero, then one of the bideterminants, say (W | W’), is
nonzero. The content of (W | W) is the same as that of (U | U') = C(T,T") (T | T')
(since the set polarization operators transform the content of a polynomial in a
predictable way (i.e., the content of the output is determined by the content of the
input), and therefore so does the operator C (T, ™) that is, for 1 <[ < A4, the
letters s; and t; occur in (W | W) exactl A, times, where

A=) ai(l)

1<i<n
= the height of the [th column.

We are required to show that (u) is shorter or equal to®| (A). If (u) # (M),
let m be the smallest integer such that A, # py ®/l We claim that: For

1 <i < m—1, the contents of the ith row in U and in W are identical.

81Correction: Added a few more dots and an extra s; to the bitableau below to hopefully make it
clearer.
82Correction: Added the previous two sentences.
8 Correction: Inserted the preceding parenthetical sentence.
84Correction: Added the word “exactly”.
85Correction: Replaced “shorter than” by “shorter or equal to”.
86Comment: Such an m exists, for the following reason: The tableaux T and V have the same content.
Thus, they have the same number of boxes. In other words, (A) and (y) are partitions of one
and the same integer. Hence, (A) cannot be a proper subsequence of (), and (¢) cannot be a
proper subsequence of (A). Therefore, if (1) # (A), then there exists an integer m satisfying
Am # Y-
87Correction: At this spot, I have removed the following two sentences:
“If m = 1, it must be the case that iy < Aq, for the first row of W contains p distinct letters
chosen from the set {sq,...,s,, }.
Now, suppose that m > 2.”.
In fact, these sentences are not wrong, but they are unnecessary, since the argument that
follows does not require m > 2, and thus the m = 1 case needs not be treated separately.
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The proof is by strong inductior@ on i. @ Namely@ assume that the propo-
sition is true up to the ith row. The letters s;, for I > A; 41, have all been used in
the first i — 1 rows in U, hence in W (since U and W have the same content)’!| For
the ith row in W, we thuﬂ have to choose y; distinct letters from {sl, .e.,S /\i}. But
Ai = uj; hence the contents of the ith row in U and W are identical. This proves the
claim

Now, consider the mth row. As the contents of the®¥ first m — 1 rows are identical,
the mth row in W contains p,, distinct letters from the set {sq,...,s,,,} @ Since
Um 7= Am, we must have p,, < Apy,.

(iii) We can now suppose that (4) = (A). Recall that the associated column
sequence of [T, T'] ﬁis

(1a1(1) (D) (M) 1B (D) L gBe(D) .kﬁk(m> _

We shall denote by 7; (q) (resp. J;(q)) the number of occurrences of x; (resp. u;)
5 in the gth column of V (resp. V). The associated column sequence of [V, V']
it

(171(1) v (M) 101(1) k(D) .k5k()\1)) i

Suppose now that [T, T'] and [V, V'] differ in the left tableau; the reasoning is
similar if the only@ difference lies in the right tableau.
Let p be the first column where T and V differ, and in the pth column, let x; be

8 Correction: Replaced “induction” by “strong induction”.

89Correction: At this spot, I have removed the following sentence:

“If i = 1, then p; = Ay; by our preceding observations, the first row in both W and U consists
of the set {s1,...,s,, } arranged in some order.”.

In fact, this sentence is useless here, since a strong induction does not contain an induction
base.

DCorrection: Replaced “Now” by “Namely,”.

9 Correction: Inserted the preceding parenthetical sentence.

92Correction: Added the word “thus” for clarity of the argument.

9 Correction: Added the preceding sentence.

9 Correction: Added “contents of the”.

9 Comment: This follows from noticing that the letters s;, for | > A, 4+ 1, have all been used in the
first m — 1 rows in U, hence in W (since U and W have the same content), and thus are not
available for the mth row any more.

%Correction: Removed “and C (T, T') (V | V') # 0” from this sentence, as it was an instance of
useless proof by contradiction.

97Correction: Replaced “of (T | T')” by “of [T, T']".

BCorrection: Replaced “(resp. u;)” by “(resp. u;)”.

9 Correction: Replaced “of (V | V')” by “of [V, V']".

10Correction: In the column sequence below, I replaced “&; (3)” by “&; (1)”.
101 Correction: Added the word “only” for clarity.
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the smallest index that is different. That is, we havel%Z]

forl<i<mnand1<g<p-—1,wehavew;(q) =7i(q);
for1 <i<I—1, wehavea;(p) =i (p);
but a; (p) # 71 (p) -

Now, assume that [V, V']  [%]is lexicographically greater than [T, T'] [[%% that
is, a; (p) > 71 (p) @ Consider the action of the Capelli operator C (T, T') on
(V| V'). The polarizations D¥() (s1,x1), D% (s1,x5) ..., D%-1(P) (s, %, 1) act
on (V | V') exactly as they do on (T | T'). At this instan{* the expressio

(0 o) ( I (I o)) wiv)

1<i<i—1 1<q<p—1 \1<i<n

192Correction: Added the words “we have” in the following statements, and replaced “J; (p)” by
i .
193 Correction: Replaced “(V | V')” by “[V, V']".
104Correction: Replaced “(T | T')” by “[T, T']".
195Comment: Let me explain why the assumption (that [V, V'] is lexicographically greater than [T, T'])
yields a; (p) > 7 (p)-
Indeed, assume the contrary. Thus, a; (p) < 7 (p), so that a; (p) < 79, (p) (since a; (p) #

71 (p)). Hence, the topmost Y. «; (p) indices in the pth column of T equal the corresponding
1<i<li

indices in the pth column of V (because for 1 < i < [ —1, we have «; (p) = 7;(p)), but the
( Y. a;i(p) | + 1-st index from the top is greater in T than in V (in fact, the index in T is > p
1<i<l

whereas the index in V is = p). Therefore, the associated column sequence of [T, T'] is greater
than the associated column sequence of [V, V'] (because the first p — 1 columns of T and of V
are equal). This contradicts the assumption that [V, V'] is lexicographically greater than [T, T].
This contradiction completes the proof.

196Comment: i.e., after these polarizations have been applied to (V | V')

197Correction: Replaced “1 < a < p—1” by “1 < g < p —1” in the following equality. Also, added
some parenthesis to disambiguate the products.
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is a bideterminant of the form[09|

p
S1 S - Sp—l Sp
Y. a;(p) rows
1<i<i-1
\ 51 S2 - Sp—l Sp
;
S1 Sp - Sp,1 X]
71 (p) rows
\ 51 S2 - Sp—l X] V’
S]_ 52 .« .. Sp—l
51 52
51

That is, the first p — 1 columns are replaced by the appropriate letters s,; in the pth

column, the first )}, a;(p) letters are replaced by s,, and the remainder of the
1<i<i-1
tableau is unchanged.
Since &; (p) > v, (p), and V is standard, any choice of «; (p) letters x; must

involve a letter x; lying in the first )}, «a;(p) rows of V. The set polarization
1<i<]—-1

operator D%(P) (sp, x1) substitutes s, for this particular x;. The resulting
bideterminant is zero, since there are two letters s, in a single row. This proves

C(T, T)(V|V')=0. [ 0

With Theorem proved, we can now proceed to the main result of this sec-

tion

Theorem 4.6. The standard (X, U )-bideterminants of content («, f) form a basis
of the vector space P («, ).

Proof of Theorem By Corollary 3.4 the standard (X, U)-bideterminantg!¥span
the vector space P («, B). Suppose we have a nontrivial linear relation between these

198Correction: Added “- - - ”s at the end of the rows of the left tableau.

19Correction: Replaced “v; (p)” by “a; (p)”.

10Correction: Replaced “D*(P) (s,, x;)” by “D*(P) (s, x;)".

M Coprection: Replaced the original sentence “This contradicts the assumption; we have therefore
proved that (V | V') is lexicographically smaller than (T | T’)” (which was imprecise and also a
needless proof by contradiction) by “This proves C (T, T') (V | V') =0".

"2Correction: In the following theorem, I have replaced “bideterminant” by “(X,U)-
bideterminants”.

13 Correction: Replaced “By Theorem ’ by “By Corollary '.

4 Correction: Replaced “bideterminants” by “(X,U)-bideterminants”.
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bideterminants. We can write this linear relation as follows:
a(T|T)+A+B=0,

where a is a nonzero scalar in K, (A) is the shortest shape occurring in the lin-
ear relation, [T, T’] [[77]is the bitableau of shape () with the lexicographically
smallest associated column sequence, A is the linear combination of the remaining
bitableau@ of shape (A), and B is the linear combination of the remainder of the
bitableaux, which are necessarily of shape longer than (A).

Applying the Capelli operator C (T,T’) to the relation we have, by Theorem
.i ]

C(T, T")A=0 (by Theorem .5 (iii)) ,
C(T, T')B=0 (by Theorem .5 (ii)) ,
but
C(T,T)(T|T) #0 (by Theorem [£.5/(i)) .
This implies aC (T, T') (T | T') = 0, which is a contradiction[™ O

The proof of this theorem contains another algorithm for expressing any bideter-
minant as a linear combination of standard bideterminant Suppose

(TIT) =Y a(T|T)

is the unique decomposition of (T | T") into standard bitableaux, written so that if
i < j, then either T; is of shape shorter than Tj, or T; and T; @ have the same

15 Correction: Replaced “(T | T')” by “[T, T']”.
116 Correction: Replaced “tableaux” by “bitableaux”.
17 Correction: Here, I have added the comments “by Theorem (iii)”, “by Theorem (ii)” and

“by Theorem [4.5|(i)".
18 Comment: Here is (what I believe to be) a clearer way to write up this argument:
Applying the map C (T, T’) to the equality a (T | T') + A + B = 0, we obtain
C(T,T') (a(T|T')+A+B) =C(T,T")0=0.
Thus,
0=C(T,T') (a(T|T)+ A+ B)
=aC (T, T")(T|T')+C(T, T")A+C (T, T')B

=0 =0

—=aC (T, T') (T | T').

In other words, aC (T, T') (T | T') = 0. Since C (T, T") (T | T') # 0, this entails that 2 = 0. This
contradicts a # 0.

19Correction: Replaced “any bitableau as a linear combination of standard bitableaux” by “any
bideterminant as a linear combination of standard bideterminants”.

120Correction: Replaced “or T;” by “or T; and T;".
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shape, and [T;, T/] has a lexicographically smaller associated column sequence than
The coefficients a; are called the straightening coefficients. They can be

77
computed by applying the Capelli operators C (T], T]’> to both sides of the linear
relation; by Theorem we obtain a triangular array of equations between bide-
terminants with entries from the alphabets & and 7. From this, we can extract

a triangular system of linear equations for the coefficients 4;, which can then be
solved

Example 4.7. Consider the (X,U)-bideterminant (where, for simplicity, all but
the subscripts are suppressed):

The standard bitableaux of the same or longer shape of the same content are

13 12 12 12 12 12
24,1 3], 24,13/, 23,13/,
2 1 3 1 4 1
(134 123 124 123

2 , 1 , 2 ;1 /

2 1 | 3 1

(123 12 3]

2 1

_4 1 -

Let ay, ..., a6 be the corresponding straightening coefficients. We obtain, through
the Capelli operators, the equations:

|
—

a

I
|
—_

az
—aq +as

ay

as
as +ag =

I
cooco

121Correction: Replaced “and T; has a lexicographically smaller associated column sequence than ;"

by “and [T;, T/] has a lexicographically smaller associated column sequence than {T], T]’} "

122Correction: In the following example, I have replaced “bideterminant” by “(X,U)-bideterminant”.
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Therefore, we obtain
2 3 1 2 1 3 1 2 1 2 1 2
1 4 1 3 |=|2 4 1 3 |—-1|2 4 1 3
2 1 2 1 3 1
1 2 1 2 123 123
+1 2 3 1 3 |- 2 1
4 1 4 1

From Theorem we obtain a basis of the whole polynomial ring in the (x; | 1;):
=

Corollary 4.8. The standard (X, /)-bideterminants form a basis of the algebra
of polynomials over the field K in the indeterminates (x; | uj).

Proof of Corollary This algebra (as a vector space) is the direct sum @, ) P («, B).
Each of the addends has a basis consisting of the standard (X, )-bideterminants
of content («, ) (by Theorem §£.6). Thus, the whole algebra has a basis consisting
of all the standard (X, U )-bideterminants. O

5. Invariant Theory

5.1. The Second Fundamental Theorem

Classical invariant theory is concerned with the behavior of forms under the action
of linear transformations. Let {uy,...,uy} be a dual basis for the vector space V;
(of dimension d). A form F(xq,...,Xn) on m vectors in Vj is a polynomial
in the md scalar products of the m vectors x; with the d covectors u; in the
dual basis. More pedantically, consider the polynomial algebra K [x, u,s, t] in the
indeterminates x;,, Ujr, Spri tars where 1 < i <n1<j<k1<p 1<yg and

123Correction: Added this sentence and the next corollary.

124Comment: 1 am not sure what “dual basis” means here; I suspect that it means “basis for the dual
space” (i.e., a dual basis of a vector space V means a basis of the dual space V* of V). However,
this is not very important, because the vector space V; and its dual basis {uy, ..., us} are used
only for motivation. A proper definition of the notion of forms shall be given two sentences
later.

125Correction: Replaced “u;” by “u;”.
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1 <r <d. In this algebra, we distinguish the following polynomials:

<xi | ”j> = 2 XirUjr,

1<r<d

(sp luj) =} spritjr

1<r<d

(xi | tg) = 2 Xirtgr,

1<r<d

(spltg) = ). sprtqr

1<r<d

Let P be the subalgebra of K [x, u, s, t] generated by these polynomials; P is called
the algebra of forms. Rigorously speaking, we define a form to be an element of P.

There exists an algebra homomorphism@ ¢ from P (constructed as in the previ-
ous section from the alphabets X, U/, S, and T) to P defined by

gxi || l/l]; — éxi || u]-;,
(P: Sp Ll]' — Sp u]- p
Xi | tq — X | tq ’
gsp | tqg = gsp | tqi'

Consider a monomial m = (x;, | uj,) -+ (x;, | uj,) in P. Its image in P under ¢ is
given by
¢m - ;xilflujlfl " Xig foWja far

where the summation is over the set of all functions f : i — f; from {1,...,a} to
{1,...,d}. We shall use the simpler notation

pm =Y my.
f

[?®] The restriction of the homomorphism ¢ to P («, B) is called the Pascal homomor-

phism@

126Correction: Added the preceding sentence.

127 Correction: Replaced “a homomorphism” by “an algebra homomorphism”.

128Comment: Thus, m s denotes the monomial Xiy iUyt iy f,Uj, £, Whenever f i f;is a function
from {1,...,a} to {1,...,d}. Of course, this definition depends not just on the monomial m, but
also on the order of the factors in the product (x;, | uj,)--- (x;, | 4j,); we can thus only use it
when this order is fixed.

12Correction: In the following theorem, I have replaced “bideterminants” by “(X,U)-
bideterminants”.
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Theorem 5.1 (the second fundamental theorem of invariant theory). The kernel
of the Pascal homomorphism is the subspace of P («, B) spanned by the standard
(X,U)-bideterminants of shape strictly longer than (d).

Some preliminary observations are in order.

In the same fashion as for P, we define set polarization operators for K [x, u, s, t].
Let v = xj,, - - - X, be a monomial containing only variables of the form x;,, where
i is fixed and r is arbitrary. Suppose p is a positive integer, and E a subset of
{1,...,a}. Then, v&% [®is the monomial obtained from v by replacing the vari-
able x;,, by the variable s, whenever b € E. @ Now, for a given nonnegativ

integer I, the set polarization operator D' (sp, x;) acts on the monomial v as follows:

~

D! (sp,xi) v = ZZJE”’,
E

where the summation is over all the l-subset of {1,...,a} Consider now
an arbitrary monomial w. We can write w as the product of two monomials w’ and
w”, where w' is the product of all the variables in w of the form x;,, and w” is the
product of the remaining variables in w @ Then, we set

~

D! (sp,xi) w = (ﬁl (sp, xi) w’) w”. (8)

The operator D! (sp, xl-) is extended to all of K [x, u, s, t] by linearity.
The operators D! (tq,uj) are defined analogously. It is clear that, as in the case of

the operators D, the operators D commut
We have the following identity:

130Correction: Replaced “VEP” by “vFP”.

131Comment: This monomial 57 depends not just on the monomial v, but also on the order of the
factors in the product x;;, - - - x;;,; we can thus only use this notation when this order is fixed.

132Correction: Replaced “positive” by “nonnegative”.

133Comment: “I-subset” means “I-element subset”.

134Comment: We can rewrite this equality (without using the slippery notation v?) as follows:

Dixo- £ (M) | T ®

EC{12,...,.a}; \b€E be{12,...,a};
|E|=t1 beE
Spr., Ufb€EE
= Z 1_[ { prh .f b E * (7)
EC{iz.a}; \be{iz, .} (Xin, bE
|E|=I

(It is easy to see that this does not depend on the order of the factors in x;;, - - Xiy, s and thus the
image D! (sp, x;) v is really well-defined.)

135Correction: Added “in w”.

136Comment: le., the operators D! (sp,x;) for all p and i and the operators D! (tq,uj) for all g and j
all commute.




Invariant Theory, Young Bitableaux, and Combinatorics page 37

Lemma 5.2. R
D! (sp,xi) ¢ = chl (sp,xi) -

Proof of Lemma @ It suffices to verify the identity for monomials of the form@

m=(x; [ u) - (x| w,),

where all the letters x have index i. [°% Let mE? denote the monomial obtained
from m by replacing each variable (x; | u;,) by (sp | u;,) whenever b € E. Then, we
observe (notation as earlier):

<mE'p>f = (mf)E'p.

We can now finish the proof through the following computation:
¢D' (sp,x;))m =Y mEr =Y pm=P
E E
E, ~
=L (), = LX) = L0 ) m

E
= D' (s, x)) (me> = D! (s, x;) pm.
f

O

Alternative proof of Lemma 5.2} @ Introduce a new indeterminate T, and consider
the polynomial rings P [T], (K |[x,u,s,t]) [T] and P [T]. The K-algebra homomor-
phism ¢ gives rise to a K-algebra homomorphism P [T] — P [T] which sends T to
T while acting on P as ¢. This latter K-algebra homomorphism P [T] — P [T] shall
be denoted by ¢ [T].

