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§22. SYMMETRY IN TENSOR SPACES

With all the preliminary work done this will be now a short section, it serves as
an introduction to the first fundamental theorem of invariant theory, according
to the terminology of H.Weyl.

We have seen in 1.1.6 that, given two actions of a group G, an equivariant map

is just an invariant under the action of G on maps.
For linear representations the action of GG preserves the space of linear maps, so if U, V'
are 2 linear representations

Homg(U,V) = Hom(U, V)€,

For finite dimensional representations, we have identified, in a G equivariant way

Hom(U,V)=U*®V = (U® V*)*

this last space is the space of bilinear functions on U x V'*.
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108 Chap. 3, Tensor Symmetry

Explicitely a homomorphism f : U — V corresponds to the bilinear form
< flu® g >=<o[f(u)>.
We have thus a correspondence between intertwiners and invariants.

We will find it particularly useful, according to the Arhonold method, to use it when the
representations are tensor powers U = A®™; V = B®? and Hom(U,V) = A*®™ @ B®P,
In particular when A = B; m = p we have:

(22.1.1) End(A®m) = End(A)®m = A¥OM @ AO™ — (A*®m Q A®m)*.
Thus in this case

Proposition. We can identify, at least as vector spaces, the G endomorphisms of AS™
with the multilinear invariant functions on m variables in A and m variables in A*.

Let V be an m—dimensional space. On the tensor space V®" we consider 2 group
actions, one given by the linear group GL(V') by the formula:

(22.1.2) g1 RV ®...Qvy,) = gu; ®gua @ ... R gu,,
and the other of the symmetric group S,, given by:
(22.1.3) oV @V ®...Q0U,) = Vg-11 @ Uy—19 @ ... D Vg—1p,.

We will refer to this second action as to the symmetry action on tensors. By the very
definition it is clear that these two actions commute.

Before we make any further analysis of these actions we want to discuss symmetric
tensors as described in 11.8. Fix a basis ey, e9,... ,e,, in V.

Definition. A tensor u € V®" is symmetric if o(u) = u, VYo € S,,.

Given a vector v € V the tensor v" = v ®@v®v...® v is clearly symmetric.

The basis elements e;; ® e;, ... ® e;, are permuted by .S, and the orbits are classified
by the multiplicities hi, ho, ... , h,, with which the elements eq,eo,... e, appear in the
term e;;, ® €, ... Q€.

The sum of the elements of the corresponding orbit are a basis of the symmetric ten-

sors. The multiplicities hi, ha, ... , h,, are arbitrary non negative integers subject only to
If h:= hq,hg,..., hy is such a sequence we will denote by ej;, be the sum of elements in

the corresponding orbit.

Notice that the image of the symmetric tensor ej in the symmetric algebra is

n
h1 _h> hom,
e;tes? .. epm.
<h1h2...hm> 12 m
If v=>, zre, we have:

n __ E ' hi,.ha R
v — Il xQ ...xm 6@.

hl +h2++hm:n
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Consider a linear function ¢ on the space of symmetric tensors defined by < ¢lep, >= ap,
and compute it on the tensors v™:

< gb](Z:I:kek)” >= Z x}fleQ ...xfnmaﬁ.
k hi+ho+...+hm=n
Thus we see that the dual of the of the space of symmetric tensors is identified with the

space of homogeneous polynomials.

Lemma. i) The elements v®", v € V span the space of symmetric tensors.
ii) More generally, given a Zariski dense set X C V the elements v®", v € X span the
space of symmetric tensors.

Proof. Given a linear form on the space of symmetric tensors we restrict it to the tensors
v®" v € X obtaining the values of a homogeneous polynomials on X. Since X is Zariski
dense this polynomial vanishes if and only if the form is 0 hence the given vectors span
the space of symmetric tensors. [

Of course the use of the word symmetric is coherent to the general idea of invariant
under the symmetric group.

22.2 We want to apply the general theory of semisimple algebras to the two group
actions introduced in the previous section. It is convenient to introduce the two algebras
of linear operators spanned by these actions; thus

(1) We call A the span of the operators induced by GL(V) in End(V®™).
(2) We call B the span of the operators induced by S,, in End(V®™).

Our aim is to prove:

Theorem. IfV is a finite dimensional vector space over an infinite field of any charac-
teristic B is the centralizer of A.

Proof. We start by identifying:
End(V®") = End(V)®"™,
The decomposable tensor A; ® As ® ... ® A, corresponds to the operator:
AR AR ...QA (11 QU ® ... R0 v,) = A1v1 @ A2 ® ... QR A, v,.

Thus, if g € GL(V), the corresponding operator in V" is g®¢®...®g. From the Lemma
22.1 it follows that the algebra A coincides with the symmetric tensors in End(V)®", since
GL(V) is Zariski dense.

It is thus sufficient to show that, for an operator in End(V)®", the condition to commute
with S,, is equivalent to be symmetric as a tensor.

It is sufficient to prove that the conjugation action of the symmetric group on End(V®")
coincides with the symmetry action on End(V)®".