Let V; be the set of all indeterminates in the polynomial ring K [x, u, s, t| that are
not of the form x;, with 1 < r < d. In other words,

Vi={xy, | 1<i <nand1 <r <dsatisfying i’ # i}
U{ujr | 1<j<kand1<r<d}
U{sp/r | 1§p’and1§r§d}
U{ty | 1<gand1<r<d}.

137Comment: 1 don’t like this proof, as it somewhat lacks rigor (in fact, it uses the ambiguous nota-
tion (m f) o without properly explaining how precisely it is defined). Thus, I have added an
alternative proof of Lemma [5.2| further below.

138 Comment: This is somewhat imprecise, since m should also be allowed to contain factors of the
form (x; | t;).

139Correction: Replaced a comma by a period here.

140Correction: 1 have added this proof, since I do not fully trust the original proof given above.
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Let D be the K-algebra homomorphism K [x, u, s, t| — (K [x,u, s, t]) [T] that sends

Xip > Xip + Tspy foralll <r <d
= for each 7 € V.

Then, each w € K[x, u, s, t] satisfies
Dw=Y D' (sp,x))w- T 9)
>0
g
Let D be the K-algebra homomorphism P — P [T] that sends

(xi [ 1) = (xi | ) + T (sp | 77) foreach 7 € UUT;
&|n)—(C&|n) foreach € (XY US)\{x;} andy e UUUT.

Then, each w € P satisfies

Dw =Y D' (sp,x;))w- T (11)
>0

141 Proof of @): It is clearly enough to prove the equality @) in the case when w is a monomial. Thus,
assume that w is a monomial. Write w in the form w = w'w”, where w' is the product of all the
variables in w of the form x;,, and w” is the product of the remaining variables in w.

The monomial w” contains no variables of the form x;, (because of how w' was defined).
Thus, w” is a product of variables from the set V;. But the K-algebra homomorphism D leaves
all variables from the set V; fixed (by the definition of D). Thus, D also leaves any product of
such variables fixed. Hence, D leaves w” fixed (since w” is a product of variables from the set

V). In other words, Dw” = w'".
a
Now, write the monomial w’ in the form w’ = T[] x;,. (This is clearly possible due to how w’
b=1

a
was defined.) Thus, w’ = T[] x;,, = Xy, Xir, - - - X;,.. Hence, (6) (applied to v = w') yields
gy e 1Xiry 2 PP y

B (spx) @) = X (H) M s (10
e} be{1,2,..a};
1 b¢E

for each I > 0.
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~ a
Applying the map D to the equality w’ = [T x;,,, we obtain
b=1

a a
Dw' =D (H xirb> =]] D (xi,)
b=1 b=1 ~—~~—
=Xir, -‘rTSp,‘b

(since D is a K-algebra homomorphism)

H Xiry + TSP’b = Z <H (Tsprb>> H Xir
b=1 EC{12,..a} beE be{12,...,a};
—_— b¢E
= r
I20EC{1,2,....a};
|E|=1

=TIEI [T s
pr
beE b

(here, we have expanded the product)

_ E ,

= 7 (H sprb> [T o«
12,...,a}; 7l beE be{1.2,...,a};

El=l' (since |E|=]) b¢E

[]

be{1,2,...a};

b¢E

[1

be{1.2,..,a};
b¢E

xiVb

xi}’b

=p! (sp,x,- (w')

(by (10))
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2

Now, it is easy to see that
Dog = ¢T]oD.

Indeed, both sides of this equality are K-algebra homomorphisms from P to (K [x,u,s, t|) [T],
and thus their equality can be comfortably proven by verifying it only on the gen-
erators (G | 77) of the K-algebra P (which verification is straightforward and easy,
requiring only two cases depending on whether ¢ = x; or not).
Now, let w € P. Then,
(Do<p)( ) =D (pw) = Y D' (s, x;) pw - T'

I>0

(by (9), applied to ¢w instead of w). Comparing this with
(Dog) @) = (9[T]oD) (@) = (#[T)  (Dw)
N—_——

—[T|oD = L D! (spxi)w-T!
by @)
= (¢ [T)) (Z D' (sp, x;) ZU~TZ>
1>0
=Y oD (sp,xi)w- T,
>0

we obtain

Y D' (sp,xi) g - T' = Y ¢D' (sp,x;) w-T'

1>0 1>0

Comparing coefficients in front of T! on both sides of this equality, we obtain
D! (sp, xi) pw = ¢D! (sp, x;) w. Since this holds for all w € P, we thus find D! (sp,xi) ¢ =

¢D' (sp, x;). This proves Lemma O
Applying the map D to the equality w = w'w”, we obtain
l’j — ]’j ( / //) — ﬁw' ]’jw//
o) - (o)
=y T]D’(Sp )(w/) =w"

1>0

(since Dr (sp,x;) is a K-algebra homomorphism)

= <§)Tlﬁl (sp,x;) (@) |w" =Y. T'D' (sp, %) (w') w”

>0

N——

=D! (sp,x,v)w
(by @)

= Z T'D! (sp,x;i) w D! (sp,xi)w- T.
1>0 >0

v

This proves
142The proof of thls is similar to the proof of (@)
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Consider now a bitableau [T, T’]. The Capelli operator C (T, T’) i defined on
K[x,u,s,t] by mimicking the definition of C(T,T") with D instead of D. 145
Lemma E (and its analogue for the operators D' (t,u;) and D' (t,,u,)) yields as
a corollary the following identity

Corollary 5.3.

An analogue of Lemmafor the operators D' (t5,1;) and D' (t,, ﬂalso holds

C(T,T')¢ =¢C(T,T).

Let us next prove some further observations@

Lemma 5.4. Each inner product (xj ---x; |u; ---u;) with [ > d satisfies
(P(xl-l...xl-l | ujl...u]-l) :0

Proof of Lemma Let (xj, ---x; | uj, - --uj) be an inner product with [ > d. It is
straightforward to see that

(xig L) o (e L) X1 e Xid g o U
<xil | uh> <xiz | ujz> Y1 o Xid Ujpd - Ujd
<xi1 | uj1> <xi1 | ujz>
Hence, the matrix : : is the product of an [ x d-matrix
<xiz | u]-1> <xi1 | uf1>
<xi1 | uh> <xi1 | u71>
with a d X [-matrix. Thus, the matrix : : has determi-
<xi1 | ”jl> <xi1 | ufz>
<xi1 | ujl> <xi1 | ufl>

nant 0 (since d < I). In other words, : . =0.

<xiz | uj1> <xiz | uiz>

143 Correction: Added this sentence.
144 Correction: Replaced “are” by “is”.
145Comment: Explicitly, this means that C (T, T') is defined as follows: Let (1) be the shape of T. Let

w; (q) (resp. B;(q)) be the number of occurrences of x; (resp. u;) in the gth column of T (resp.
T’). The Capelli operator C (T, T') is defined by the following formula:

crry= 1] (H Do <sq,xi>) ( [T bh@ <tq,u]->)-

1<q<A; \1<i<n 1<j<k

The right hand side of this equality is a product of commuting operators (since the operators D
all commute). Notice that A is the number of columns of T.
146Correction: Slightly rewrote this sentence in order to make the identity an actual corollary.
147Correction: Everything between this sentence and the proof of Theorem [5.1| has been added by
me.
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But

(xil | uh) e (xil | ufl)
(xil"'xil‘”]'l"'”jz): .

(xiz | uh) T (xiz | ujl)

Applying the map ¢ to this identity, we obtain

(xil | uh) (xil | ujl)

(P(xil"'xiz|ufl"'uj1):¢ .

(xil | uh) (xiz | ujl)
¢ (xi1 | uh) e (xil | uiz)

4)(xil.|uj1) 4)(xil.|u].l)

(since ¢ is a K-algebra homomorphism)

(xiy | u]'1> e (x| ujl>
(xi | u]'1> e (x| uf1>
(since ¢ (x; | uj) = (x; | uj) for all i and j)
= 0.
This proves Lemma O

Lemma 5.5. Let w : K[x, u,s,t] — K be the K-algebra homomorphism given by

Xjp +— 0 foralll <i<nand1l <r <d;
ujy — 0 foralll1 <j<kand1<r <d;
Spr > Opr foralll1 <pand1<r<d,
tar v Ogr foralll1 <gand1 <r<d
1, ifu=nuv oo
(where 6,, stands for ) ). Then, each k € {0,1,...,d} satisfies
0, ifu#v

W((l)(SlSz-"Sk|t1t2-"tk)):1.
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Proof of Lemma Letk € {0,1,...,d}. Then, for each p,q € {1,2,...,k}, we have

w(sp|ty) =w ( ) sprtqr> (since (sp |ty =) sprt,,r)

1<r<d 1<r<d
=2 W) w (tar)
1<r<d ~— SN——
:(5p,r :5q,r

(by the definition of w) (by the definition of w)
(since w is a K-algebra homomorphism)

1, ifp=9g<d, 1, ifp=g;
= Z 5p/r5q/r:{ p q_ :{ p q

15744 0, otherwise 0, otherwise
since p = g < d holds if and only if p = g
(because g < d always holds (since g < k < d))
= 0p,q- (12)
Now,
(s1]t1) -+ (s1]t)
(5152"'Sk|t1t2"'tk):
(sk1t1) -+ (se | te)
Applying the map ¢ to this identity, we obtain

(s1]t1) -+ (s1]t) ¢(s1ltr) - @(s1]t)
¢ (s152- sk [tita - tx) = ¢ : : = ; :
(sk[t1) - (sk | t) P(sklt) - (sl te)
(since ¢ is a K-algebra homomorphism)
(s1]t1) -+ (s1[t)

(el t1) o s | )
(since ¢ (sp | tg) = (sp | t;) forall p and q).
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Applying the map w to this identity, we find

(s11t1) -+ (s1|t)
W((l)(SlSz"'Skltltz-"tk)):w
(sclt1) - (s | i)
a]<51’t1> (U<Sl|tk>
w skl t) <o w (s | ty)
(since w is a K-algebra homomorphism)
o110 0 Ok
=+ (by (12))
Ok Ok
)
= || =1.
This proves Lemma O

Lemma 5.6. Let [T, T'] be a standard (X, U)-bitableau of shape (A), where (1) is
not longer than (d). Then,

¢C (T, T') (T | T') #0. (13)

Proof of Lemma 5.6 Consider the K-algebra homomorphism w : K[x,u,s,t] — K
defined in Lemma 5.5

We have assumed that (A) is not longer than (d). Thus, A; < d. Hence, A, < d for
all r € {1,2,3,...}. Therefore, for each r € {1,2,3,...}, we have A, € {0,1,...,d}
and thus

w (P (s152---sy, | tita---1£y,)) =1 (14)

(by Lemma applied to k = A;).

Define two tableaux U and U’ as in the proof of Theorem 4.5 (i). Then, C (T, T') (T | T') =
(U | U') (this was shown in the proof of Theorem (i)). But from the definition
of U and U’, we obtain

(U | U’) :H(Slsz"'S)\r | i’ltz'“t)\r).

r>1

Applying the map ¢ to both sides of this equality, we obtain

(P(U | U/) = gb (H (5152'--5)\r | fltz---t/\r)> = qu(slsg---sAy | tlfz---t)\y)

r>1 r>1
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(since ¢ is a K-algebra homomorphism). Applying the map ¢ to the equality
C(T, T (T|T)=(U|U), we now find

PC(T,T)(T|T)=¢ U |U) =] (s152---5a, | tita-- - ty,).

r>1

Applying the map w to both sides of this equality, we find

w(@C(T,T)(TIT)) =w (HfP(SlSz'--SAr | tﬂz---%))

r>1
= Hw (¢ (515252, | titp- - tAr)Z

r>1 1
(by (1)
(since w is a K-algebra homomorphism )

=JJ1=1+#0.

r>1

Therefore, ¢C (T, T') (T | T') # 0. This proves Lemma O

Lemma 5.7. Let [T, T'] be a standard (X', U/ )-bitableau of shape (1), where (A) is
longer than (d). Then,

¢(T|T) =0 (15)

Proof of Lemma 5.7} We have assumed that (A) is longer than (d). Thus, A; > d.
Now, foreach p > 1and g € {1,2,...,A,}, let Xi(p,q) De the (p,q)-th entry of the
tableau T, and let u;(, .y be the (p, q)-th entry of the tableau T". Then,

(TIT)=T1] (xi(r,l)xi(r,z) S X | W) i) uj(m,)) : (16)

r>1
But )\1 > d and thus (P (xi(lll)xi(llz) - 'xi(l,)tl) | 1/{]'(1,1)1/[]'(1,2) . -uj(1,A1)> =0 (by
Lemma applied tol = Ay, i = i(Lk) and jr = j(1,k)). Hence, the prod-
uct H 4)

to 0 (namely, the factor for r = 1), and thus equals 0 itself. In other words,

HfP <xi(r,1)xi(r,2) " Xi(rAy) | Uir ) Uj(r2) " ”j(r,/\r)> = 0.

r>1

Xi(r2) " Xi(r,A,) | Uir1)Uj(r2) " * " Uj(r,\,) ) Das at least one factor equal

But applying the map ¢ to the equality (16), we obtain

P =g (H (x5t i) L1 8502+ ”J’(Mr)>>

r>1
=11¢ (xi(r,l)xi(r,Z) S i) | W) Yirn2) uj(r,M))
r>1
(since ¢ is a K-algebra homomorphism)
=0.
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This proves Lemma O

With these tools in hand, we can begin the proof of the theorem.

Proof of Theorem [ Indee%onsider an element M € P (a,8) [*in the

kernel of ¢. Using Corollary write M as a linear combination of standard
(X,U)-bideterminant{%}
M:a(T’T/)—i_N/

where (A) is the shortest shape occurring in the expansion, and, of all the bideter-
minants of shape (1) occurring in the expansion, (T | T’) is the one with the lexico-
graphically smallest column sequenc Applying the Capelli operator C (T, T'),
and observing that, by Theorem C(T,T") N =0, we obtain

C (T,T’) M =aC (T,T') (T | T') .
Applying ¢ and using the identity in Corollary we have
apC (T, T') (T | T') = ¢C (T, T') M = C (T, T') ¢ M.

But M = 0; hence, C (T, T') (T | T') must be a bideterminant of shape strictly
longer than (d) As C(T,T")(T | T') and (T | T") have the same shape, we

148 Correction: 1 have removed the first two paragraphs of this proof, since they were a distraction
from the proof. (To be more precise, the useful parts of these two paragraphs have been pre-
served in Lemmas and The two paragraphs I removed can be found in Remark
=)

19 Correction: Replaced “Finally” by “Indeed”.

130Correction: Replaced “M” by “M € P («, B)”.

151 Correction: Replaced “the straightening formula” by “Corollary ’.

152Correction: Replaced “bideterminants” by “(X,U)-bideterminants”.

158 Comment: ... and, of course, a is a nonzero element of K.

154Comment: Here is this argument in slightly more detail:

By the definition of (1) and (T | T’), we know that N is a K-linear combination of bidetermi-
nants (V | V') for standard (X,U)-bitableaux [V, V'] which either have shape longer than (A)
or have the same shape as (1) but have a greater column sequence than [T, T’]. All such bide-
terminants (V | V') satisfy C (T, T’) (V | V') = 0 (indeed, in the former case, this follows from
Theorem (ii), whereas in the latter case it follows from Theorem (iii)). Hence, N (being a
K-linear combination of such bideterminants) must also satisfy C (T, T') N = 0. Now, applying
the operator C (T, T') to the equality M = a (T | T') + N, we obtain

C(T,TYM=C (T, T") (a(T|T)+N) =aC (T, T") (T | T")+C(T, T')N =aC (T, T) (T | T'),

ged.
155Correction: Replaced “the previous corollary” by “Corollary ’.
156 Comment: Here is why this holds:
Define two tableaux U and U’ as in the proof of Theorem 4.5 (i). Then, C(T,T)(T | T') =
(U | U') (this was shown in the proof of Theorem [4.5((i)). Thus, C (T, T') (T | T') is a bideter-
minant. It only remains to show that this bideterminant C (T, T’) (T | T') has shape longer than
(d). In other words, it remains to prove that (A) is longer than (d) (since this bideterminant has
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conclude that (A) is strictly longer than (d). But we have chosen (A) to be the
shortest shape occurring in the expansion of M. Therefore, M is a linear combi-
nation of standard (X, U)-bideterminantd™ | of shape strictly longer than (d). This
concludes the proof of the theorem@ O

Remark 5.8. For the sake of completeness, here are the first two paragraphs from the original proof

of Theorem (which have been omitted from our above version of this proof
The image under ¢ of an inner product (x;, - - - x;, | Uj - U j/) is the determinantljiﬁl

<xi1 | ui1> <xi1 | u]'[>

<xil | uf1> <in | uf1>
This is the determinant of the matrix

X1 Xipd Up1 -0 Ui

Y1 o Xid Ujrd =+ Ujd

shape (A)).

Assume the contrary. Thus, (1) is not longer than (d). Hence, yields ¢C (T, T') (T | T') #
0.

But a¢pC (T, T') (T | ') = C (T, T") $M = 0, so that a = 0 (since ¢C (T, T') (T | T') # 0). This

—~—
=0
contradicts @ # 0. This contradiction shows that our assumption was false. Hence, we have
shown that (1) is longer than (d).
157Correction: Replaced “bideterminants” by “(X, U )-bideterminants”.
158 Comment: Let me explain why this concludes the proof of Theorem

We have just shown that each M € P (a,p) lying in the kernel of ¢ must be a linear com-
bination of standard (X',U/)-bideterminants of shape strictly longer than (d). In other words,
each M in the kernel of the Pascal homomorphism must be a linear combination of standard
(X,U)-bideterminants of shape strictly longer than (d).

On the other hand, each standard (X, U/ )-bideterminant of shape strictly longer than (d) lies
in the kernel of ¢ (by (I5)), thus in the kernel of the Pascal homomorphism. Hence, each linear
combination of standard (X, U/ )-bideterminants of shape strictly longer than (d) lies in the kernel
of the Pascal homomorphism.

Thus, we have shown the following two facts:

e Each M in the kernel of the Pascal homomorphism must be a linear combination of standard
(X, U)-bideterminants of shape strictly longer than (d);

e Each linear combination of standard (X', )-bideterminants of shape strictly longer than (d)
lies in the kernel of the Pascal homomorphism.

Combining these two facts, we conclude that the elements of the kernel of the Pascal ho-
momorphism are precisely the linear combinations of standard (X, )-bideterminants of shape
strictly longer than (d). This proves Theorem

159 As already mentioned, they are not necessary to the proof.
160Correction: Replaced “x;,” by “u;,” in this determinant.
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As the variables x;,, uj, are algebraically independent, the above matrix is of maximum possible
ranl@ that is to say, its determinant is zero iff [ > d.

Now, consider a bideterminant (T | T"). It is a product of inner products of lengths Ay,...,A;.
As P (being a subring of K [x,u,s, t]) is an integral domain, ¢ (T | T') is zero iff one of its
constituent inner products has zero image. This happens iff A; > d, or (A) is strictly longer than

(d).

161 Comment: This is because

e L) o (g [ugy) X1 o Xig Wig ot Uy
<xiz|uh> <xi1‘ufz> X1 o Xid Ujpa -+ Ujd

162Comment: “Maximum possible rank” here means “rank min {/,d}” (where “rank” means the rank
over the quotient field of K [x, u, s, t]). Of course, the claim that this matrix has rank min {/,d}
is only made under the tacit assumption that the indices iy, ...,i; are distinct and the indices
j1,-..,j; are distinct.
Let me explain why this claim holds. We must prove that the matrix

X1 o Xid Ui o Wi

Y1 oo Xid Ujrd = Wjd

has rank min {/,d}. Indeed, it clearly has rank < min {/,d} (since it is the product of an I x d-
matrix with a d x I-matrix). Thus, it remains to show that it has rank > min {l,d}. To achieve
this, it will suffice to prove that it has a nonvanishing minor of size min {/,d}. We shall distin-
guish between the cases | > d and | < d:

e If [ > d, then the northwesternmost d X d-minor of our matrix is
X1 o Xid Upa - Ui
det T DT ,
Yigl 0 Xigd Upd = Uyd
which is nonzero (because if we substitute é;; for each variable x; ; and for each variable

uj, t, then this d X d-minor becomes det (I;) = 1); this is thus a nonvanishing minor of size
d =min {l,d} (since | > d).

e If | < d, then the | x [-minor of our matrix is
Xp1o ot Xid Ujppa -0 U
det| | ool |
Xy o Xid Ujpa - Ujd

which is nonzero (because if we substitute é;; for each variable x; ; and for each variable
uj, +, then this | x I-minor becomes det (I;) = 1); this is thus a nonvanishing minor of size
I =min {l,d} (since | < d).

163Correction: Replaced “P” by “P”.
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5.2. The First Fundamental Theorem: statement

Consider the algebra P, defined on the alphabets X = {xy,...,x,} and U =
{ug, ..., ug}. In P, all the bideterminants of shape strictly longer than (d)
are identically 0 hence, by Theorem the ma ¢ is an injection. This
allows us to transfer questions about forms to questions about elements of P.

(Recall that P is the K-algebra of polynomials in the indeterminates (x; | u;) with
1<i<nand 1l <j<doverK) 167

Let L be a linear transformation from the vector space V; to itself@ If Fisa
form on V, then@ L acts on F by

LF (x1,...,Xm) = F(Lxq,...,Lxp) .

A form F [™is invariant if, for all invertible linear transformations L, there exists
a scalar a (L) such that LF =a (L) F.

Transferring to the algebra P, a form F(xi,...,X,) is an element of P, that is,
a polynomial in the variables (x; | u]-) withl <i<nand1 <j <d. A

d x d—matri L= (lk]-)1 <jk<d € K% acts upon P as an algebra homomorphism
as follows: o
L(xi\u]-): Z ljk(x,-\uk), 1§l§7’l, 1§]§d
1<k<d

A form F is invariant if, for all invertible d x d-matrices L € K%*9 there exists a
scalar a (L) such that LF =a (L) F.

164Comment: In other words, from here on, we return to the original version of the K-algebra P,
which does not include the indeterminates from the alphabets S and 7; we furthermore set
d=k.

From here on, the letter k shall no longer stand for the size of the alphabet ¢/ (as it did in
“U={uy,...,u;}”). Indeed, we do not need it in this role any more, since the letter d serves the
same purpose (because U = {uy,...,u;}). Thus, the letter k is now free for any other use.

165Comment: This is because if (T | T’) is a bideterminant of shape strictly longer than (d), then the
first row of T’ has length > d and thus contains two equal letters.

166Correction: Added the words “the map”.

167Correction: Added the preceding sentence.

168 Comment: This paragraph, again, just serves the purpose of providing motivation.

169Correction: Added the word “then”.

170Correction: Replaced “form” by “form F”.

71 Correction: 1 have simplified the preceding sentence, removing some confusing generality. I re-
introduce said generality later on where it becomes necessary (in the second proof of Theorem
5.9).

172Ceci.‘z'on: Here and in the following, I have replaced the word “transformation” (or “linear
transformation”) by “d x d-matrix L € K**?”. Indeed, the algebra P is not defined in a basis-free
fashion, so the use of transformations instead of matrices does not serve any useful purpose (but
it does create an extra level of indirection).

Also, in this specific place, I have replaced “An invertible linear transformation L, given by

an invertible d x d square matrix (ljk)” by “A a d x d-matrix L = (lkj)1<'k<d € K™ (In
<jk<

particular, I have replaced the matrix (Z jk) by (l;q) in order for the action to be left-associative.)
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An example of an invariant form is the inner product (x;, -~ x;, | ug---ug) [}

it is the determinant ’(xij | uk>‘ , and in this case a (L) = det (ljk)

1<jk<d
Similarly, the bideterminants of shape (d,...,d) are invariant formslzb—t these bide-

”

173 Correction: Replaced “(x;, - -d;, | uy---uq)” by “(x; - xi, | ug -+ uq)”.
174Comment: Let me show why this is true:
Let F = (xi] Ce X | uq - ~~ud) for some choice of indices #y,...,i; € {1,2,...,n}. Let L =

(lkj) I<hp<d be any d x d-matrix. (It needs not be invertible.) Set a (L) = det (l]-k). We must then
prove that LF = a (L) F.

From L = (lkj>l<jk<d’ we obtain LT = (ljk)1<jk<d' so that det (LT) = det (ljk) \<iked
det (l]-k). Hence, det (ljk> = det (LT) = detL = det ((lkj)1<j k<d> (since L = (lkj>1<j k<d)'
We have F = (xj -+~ xj, | ug -+ ug) = ‘(xi]. | uk) ’1§j,k§d and thus

LF:L‘(xij|uk)‘

=|L (xl-. | uk) ‘ 4 (since L acts on P by an algebra homomorphism)
U 1<jk<d

1<jk<d

= L (xl] | ur) =
~———
= L\ x;,
1S)k:gd K (xz] \”k)
(by the definition of the action of L) |4 <jr<d

= det <l<;<d lrk (Xi]. | le)>1§jlr§d = det (((xij | uk))lgj,kgd . (lkj)1<j,k<d>
= ( (x"i ‘”") ) 1<jksd ()1 <<

= det ((xij | ”k)lgjlk§d> ~det ((lkj)lgj,k§d>

(ot o0

|
F-a(L)y=a(L)F,

ged.
175Comment: This holds for the following reason: Let [T, T'] be a bitableau of shape (d, .. .,d). Then,
we claim that the bideterminant (T | T') is an invariant form.
Proof of the claim: We are in one of the following two cases:

Case 1: Each row of T’ consists of the d entries u, ..., u,; (possibly reordered).

Case 2: At least one row of T’ does not consist of the d entries uy,...,u (possibly
reordered).

Let us first consider Case 1. In this case, each row of T’ consists of the d entries uy,...,uy,
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terminants are called rectangular. For a rectangular bideterminant with g rows,
a (L) = (det (Ix))%. Note that since any bideterminant of shape longer than (d) is
zero, a rectangular bideterminant is a linear combination of standard rectangular
bideterminants (with the same number of rows@

These examples are in fact paradigmatic

Theorem 5.9 (the first fundamental theorem of invariant theory). Over an infi-
nite field K, a form in P is invariant iff it is a linear combination of standard
rectangular bideterminants.

Note that the “if” part of Theorem 5.9|is clearly true (since rectangular bidetermi-
nants are always invariant). Thus, only the “only if” part remains to be proven@

5.3. The First Fundamental Theorem: first proof

Before we prove this theorem in two different ways, let us see how certain matrices
act on inner productsm

Lemma 5.10. Let j € {2,3,...,d}. Let L be the the d x d-matrix (lgp)
where

1<p,g<d’

l-1j=1

Ly =1 for all p;
ligp =0 for all p, q satisfying p # g and (p,q) # (j,j —1).

Thus, L acts upon P as an algebra homomorphism.

(possibly reordered). Hence, upon reordering the entries in the rows of T’, we can ensure that
each row of T’ has the form uj - - -uy. Thus, the bideterminant (T | T') is a product of inner
products of the form of the form (xi1 x| g -ud). Since all inner products of the latter
form are invariant forms, we therefore conclude that the bideterminant (T | T') is an invariant
form as well (since any product of invariant forms must be an invariant form). Thus, the claim
is proven in Case 1.

Let us now consider Case 2. In this case, at least one row of T’ does not consist of the d entries
uy,...,ug (possibly reordered). Hence, this row must have two equal entries (because it has d
entries chosen from the set & = {uy,...,uy}, and thus it either consists of the d entries uy, ..., uy
or has two equal entries). Consequently, the inner product in (T | T’) corresponding to this row
is 0. Therefore, the bideterminant (T | T") is 0. Thus, of course, (T | T’) is an invariant form
(since 0 is an invariant form). Hence, the claim is proven in Case 2.

We thus have proven the claim in both possible cases.

176Comment: This is a consequence of Theorem For a more detailed proof, see Lemma
further below.

177Correction: Replaced “has” by “have” in the following theorem. Also, removed the “all of which
have the same shape (d,...,d)” part, since it only holds for homogeneous invariants.

178 Correction: Added the preceding two sentences.

179 Correction: 1 have added this sentence, the next lemma and its proof, in order to make the subse-
quent first proof of Theorem [5.9 clearer.
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Letp € N. Let x;,..., Xi, be any p letters in X, and let Ujp,y - Uj, be p distinct
letters in 4.
(@ Ifno g € {1,2,...,p} satisfies jo = j — 1, then

L(xil...xip ‘ ujl...u]-p> — (xil...xip ’ u]-l...u].p>.
(b) If some g € {1,2,...,p} satisfies j, = j — 1, then this g satisfies
L (xil"'xip | ujl"'ufp)
= (xil PO xip | ujl RPN u].p> + (xil e xip | ujl e ujg—lujujg+1 e u].p> .

(c) If some ¢ € {1,2,...,p} satisfies j, = j — 1, and if some € {1,2,...,p}
satisfies j, = j, then

L(xil"'xip|u].1...u]'p> = <xi1...xip|u]‘1...u].p>'

Proof of Lemma The action of L on P satisfies the equality

L (xl- | u]',l) = (xi ’ l/l]',l) + (xi | M]) (17)
foralli e {1,2,...,n}, as well as
L (xi | Mk) = (Xl' | uk) (18)

foralli € {1,2,...,n} and k € {1,2,...,d} satisfying k # j — 1.
Applying the action of L to the equality (I), we obtain
L (xil ..._xl-p | u]-l ...u].p>

(xi1 | ujl) (xi1 | ufp)

<xip | uh) ' <xip | u/n)
L (xi1 | uh) - L <xi1 | ujp)
s (19)

L <x,'p | 1/{]'1> -« L <Xl'p | lejp)

(since L acts upon P as an algebra homomorphism).
(b) Assume that some g € {1,2,...,p} satisfies j, = j — 1. Consider this g.
The equality rewrites as

L (xi | u]-g> = (Xi | Lt]'g> + (xi | u]) (20)

=L
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(since j — 1 = jq). Furthermore, every h € {1,2,..., p} satisfying h # g satisfies
L (xi | ujh) - (xi | ujh) (21)

Applying the equality (1) to (j1, ..., jg—1, ], jg+1,---,jp) instead of (ji,...,jp), we

obtain
(xil T X | Wjy v o Ujo Ul ufp)
(o ) (g L) oo (s g,
= T, . E T X E , (22)
(i L) o (i L) o (1)
where the matrix on the right hand side is to be understood as the p x p-matrix
( ls|u]t> lft#g’

whose (s, t)-th entry 1s

(xi, Juj), ift=
L (xil | uh) o L (xil | ujp)
But the equalities (20) and (21) show that the matrix : . :
L (xip ‘ u]'1> -« L (xip ‘ u]'p>
(xi L) oo (i L,
differs from the matrix : : only in its g-th column,

(xip | ufl) (xip | ujP)
(i i) + (x| )

which is : . Since the determinant of a matrix is multilin-

(xip | ujg> + (xip | uj>

ear in its columns (in particular, linear in its g-th column), we thus conclude that
L (xi1 | uh) o L (xil | ufp)
the determinant of the matrix : . : can be expressed

L <x1~p | uh) -« L <x1’p | u]-p>

180proof: Leth € {1,2,...,p} be such that h # g. The numbers jj, .. -, Jp are distinct (since uj,, ..., uj,
are distinct letters). Thus, from 1 # g, we obtain jj, # jo = j — 1. Hence, (18) (applied to k = jj)
shows that L (x; | uj,) = (x; | uj,). This proves .
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as follows:
L (x| uh) o L (xil | ufp)

L(xip|ujl> L(xl-p|u]~p>
(e L) - (e b)) || G ) o G lw) o (x w,)

= ; ; + ; . ; g ;
<xip | uh) <xip | ufp) (xip | ufl) (xip | uf) (xip | ujp)
:(xi1~--xl-p|u]>1-..u]-p> :<‘xi1...xip|u].1...ujg71uju].g+1...ujp>
(by (@) (by 22))

where the second matrix is the same as the
matrix on the right hand side of
e (xil e xip ‘ ujl . e u]-p) + (xil e xip | ujl P ujg—l”j”jg-&-l e u]-p) .
Hence, becomes
L <xi1 ...xip | u]-l ...u]~p>

L (xi | uh) o L <xi1 | ufp)

L (x,'p | 1/[]'1> - L (xip | Z/t]'p)
= (xil e xip I ujl e u].p) + (xl-l e xip | ujl [N u]‘gflu]‘u]‘gjtl PN u].p) .
This proves Lemma (b).
(c) Assume that some g € {1,2,...,p} satisfies j, = j — 1. Consider this g.
Assume that some h € {1,2,...,p} satisfies j, = j. Consider this h.
We have jo = j—1 # j = j, and thus ¢ # h. Hence, h # g; this shows
that j, is one of the numbers ji,...,jo 1,jg+1,.--,jp- Hence, two of the num-

bers ji, .. .,jg_l,j,jg+1,. .., Jp are equal (namely, j, and j). Thus, two of the letters
Ujyeow Wiy Uj, Ujyy e, Uj, aTE equal. Therefore, the inner product
g—17 7] Pg+1 Jp

(xil X, | Wjp o r - Ujo Ul qm e ufp) =0
(since the inner product is antisymmetric in the u’s). Now, Lemma (b) yields
L(xil"'xip | uh"'”fﬂ)

— <xi1 e _xip | ujl . . u].p> + <xi1 e xip | ujl e u]-gilu].u]-ngl . e u].p>

=0

= (xil'"xi,,|uj1'"”jp)-




Invariant Theory, Young Bitableaux, and Combinatorics page 55

This proves Lemma (o).
(@) Assume that no ¢ € {1,2,...,p} satisfies j, = j—1. Then, every h €
{1,2,...,p} satisfies
L (xi | ujh) = (x| ”J'h) (23)

@Thus,
Lix [w) -~ L(x|u) (e L) - (x| w,)

: . : = : : . (24
L(xl-p]uh) L(xip]u]-p> (xip|u]~1> (xip|u]~p>
Now, (I9) becomes
L<xil-"xi,,\uj1"'ujp>
L(xi, |up) - L(xi1|u]-p>
L(xip|uh> L(xip|u]-p)
(xiy | ) - (xi1|ujp)
= : : (by 4)
CHETY ATy
_ (xil---xip | ujl---u]-p) (by (1))
This proves Lemma [5.10] (a). O

A turther lemma will help us analyze bitableaux@

Lemma 5.11. Let T be a standard tableau with values in the alphabet (/. Let
j > 1 be an integer. Let ¢ be a positive integer.

An entry u; 1 in T shall be called malleable if the letter u; does not appear in
the same row of T as this entry.

Let T be the tableau obtained from T by replacing each malleable entry Uj_q
in the g-th column of T by u;.

Then, the tableau T is again standard.

181proof: Let h € {1,2,...,p}. Recall thatno g € {1,2,...,p} satisfies jo = j — 1. In other words,
each ¢ € {1,2,...,p} satisfies jo # j — 1. Applying this to ¢ = h, we obtain j, # j — 1. Hence,
(applied to k = j;) shows that L (x; | u;,) = (x; | u;,). This proves .

182Correction: 1 have added this sentence, the next lemma and its proof, in order to make the subse-
quent first proof of Theorem [5.9 clearer.
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Proof of Lemma Recall that the entries of T and T belong to the totally or-
dered set U.

The tableau T is standard; in other words, the entries in each row of T are in-
creasing from left to right, and the entries in each column of T are nondecreasing
downward. We must prove the same for the tableau T.

Let Aq,Ap, A3, ... be the lengths of the rows of T (from top to bottom), and let
A}, Ay, AL, .. . be the lengths of the columns of T (from left to right). Thus, of course,
A1, Mg, Ag, ... are also the lengths of the rows of T, whereas )/ ,Ab, AL, ... are also
the lengths of the columns of T.

Recall that the tableau T is obtained from T by replacing each malleable entry
uj_1 in the g-th column of T by u;. Thus, each entry of T either equals the corre-
sponding entry of T, or is larger than it (because the only entries that were replaced
were entries u; 1, and these were replaced by the larger letter u;). In other words,
each cell (p,q) of T satisfies

T(p,q) > T(p9). (25)

Recall again that the tableau T is obtained from T by replacing each malleable
entry u; 1 in the g-th column of T by u;. Thus, each malleable entry u;  in the
g-th column of T was replaced by u;. In other words, if some cell (p,q) in the g-th

column of T contains a malleable entry u; 1, then the corresponding entry of T is
u;. In other words, if some cell (p,q) in the g-th column of T contains a malleable
entry u;_1, then

T(p,q) = uj. (26)

(Of course, under this condition, we must have g = g; but we nevertheless chose to
call the cell (p,q) and not (p, g) just for the sake of uniform notations.)