110 Chap. 3, Tensor Symmetry

It is enough to verify the previous statement on decomposable tensors since they span
the tensor space, thus we compute:

A1 QA ®... QA0 (1R ...0u,) = 0410 A®... @ Ap(Ue1 QU2 ® ... @ Vp) =
0(A1051 ® AgVp0 ® ... ® ApVgn) = Ag-1101 @ Ag-19v2 ... Ag-1,0, =
(Ag—11 ® Ag-19 ... Ag—1,) (11 QU2 ® ... R vy).

This computation shows that the conjugation action is in fact the symmetry action and
finishes the proof. [

We draw now a main conclusion:

Theorem. If the characteristic of F' is 0, the algebras A, B are semisimple and each is
the centralizer of the other.

Proof. Since B is the span of the operators of a finite group it is semisimple by Matcshke’s
theorem, therefore, by the theory of semisimple algebras all statements follow from the
previous Theorem which states that A is the centralizer of B. [

22.3 We want to formulate the same theorem in a different language.

Given two vector spaces V, W we have identified hom(V, W) with W @ V* and with the
space of bilinear functions on W* x V' by the formulas (A € hom(V,W), a € W*, v e V):
(22.3.1) < alAv > .

In case V, W are linear representations of a group G, A is in homg(V, W) if and only if
the bilinear function < a|Av > is G invariant.

In particular we see that for a linear representation V' the space of G linear endomor-
phisms of V®" is identified to the space of multilinear functions of n covector and n vector
variables f(oq, o, ... ,ap,v1,v02,... ,v,) which are G invariant.

Let us see the meaning of this for G = GL(V'), V an m dimensional vector space. In this
case we know that the space of G endomorphisms of V®" is spanned by the symmetric
group S, we want to see which invariant function f, corresponds to a permutation o. By
the formula 22.3.1 evaluated on decomposable tensors we get

folar,ao, ... yapn, 01,09, .., Up) =< 1 @2 @ ... Qap|o(V1 QU ® ... RV,) >=
n n
<MRA® ... ® n|Vg11 ®Vg12® ... @ Vg1, >= [ [ < ailvg-1; >= [] < ailvi >
We can thus deduce:

Proposition. The space of GL(V) invariant multilinear functions of n covector and n
vector variables is spanned by the functions:

n
(22.3.2) folar,ag, ..., v1,02,... ,0,) = H < Qgilvg > .
i=1
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22.4 Up to now we have made no claim on the linear dependence or independence of
the operators in S,, or of the corresponding functions f,, this will be analyzed in the next
chapter.

We want to drop now the restriction of being multilinear in the invariants.

Take the space (V*)P x V7 of p covector and ¢ vector variables as representation of GL(V)
(dim(V) = m). A typical element is a sequence (ai,qs,...,0p,V1,02,... ,V), Q; €
V*, v eV

On this space consider the pg polynomial functions < «;|v; > which are clearly GL(V)
invariant, we prove:

First fundamental theorem for the linear group.

The ring of polynomial functions on VP x V1 which are GL(V') invariant is generated
by the functions < a;lvj >.

Before starting to prove this theorem we want to make some remarks on its meaning.

Fix a basis of V and its dual basis in V*, with these bases V is identified with the set
of m dimensional column vectors and V* to the space of m dimensional row vectors.

The group GL(V) is then identified to the group Gi(m,C) of m x m invertible matrices.

Its action on column vectors is the product Av, A € Gl(m,C), v € V while on the row
vectors the action is by aA™1.

The invariant function < «;|v; > is then identified to the product of the row vector
with the column vector v;.

In other words identify the space (V*)? of p—tuples of row vectors to the space of p x m
matrices (in which the p rows are the coordinates of the covectors) and (V?) with the
space of m x ¢ matrices, thus our representation is identified to the space of pairs:

(X, V)X e Mpm, Y EMp,
The action of the matrix group is by:
AX,)Y) = (XA AY).
Consider the multiplication map:
fiMym X My, q— My, f(X,Y):=XY

the entries of the matrix XY are the basic invariants < o;|v; > thus the theorem can also
be formulated as:

Theorem. The ring of polynomial functions on My, X M, o which are Gl(m, C) invari-
ant is given by the polynomial functions on M, , composed with the map f.

Proof. We will now prove the theorem in its first form by the Aronhold method.

Let g(ai,2,...,0p,01,02,...,7,) be a polynomial invariant, without loss of gener-
ality we may assume that it is homogeneous in each of its variables, then we polarize
it with respect to each of its variables and obtain a new multilinear invariant of the
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form g(aq, a9, ... ,an,v1,v2,... ,vp) where N, M are the total degrees of ¢ in the a, v
respectively.

First we show that N = M. In fact, among the elements of the linear group we have
scalar matrices, given a scalar \ by definition it transforms v in Av and « in A~'a and thus,
by the multilinearity hypothesis, it transforms the function g in AM~Ng, the invariance
condition implies M = N.

We can now apply Proposition 22.3 and deduce that g is a linear combination of functions
of type Hfil < Qgilvg > .

We now apply restitution to compute g from g. It is clear that g has the desired form.
O

The study of the relations among invariants will be the topic of the second fundamen-
tal theorem. At this moment let us only remark that, by elementary linear algebra, the
multiplication map f has, as image, the subvariety of p x ¢ matrices of rank < m. This
is the whole space if m > min(p,q) otherwise it is a proper subvariety defined, at least
set theoretically, by the vanishing of the determinants of the m + 1 X m + 1 minors of the
matrix of coordinate functions x;; on M, 4.

It will be the content of the second fundamental theorem to prove that these determi-
nants generate a prime ideal which is thus the full ideal of relations among the invariants
< oylvj >.

§23 YOUNG SYMMETRIZERS

23.1 Primitive idempotents We return to the representation theory of the symmet-
ric group and present Young theory of the symmetrizers.

First a generality on algebras. An idempotent e, in an algebra R, is an element
such that e? = e, two idempotents e, f are orthogonal if ef = fe = 0 in this case e + f is
also an idempotent.

An idempotent is called primitive if it cannot be decomposed as a sum e = e + e of
two non zero orthogonal idempotents.

If R = My(F) is a matrix algebra over a field F' it is easily verified that a primitive
idempotent e € R is just an idempotent matrix of rank 1, which in a suitable basis, can
be identified with the elementary matrix e ;.

In this case, the left ideal Re is formed by all matrices with 0 on the columns different
from the first one. As an R module it is irreducible and isomorphic to F*.

If an algebra R = Ry @& Ry is the direct sum of two algebras every idempotent in R
is the sum e; + ey of two orthogonal idempotents e; € R;. In particular the primitive
idempotents in R are the primitive idempotents in R; and in Rs.
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Thus, if R =), M,,(F') is semisimple a primitive idempotent e € R is just a primitive
idempotent in one of the summands M, (F').

M,,,(F) = ReR while Re is irreducible as R module (and isomorphic to the module F™i
for the summand M, (F)).

Conversely, let R = @& R; be a general semisimple algebra over a field F' with R; simple
and isomorphic to the algebra of matrices over some division algebra D;, if an idempotent
e € R is such that dimpeRe = 1 then it is easily seen that e € R; for some index ¢ and
the corresponding division algebra D; reduces to F'.

Lemma. A sufficient condition that e € R is primitive is that dimpeRe = 1. In this case
ReR is a matrix algebra over F.

Proof. From the previous discussion. [

23.2 Young diagrams and symmetrizers We discuss now the symmetric group.
The theory of cycles (cf. 2.2) implies that the conjugacy classes of S,, are in one to one
correspondence with the isomorphism classes of Z actions on [1,2,...,n] and these are
parametrized by partitions of n.

We shall express that p:= ki, ks, ..., k, is a partition of n by the symbol u - n.

We shall denote by C, the conjugacy class in S, formed by the permutations decomposed
in cycles of length ki, ks, ..., k.

Consider the group algebra R := Q[S,,] of the symmetric group, we wish to work over Q
since the theory has really this more arithmetic flavour. We will exhibit a decomposition
as a sum of matrix algebras:

ukn
The numbers d(u) will be computed in several ways from the partition p.

From the theory of group characters we know that

Re :=C[S,] := Z M, (C),

where the number of summands is equal to the number of conjugacy classes hence the
number of partitions of n.

For every partition A = n we will construct a primitive idempotent ey in R so that
R = ®)-pRe)R and the left ideal Re) as an R module is an irreducible representation.
In this way we will exhaust all irreducible representations.

By the above remarks it will be enough to construct idempotents ey so that dimgey Rey =
1 and exRe,, = 0 if A # p. This will also prove 23.2.1 by an easy argument which we leave
to the reader.!

In fact the construction of the elements ey is not completely canonical and, as we shall see, we will
subject it to some partly arbitrary choices.
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For a partition A - n let B be the corresponding Young diagram, formed by n boxes
which are partitioned in rows or in columns, the intersection between a row and a column
is either empty or it reduces to a single box.

In a more formal language consider the set NT x N of pairs of positive integers. For a
pair (i,7) € Nx Nset C;;j :={(h,k)[1 <h<i, 1<k<j} (thisisa rectangle).
These rectangular sets have the following simple but useful properties:
(1) C;; C Chy if and only if (4,5) € Ch .
(2) If a rectangle is contained in the union of rectangles then it is contained in one of
them.

Definition. A Young diagram is a subset of Nt x N finite union of rectangles C; ;.

In the literature this particular way of representing a Young diagram is also called a
Ferrer’s diagram, sometimes we will use this expression when we want to stress the formal
point of view.

Thre are two conventional ways to display a Young diagram (sometimes referred to as
the French and the English way) either as points in the first quadrant or as points in the
fourth:

Example: partition 4311:

French -~ English

Any Young diagram can be written uniquely as a union of sets C; ; so that no rectangle
in this union can be removed, the corresponding elements (7, j) will be called the vertices
of the diagram.

Given a Young diagram D (in French form) the set C; := {(i,j) € D}, ¢ fixed, will be
called the i*" column, the set R; := {(i,j) € D, j} fixed, will be called the j*" row.