Recall again that the tableau T is obtained from T by replacing each malleable

entry u; 1 in the g-th column of T by u;. Thus, each entry of T has been preserved

unchanged in T unless it was a malleable entry uj_1 in the g-th column of T. In
other words, if (p,q) is a cell of T, then

T(p,q)=T(p.9q), (27)

unless the entry of T in cell (p,q) is a malleable entry u;_; in the g-th column of T.
Let us make the following simple observation:

Observation 0: Let (p, q) be a cell of T satisfying T (p,q) # T (p,q). Then:
e Wehaveg=gand T (p,q) = u;_1 and T(p,q) = uj.

e Furthermore, the letter u; does not appear in the p-th row of T.

183This proof is here purely for the sake of completeness. It is a long-winded writeup of a fairly
straightforward combinatorial argument, which you will probably have found faster than you
can read my proof.
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[Proof of Observation 0: We have T (p,q) # T (p,q). In other words, T (p,q) #
T(p,q)-

If the entry of T in cell (p,q) was not a malleable entry u;_; in the g-th column
of T, then we would have T (p,q) = T (p,q) (by ); but this would contradict
T (p,q) # T (p,q). Hence, the entry of T in cell (p,q) is a malleable entry uj_1in
the g-th column of T.

Thus, in particular, the entry of T in cell (p,q) lies in the g-th column of T. In
other words, cell (p, ) lies in the g-th column. In other words, g = g.

Moreover, the entry of T in cell (p,q) is a malleable entry u;_ in the g-th column
of T. In particular, this entry is u; ;. In other words, T (p,q) = uj_1.

The cell (p,q) in the g-th column of T contains a malleable entry u; 1 (since the
entry of T in cell (p,q) is a malleable entry u;  in the g-th column of T). Thus,
shows that T (p,q) = uj.

Recall that the entry of T in cell (p,q) is a malleable entry u; 1 in the g-th column
of T. In particular, this entry is malleable. In other words, the letter u; does not
appear in the same row of T as this entry (by the definition of “malleable”). In
other words, the letter u; does not appear in the p-th row of T (since clearly, the
row of T that contains the entry in cell (p,q) must be the p-th row of T). Thus, the
proof of Observation 0 is complete.]

We know that the entries of each row of T are increasing from left to right. In
other words, each positive integer p satisfies

T(p1)<T(p2)<---<T(pAp). (28)

We know that the entries of each column of T are nondecreasing downward. In
other words, each positive integer g satisfies

T(1,q) <T2q) < <T(Apq). (29)
We now make the following two claims:
Claim 1: Each positive integer p satisfies
T(p1)<T(p2)<---<T(pAy).
Claim 2: Each positive integer g satisfies

T(Lg) <TRe < <T(M9).

[Proof of Claim 1: Let p be a positive integer. Let g € {1,2,...,A, —1}. We are
going to show that T (p,q) < T (p,q +1).

Indeed, assume the contrary. Thus, T (p,q) > T (p,q +1).

However, (p,q+1) is also a cell of T (since 4 € {1,2,...,A, —1}). Thus, (25)
(applied to (p,q+1) instead of (p,q)) yields T(p,g+1) > T(p,q+1). Hence,
T(pa) 2T (pg+1) 2T (pq+1).




Invariant Theory, Young Bitableaux, and Combinatorics page 58

But shows that T (p,q) < T (p,q+1) < T (p,q) (since T (p,q) > T (p,q +1)).
Hence, T (p,q) # T (p,q). Thus, Observation 0 shows that:

e Wehave g =gand T (p,q) = u;_1 and T(p,q) = uj.
e Furthermore, the letter u; does not appear in the p-th row of T.

From T (p,q) = uj_1, we obtain u; 1 = T(p,q) < T(p,q+1). Therefore,
T(p,q+1) > uj_1, so that T(p,q+1) = uy, for some h € {j,j+1,...,d}. Con-
sider this 1. We have h > j (since h € {j,j+1,...,d}). But we have T (p,q) = uj.
Hence, u; = T(p,q9) > T(p,q+1) = uy. In other words, j > h. Combined with
h > j, this yields h = j. Hence, u, = uj. Thus, T (p,q+1) = u, = uj. Thus, the
letter u; appears in the p-th row of T (namely, in cell (p,q +1)). This contradicts
the fact that the letter u; does not appear in the p-th row of T.

This contradiction shows that our assumption was false. Hence, T(p,q) <
T (p,q +1) is proven.

Now, forget that we fixed g. We thus have shown that T (p,q) < T (p,q + 1) for
each g € {1,2,...,A, —1}. In other words, T (p,1) < T(p,2) < --- < T (p,Ap).
This proves Claim 1.]

[Proof of Claim 2: Let q be a positive integer. Let p € {1,2,. . "At/i - 1}. We are

going to show that T (p,q) < T (p + L q). B
Indeed, assume the contrary. Thus, T (p,q) > T (p + 1,9).

However, (p+1,4q) is also a cell of T (since p € {1,2,. . .,/\f7 — 1}). Thus,

(applied to (p+1,q) instead of (p,q)) yields T(p+1,9) > T(p+1,q9). Hence,
T(pg)>T(p+1lq) =T (p+19). B N

But shows that T (p,9) <T(p+1,9) <T(pq)(sinceT (p,q) >T(p+1,9)).
Hence, T (p,q) # T (p,q). Thus, Observation 0 shows that:

e Wehaveg=gand T (p,q) = u;_1 and T(p,q) = u;.
e Furthermore, the letter u; does not appear in the p-th row of T.

From T (p,q) = uj_q, we obtain u; 1 = T(p,q) < T(p+1,q9). Therefore,
T(p+1,q9) > uj_y,so that T(p+1,q9) = u, for some h € {j—1,j,...,d}. Con-
sider this h. We have h > j—1 (sinceh € {j —1,j,...,d}). Butu, =T (p+1,9) <
T(p,q) = uj. In other words, h < j. Hence, h < j— 1. Combining this with
h>j—1,weobtainh =j—1 Now, T(p+1,q9) = u, = uj_1 (since h = j—1).
Thus, there is an entry u; 1 incell (p+1,4) of T.

The letter u; does not appear in the (p + 1)-st row of T In other words, the
letter u; does not appear in the same row of T as the entry of T in cell (p +1,9).

184proof. Assume the contrary. Thus, the letter u j appears in the (p + 1)-st row of T. In other words,
there exists an 7 € {1,2,...,A,41} such that T (p +1,7) = u;. Consider this r.
Applying to p+1 instead of p, we obtain T(p+1,1) < T(p+12) < - <
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Hence, the entry u; 1 in cell (p +1,9) of T has the property that the letter u; does
not appear in the same row of T as this entry. In other words, this entry u; 1 is
malleable (by the definition of “malleable”).

Also, (p+1,q) is a cell in the g-th column of T (since ¢ = ). Hence, (p+1,9)
is a cell in the g-th column of T containing a malleable entry u; 1 (since the entry
uj_1 in cell (p +1,4) of T is malleable). Thus, (applied to (p +1,q) instead of
(p,q)) yields T (p +1,q) = u;. Now, recall that T (p,q) = uj; hence, u; = T(p,q) >
T(p+1,9) = u;. This is clearly absurd.

This contradiction shows that our assumption was false. Hence, T (p,q) <
T (p+1,q) is proven.

Now, forget that we fixed p. We thus have shown that T (p,q) < T (p +1,4) for
each p € {1,2,...,/\27 —1}. In other words, T(l,q) < T(Z,q) < ... < T(Aé,q).
This proves Claim 2.]

Now, consider the tableau T. The entries in each row of T are increasing from
left to right (by Claim 1), and the entries in each column of T are nondecreasing

downward (by Claim 2). In other words, the tableau T is standard. This proves
Lemma O

We shall say that a standard tableau with entries from the alphabet U/ is rectan-
gular if and only if it has shape (d,...,d) (for some number of entries d, possibly
zero). Notice that such a rectangular tableau must necessarily look like this:

u]_ ‘I/lz ... ud

Uy Uy - Uy

(because each of its rows has length d and is strictly increasing, whence it has the
form wuquy - - - uy). Notice also that a bideterminant (T | T') is rectangular if and
only if the tableau T is rectangular

T (p+1,Ap41). Hence, if we had r < g, then we would have T (p+1,7) < T(p+1,9) = uj_q,
which would contradict T (p +1,7) = u; > u; 1. Thus, we cannot have r < 4. Hence, we have
r > g. In other words, g < r.

Thus, the cell (p,r) lies “between” the cells (p,q) and (p+1,7) (in the sense that there is
a shortest northwest-to-southeast lattice path from (p,q) to (p+1,r) passing through (p,r)).
Thus, the tableau T must have a cell (p,r) (since T has a cell (p,q) and a cell (p +1,7)). Now,
from (28), we obtain T (p,q) < T (p,r) (since g < r). Hence, T (p,r) > T (p,q) = uj_1.

But (29) (applied to r instead of q) yields T (1,7r) < T (2,r) <--- < T(A},r). Hence, T (p,r) <
T (p+1,7r) = u;. In other words, T (p,r) = u; for some i € {1,2,...,j}. Consider this i.

But u; = T (p,r) > uj_1, so thati > j—1. In other words, i > j. Combining this with i < j
(since i € {1,2,...,j}), we obtain i = j. Hence, T (p,r) = u; = u; (since i = j). Hence, the letter
uj appears in the p-th row of T (namely, in cell (p,r)). This contradicts the fact that the letter u;
does not appear in the p-th row of T. This contradiction shows that our assumption was false,
ged.

185Correction: 1 have added this paragraph in order to clarify what the word “rectangular” means
when it is applied to a single tableau (as it is in the following proof).
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First proof of Theorem Suppose F is invariant. WLOG assume that F # 0 (other-
wise, everything is clear)@] Using the straightening formula, we can express F as
a linear combination of standard bideterminants:

F= les (TS | Ts/)/ (30)

where the [T;, T{] are distinct standard bitableaux and where the a; are nonzero
scalars for all s Our goal is to prove that all tableaux T, appearing in are

rectangular@
Assume the contrary We shall probe F with appropriate d x d-matrices.

Consider first the d x d-matrix L € K?*? defined by
L (x| uj) =c(xi|uj), (31)
L (Xl' | uk) = (xi | le), for k 75 j, (32)
where j is a fixed element of {1,2,...,d} and@ where ¢ is a nonzero scala@ If

b

j is the number of occurrences of U in T,, then

b](-s> (

L(TS|T£):C TS|TSI)

and thereford™ “
LF=Y as’ (T, | T). (33)
S

As F is invariant, we also have

LF=a(L)F=) axa(L) (Ts | T). (34)

But the expansion into standard bideterminants is unique. Hence, comparing

with (34), we obtain™

(s)
ascbf = aga (L) for all s, (35)

186Correction: Added this sentence.

187Correction: Added “where the [T, T!] are distinct standard bitableaux and where the &5 are
nonzero scalars for all s” (this later becomes important).

188 Correction: Added this sequence.

189Correction: Added this sequence.

90Correction: Added “where j is a fixed element of {1,2,...,d} and”.

91Comment: Here is a more precise way to say this: Fix a j € {1,2,...,d} and a nonzero scalar c.
Let L be the d x d-matrix (lqp)1<p,q<d € K9 where

lj=oc
lkk =1 for k 7é j}

Clearly, this d x d-matrix L is invertible (since it is a diagonal matrix with nonzero entries on the
diagonal). It is now straightforward to see that this L satisfies and .

192Correction: Added the word “therefore”.

193Correction: Added this sequence for clarity.
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and therefore “

i =a (L) for all s (36)
(since the a5 are nonzero). Hence, we must have, for all s and ¢,

(s) ()
Cb] = Cb] = a (L) .

This equality holds for all the nonzer scalars ¢ in the infinite field K
Therefore,

j b](.t) for all s and ¢ (37)

We shall write b; for the common value of the integers b}s). Hence, each tableau

T; contains the letter u; exactly b; times@

Now, fix two distinct elements j and k of {1,2,...,d}, and@ let L be the d x d-
matrix in K44 defined by

L(x;|uj) = (x| ug), (38)
L(xi|up) = (xi|u), (39)
L(x;|up) = (xi|up), forp#jand p #k (40)

94 Correction: Added the word “nonzero”.
195 Correction: Replaced “k” by “K”.
19 Comment: Here is this argument in more detail:

Comparing with (34), we obtain
(s)
Y asl (To | T!) = Y asa (L) (Ts | T.) .
S S

Since the standard bideterminants (T; | T;) are K-linearly independent (by Theorem since
the [Ts, T,] are distinct standard bitableaux), this shows that

(s)
zxscbf = wsa (L) for each s.

We can divide this equality by as (since «; is nonzero), and thus obtain

ps)
ci =a(L) for each s.
b bt
Hence, ¢/ — ¢/ =a(L)—a(L)=0foranysand t.
~ =~
=a(L) =a(L)
(s) ()
Now, let s and t be arbitrary indices. Then, we have just shown that ¢l — % =0. We have
(s) (t)
proven this for every nonzero scalar ¢ € K. Thus, " —c% = 0holds for infinitely many values
of ¢ € K (since there are infinitely many nonzero scalars ¢ € K).
(s) ()
Now, consider the polynomial T —T% ek [T]. This polynomial has infinitely many roots
(s) ()
in K (since " — % = 0holds for infinitely many values of ¢ € K), and thus must be identically

zero. Therefore, b](s) = b](t), ged.
197 Correction: Added this sentence.
198Correction: Added “fix two distinct elements jand k of {1,2,...,d}, and”.
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@ Each of the bideterminants L (Ts | T.) contain@ the letter u; exactl W b;

times. As the content of a bideterminant is preserved under straightening’?’]
LF is therefore?®| a linear combination of standard bideterminants each contain-
ing the letter u exactly@ b; times. But F is invariant, and therefore{ﬂ LF =

Y asa (L) (Ts | T,), where each of the bideterminants in this expansion contain
S

the letter uy exactly@ by times. Applying the basis theorem@ we conclude that
bj = by We shall denote by b the common value of the integers bj. Thus,

each tableau T, contains the letter u j exactly b times (41)

P

Since each letter u; is repeated b times, the minimum number of rows in T is b.

The number of rows is exactly b if and only if T} is rectangula

Now, suppose that T, is not rectangular; that is, the number of rows in T} is
strictly greater than b. In T,, all the letters u; are in the first column. Let u; be
the first letter in the first column following the run of letters u; @ Then, all

199Comment: Here is a more precise way to say this: Fix two distinct elements j and k of {1,2,...,d}.
Let L be the d x d-matrix (Ip) 4 € K4%4 where

1<pg<

lx=1
l]-p =0 forp #k;
hi=1

lyp =0 for p # j;
lpp =1 forp#jand p #k;
logp =0 forg ¢ {j, k} and p # g.

Clearly, this matrix L is invertible (since it is a permutation matrix). It is now straightforward to
see that this L satisfies , and .
200Correction: Replaced “contain” by “contains”.
201Correction: Added the word “exactly”.
202Comment: This is just a reference to Theorem
203Correction: Added the word “therefore”.
204Correction: Added the word “exactly”.
205Correction: Added the word “therefore”.
206Correction: Replaced “contain” by “contains”.
207Correction: Added the word “exactly”.
208Comment: i.e., Corollary
209Comment: Here, we are using the fact that a (L) # 0. Why is this the case?
Indeed, assume the contrary. Thus, a (L) = 0. But since F is invariant, we have LF = a (L) F
and L™'F = a (L7!) F. Hence, L™! LF = a(L)L™'F =0, which contradicts L"'LF = F # 0.
N~
=a(L)F -0
This contradiction shows that our assumption was false; hence, a (L) # 0.
20Correction: Added this sentence.
21 Comment: Recall that a standard tableau T} is rectangular if and only if each of its rows has the
form ujuy - - - uy. (Thus, if T, is rectangular, then the bideterminant (T | T7) is rectangular.)
212Comment: Such a letter exists, because the run of letters uy cannot cover the whole first column
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the letters from 14 to u;_1 occur in the first b rows. Hence, each of the letters from
1y to u;_q occurs in each of the first b rows (since it must occur b times in total,
but can only occur in the first b rows, and therefore has to occur at least once in
each of these b rows). Thus, each of the first b rows begins with ujuy - --1;_1

Moreover, if g is the number of occurrences of u; in the first column, the the
remaining b — g letters u; must all occur in the first b — g rowﬂ The situation is

(since the number of rows is greater than b, but the letter 1, appears only b times).
213Correction: Added this and the preceding sentence.
24 Correction: Added “then”.
215Comment: Let me justify this:
We must prove that each occurrence of u; in T, other than in the first column must be in one
of the first b — g rows. In other words, we must prove that if the (r,c)-th entry of T, equals u;
for some integers ¥ > 1 and s > 2, thenr < b —q.
So let us assume that the (r,c)-th entry of T, equals u; for some integers r > 1 and ¢ > 1. We
must prove that r < b —g.
We are in one of the following two cases:

Case 1: We have r < b.
Case 2: We have r > b.

Let us first consider Case 1. In this case, we have r < b. Thus, the r-th row of T, begins with
uquy - - - uy_q (since each of the first b rows begins with uqu; - - - u;_1). The next entry of this r-th
row after ujuy - - - u;_1 must then be u; (since u; occurs in the r-th row of T, (since the (r,¢)-th
entry of T, equals u;)). Hence, the (r,1)-th entry of T} is u;. Therefore, the first r entries of the
I-th column of T{ must be of the form 1, with g < (since T; is standard). However, these entries
must also be of the form 1, with ¢ > I (since any entry in the I-th column of T} has this form
(again since T} is standard)). Hence, these entries must be of the form ue with ¢ satisfying both
¢ <l and g > I simultaneously. In other words, these entries must be of the form u;. Hence,
there are at least r entries u; in the I-th column of T.. Since there are also g entries u; in the 1-st
column of T, we conclude that there are at least r + ¢ entries u; in T, (since the I-th column of T,
and the 1-st column of T/ are two different columns). In other words, b > r + ¢ (since the total
number of entries u; in T} is b). Hence, r < b — q. Thus, we have proven v < b — g in Case 1.