The lenghts kq,ko,k3,... of the rows are a decreasing sequence of numbers which
determine completely the diagrams, thus we can identify the set of diagrams with n boxes
with the set of partitions of n, this partition is called the row shape of the diagram.

Of course we could also have used the column lengths and the so called dual partition
which is the column shape of the diagram.

The map that to a partition associates is dual is an involutory map which geometrically
can be visualized as flipping the Ferrer’s diagram around its diagonal.
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The elements (h, k) in a diagram will be called bozes and displayed more pictorially as
(e.g. diagrams with 6 boxes, english display):

CLITTTT T O]
L]

Definition. A bijictive map from the set of boxes to the interval (1,2,3,... ,n —1,n) is
called a tableau. It can be thought as a filling of the diagram with numbers. The given
partition A\ is called the shape of the tableau.

Example: partition 43112

3 7

1 4
Fren(:h527 ' 3 6 8

4 9 6 8 1 2 5 9

The symmetric group S,, acts on tableaux by composition:

oT:B —— (1,2,3,... ,n—1,n) —2— (1,2,3,... ,n—1,n).

A tableau induces two partitions on (1,2,3,... ,n — 1,n).

The row partition defined by:

1,7 are in the same part if they appear in the same row of 7.

Similarly for the column partition.

To a partition 7 of (1,2,3,... ,n—1,n)3 one associates the subgroup S of the symmetric
group of permutations which preserve the partition. It is isomorphic to the product of

the symmetric groups of all the parts of the partition. To a tableau T one associates two
subgroups Ry, Cr of S,,.

(1) Ry is the group preserving the row partition.

(2) Cp the subgroup preserving the column partition.

It is clear that R N Cr = 1 since each box is an intersection of a row and a column.

2the reader will notice the peculiar properties of the right tableau which we will encounter over and
over in the future

3there is an ambiguity in the use of the word partition. A partition of n is just a non increasing sequence
of numbers adding to n, whle a partition of a set is in fact a decomposition of the set into dijoint parts.



116 Chap. 3, Tensor Symmetry

Notice that, if s € S,,, the row and column partitions associated to sT' are obtained
applying s to the corresponding partitions of 7' thus:

Rer = sRps™!,  Cop = sCps™ .
We define
(23.2.1) ST = Z o the symmetrizer on the rows and
oc€RT
ar = Z €,0 the antisymmetrizer on the columns.
ceCrp
It is trivial to verify the following two identities:
s% = H hi!ST, a2T = Hk:,-!aT
i i
where the h; are the lengths of the rows and k; the length of the columns.

It is better to get acquainted with these two elements from which we will build our main
object of interest.

(23.2.2) psT = st = stp, Vp € Ry; qar = arq = eqar, Vg € Crp.
It is then an easy exercise to check

Proposition. The left ideal Rst has as basis the elements gst as g runs over a set repre-
sentatives of the cosets gRr and it equals, as representation, the permutation representation
on such cosets.

The left ideal Rar has as basis the elements gar as g runs over a set representatives
of the cosets gCp and it equals, as representation, the representation induced to S,, by the
sign representation of Cr.

Now the remarkable fact comes, consider the product:

(23.2.3) ori=srar = Y epq
pERT, q€Cr

we will show that there exists a positive integer p(7") such that the element er := oy s
an idempotent.

Defnition. The idempotent ep := p?’?) is called the Young symmetrizer relative to the
given tableau.

Remark

(23.2.4) cor = seps L

We have thus, for a given A F n several conjugate idempotents which we will show to be
primitive and which will generate an irreducible module associated to A.
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For the moment let us remark that, from 23.2.4 follows that the integer p(7) depends
only on the shape A of T" and thus we will denote it by p(T") = p(\).

23.3 The main Lemma The main property of the element cp which we will exploit
is the following, clear from its definition and 23.2.2.

(23.3.1) per = cr, Vp € Ry; crq = eqer, Vg € Cr.

We need a fundamental combinatorial lemma, consider the partitions of n as decreasing
sequences of integers (including 0) and order them lexicographically.*

E.g. the partitions of 6 in increasing lexicographic order:

111111,26111, 2711, 272, 3111, 326, 411,42, 51, 6.

Lemma. Let S,T be two tableauzr of row shapes
A=h1>2ha>...2hp,u=k1 2 ka>... 2k,

with X > pu, then one and only one of the two following possibilities hold:

i) There are two numbers i,j which are on the same row in S and in the same column
i T.

it) A =p and pS = ¢T where p € Rg, q € Cr.

Proof. We consider the first row r1 of S. Since h; > ki, by the pigeon hole principle either
there are two numbers in r; which are in the same column in T or h1 = k1 and we can act
on 1" with a permutation s in Cp so that S and sT" have the first row filled with the same
elements (possibly in a different order).

Remark that two numbers appear in the same column in 7' if and only if they appear
in the same column in sT or Cr = Cyr.

We now remove the first row in both S,7T and procede as before. At the end we are
either in case i) or A = p and we have found a permutation g € Cp such that S and ¢T
have each row filled with the same elements.

In this case we can find a permutation p € Rg such that pS = ¢T'.

In order to complete our claim we need to show that these two cases are mutually
exclusive. Thus we have to remark that, if pS = ¢T" as before then case i) is not verified.
In fact two elements are in the same row in S if and only if they are in the same row in pS
while they appear in the same column in 7' if and only if they appear in the same column
in ¢T', this is impossible if pS = ¢7T'. O

4We often drop 0 in the display.
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Corollary. i) Given X\ > p partitions, S,T tableauz of row shapes \, u respectively, and
s any permutation, there exists a transposition u € Rg and a transposition v € Cp such
that us = sv.

it) If, for a tableau T, s is a permutation not in RpCr then there exists a transposition

u € Ry and a transposition v € Cp such that us = swv.

Proof. i) From the previous lemma there are two numbers 7,j in the same row for S
and in the same column for sT. If u = (4,5) is the corresponding transposition we set
v:= s lus € Cr (from 23.2.3) these two transpositions satisfy the desired conditions.

ii) The proof is similar, we consider again a tableau T, construct s7 and apply the
Lemma to sT,7T. [J

234 We draw now the conclusions relative to Young symmetrizers.

Proposition. i) Let S, T be two tableauz of shapes A\ > p.

If an element a in the group algebra is such that:
pa =a, Vp € Rg, and aqg = €4a, Vg € Cr

then a = 0.

i1) Given a tableau T and an element a in the group algebra such that:

pa=a, Vp € Ry, and aq = €ga, Vq € Cr

then a is a scalar multiple of the element cr.
Proof. i) Let us write a = Y 5 a(s)s, for any given s we can find u,v as in the previous
lemma.

By hypothesis ua = a,av = —a then a(s) = a(us) = a(sv) = —a(s) = 0 and thus a = 0.

ii) Same type of proof. First we can say that, if s ¢ Ry Cr then a(s) = 0. Otherwise let
s =pq, p € Rp,q € Cr then a(pq) = €¢;a(1) hence a = a(l)ep. O

Before we conclude let us recall some simple facts on algebras and group algebras.

If R is a finite dimensional algebra over a field F' we can consider any element r € R
as a linear operator by right (or left) action. Let us define ¢r(r) to be the trace of the
operator x — zr. Clearly tr(1) = dimprR. For a group algebra F[G] of a finite group G
the elements g € G give rise to permutations x — xg, x* € G of the basis elements in G
and clearly then: tr(1) = |G|, tr(g) =0 if g # 0.

We are now ready to conclude, the theorem which we aim at is:
Theorem. i) c2 = p(\)cr with p(T) # 0 a positive integer.
ii) dimgerRer = 1 = dimgsrRar.
i11) If U,V are tableauz of different shapes A, u we have cyRey = 0 = sy Ray .
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: . n!

i) dimgRer = S35
Proof. We apply the previous proposition and get that every element of ¢y Rep satisfies
ii) of that proposition hence ¢z Rer = Qer in particular we have ¢2 = p(\)cr.

Now compute the trace of c¢p, from the formula 23.2.1 we have tr(cy) = n! but since
c% = p(\)cr we have (by elementary matrix theory) that tr(cr) = p(A\)dimgRer and so
not only we have p(A) # 0 but also iv).

Next we prove iii), if A\ > p we have by part i) of the same proposition sy Ray = 0.

As for ¢y Rey we make the following remark:

For a semisimple algebra R, if aRb = 0 then bRa = 0 in fact from aRb = 0 we deduce
(RbRaR)? = 0.

Since RbRaR is an ideal of R and we know that any non zero ideal in R is generated by
an idempotent, we must have RbRaR = 0 hence the claim. [J

Corollary. The elements ep := % are primitive idempotents in R = Q[S,]|. The left
ideals Rer give all the irreducible representations of S,, explicitely indexed by partitions.
These representations are defined over Q.

We will indicate by M the irreducible representation thus associated to a (row-)partition
A

Remark The Young symmetrizer a priori does not depend only on the partition A but
also on the labeling of the diagram, but to two different labelings we obtain conjugate
Young symmetrizers which therefore correspond to the same irreducible representation.

We could have used instead of the product srar the product arst in reverse order, we
claim that also in this way we obtain a primitive idempotent ‘;T(f\)T relative to the same

irreducible representation.

The same proof could be applied but also we can argue applying the antiautomorphism
a — a of the group algebra which sends a permutation ¢ to o~!. Clearly:

ar = ar, St = ST, STAT = ATST.

Thus ﬁT)aTsT is a primitive idempotent.

Since clearly crarsr = srararsy is non zero (azT is a non zero multiple of ar and

so (crarsr)ar is a non zero multiple of c¢Z) we get that er and 7(er) are primitive
idempotents relative to the same irreducible representation and the claim is proved.

We will need in the computation of the characters of the symmetric group two more
remarks.

Consider the two left ideals Rsp, Rar, we have given a first description of their structure
as representations in 23.2. They contain respectively arRst, sy Rar whch are both 1
dimensional.