Now, let us consider Case 2. In this case, we have r > b. Hence, the first entry of the r-th row
of T{ has the form ug with ¢ > I. Consider this g.

Recall that ¢ > 1. Hence, the c-th entry of the r-th row of T} is larger than the first entry of
the r-th row of T/. In other words, the c-th entry of the r-th row of T/ has the form uj, for some
h > g (since the first entry of the r-th row of T} is ug). Consider this h. Thus,

uy, = (the c-th entry of the r-th row of T{) = (the (r,c)-th entry of T{) = u;
(since the (r,c)-th entry of T, equals u;). Hence, h = 1 < g (since g > [). This contradicts h > g.

Thus, we have obtained a contradiction in Case 2. Hence, Case 2 cannot occur. Thus, r < b —gq
is proven (since we have proven r < b — g in Case 1). This completes the proof.
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summarized by@
( up cccoUpq U
u PR u _ u
b rows ! =1
uy -0 U1 Um
) growsq oo
T = (42)
L ul o .. ul—l
uj
g Tows :
uj

where m > [ + 1. Such a tableau is called an I-critical tableau, and its parameter is q.
Let j be the smallest index such that there exists a j-critical tableau in the expan-
sion (30)*!"| of F. We break up the expansion (30)*°|of F into

F=)Y as (T |T) + ) a: (T | T{) + G, (43)
S t

where the first summation is over all the indices s such that T} is j-critical, the

second summation is over all t such that T} is l-critica@ for some [ > j @ and

G is the linear combination of all the b x d rectangular standard bideterminants.
Now, fix any j € {2,3,...,d}, an let L be the d x d-matrix in K?*? defined by

L(xi|uji—1) = (x;|uj_1)+ (xi|uj), (44)
L(xi | ue) = (xi | ug), fork #j—1 (45)

Under L, those bideterminants in which all the letters u; 1 and u; occur in
the first b rows are unchange in particular, the rectangular bideterminants

H6Correction: Replaced “T'” by “T.” in the display. As usual, added some “---”s and the words
“rows”.

217 Correction: Added “(30)”.

218 Correction: Added “(30)”.

29Correction: Removed a redundant comma here.

220Correction: Replaced “I > q” by “I > j”.

221 Correction: Added “Now, fix any j € {2,3,...,d}, and”.

22Comment: Here is a more precise way to say this: Fixany j € {2,3,...,d}. Let L be the d x d-matrix

dxd
(qu)lgp,qu € K%*% where

lij=1
lyp =1 for all p;
lgp =0 for all p, q satisfying p # g and (p,q) # (j,j—1).

Clearly, this matrix L is invertible (since it is lower-unitriangular). It is now straightforward to

see that this L satisfies and .

223 Comment: This is because
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in G and the [-critical bideterminants in the second summation in (43)’** remain
unaltered. In other words/>)|

IG =G, (46)
and
L(Ty| T{) = (T¢ | T}) for each t in the second summation in @3).  (47)
For the j-critical bideterminants
L(Ts | T) =) (T | TZ), (48)
7

where T is a tableau (not necessarily standard@ of the following form@

;

uy --- u]',1 u]'

b rows Y e

Uy - % Uy
g rows :

(49)
\ U *

Uj
g TOWs :
Uj

where any of the * symbols in column j —1 @ may be u; 1 or uj, and wherelﬂ
m>j+1. [P

e any inner product containing both letters 1; 1 and u; is unchanged under L (by Lemma 5.10] -

(0));
e any inner product that does not contain the letter u; is unchanged under L (by Lemma
@);

e L acts upon P as an algebra homomorphism.

(Here, we are only talking about inner products in which the indices of the u are distinct. But
all the inner products forming a bideterminant have this property.)
24 Correction: Added “in
225Correction: Inserted this sentence.
226Correction: In the following display, I have removed the “(Ts | T:)” addend, because I prefer to
regard this addend as part of the sum }_ (Ts | TY).
r

227 Correction: Added “(not necessarily standard)”.

228Correction: As usual, added some “ - - ”s and the words “rows” in the display below.
229 Correction: Replaced “+” by “any of the * symbols in column j — 1”.

20Correction: Added “where”.

B1Comment: This follows from the following argument:
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Fix any s.

Let w be the number of rows of the tableau Ts; thus, w is also the number of rows of the
tableau T.

The tableau T} is j-critical; thus, it looks as follows:

uy - M]'_l u]-
u Ui_ u
b rows ! =t
uq Ll]'_l Um
, q rows :
T, = o : (50)
1 j—1
u] .« e
q rows
Uj

In particular, all entries of T} in row b+ 1 and the rows below have the form u, for h > j (because
the first entry of row b + 1 is u;, and the entries are nondecreasing along rows and column).
For each k € {1,2,...,w}, we set ry = (xil X, | Ujy + o u]-p>, where x;, - " Xi, is the k-th

row of the tableau Ts, and where uj, - - - u; is the k-th row of the tableau T.. Thus, (Ts | T,) =
rirp - - - ry. Hence,
L(Ts | T,) = L(rirp- - rw) = (Lry) (Lra) - - (Lry) (51)
(since L acts upon P as an algebra homomorphism).
Fix k € {1,2,...,w}. We shall now compute the value Lry. First, let x; - X, be the
k-th row of the tableau Ts;, and let Uj - Uj, be the k-th row of the tableau T.. Thus,

e = (x,»1 X, | uj, - ~~u]~p) (by the definition of ;). Notice that j; < j» < .-+ < j, (since

T! is a standard tableau); thus, the letters Ujy, ..., Uj, are distinct. Now, let us compute Lry
depending on the value of k:

e Let us first assume that k < b —g. Thus, the k-th row of T; contains both u;_; and u;
(because of ). In other words, uj, - - - uj, contains both u; 1 and u; (since u;, - - - uj, is the

k-th row of T;). In other words, some ¢ € {1,2,...,p} satisfies j, = j —1, and some h €

{1,2,...,p} satisfies j, = j. Hence, Lemma [5.10| (c) shows that L (xl-1 Xy, gy u]-p) =

(xl-l e, | uj, - -ujp). Since 7, = (xi1 X, | ujy - u]-p), this rewrites as Lr;y = . Thus,
we have computed Lty in the case when k < b —g.

e Let us now assume that b — g < k < b. Thus, the k-th row of T, contains Uj_q but not uj

(because of ). In other words, u;, - uj, contains u;_1 but not u; (since uj, - - - uj, is the
k-th row of Ty). In particular, u;, - - - uj, contains u;j 1. In other words, some g € {1,2,...,p}

satisfies jo = j — 1. Consider this ¢. Hence, Lemma (b) shows that

L<xi1.”xip|u]'1”'u]'p>

= (xl.l e xip | ujl e u].p) + (xil e xip u].l . ujg—lujujg+1 . u].p) . (52)
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Let T be the tableau such that all the *’s are u; @ thus, T} is a standard

Setr, = (xil X, | ujy - Ujo Uil jp) Thus, . is the same inner product ry, except
that the letter u; (that is, the g-th letter to the right of the vertical bar) has been replaced by

uj. In other words, 7, is the result of replacing the letter u;_; by u; in the inner product ry
(since jo = j —1). Now, 1b rewrites as Lry = 1y + r,’( (since r = (xl-l X, | Ujp -+ u]-p) and
= (xil'"xi,,|uj1'"u

b—qg<k<b.

o1 Uilkjgsr =" u]p) )- Thus, we have computed Lry in the case when

e Let us finally assume that k > b. Thus, all entries in the k-th row of T, have the form uj, for
h > j (because all entries of T, in row b + 1 and the rows below have the form uy, for i > j). In
particular, the k-th row of T, does not contain uj—1. In other words, Uj U, does not contain

uj_q (since uj, - - - u;, is the k-th row of T;). In other words, no g € {1,2,..., p} satisfies j, =

j — 1. Hence, Lemma [5.10| (a) shows that L (xil RRE | uj, - ~ujp> = (xl-l X, | uj, - ~u]-p).

Since rp = (xl-l X, \ Uj - u]-p), this rewrites as Lry = r;. Thus, we have computed Lry in
the case when k > g.

Now, forget that we fixed k. Thus, for each k € {1,2,...,w}, we have obtained a formula for
Lrg, namely:

o If k satisfies either k < b —q or k > b, then Lry = ry.

o If k satisfies b — q < k < b, then Lry = ry 4 r;, where 7} is the result of replacing the letter
uj—1 by u; in the inner product 7.

Multiplying all of these formulas, we obtain
(Lry) (Lrp) - - - (Lrw)
=rry- Ty (rb,qﬂ + ré_qﬂ) (bequz + ri,_q+2> o (rp 4 1y) ThaaThra  Tw
Hence, becomes
L(Ts | T5) = (Lry) (Lr2) - - (Lrw)
=Ty Thg (rb,qﬂ + r{,qu) (rb,ﬁz + ”Zz—q+2> o (1) ThgaTh2 T

Expanding the right hand side, we thus conclude that L(T; | T.) is the sum of all prod-
ucts obtained from riry---r, by replacing some of the factors r,_gy1,7p g12,...,7 by
TZ_ q +1,rij_ g2 /”Z (respectively). But of course, these products are precisely the bidetermi-
nants of all bitableaux that are obtained from (Ts | T;) by replacing some of the letters u;_; in
rows b—q+1,b—q+2,...,b by uj. Hence, L (Ts | T{) is the sum of the bideterminants of all
these bitableaux. Hence, L (T; | T}) = (TS | T!), where each T is a tableau of the form lﬁb

where any of the * symbols in column j ] — 1 may be u; 1 or uj, and where m > j+ 1. This proves
232C0mment: More precisely: Let T’ be the tableau obtained from T; by replacing all the letters u;_;
inrows b —q+1,b—q+2,...,b by u;. Thus, T{ is one of the tableaux T} on the right hand
side of (48). Actually, among all those tableaux T}, the tableau T, is the one with the most
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tableau containing u; exactly@ b+gq timeﬁ Applying the operator L to the
equality , we obtai
LF = ;zst (T | ) +) e L(Te | T}) + LG,

t o
=1 (Ts|TY) =(Ty|Ty) (by (@6))

=) a5} (Ts | T§)+Zt:txf (T: | T{) + G

=Y & (T | T + Y a (T | T}) +G,
S,r t

so that

Yoao (T [ T+ Yo (T | T/) + G
t

; LF=a(L)F (since F is invariant)
=Y a(L)as (Ts | T)) + )Y _a(L)a (T | T{) +a (L) G. (53)
f

S

¥ containing u; exactly b + ¢’
times are the bideterminants (T, | T;), where T}, is a j-critical tableau with param-

occurrences of the letter u;.
233 Correction: Added the word “exactly”.
24Comment: Here is why this is true:

First, let us see why T/’ is a standard tableau.

An entry u;_y in T shall be called malleable if the letter u; does not appear in the same row of
T/ as this entry.

Indeed, recall that the tableau T is standard. The tableau T is obtained from it by replacing
some entries (namely, the entries u; 1 inrows b —g+1,b —g+2,...,b of the (j — 1)-th column)
of T{ by u;. It is easy to see (from a look at ) that these entries are precisely the malleable
entries u;_1 in the (j — 1)-th column of T;. Thus, the tableau T’ is obtained from T{ by replacing
each malleable entry u;_; in the (j —1)-th column of T by u;. Hence, Lemma (applied to
T!,j —1and T/ instead of T, g and T) yields the tableau T/ is standard.

It now remains to prove that the tableau T;' contains u; exactly b + q times.

Indeed, we know that the tableau T contains u; exactly b times. The tableau T;' differs from
T; in having g further entries equal to u; (in fact, T' was obtained from T; by replacing a total
of g entries by u;, and none of these entries had been u; in T). Thus, the tableau T}’ contains u;
exactly b + g times. This completes our proof.

235Correction: This sentence has been refactored and expanded. Also, I have again removed the
“(Ts | T,)” addend, because I prefer to regard this addend as part of the sum }_ (Ts | T7).
r

236Correction: Removed the sentence “Each bideterminant (Ts | T!) contains the letter u jatleastb+1
times.”. This sentence was useless and does not hold with my definition of (T | T}).

237 Correction: Added the words “T! appearing in ”.

28 Correction: Replaced “the above equality” by “the equality ”.
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eter g/ @ Therefore, the projection of the equality (53)°*"| onto the subspace
spanned by the bideterminants containing u; exactly b + ¢’ times yields

Dv (T, | TY)) =0 (54)

239Comment: Let me explain why this is true.

First, we recall that a j-critical tableau must have at least one entry u i in its first column; thus,
its parameter is positive (since its parameter is the number of entries u; in its first column).
Hence, ¢’ is positive (since g’ is the parameter of a j-critical tableau). Thus, 4’ # 0, so that
b+q #b.

Each of the bideterminants appearing in (30) contains u exactly b times (because of (41 .)
In other words, each of the bideterminants appearing in (43) contains u; exactly b times (since
these bideterminants are the same as the bideterminants appearing in @D) Hence, none of the
bideterminants appearing in (43) contains u; exactly b + ¢ times (since b + ¢' # b). Thus, none
of the bideterminants (T | T,) and (T; | T}) in contains u; exactly b 4 ¢’ times. The same
holds for the bideterminants contained in G (for the same reason).

Therefore, any bideterminants in that contain u; exactly b + ¢’ times must be of the form
(Ts | T7). However, not every bideterminant of this form actually contains u; exactly b + 4’ times.
Let us see which ones do:

Consider a bideterminant (Ts | T7) that appears in and contains u; exactly b + ¢’ times.
The corresponding tableau T} is j-critical; let g be its parameter. Thus, ¢’ > g (since ¢’ is the
largest parameter for the j-critical tableaux appearing in (53)). Furthermore, the tableau T} has
the form (49), where any of the * symbols in column j — 1 may be u; 1 or u;. Let h be the number
of * symbols that are uj; thus, i < g (since the total number of * symbols in is g). Notice
that the equality /1 = g holds if and only if each of the x symbols is a u;.

From , we know that the tableau T contains the letter u; exactly b times. The tableau T{
is obtained from T by replacing some of the letters u;_; by u; (indeed, the positions of the *
symbols in 1} were occupied by u;_; in T!). Hence, the tableau T! contains the letter u j exactly
b+ h times (since there are precisely & letters u; i that are replaced by u; in T;). Comparing
this with the fact that the tableau T{ contains the letter u; exactly b + ¢’ times, we conclude that
b+h=>b+4q'. Thus, h = q'. Combining h = ¢’ > q with h < g, we obtain i = gq. In other words,
exactly g of the * symbols in are u;. This means that all the * symbols in are u; (because
q is the total number of * symbols in (49)). Hence, T} is the tableau T, (because T!' was defined
as the one tableau T for which all the * symbols in are u;).

Furthermore, ¢/ = h = q. Hence, the j-critical tableau T, has parameter g’ (since it has
parameter g). Thus, we have shown that T! is the tableau T/, and that the j-critical tableau T
has parameter ¢'.

Now, forget that we fixed (T | T;). We thus have shown that if (Ts | T}) is a bideterminant
that appears in (53) and contains u; exactly b+ ¢’ times, then T{ is the tableau T;, and the
j-critical tableau T, has parameter q’. Since any bideterminants in that contain u; exactly
b+ q' times must be of the form (T | T), we can therefore summarize: Any bideterminants in
that contain u; exactly b + 4’ times must be of the form (Ts | T{), where T{ is the tableau
T/, and the j-critical tableau T, has parameter gq’. In other words, any bideterminants in (53)
that contain u; exactly b 4 ¢’ times must be of the form (T | T;'), where the j-critical tableau T;
has parameter ¢’. In other words, any bideterminants in that contain u; exactly b+ q' times
must be of the form (T, | T,/), where T}, is a j-critical tableau with parameter ¢’.

Conversely, any bideterminant of this form must contain u; exactly b + 4" times (as one can
easily show by following the above argument backwards). Thus, the bideterminants in the
equality (53) containing u; exactly b + q’ times are exactly the bideterminants (T, | T)), where
T, is a j- cr1t1ca1 tableau with parameter 4’. Qed.

240C0rrectzon Replaced “this equality” by “the equality .”
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@ (where the sum is over all v for which T is a j-critical tableau with parameter
7)

All the bitableaux@ [Ty, T})], and hence [T, T}/], are distinct and standard@ By
the basis theorem (specifically, the part of Corollary that says that the stan-
dard (X, U)-bideterminants are linearly independentf**’] we thus conclude that all
the coefficients a; in must be 0. We conclude that there cannot be a j-critical
bideterminant in the expansion of F; in particular, there cannot be a nonrectangu-
lar bideterminant in the expansion. This contradicts our assumption that not all
tableaux T, appearing in are rectangula@ This completes the first proof of
Theorem 5.9 O

241 Correction: 1 have switched the left and the right hand side of this equality, to match my modified
version of (53).
22Correction: Added the preceding parenthetical.
23Correction: Just as many times before, I have replaced bideterminants by bitableaux.
244 Comment: Let me explain why this is true.
We already know that the tableaux T}, are standard; thus, the bitableaux [Ty, T} | are standard.
It remains to show that these bitableaux [T;, T}/| are distinct.
Assume the contrary. Thus, there exist two distinct indices v and w (having the property
that T; and T, are j-critical tableaux with parameters q’) such that [Ty, T)/] = [Tw, T)j]. Hence,
Ty =Ty and T} = TJ.
Recall that T}, is a j-critical tableau with parameter 4. Hence, the tableau T}/ is obtained from
T, by replacing the entries u;_; in rows b —q' +1,b — ¢’ +2,...,b of the (j — 1)-th column by
u; (by the definition of T;/). Therefore, the tableau T}, can be obtained from the tableau T, by
replacing the entries u; in rows b —q' +1,b —¢q' +2,...,b of the (j — 1)-th column by u;_; (since
the entries in rows b —q' +1,b — ¢ +2,...,b of the (j —1)-th column of T; are u;_; (again,
because T is j-critical)). Similarly, the tableau T}, can be obtained from the tableau T}, by the
exact same replacements. Therefore, T}, = Ty, (since T}/ = T/}). Combined with T, = Ty, this
yields [Ty, T,| = [Tw, T,]. But this contradicts the fact that the bitableaux [T, T;] were chosen to
be distinct. This contradiction completes our proof.
245Correction: 1 have expanded this sentence to be clearer.
246Correction: Inserted this sentence.
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5.4. The First Fundamental Theorem: second proof

In preparation for the second proof of Theorem let us state a few lemmas@

Lemma 5.12. Let K be a field. Let 4 > 1. Considered as a polynomial in the d?
indeterminates ll-]- (for1 <i<dand1 < j < d), the determinant A = ‘lij| is
irreducible.