Thus we have
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Lemma. M) appears in its isotypic component in Rst, resp Rar with multiplicity 1. M,
appears in Rst if and only if u > X and it appears in Rar if and only if p < .

Proof. To see the multiplicity with which M, appears in a representation V' it suffices to
compute the dimension of ¢y Vor of ¢ V. Therefore the statement follows from the previous
results. 0O

23.5 There are several deeper informations on the representation theory of the sym-
metric group of which we will describe some.

A first remark is about an obvious duality between diagrams.

Given a tableau T relative to a partition A we can exchange its rows and columns
obtaining a new tableau T relative to the partititon A\ which in general is different from A.
It is thus natural to ask in which way are the two representations tied.

Let Q(e) denote the sign representation.
Proposition. M; = M, ® Q(e).

Proof. Consider the automorphism 7 of the group algebra defined on the group elements
by 7(0) := €,0.

Clearly, given a representation g the composition o7 equals to the tensor product with
the sign representation; thus, if we apply 7 to a primitive idempotent associated to M) we
obtain a primitive idempotent for Mj.

Let us thus use a tableau T of shape A and construct the symmetrizer, we have

rler) = Y &rlea)= () &p)( ) a)

pERT, qeCr pERT qeCr

We remark now that, since )\ is obtained from A by exchainging rows and columns we
have:
Rr =Cjz, Cr =Rj.

thus 7(cr) = apsp. O

§24 THE IRREDUCIBLE REPRESENTATIONS OF THE LINEAR GROUP 1

24.1 We apply now the theory of symmetrizers to the linear group.

Let M be a representation of a semisimple algebra A, B its centralizer. By the structure
theorem M = ®&N; ®a, P; with N;, P; irreducible representations respectively of A, B. If
e € B is a primitive idempotent then the subspace eP; # 0 por a unique index iy and
eM = N;, ® eP; = N; is irreducible as representation of A (associated to the irreducible
representation of B relative to e).
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Thus, to get a list of the irreducible representations of the linear group GI(V') appearing
in V®" we may apply to tensor space the Young symmetrizers er.

We wish to discuss now the problem, when is epV®™ #£ 0.

Assume we have t columns of length nq,ns, ... , ns, and decompose the column preserving
group Cr as a product H§:1 Sy, of the symmetric groups of all columns.

By definition we get ar = [] an;, the product of the antisymmetrizers relative to the
various symmetric groups of the columns.

Let us assume, for simplicity of notations, that the first n; indeces appear in the first
column in increasing order, the next ny indeces in the second column and so on, so that:

Ve = VEM Ve g L @ VI,
arVe®" =a, V" ®a,, V¥ @...®a,, V" = A"V @AV ®...0 A"™V.
Therefore we have that, if there is a column of length > dim(V), then epV&™ = 0.

Otherwise let ey, es,... ,e,, be a basis of V and use for V& the corresponding basis of
decomposable tensors; let us consider the tensor:

U=(e1R€e®...0€e,,)0(e1R0e®...0€e,,)R...0 (61Re®...Rey,,).

This is the decomposable tensor having e; in the positions relative to the indeces of the
it" row. By construction it is symmetric with respect to the group Ry of row preserving
permutations.

The tensor arU is a sum of U and some other tensors in the product basis different
from U.

When we apply to a tensor in the basis, different from U, any element of the group Ry
we can never obtain U since this vector is fixed by Rt and the symmetric group permutes
the basis.

Thus crU = sparU = rU + U’ where, U’ is a sum of elements from the basis different
from U and r # 0 is the order of the group Rp. In particular:

CTU 7é 0.
Let us summarize using a definition.

Definition. The length of the first column of a partition \ (equal to the number of its
rows) is called the height of \ and indicated by ht()\).

We have thus proved:
Proposition. IfT is a tableau of shape \ then erVE™ = 0 if and only if ht(\) > dim (V).

We thus have as consequence a description of V®" as representation of S,, x GL(V),

define (up to isomorphism)
SA(V) = eTV®”

for a tableau of shape A we have:
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Theorem.

(24.1.1) VE = @pen<dimv) My @ Sx(V)

6§25 CHARACTERS OF THE SYMMETRIC GROUP

As one can easily imagine the character theory of the symmetric and general
linear group are intimately tied together. There are basically two approaches,
a combinatorial approach due to Frobenius, computes first the characters of the
symmetric group and then deduces those of the linear group, and an analytic
approach, based on Weyl’s character formula which procedes in the reverse order.
It is instructive to see both. There is in fact also a more recent algebraic approach
to Weyl’s character formula which we will not discuss (ins).

25.1 Up to now we have been able to explicitely parametrize both the conjugacy classes
and the irreducible representations of \5,, by partitions of n. Thus the computation of the
character table consists, given two partitions A, u, to compute the value of the character
of an element of the conjugacy class C), on the irreducible representation M.

Let us denote by xx(p) this value.
The final result of this analysis is expressed in compact form by the theory of symmeric
functions.

Recall first that we denote ¢y (x) = Y1 | F. For a partition p - n := ki, ks,... , ky,
denote by:
’%(z) = wkl (w)ka (l’) <o wkn (x)

Using the fact that the Schur functions are an integral basis of the symmetric functions
there exist (unique) integers cy(u) for which:

(25.1.1) Yu(@) = ex(w)Sa(@).
A

We interpret these numbers as class functions ¢y on the symmetric group
cx(Cy) = ex(p)
and have.

Theorem Frobenius. For all partitions A\, pu = n we have

(25.1.2) Xa(p) = ex(p)

Step 1 First we shall prove that the class functions ¢y are orthonormal.
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Step 2 Next we shall express these functions as integral linear combinations of permutation
characters.

Step 3 Finally we shall be able to conclude our theorem.
Step 1 In order to follow Frobenius approach we go back to symmetric functions in n

variables x1, xo, ... ,z,. We shall freely use the Schur functions and the Cauchy formula
for symmetric functions:

1
| H m = ZSA(@SA(Q)
i,7=1,n A

proved in 7.1.
We change its right hand side as follows. Compute:

1,j=1 i,j=1 h=1
(25.1.3) 35 (xizﬂ')h _ ZM
h=11,j=1 he1

Taking the exponential we get the following expression:

(25.1.4) exp( Z M Z k' Z Ynl =

k=0

Z ( k )wl(ﬂf)kllﬁl(y)kl Yo () F29ho (y)*2 hs (z)F2qpg (y) ke

1
25.1. —
( g 5) k:Z:O k! kiko ... 1 2k2 3ks

Y ki=k

Let us further manipulate this expression, remark that a way to present a partition is
to give the number of times that each number ¢ appears.

If ¢ appears k; times in a partition pu, the partition is indicated by:

(25.1.6) o= 1Frokaghs ki

Let us indicate by

(25.1.7) n(p) = a(p)b(p) = k115 ky1282 k31303 k%
a(p) :=kylkolks! .. il .., b(p) := 1F12k23ks ki

then 25.1.4 becomes

1
; m@bu(x)@bu(y)

25.2 We need to interpret now the number n(u):
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Proposition. If s € C,, n(u) is the order of the centralizer G5 of s and |C,|n(p) = nl.
Proof. Let us write the permutation s as a product of a list of cycles ¢;. If g centralizes s
we have that the cycles gc;g~! are a permutation of the given list of cycles.

It is clear that in this way we get all possible permutations of the cycles of equal length.

Thus we have a surjective homomorphism of G to a product of symmetric groups [ Sk;,
its kernel H is formed by permutations which fix each cycle.

A permutation of this type is just a product of permutations, each on the set of indeces
appearing in the corresponding cycle, and fixing it.

For a full cycle the centralizer is the cyclic group generated by the cycle, so H is a
product of cyclic groups of order the length of each cycle. The formula follows. [

Let us now substitute in the identity:

> @) = 3 (@) ()

ukn ('LL) AFn

the expression 9, = >, ex(p) S\ and get:

{o it A % Ao

(25.2.1) > senmen =1 | ¢ 3

pukn

We have thus that the class functions ¢, are an orthonormal basis completing Step 1.

25.3 Step 2 We consider now some permutation characters (cf. 23.2). Take a partition
A = hi,ha,... ,hy of n. Consider then the subgroup Sp, X Sp, X ... x Sp, and the
permutation representation on:

(25.3.1) Sn/Sh1 X Sh2 X ... X Shk

we will indicate by 3y the corresponding character.

In order to compute this character let us make a general remark; consider a permutation
representation associated to a coset space G/H, let x denote its character and g € G.

The character x(g), i.e. the trace of the permutation induced by g equals the number

of fixed points of g on G/H, i.e. the number of cosets xH such that grH = zH.
Now grH = zH if and only if z71gz € H, so let X := {z € G|z~ lgx € H}, we have
X
x(9) = -

The set X is a union of right cosets G(g)xr where G(g) is the centralizer of g and the
map = — x ‘gz is a bijection between the set of such cosets and the intersection of the
conjugacy class C, of g with H, we have shown:

Proposition. The number of fized points of g on G/H equals:

_ G, n H|G(9)]
|H|

(25.3.2) x(9)
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Remark In practice we will compute |C, N H| by exhibiting the H conjugacy classes
in which it splits. If then Cy N H = U;0; fix an element g; € O; and let H(g;) be the
centralizer of g; in H, then |O;| = |H|/|H(g;)| and ﬁnally.

(25.3.3) Z |H o)

We compute it now for the case G/H = S, /Sh1 X Spy X ... xSy, and for a permutation
g relative to a partition p := 1P12P23P3  ¢Pi |

A conjugacy class in Sp, X Sp, X ...x Sh, is given by k partitions u; F h; of the numbers
hi,ha, ..., hg; the conjugacy class of type p intersected with Sy, x Sp, X ... xSy, gives
all possible k tuple of partitions u1, po, ... , ur of type

[p = 1P1h9P2h 3P3h 4Pih

and:
k
Z Pin = Di-
h=1
In a more formal way we may define a sum of two partitions A = 1P12P23P3 | 4Pi | | =
1912923493 || 4% | .. as the partition:

A4 p o= 1Prtagpatazgpstas | pitdi

and remark that, with the notations of 25.1.7 b(A 4 ) = b(A\)b(p).
We are thus decomposing p = Z?Zl w; and we have b(p) =[] b(1;).