Proof of Lemma[5.12} Suppose that A = AB. Since A is linear in each variable [;;,
the variable [;; cannot occur in both A and B. Suppose that [1; occurs in A. In
the expansion of A into monomials, each monomial contains exactly one variable
from each row and column. Hence, none of the variables /1,,[;; with 1 <r < d and
1 < s < d can occur in B.

If B is not a constant polynomial, then B contains a variable lpq, where, a fortiori,
p,q > 1. By a similar argument, A cannot contain the variables I, [s; with r # g
and s # p. But this implies that neither A nor B contain the variables I, and

247 Correction: T have rewritten this second proof in many ways. Here are the most important changes:

e Lemma and Lemma have been moved out of the proof, as they are easier to under-
stand as separate results.

e | have made “Weyl’s principle of the irrelevance of algebraic inequalities” into a separate
proposition (Proposition [5.13), and fixed it by requiring g1, ..., g, to be nonzero. I have also
added a proof outline.

o I have explicitly stated two corollaries of Weyl’s principle (Corollaries and [5.19) as well
as two further auxiliary facts (Propositions and [5.16) which were mostly implicit in the
original proof.

e Multiple wrong indices have been fixed in the treatment of the adjugate L*.

e Arguments such as the proofs of and have been expanded significantly, and I have
clarified why a (L) is a polynomial in the entries of the matrix L.

e I have introduced an extra polynomial ring K [A], which allows me to clarify the various
applications of Weyl’s principle to matrices as well as make Lemma more precise (the
Aji in Lemma [5.22] are now polynomial indeterminates rather than elements of K). This has
the additional advantage that an important puzzle piece (the invariance of the polynomials
Fi(1,1),....i(m,a)) could be proved in higher generality and in a simpler way. As a consequence of
the latter, a part of the original proof (the argument that the Bj; are algebraically independent,
and its consequences) has been removed for uselessness.

e Lemma and Lemma have been switched, thus allowing me to deduce the latter from
the former, sidestepping the somewhat complicated proof in the original paper.

o The definition of the evaluation €} and various other parts of the proof has been rewritten in
a clearer fashion.

o Generally, details have been added.

248Comment: Here is why:
Assume (for the sake of contradiction) that one of these variables does occur in B. Let us
assume that it is a variable of the form 1, with 1 < r < d (since the case when it is a variable of
the form I;; with 1 <s < d is analogous).




Invariant Theory, Young Bitableaux, and Combinatorics page 72

l14, both of which appear in the expansion of A. Hence, B must be a constant
polynomial, and our lemma is proved. O

A technical result we shall use time and again is Weyl's principle of the irrelevance
of algebraic inequalities:

Proposition 5.13 (Weyl’s principle of the irrelevance of algebraic inequalities).
Let K be an infinite field. Let {zl, .. .,zp} be a finite set of indeterminates. Let
f,&1,-..,8r be polynomials in K [z1,...,z,| such that g1, ..., gr are nonzero. Sup-
pose that

f(s1,...,8) =0 (55)
for all sq,.. 8 €K such that

Qi (s1,...,5p) #0 forall1 <i<r. (56)

Then, f is identically zero.

Proof of Proposition The proof is routine commutative algebra (see Weyl [4,
Chapter I, Lemma (1.1.A)]). For the sake of completeness, let us nevertheless sketch
it: We know that K is a field; thus, the ring K |21, ...,2,] is an integral domain. Let

Let S be the ring of all polynomials in the indeterminates

hilip -l
i lp, ... 4,

ld,lr ld,Zr ceey ld,d

over K. For any polynomial g € S, we let degg denote the total degree of g with respect to the
indeterminates Iy 1,112, ..., 11 4 (that is, the total degree of ¢ when ¢ is considered as a polynomial
in the indeterminates Iy 1,112, ...,1; 4, while all the remaining indeterminates

12,1/ 12,2/ sy ZZ,d/
13,1/ 13,2/ ey l3,d/
..y

ld,lr ld,Zr ceey ld,d

are regarded as constants). Then, any two nonzero polynomials ¢ and & in S satisfy deg (gh) =
degg + degh. Applying this to g = A and h = B, we obtain deg (AB) = degA + degB.
The determinant A = ]lij| is homogeneous of degree 1 in the variables Iy 1,11 ,...,1; 4 (since

the determinant of a d x d-matrix is linear with respect to its first row). Thus, degA < 1.
But the variable /11 occurs in A; thus, degA > 1. Also, a variable of the form I1, with1 <r <d
occurs in B (according to our assumption); thus, degB > 1. Hence, deg (AB) = degA + degB >
—— =

>1 >1

1+1 > 1. This contradicts Teg AB = cngA < 1. This contradiction shows that our

=A
assumption was false. This completes the proof.
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g be the polynomial g;g> - - - ;. Since the polynomials g, ..., g, are nonzero, their
product g14> - - - §» must also be nonzero (since K [z3, ..., z,] is an integral domain).
In other words, g is nonzero (since § = g192 - - - gr)-

Every sq,...,s, € K satisfy

(fg) (s1,...,8p) =0 (57)
2l

But the field K is infinite. Thus, the subset KF of K? is Zariski-dense. In ele-
mentary terms, this says the following: If & € K [zl,. . .,zp} is a polynomial such
that every s1,...,5, € K satisfy h (s1,...,5,) = 0, then h = 0. We can apply this
to h = fg (since every sy,...,s, € K satisfy (57)). Thus, we conclude that fg = 0.
Since the ring K [z1,...,z,] is an integral domain, we thus have either f = 0 or
g = 0 (or both). Since g is nonzero, we thus conclude that f = 0. This proves

Proposition [5.13] O

For the sake of convenience, let us specifically state the particular case of Propo-

sition forr =1:

Corollary 5.14. Let K be an infinite field. Let {Zl, e, zp} be a finite set of indeter-
minates. Let f be a polynomial in K [z1,...,z,]. Let g be a nonzero polynomial
in K [z1,...,2zp|. Assume that f (s1,...,s,) = 0 for all s1,...,s, € K such that
g (sl, .. .,sp) # 0. Then, f is identically zero.

For each d-tuple (iy,ip,...,13) € {1,2,...,n}d, we adopt the following bracket
notation:
[xil,...,xid} = (xil Xy, ’ ul---ud) S

249Proofof: Letsy,...,sp € K. Ifall 1 <i < rsatisfy g; (s1,...,5p) # 0, then
(f8) (s1,---5p) = f(s1,---,5p) & (51,-..,8p) = 0.
Gy €

Thus, if all 1 < i < r satisfy g; (sl,. .. ,sp) # 0, then is proven. Hence, for the rest of the
proof of , we WLOG assume that not all 1 < i < r satisfy g; (sl, .. ,sp) # 0. Thus, at least

T
one 1 < i < r satisfies g; (s1,...,5p) = 0. Therefore, the product [] g; (s1,...,5p) has at least
i=1
.
one factor equal to 0; consequently, the whole product is 0. In other words, [T g; (s1,...,s) = 0.
i=1

Butg=2¢182"""8r = ]1[ gi and therefore
i=1

g (s1,-..,5p) :Hgi (s1,-..,5p) =0.

Hence,
(f8) (s1,---5p) = f(s1,---,5p) g (51,--.,8p) = 0.

This proves (57).
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Any such polynomial [x;,...,x;, ] will be called a bracket. A bracket monomial shall
mean a product of brackets. The following is easy to see:

Lemma 5.15. Any bracket monomial is a linear combination of standard rectan-
gular bideterminants, all of which have the same shape (4, ...,d).

Proof of Lemma Clearly, any bracket monomial is a rectangular bideterminant.
It thus remains to show that each rectangular bideterminant is a linear combination
of standard rectangular bideterminants, all of which have the same shape (4, ..., d).

In other words, it remains to show that if [T, T’] is a bitableau such that the
tableau T’ is rectangular, then (T | T') is a linear combination of standard rectan-
gular bideterminants, all of which have the same shape (4, ...,d).

So let [T, T'] be a bitableau such that the tableau T’ is rectangular. Let (A) be the
shape of T". Thus, (A) = (d,...,d) for some g € IN (since T’ is rectangular).

——

=4
g entries

Now, we notice the following:

Claim 1: Let [W,W’] be a standard bitableau of the same content as
[T, T'] and of the same or longer shape. Then, the tableau W’ has shape

(A).

[Proof of Claim 1: Assume the contrary. Thus, W' does not have shape (A). In
other words, the tableau W’ does not have the same shape as T’ (because the shape
of T is (A)).

The tableau T’ has shape (A) = (d,...,d). Hence, it has gd entries.
~———

g entries

The bitableau [W, W'] has the same content as [T, T’]. Thus, the tableau W' has
equally many entries as T’. Therefore, the tableau W’ has gd entries (since the
tableau T’ has gd entries).

Let (#) = (y1, p2, ..., up) be the shape of the tableau W’'. Therefore, the tableau
W' has u1 + pp + - - - + pyj, entries. Since the tableau W’ has gd entries, we thus
conclude that pyy +pp + -+ + py = gd.

The bitableau [W, W’] has the same or longer shape than [T, T']. In other words,
the tableau W' has the same or longer shape than T’. Hence, the tableau W’ has
longer shape than T’ (because the tableau W’ cannot have the same shape as T). In
other words, (y1, 2, ..., 1p) > (i ..,d) in lexicographic order (since the tableau

g entries

W' has shape (p1, po, ..., 1), while the tableau T’ has shape (d,...,d)). By the
~——

g entries
definition of lexicographic order, this means that we must be in one of the following
two cases:
Case 1: There exists some i € {1,2,...,min {h, g} } such that y; > d and
(uj = d for each j < i).
Case 2: We have h < g and (p; = d for each j € {1,2,...,h}).
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Let us first consider Case 1. In this case, there exists some i € {1,2,...,min{h,g}}
such that y; > d and (yj = d for each j < i). Consider this i. Then, y; > d. But
the i-th row of W' has more than d entries (since (u1, 2, ..., 1) is the shape of
the tableau W’). Thus, the i-th row of W’ has more than d entries (since y; > d).
Consequently, two of these entries must be equal (since the only available entries
for W are the d entries uy,u»,...,u;). This contradicts the fact that the entries in
the i-th row of W’ are strictly increasing (since W' is a standard tableau). Thus, we
have found a contradiction in Case 1.

Let us now consider Case 2. In this case, we have h < g and
(uj =d foreach j € {1,2,...,h}). Now,

i+ =_h d (sincey]-:dforeachje{1,2,.--,h})
<8
< gd (since d > 0).

This contradicts yq + pp + - - - + u, = gd. Thus, we have obtained a contradiction
in Case 2.

Hence, we have obtained a contradiction in both Cases 1 and 2. This contradic-
tion shows that our assumption was wrong; hence, Claim 1 is proven.]

Now, Theorem 3.2 shows that (T | T) is a linear combination, with integer co-
efficients, of bideterminants (W | W’) of standard bitableaux [W, W'] of the same
content and of the same or longer shape. All these bideterminants (W | W) have
shape (A) (since Claim 1 yields that the respective tableaux W’ have shape (1))
and thus are rectangular (since (A) = (d, ..., d)) and have the same shape (4, ...,d)

———

g entries
(again since (A) = (d,...,d)). Thus, (T | T) is a linear combination of standard
N——
g entries
rectangular bideterminants (W | W'), all of which have the same shape (d,...,d).
This proves Lemma O

Lemma 5.16. Assume that n > d. Let F € P be an invariant form, and let
¢ € N be such that [xq,...,x4]° - F is a polynomial in the brackets (i.e., a linear
combination of bracket monomials). Then, F is a linear combination of standard
rectangular bideterminants.

Proof of Lemma By Corollary we can write F as a linear combination of
bideterminants of standard bitableaux:

F=) b (U | Uj), (58)

iel

where the [U,-, UZ’ } are distinct standard bitableaux, and where the b; are nonzero
elements of K. For each i € I, each row of the tableau UZ’ has length < d and

20Proof. Leti € I. The tableau U/ is standard; thus, each row of U is strictly increasing. Hence, each
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therefore each row of the tableau U; has length < d as well (since the length of a
row of U; equals the length of the corresponding row of U’).

If each of the bitableaux [Ui, u; } is rectangular, then Lemma is proven (be-
cause in this case, shows that F is a linear combination of standard rectangular
bideterminants). Let us thus assume that this is not the case. Hence, not all of the
bitableaux [U;, U]] are rectangular.

For each i € I, we let LAIZ- be the tableau
'xl xz P xd
g TOWS :
xl x2 .« .. xd
U;
(that is, the result of piling ¢ rows of the form x;x; - - - x; on top of the tableau U;).
This tableau LAIZ- is standard (since U; is standard, since each row of the tableau U;
has length < d, and since x; is the smallest possible entry that an entry in the k-th
column of a standard tableau can have).
Similarly, for each i € I, we let UZ’ be the tableau
Uy Uy -+ Uy
g TOWS
ul uz .« .. ud
u;

(that is, the result of piling ¢ rows of the form uqus---uy on top of the tableau
U!). A similar argument shows that this tableau LAII’ is standard. Thus, [ﬁi, LAIZ’ ] is

a standard bitableau for each i € I. Moreover, the bitableaux [ﬁi, lAIl’ } fori € I are

distinct (since the bitableaux [Ui, UZ’ } are distinct, and since the bitableaux [Ui, ljll' }
are obtained from [U;, U!] by piling ¢ new rows on top). Also notice that not all of
the bitableaux [LAL', LAIZ’ ] are rectangular (since not all of the bitableaux [UZ-, u; ] are

rectangular).
Clearly, each i € I satisfies

8

(ai | Af) = | (vx2 x| wgup - ug) | (U [ UY)

[\

-~

:[xl,xz,...,xd}
(by the construction of U; and U! )
- [X1,XZ,. . -/xd]g (ul | ul,) .

row of U/ must have at most d entries (because if it had more than d entries, then two of these
entries would be equal (since the only available entries for U/ are the d letters uy, u, ..., 14), and
this would contradict the fact that this row is strictly increasing). In other words, each row of U/
has length < d. Qed.




Invariant Theory, Young Bitableaux, and Combinatorics page 77

Thus,

Y b; (LAIi | ﬁ{) = [x1, %2, ., %)% - )by (U | UY)
il — G

:[xl,xz,...,xd]g(uﬂuf) }

by G3)
= [xl,xz, .. .,xd]g - F.

Thus, the decomposition of [x1, X, .. ., xd]g - F into a linear combination of standard

bideterminants is ) b; (ﬁz | lAIZ’ > (We are allowed to speak of “the” decomposition,
i€l

because Corollary 4.8/ shows that there is a unique such decomposition.)

But [xq,.. .,xd]g - F is a polynomial in the brackets, i.e., a linear combination of
bracket monomials. Hence, [x1,..., xd]g - F is a linear combination of standard rect-
angular bideterminants (since Lemma shows that any bracket monomial is a
linear combination of standard rectangular bideterminants). Thus, the decompo-
sition of [x1,...,x4]® - F into a linear combination of standard bideterminants has
the property that all bideterminants appearing in it are rectangular. Since this de-
composition is ) b; <ljll | ljll’ ), this shows that all of the bideterminants (Ul | LAI{ )

i€l
are rectangular. In other words, all of the bitableaux [Cli, Cll’ } are rectangular. This

contradicts the fact that not all of the bitableaux [ﬁi, LAIZ’ ] are rectangular. This con-

tradiction shows that our assumption was wrong. As we have seen, this completes
the proof of Lemma O

Lemma 5.17. Assume that n > d. In the letter place algebra P, we have

d

1, oxg) (%5 [ um) = Y [X1, o Xem1, X X1, -+ X (X | thm)
k=1

foranyl1 <j<mnand1<m <d.

Proof of Lemma The identity follows from expanding, by Laplace’s rule, the
inner product (x1 - - - x4%; | uq - - udum), which is identically zero in P (since it is a
determinant with two equal columns)@ O

Second proof of Theorem Recall that a form F is invariant if, for all invertible
d X d-matrices L € K%*“, there exists a scalar a (L) such that LF = a (L) F. Let
F = Fy+ --- + F; be the decomposition of the polynomial F into homogeneous
components with respect to the fotal degree (such that each component F; has total
degree i). Then, if F is invariant,

LF =LFy+---+LF,

251Tn more detail:
Applying @) to p =d+1, (i1, iz,...,ip) = (j,1,2,...,d) and (j1,j2,...,jp) = (m,1,2,...,d),
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whence
LFg+---+LF=LF=a(L)F=a(L)Fy+---+a(L)F.

Since the action of L on P preserves the total degree, we must thus have
LF;=a(L)F forall0 <i <t

In other words, all the homogeneous components Fy, Fy, ..., F; of F are themselves
invariant. It suffices, therefore, to consider only invariant forms that are homoge-
neous.

Now, fix a nonzero homogeneous invariant form F of degree t. Then, for all
invertible d x d-matrices L € K**9, there exists a scalar a (L) such that LF = a (L) F
(since F is invariant). This scalar a (L) is uniquely determined by L and F (since F
is nonzero), and is a polynomial in the entries /. of the matrix L @ IfcecKisa

we obtain

(xjxl X | Uy - Ug)

:(xj|”m)(x1"'xd\ul"'ud)

d
k
+ ) (1) Ok | ) (3521 -+ - Xpq Xpeqr -+ - Xg | Uy - - - ug)

= (a1 X1 X X | -1 ) (i |1tm)

d
= (xj | tm) [x1,.. ., xq] + ) (1) (2j21 -+ - X1 Xjeyq -+~ Xg | ug - ug) (X | )

k-1
=(=1)" (o1 X X1 Xl 1g )

[

k k—
= (xj | ) [x1, o xa) + Y (D (D (g Xy x| ug) (g | )

=[x1,...,%4] (xj\um) =-1 :[x],...,xk,l,xj,xkﬂ,.‘.,xd]
d

= e, xa) (3 | wm) = Y [0 X1, X Xiey 1,0 Xa) (X | ) -
k=1

But (xjx1---xg | g -~ - ug) = 0 (since (xjxy--- x4 | tptiy - - 1y) is a determinant having two
equal columns (since u,;, also appears among u1, Uy, ..., uy)). Thus,

0= (xjx1 - xg |ttty -+ - ug)

d
= [x1,...,x4] |um Z xl,...,xk,l,x]-,xkﬂ,...,xd] (xk | tim) -

In other words,

d
(X1, oxq] (% | um) = Y [0, Xem1, X Xegr -0 Xa] (X | ) -
k=1
This proves Lemma

22Comment: To be more precise: There exists a polynomial map a : K?*? — K such that every
invertible d x d-matrix L € K*9 satisfies a (L) = a (L).
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nonzero scalar, then we have
a(cl) =c. (59)

[Proof: Let c € K be a nonzero scalar. Consider the invertible d x d-matrix L €
K%*4 defined by L = cI, where I is the identity matrix. Under the action of this L
on P, we have (x; | u;) + c (x; | uj). Thus, LF = c'F (since F is homogeneous of
degree t). Thus, the formula LF = a (L) F becomes c¢'F = a (L) F = a(cI) F (since
L = cI). Hence, ¢' = a (cI) (since F is nonzero), qed.]

Moreover, the function a (L) is multiplicative, in the sense that for any two in-
vertible d x d-matrices L, and L, in K%*?, we have

a (L1L2) =a (Ll) a (Lz) . (60)

[Proof: Let L; and L, be two invertible d x d-matrices in K44 The formula
LF = a (L) F then yields

LlF =a (Ll) F, LzF =a (Lz) F, and L1L2F =a (Lle) F.

Hence, a (L1Ly) F =Ly L;F =a(Ly) L1F =a(Ly)a(Ly)F. Since F is nonzero,
~~ ~—
—a(L,)F —a(Ly)F

this results in a (L1Ly) = a (L1) a (Ly), qed.]
Given a d x d-matrix L = (ljk) € K44 its adjugate L* is the d x d-matrix <l;.‘k>,
where

i = (the kjth cofactor of the matrix L) = (—1)/** !lpq}p#k s

The adjugate has the property
LL* = |I| L. (61)
[Proof of (61): Fix 1 <s < d and 1 <t < d. The stth entry of the matrix LL* is
* +t
;lsm mt Z(_l)m lsm ’lPQ|p;«ét, g#£m*

m

This can be proven as follows:

Since F is nonzero, there exists some monomial m such that the coefficient of m in F is # 0.
Fix such an m. Let A be the coefficient of m in F; thus, A # 0. Now, each invertible d x d-matrix
L € K% gatisfies

the coefficient of min LF
N~~~
=a(L)F
= (the coefficient of min a (L) F) = a (L) - (the coefficient of min F) =a (L) - A

=1
and therefore

a(L) = % - (the coefficient of m in LF).

Therefore, a (L) is a polynomial in the entries of the matrix L (since the coefficient of m in LF is
a polynomial in the entries of the matrix L). This is what we wanted to prove.
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By the Laplace expansion, the right-hand side is the determinant of the matrix ()
with the tth row replaced by the row vector (Is);~,,<; This determinant is zero if
s # t (since it has two equal rows in this case) and e_quals ]li~| if s = t. This is, of
course, precisely the stth entry of the matrix |ll-]-} I. Hence, follows.]

As an immediate consequence of (6I)), we obtain

a(Lya(L*) = |I;|'

(because of and ). As the determinant is irreducible (by Lemma DW
each of the factors on the left must therefore also be a power of the determinant
(since the polynomial ring P is a unique factorization domain). In particular, a (L)
is a power of the determinant. In other words, there is a nonnegative integer ¢ such
that every invertible d x d-matrix L € K%*? satisfies a (L) = (detL)$. For this g,
every invertible d x d-matrix L € K?*? satisfies LF = @ F = (detL)* F. We

=(detL)$
have thus proved:

Lemma 5.18. Let F € P be a nonzero homogeneous invariant form. Then, there is
a nonnegative integer g such that every invertible d x d-matrix L € K4*? satisfies
LF = (detL)3 F.

Let us now introduce a polynomial ring, which we will call K [A]. Namely, we
let K [A] be the polynomial ring over K in the d?> indeterminates

A1, A,
A1, A2, Ao g,

“
/\d,ll /\d,zf ey Ad,d-

More generally, if R is any commutative ring, then R [A] shall mean the polynomial
ring over R in these d? indeterminates.
If f € K[A] is a polynomial, if A is a commutative K-algebra, and if M =
€ A% is a d x d-matrix over A, then f[M] shall mean the
result of substituting aj for each indeterminate A, in f. For example, if f =
Mi+ A+ -+ Agy then f[M] = myg+mpp+---+myy; = TrM for any
— dxd
M= (mfrk)lgjgd 1<k<a € AT
We let det A be the polynomial Y. sgn (0) Ay g(1)A2e(2) * * Ade(a) € K[A]. Thus,

re6,
(detA) [M] = det M for any M = <m13k)1<]‘<d, Lepey € AT

The following particular case of Corollary [5.14 will be particularly useful:

23Comment: This requires d > 1. In the (degenerate) case d = 0, everything is obvious anyway.
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Corollary 5.19. Let K be an infinite field. Let f be a polynomial in K [A]. Assume
that f [L] = 0 for every invertible d x d-matrix L € K?*%. Then, f = 0.

Proof of Corollary We have assumed that f [L] = 0 for every invertible d X d-
matrix L € K9 In other words, f[M] = 0 for every invertible d x d-matrix
M € K94 (here, we have renamed the index L as M). In other words, f [M] = 0 for
every matrix M € K94 such that detM # 0 (since a d x d-matrix M € K9*4
is invertible if and only if detM # 0). In other words, f[M] = 0 for every
matrix M € K%*¢ such that (detA)[M] # 0 (since (detA)[M] = detM). In

other words, f ((mj,k) = 0 for every family (1) € Kixd

# 0. Therefore, Corollary [5.14 (applied to

{z1,...,2p} = {Aj,k | 1<j<dand1<k<d} and g = detA) shows that f is
identically zero (since det A is nonzero). This proves Corollary [

We also introduce the following notation: Let L = (Ij¢) be a d x d-matrix in K%*4.
The evaluation €y, is the K-algebra homomorphism from P to K given by

lkj, ifl1<j<d;
(x]‘ ’ uk) — . .
0, otherwise
An easy computation shows that the evaluation satisfies
e F =¢€LF for any form F € P, (62)

where [ is the identity matrix

24Proof. We need to show that the maps

P—K, Fr— ¢ F and
P —K, F — €[LF

are identical. Since both of these maps are K-algebra homomorphism, it suffices to show that
these maps send the form (x; | uy) (for any j and k) to the same image. In other words, it suffices

to show that er (x; | ux) = erL (x; | ux) for all j and k.
So let us fix j and k. The definition of the action of L on Pyields L (x; | ux) = ¥ Iir (xj | ur).
1<r<d

Hence,
1, ifj=r
erlL(xjlug) =er| Y he(xjlw)|= ) e e(xlw) =) Ik Iy
1<r<d 1<r<d —— 1<r<d 0, ifj#r
1, ifj=r
o, ifjA

(by the definition of €y)

)y 1<) <d;
)0, otherwise
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For our next considerations, it will be helpful to consider the rings P for various
values of n simultaneously. This necessitates the following notation: We denote the
K-algebra P by P, when we want to stress its dependence on n. Then,

the K-algebra P, canonically becomes a K-subalgebra of P, (63)

whenever m € IN and n € IN satisfy m < n (because each of the indeterminates
(xi | u;) appearing in Py, is one of the indeterminates of P, as well). Any d x d-
matrix L € K4 acts on P, for all m € N, and these actions are compatible (i.e.,
the canonical inclusions P, — P, commute with the actions of L).

Thus, for every m € {0,1,...,n}, the K-algebra Py, is a subalgebra of P, = P, and
the action of any d x d-matrix L € K> on P, is the restriction of the corresponding
action on P,. When F is an element of the K-algebra P,,, we shall write F (xq, ..., Xn)
for F in order to stress that it belongs to Py,.

(For example, if n = 4 and d = 3, then the form (x; | u3) (x3 | u3) belongs not
only to P = P4 but also to P3.)

Lemma 5.20. Assume thatn > d. If F (x,...,x4) € P;is a nonzero homogeneous

invariant, then

F(xi,...,xq) =c(x1---xq|up--uy)é

for some nonnegative integer g, and scalar c.

Proof of Lemma The K-algebra homomorphism

¥ K[A] = Py, fe=f (((x]' | ”k>>1§j§d, 1§k§d>
is a K-algebra isomorphism@ Define f € K[A] by f = 1,0’1 (F). Thus,
F=9(f)=f (<(xf | ”k))1§j§d, 1§k§d> : (64)
Hence, every d x d-matrix L € K?*? satisfies
eLF = f[L] (65)

)

Comparing this with

0, otherwise (by the definition of 1),

et (x| u) = {
this yields e, (x; | ux) = €L (x; | ux). This completes our proof.
2In fact, K[A] is the polynomial ring in the d? indeterminates Ajj for 1 < j < dand 1 < k < d,

whereas P; is the polynomial ring in the d? indeterminates (xjlug) for1 < j < dand 1 <
k < d. The homomorphism ¢ sends each of the former indeterminates A, to the corresponding

(xj | ug); thus, it can be viewed as just a renaming of the indeterminates.
256proof. Let L be a d x d-matrix in K¢*4, Write this matrix L in the form L = (lk]-).
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Denote the scalar €;F € K by c.

Lemma shows that there is a nonnegative integer g such that every invertible
d x d-matrix L € K?*¥ satisfies LF = (det L)% F. Consider this g.

Now, any invertible d x d-matrix L € K9%d gatisfies

fIL] = eLF (by (63))
= €] LF (by )

=(detL)®F
8
= (det L)gilf/ = (detL)®c=c detl = c((detA) [L])®
= —(det A)[L]

= (c(detA)®) [L].

In other words, any invertible d x d-matrix L € K%*? satisfies (f — c (detA)f) [L] =
0. Therefore, Corollary (applied to f — c(detA)$ instead of f) shows that

Let wy : K[A] — K be the K-algebra homomorphism sending each g € K [A] to g [L].
Every j and k satisfy

(eLoy) (/\j,k) =er Yy (/\j,k) =er (¥ | ug)
N

=(3lue)
(by the definition of )

L., ifl1<i<d;
LY = (by the definition of €r)
0, otherwise

=1 (since 1 <j <d)
= Wy, (/\]}k)

(since the definition of wj, yields wy, (Aj,k) = Ajx [L] = Itj). In other words, the two K-algebra

homomorphisms €, o ¢ and w; from K[A] to K are equal to each other on the generators A
of the K-algebra K [A]. Hence, these two homomorphisms must be identical. In other words,
€ 0P = wr. Applying both sides of this equality to f, we find (e o ) (f) = wr (f) = f[L] (by

the definition of wy). Hence, f [L] = (e o¢) (f) =€ | ¥ (f) | = €L (F), ged.
——

=F
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f —c(detA)® =0. Thus, f = c (detA)®. Hence, becomes

j \f/ (((xj | uk))1<j<d, 1<k<d>

=c(det )3
= (c(det \)%) (5 | 1)) 12, 1)
8
— (1| 1tg )
This proves Lemma [5.20] O

Lemma 5.21. If F (x,...,Xm) € Py is a nonzero homogeneous invariant form
with m < d, then F is constant.

Proof of Lemma[5.21] Let F (xq,...,Xu) € Py be a nonzero homogeneous invariant
form with m < d.

If n < d, then P, canonically becomes a K-subalgebra of P; (by (63)). Hence,
we WLOG assume that n > d (because if n < d, then we can replace n by d, and
perform the argument below in P; instead of P;).

Now, m < d. Hence, (applied to d instead of 1) shows that P, canonically
becomes a K-subalgebra of P;. Thus, P, C P;.

Now, F (x1,...,Xmu) € Py C P;. Therefore, we can write F (xq,...,x4) for F (x1,...,Xm).
Since this form F (xq,...,X3) = F (x1,...,Xy) is invariant, we can thus apply Lemma

and conclude that
F(xi,...,xq) =c(x1- -xg | up--uy)d (66)

for some nonnegative integer ¢, and scalar c. Consider these g and c.
Consider the K-algebra homomorphism

(xj|uk), if1<j<m

: Py — Py, Xj | Uk) —
n:kq m (xj | ) {0, otherwise

This homomorphism # sends

(xg | ug), f1<d<m

0 since d > m
0, otherwise ( )

(xq | ug) '—>{

for each k. Thus, it sends the whole d-th row of the determinant (x - - - x4 | 1y - - - uy)
to 0. Consequently, it also sends this determinant to 0. In other words,

n(xl...xd|u1...ud):().
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But on the other hand, # acts as the identity on the subalgebra P, of P; (since

it fixes (xj|ux) whenever 1 < j < m); therefore, it fixes F(x1,...,X4) (since
F(x1,...,x4) = F(x1,...,Xm) € Py). Inother words, 17 (F (x1,...,X4)) = F(x1,...,X4).
Now, applying the map 7 to the equality (66), we find

8
n (F(x1,...,xa)) =1y (c(xr-xg|up---ug)f) =c (ﬂ(xl"'xd | “1“‘“d2)
~
(since 7 is a K-algebra homomorphism)
= c08.

Hence, c08 = 5 (F(xq,...,%4)) = F(x1,...,x3) # 0 (since F is nonzero). Con-
sequently, 08 # 0. Therefore, ¢ = 0. Hence, rewrites as F(x,...,X5) =
c(xy---xg | uy---uyg)? = c. Therefore, F is constant. This proves Lemma O

The next lemma is a simple variation on the multinomial theorem.
Lemma 5.22. Let F € P, be a homogeneous form of degree t. Let
F ('d A1LiXis ..., i An,ixi) € P;[A] be the result of substituting f; Aji (x| ur)
for le::cllch indeterrlnziilate (xj|u;) With1<j<mand1<r<d)in Z;.l

(a) Then,

d d
F (Z AiXi s Y /\n,z'xz')
i=1 i=1

nod ..
=>> <H /\;,(f'r)) Fi1,1),i1,2),...i(nd) (X1, -+, Xa) , (67)

j=1r=1

where the summation is over all families (i(1,1),i(1,2),...,i(n,d)) =
(T (7)) 1<j<n, 1<r<a € IN"*“ of nonnegative integers satisfying

d n
Y. )Y ilpa)=t
g=1p=1

and where the polynomials F;(q 1 i(12),...i(n,d) € P4 are homogeneous of degree ¢.

yoo

(b) Assume that F is invariant. Then, each of the polynomials
Fi1,1),i(1,2),...i(n,d) € Pa 1s invariant.

Proof of Lemma (a) The polynomial ring P; [A] can be regarded as a polynomial
ring over K in the nd + d? indeterminates

(x]-|uk) forl1<j<mand1 <k <d, as well as
A]-,k forl1<j<dand1 <k <d.
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Let us consider this polynomial ring P; [A] as a Z x Z-graded K-algebra, where
each of the variables (x; | u) has degree (1,0) whereas the variables A;; have

d

degree (0,1). Thus, the sums Y Aj; (x; | uy) € Py[A] (forall1 < j<mnand1 <
i=1

r < d) are homogeneous of degree (1,1). Therefore, substituting these sums for

the indeterminates (xj | u,) transforms any homogeneous polynomial G € P, of
degree t into a homogeneous polynomial in P, [A] of degree (f,1) Therefore,

d d
the polynomial F (Z AiXip oo, Y )\n,ixi) € P;[A] is homogeneous of degree (f,t)
i=1 i=1

(since it is obtained_by this substitution from the polynomial F € P,, which is
homogeneous of degree t). Hence, it can be written in the form

d d
()
i=1 i=1
n d i)
:ZOT %f)ﬁmmmwm@MwM%

j=1r=1

where the summation is over all families
(i(1,1),i(L2),...,i(nd)) = (i (j,7))1<j<n, 1<r<d € IN"*4 of nonnegative integers
satisfying

d n
Y ) ilpa) =t
q=1p=1

and where the polynomials F1)(1,2),..ind4) € Pa are homogeneous of degree f.
This proves Lemma (a).

(b) Every d x d-matrix L € K**¢ acts on P; as a K-algebra endomorphism, and
thus also acts on Py [A] as a K [A]-algebra endomorphis This leads to a notion
of invariant elements of P; [A]: Namely, we say that a G € P, [A] is invariant if and
only if, for all invertible d x d-matrices L € K?*9, there exists a scalar a (L) € K
such that LG =a (L) G.

Now, let us show the following claim:

Claim 1: Each G € P, satisfies

d d d d
(LG) (Z /\Lixi, ey 2 An,ixi> =L G (Z )\Lixi, ey Z /\n,ixi) .
i=1 i=1 i=1

i=1

271f you don’t believe this, just check it in the case when G is a monomial (from which the general
case follows by linearity).

28The action of a d x d-matrix L € K% on P, [A] is obtained by extending the action of L on P, as
a K [A]-algebra endomorphism. Thus, if we regard an element of P; [A] as a polynomial in the
Ajx with coefficients in Py, then L acts on each of these coefficients separately.
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[Proof of Claim 1: We consider the two maps

d d
P, — Py[A], G — (LG) (Z MiXi,-- -, ZAW-xi>
i=1 i=1

and ] ]
P, — Py[A], G|—>L~G<2A1,ixi,...,2An,ixi>.
i=1 i=1
Our goal is to show that these two maps are equal. Since both of these maps are K-

algebra homomorphism we only need to check that these two maps take equal
values on the generators (x; | uy) of P,. In other words, we need to prove Claim 1
in the case when G = (x; | u;) forsome 1 <j<mand1<r <d.
Soletusfix1<j<nand1<r<d. LetussetG = (x]- | u,). We must prove
Claim 1 for this G.
Write the d x d-matrix L in the form L = (Iy;)

thus

L<iked We have G = (xj | uy) and

LG=1L (x] | ur) = Z l,,k (x] | uk)
1<k<d

(by the definition of the action of L on P,). Hence, the definition of
d d
(LG) <Z ALiXis.oos Y An,ixi> yields
i=1 i=1

d d d
(LG) (Z AMiXis--r Y An,i"i) = ) La ) Aji(xi | ug)
i=1 i /

1<k<d i=1
d
= )Y LAy (x| ). (68)
1<k<d i=1

1

d
On the other hand, G = (; | u,). Hence, the definition of G <

d
ALiXis ooy 2 /\n,ixi)
1 i=1
yields

d d d
G (Z A1iXi e, Z)\n,ixi> =Y Aji(xi | ur).
i—1 i=1 i=1

2This is because L acts as K-algebra endomorphisms on both P; and P, [A], and because the map

Pn—>Pd[/\], G>—)G<

d d
Y Avixi, o, ) )\n,ixi>
= i=1

i=1

is a K-algebra homomorphism as well.
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Hence,

d d d
G (ZAUxi,...,ZAn,ixi> =1L- 2/\ xl | ur
i=1 i=1 i=1

d
= LA L (x; | ur)

i=1 N

= X Inelxilug)
1<k<d
(by the definition of the action of L)

d
= ZA],I Z rk xl | uk)

i= 1<k<d
= erk/\jz x;i | ug)

Comparing this with (68), we obtain

d d d d
G) (Z Allixi, ceey Z )Ln,ixi) =L-G (Z )\Lixi, ooy Z /\n,ixi> .
i=1 i=1 i=1 i=1

Thus, Claim 1 is proven for G = (x| u;). As we have already explained, this
completes the proof of Claim 1.]

Now, consider our invariant form F € P,. Thus, any invertible d x d-matrix
L € K% satisfies LF = a (L) F for some scalar a (L) (since F is invariant). Now,
any invertible d x d-matrix L € K**? satisfies

d d d d

L-F (Z /\Lixi, ceey Z )\n,ixi> = &LF} (Z )tl,ixi, ey Z )Ln/l'xi>
=a(L)F

(by Claim 1, applied to G = F)

d d
F (Z )\Lixi, ceey Z /\n,ixl) .
i=1 i=1

d

Hence, the element F (Z A iXip e, Z /\n,ixi> € P;[A] is invariant.
i=1

But it is easy to see that if a polynomlal G € P;[A] is invariant, then each of its

coefficients is mvanan. (because d x d-matrices L € K% act on Py [A] by acting

on each coefficient separately). Applying this to G = F (2 AiXipo ooy 2o /\n,ixi),

i=1 i=1

d d
we conclude that each coefficient of F (E AiXipooos X )\n,ixi) is invariant. But
i=1

i=1

260Here, we are regarding G as a polynomial in the indeterminates A,j over the ring P;. Thus, the
indeterminates in P; are regarded as constants, not as indeterminates.
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d d
the coefficients of F (Z AiXis oo, 'Z )\n,,-xi> are none other than the polynomials

i=1 i=1
Fi(1,1),i(1,2),...i(nd) € Pa (by the equality (67)). Hence, we have shown that each of the
polynomials Fi(y 1) (1,2),...i(n4) € Pa is invariant. This proves Lemma (b). O

The preliminary lemmas are now disposed of. Let F € P = P, be a homoge-
neous invariant form of degree . We must show that F is a linear combination of
standard rectangular bideterminants. Due to Lemma it will suffice to show
that F is a linear combination of bracket monomials. We can WLOG assume that
F is nonconstant (since constant forms are clearly linear combinations of bracket
monomials); thus, t > 0. If we had n < d, then Lemma (applied to m = n)
would yield that F is constant. Thus, we cannot have n < d. Hence, we have n > d.

Let PB be the K-subalgebra of P = P, generated by all brackets.

Let P! be the K-subalgebra of P; consisting of all forms polynomials in P;.
Then, P! is spanned (as a K-vector space) by all homogeneous invariants in Py;
but all the latter are scalar multiples of powers of (x1---x4 | u1---uy) (by Lemma
. Hence, P is spanned (as a K-vector space) by scalar multiples of powers of
(x1- x4 | u1---uy). In other words, P] is generated as a K-algebra by the form
(x1-+ x4 | ug---uy). In other words, P! is generated as a K-algebra by the bracket
[x1,...,x4) (since [x1,...,x4] = (x1---x4 | uy---uy)). Hence, P} C PP (since PP is
the K-subalgebra of P generated by all brackets).

Foreach1l <j<mand1 <k <d, we define a bracket Bjx P by

Bj,k = [xl,...,xk,l,xj,xkﬂ,...,xd} . (69)

Then, every 1 <j <mnand 1 <r <d satisfy

[x1, ..., xq] (x| ur)

d
=Y [ X, X, X, - - X (X | 1) (by Lemma 5.17} applied to m = r)
k=1 ~~
=B,
(by (69))
d d
— kZ By (xx | ur) = ZlBj,z' (xi | ur). (70)
=1 =

d d
Lemma [5.22| (a) yields that the polynomial F ( ALiXiyeoos Y, An,ixi) € Py[A]
i=1 i=1

(defined as in Lemma [5.22) can be written in the form (67), where the summa-
tion is over all families (i (1,1),i(1,2),...,i(n,d)) = (i (j,7))1<j<n, 1<r<a € N7 <4

=)=, L= =

d n
of nonnegative integers satisfying Y. Y i(p,q) = t, and where the polynomials
g=1p=1
Fi1),i1,2),...i(nd) € Pi are homogeneous of degree f. Consider these polynomi-
als Fi(11),i12),...i(nd) € Ps- Lemma (b) shows that each of these polynomials
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Fi(101),i(1,2),...i(nd) € P4 is invariant, i.e., belongs to PI Thus, the equality @ shows

that d d
(Lo L ) € R0
i=1 i=1

Let w: P; [A] — PB be the unique P;-algebra homomorphism sending each inde-
terminate A; to B; . This is well-defined, since both B, ; € P8 for all j and k (since
B;x is a bracket) and Pé C PB.
We claim that the polynomial
[xl,. . .,Xd]tF

equals a polynomial in the brackets [x;,...,x; ]. Indeed, as F is homogeneous of
degree t, we have

[x1,..., x5 F=F([x1,..., xq] X1, ., [¥1, ., X4] X) (71)
PeT] But

d
F([x1,. o, xq] X1, .., [xX1, .. x4 xn) = w < (Z)qlxl, ) ,Z/\n,ixi>> (72)
i=1
P52 Hence, becomes

[xl,...,xd]t-FzF([xl,...,xd]xl,...,[xl,...,xd]xn)

d d
=w (F <Z )\Lixi,. ey Z An,,-xi>> € PB.
i=1 i=1

261\We are here using the following notation: If aj,ap,...,4, are n elements of P, then
F(a1x1,...,anX,) denotes the result of substituting aj - (xj | ur) for each indeterminate (xj | ur)
(withl <j<mand1<r<d)inF.

262P;’oof of ' Recall that F (Z Aq,iXi, .. Z Ay iXi ) is the result of substituting E Aji (x; | uy) for

each indeterminate (x; | u,) in F. Applylng the map w further replaces each )t], by B]l (by the

definition of w). Combining these two facts, we conclude that w (P ( Y ALXi, ., L Anrixi>>
i=1 i=1

d
is the result of substituting ) Bj; (x; | u,) for each indeterminate (xj | ur) in F.
i=1

But the definition of F([x1, .o xg]x1, ..o, [x1, -0, X4] Xn) shows that
F([xq, ..., xg)x1, ., [x1,.. ., Xq] xu) 1S the result of substituting [x1,...,x4] (xj | ur)
for each indeterminate (x] | ur) i ) In light of , this rewrites as follows:
F([x1,...,x4]X1,...,[x1,...,X4] Xn) is the result of substituting Z Bji (xi | uy) for each in-

i=1
determinate (x; | u,) in F.

d d
Y AviXi, .., 121 )\n,ixz) >
=

i=1

Hence, both forms F ([xq,...,%4] X1,...,[*1,...,X4] Xn) and w (F(

d
have been characterized in the same way (namely, as the result of substituting Y° B;; (x; | u)
=

for each indeterminate (x]- | uy) in F). Thus, these two forms are equal. In other words, is
proven.
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In other words, [x1,...,%,4]" - F belongs to the K-subalgebra of P generated by all
brackets (since PP is the K-subalgebra of P generated by all brackets). In other
words, [x1,...,%4]" - F is a polynomial in the brackets. Hence, Lemma (applied
to ¢ = t) shows that F is a linear combination of standard rectangular bidetermi-
nants. This completes the second proof of Theorem O

5.5. A note on homogeneous forms

Theorem quickly yields the following corollary:

Corollary 5.23. Let K be an infinite field. A homogeneous form in P is invariant
iff it is a linear combination of standard rectangular bideterminants, all of which
have the same shape (4, ...,d).

Proof of Corollary[5.23] The “if” part of Corollary is clearly true (since rectan-
gular bideterminants are always invariant). Thus, it remains to prove the “only if”
part.

Let F be an invariant homogeneous form in P. We must show that F is a linear
combination of standard rectangular bideterminants, all of which have the same
shape (d,...,d).

The form F is homogeneous; let t be its degree.

Theorem 5.9 shows that F is a linear combination of standard rectangular bide-
terminants. In other words, F can be written in the form

F=Y b (U | ), (73)
iel

where the [U;, U!] are standard bitableaux such that the tableaux U/ are rectangu-
lar, and where the b; are elements of K.

For each i € I, we let g; be the number of rows of the tableau U’.

Now, let i € I. Then, the tableau LIZ’ is rectangular and has g; rows (by the
definition of g;). Consequently, this tableau must have shape (4, ...,d). Hence, this

g; entries

tableau has dg; cells. Therefore,
the bideterminant (U; | Uj) € P is homogeneous of degree dg; (74)

(because the bideterminant (U | U’) of a bitableau [U, U'] always is homogeneous
of degree equal to the number of cells of U’).
Moreover, the tableau U’ has shape (d,...,d). In other words,
—_——

gi entries

the bideterminant (U; | Uj) has shape (d,...,d). (75)
N, e’

g; entries
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Now, forget that we fixed i. We thus have proven and for eachi € I.

Now, let 71y : P — P be the projection of the graded ring P onto its t-th homo-
geneous component. Then, 71; (F) = F (since F is homogeneous of degree t). But
applying the map 7; to both sides of the equality (73), we obtain

i (F) = (gbi (U; | U{)) = gbint (u; | uj)

=Y b mulu) o+ Y bh m(Uu)
iel; S—— icl; ———
dgi=t =(wuy) dgit =0

(since shows that (U,|Ul’ )

. 17
(since shows that (ul | ul) is homogeneous of degree dg;#t)

is homogeneous of degree dg;=t)

=Y b(Wlu)+ ) bo= )Y b(ulu)= Y bulu).

iel; iel; iel; iel;
dgi=t dgi7t dgi=t gi=t/d
——
=0

Comparing this with 7t; (F) = F, we obtain

F= Y b(ulu). (76)
i€l;
gl‘:t/d
But for each i € [ satisfying g; = t/d, the shape of the bideterminant (U; | U/) is
(d,...,d) (by ). In other words, for each i € I satisfying g; = t/d, the shape of
——

gi entries

the bideterminant (U; | U!) is (d,...,d) (since g; = t/d). Thus, shows that F is
~———

t/d entries
a linear combination of standard rectangular bideterminants, all of which have the

same shape (d,...,d). This proves Corollary 5.23| O
———

t/d entries

6. Appendix (Darij Grinberg)

Let me add some remarks on the paper above.

This paper is one of the first studies in characteristic-free invariant theory (i.e.,
invariant theory over a field K of arbitrary characteristic). What is called an in-
variant form in this paper is more or less the same as (what is nowadays known
as) an invariant of the special linear group SL (d) acting on the coordinate ring

O ((Kd)n), where SL (d) acts on K in the usual way. (This situation is commonly

known as “invariants of SL (d) on n vectors”.) An equivalent version of Theorem
appears already in [13, Theorem 4], but the proof given there is far too brief
to be considered complete. Theorem also appears in [3, Section 9, Theorem 1],
where it is proven more or less in the same way as in the paper above. (Actually,
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the paper [3] can be regarded as a preliminary version of the above paper; it offers
much motivation and neat applications to elementary geometry, but is lacking in
mathematical rigor.)

On the other hand, many more works have appeared since the publication of the
paper above. I shall mention only a few of them:

e The paper [9] by DeConcini, Eisenbud and Procesi studies the algebra that
we call P in Theorem in much more depth. In particular, our Theorem
is (more or less) [9), Corollary 3.5]@ Also, [9, Theorem 2.1] combines the
above paper’s Theorem and Corollary (and generalizes them to the
case where K is an arbitrary commutative ring).

e The booklet [10] by Grosshans, Rota and Stein appears to extend the above
considerations to the “superalgebra case” (i.e., forms containing “positively”
and “negatively” signed variables). (I have not read the booklet.)

e Swan’s preprint [11] gives a different approach to the straightening algorithm.
Specifically, the above paper’s Corollary is covered by [11, Corollary 5.1
and Theorem 5.3] (and it is not hard to derive Theorem [3.2| from [11, Theorem
4.1] as well).

e Procesi’s book [12] covers characteristic-free invariant theory in its Chapter
13. In particular, [12] Section 13.4, Theorem] is exactly Corollary but using
the base ring Z instead of the field K; furthermore, [12, Section 13.6.3] comes
rather close to the Theorem [5.9] above.

Let me now briefly discuss the possibility of extending some of the results in the
above paper to the more general situation when K is an arbitrary commutative ring
(rather than a field).

Assume from now on that K (instead of being a field) is just a commutative ring
(with unity).

Then, all claims and proofs made in Section 3| remain valid. (Of course, we
need to make obvious modifications, such as replacing the word “vector space” by
“module” everywhere.)

Furthermore, all claims and proofs made in Section [4 remain valid, as long as
the following modification is made: The claim of Theorem [4.5 (i) must be replaced
by “The one-element family (C (T, T') (T | T')) is K-linearly independent (i.e., if an

263The proof of [9) Corollary 3.5] is somewhat similar to our first proof of Theorem but is slicker.
As an intermediate result, it also characterizes the forms F € P that are “invariant under lower-
unitriangular matrices” (i.e., that satisfy LF = F for every lower-unitriangular d x d-matrix
L € K%%4); namely, these forms are linear combinations of standard bideterminants (U | U’)
such that each row of the tableau U’ has the form u;u; 1 ---u; for some i € {1,2,...,d}. (See
[9] Theorem 3.3 0)] for this result; but beware that what we call LF for an invertible d x d-matrix

L € K™ and a form F € P corresponds to what [9] would call (LT) ' F, which is why our
lower-triangular matrices correspond to upper-triangular matrices in [9].)
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a € K satisfies aC (T, T') (T | T") = 0, then a = 0).”. (The proof of this new claim is
exactly the proof of Theorem [4.5| (i) we gave above.)

All claims and proofs made in Subsection remain valid (except for the ar-
guments in Remark which are unimportant), as long as the following modi-
fication is made: The equality must be replaced by “The one-element family
(¢ (T | T")) is K-linearly independent (i.e., if an a € K satisfies ¢ (T | T') = 0, then
a = 0).”. (The proof of this new claim is exactly the proof of Lemma [5.7| we gave
above.)

Much more complicated is the situation with Subsections and The-
orem to begin with, doesn’t even hold when K is a finite fie But merely
requiring K to be infinite is not sufficient when K is not a fieldFE] Instead, a mean-
ingful way to salvage Theorem is to replace the concept of invariant by the
concept of an absolute invariant:

A form F € P is said to be an absolute invariant if it satisfies LF = a (L) F not
just for invertible d x d-matrices L € K% defined over K, but also for invertible
d x d-matrices L. € A9*? defined over any commutative K-algebra A (where a (L)
is now required to be an element of A). In particular, this allows for an invertible

264Indeed, let K be the finite field F, for some prime power q. Set n = 1. Then, the ring P is
the polynomial ring over K in the indeterminates (x1 | u]-) forall 1 < j < d. Let us denote
these indeterminates by Xj; thus, P = K [Xy,Xp, ..., X,]|. As before, the group of all invertible

d x d-matrices L € K?*? acts on P by algebra endomorphisms. If the conclusion of Theorem
were to hold for our field K, then, for any d > 2, the only invariant forms in P would be
constants (since the only standard rectangular bideterminant in this setting is the empty one
(| ), because d > 2 > 1 = n ensures that a rectangular bitableau cannot be standard). But this
is not the case: For each d-tuple (aq,ay,...,084) € INY of nonnegative integer, the determinant

X?al XZ“] o XZD‘I
q"2 q"2 q"2
A —det| 1 %2 K
[ S . . . .
q'd 7 7
X1 X2 Ce Xd

is an invariant in the sense of the above paper (more precisely, it has the property that every
d x d-matrix L € K%*9 satisfies LA, = (detL) A,; see [16, 7th Variation] for this). If the entries
of the d-tuple « are distinct (and if 4 > 1), then A, is not a constant. Thus, the requirement that
K is infinite in Theorem [5.9| cannot be dropped!

The phenomenon of these nonconstant invariants over finite fields is interesting in its own
right; it has been studied already by Dickson in 1911. We can find nonconstant forms in F
that are not only invariant in the above sense, but actually satisfy the stronger condition that
each invertible d x d-matrix L € K?*? satisfies LF = F (not just LF = a (L) F for some scalar
a(L)). Indeed, such invariants can be constructed from the above determinants A,; namely, if
we let ¢ be the d-tuple (d —1,d —2,...,0), then it can be shown that A,/A; is a polynomial
for every d-tuple &, and this polynomial A,/ A; satisfies the stronger condition (i.e., if we set
F = A4/ As, then each invertible d x d-matrix L € K?*¢ satisfies LF = F). Polynomials satisfying
this condition have been characterized by Dickson (see, e.g., [15] Theorem 1.2] or [14, Theorem
A)).

265Counterexamples can easily be obtained when K is the (infinite) ring IF; x [F; x [Fy x - -+ for a
prime power 4.
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d x d-matrix whose entries are distinct indeterminates. This makes the LF = a (L) F
condition stronger, and as one can see, this added strength suffices to make Theo-
rem 5.9 valid for every commutative ring K:

Theorem 6.1 (the first fundamental theorem of invariant theory). Let K be a com-
mutative ring. A form in P is an absolute invariant iff it is a linear combination
of standard rectangular bideterminants.

The first proof of Theorem [5.9| given above actually can be extended (with some
additional work) to prove Theorem (The second proof can probably not be
extended, at least not easily.)
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