The cardinality my,, u,,... ., of the conjugacy class u1, pi2,. .., pg in Sy, X Spy X ... X Shy
is:
k k
h;! hit 1
m e = FY2Y
. 31:[1 n(1;) jl:ll a(p;) b(p)
Now
k
H alp;) = H(szh')
j=1 h=1 =1
So we get:

i1Di2 - - -

k
1 Di
m.u'la,l‘LZ""nuk - n(/.l/) . h]. . <p . plk).

Finally for the number 3, (u) we have:
n(p)
ﬁ)‘('u) = k R Z My oy sy = Z H (p D i )
H’L:]_ Z M:Zéﬂ:l i, ’LL,LI—hZ 'L,L:lel i, l,L,L'—h ’L 11/Mi2 - Z]C

This sum is manifestly the coefficient of ac}l“acgz . Z’“ in the symmetric function ().
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In fact when we expand

Uu(@) = 1 ()P P2 ()P . i(x)™ .
for each factor ¢ (x) = > _i" | =¥ one selects the index of the variable chosen and constructs
a corrresponding product monomial.

i
J

factors 1;(x), we have [], (p_lpzimp_k) such choices and they contribute to the monomial

afahe ot if and only if 3, ipi; = hj.

For each such monomial denote by p;; the number of choices of the term z’ in the p;

Thus if ¥ denotes the sum of all monomials in the orbit of zzh? .. a:Z’“ we get the
formula:
(25.3.4) Yu() = Ba()Sa(x).
A
25.4  We wish to expand now the basis X5 (z) in terms of the basis S (z) and conversely:
(25.4.1) Sa(@) = 3 panSu(@), Sa(@) = 3 kruSa(a)
p 7

In order to explicit some information about the matrices:

(p)\»ﬂ)7 (k:A7M>
recall that the partitions are totally ordered by lexicographic ordering.

We also order the monomials by the lexicographic ordering of the sequence of exponents
hi,hsa, ..., h, of the variables z1,xo,... ,Z,.

We remark that the ordering of monomials has the following immediate property:

If My, My, N are 3 monomials and M; < My then M1 N < MsN.

For any polynomial p(xz) we can thus select the leading monomial I(p) and for two
polynomials p(z), ¢(z) we have:

l(pg) = 1(p)l(q)-
For a partition pu = n := hy > hg > ... > h,, the leading monomial of X, is
xt = xi”xg? oo
Similarly the leading monomial of the alternating function A, (z) is:
mlf1+n_1x’212+n_2 .. xZ" = ghte,
We compute now the leading monomial of the Schur function S, using all the definitions
and notations of §6.1, since
2T = 1(Au(x)) = U(Su(2)V (2)) = U(Spu(w))a*

we deduce that:

1(Su(x)) = .

This computation has the following immediate consequence:



§25 Characters of the symmetric group 127

Proposition. The matrices P := (px,), Q := (kx,u) are upper triangular with 1 on the
diagonal.

Proof. A symmetric polynomial with leading coefficient x# is clearly equal to X, plus a
linear combination of the >, A < u this proves the claim for the matrix @); the matrix P
is the inverse of () and the claim follows. [

We can now conclude:

Theorem. 2) Oy =cy + Z¢<)\ k/’d,’)\cqg, k‘i’)\ € N.
Cx = Zuz,\ Purby.
it) The functions cx(p) are a list of the irreducible characters of the symmetric group.

i1i) (Frobenius Theorem) xx = c.

Proof. From the various definitions we get:

(25.4.2) ex =Y porbs. Br = kgnrcs,
5 5

therefore the functions cy are virtual characters. Since they are orthonormal they are 4
the irreducible characters.

From the recursive formulas it follows that )\ = c) + Z¢<)\ kg acy, mag € Z. Since By
is a character it is a positive linear combination of the irreducible characters, it follows
that each cy is an irreducible character and that the coefficients kg, € N represent
the multiplicities of the decomposition of the permutation repreentation into irreducible
Components.5

iii) Now we prove the equality xn = c) by decreasing induction. If A = n is one row
then the module M) is the trivial representation as well as the permutatin representation

on S, /Sy.

Assume x,, = ¢, for all p < X, then we may use the Lemma 23.4 and know that M)
appears in its isotypic component in Rsp with multiplicity 1. But we have remarked
that Rsp is the permutation representation of character 3y in which by assumption the
representation M, appears and thus it must be given in the character y the term c,. [

Remark The basic formula v, (z) = >, ca(p)Sa(z) can be multiplied by the Vander-
monde determinand getting

(25.4.3) Yu(@)V () = ex(p) Ax()

now we may apply the leading monomial theory and deduce that c(p) is the coefficient
in 9, ()V (z) belonging to the leading monomial 22T of A,.

This furnishes a possible algorithm, we will discuss later some features of this formula.

5The numbers kg x are called Kostka numbers. As we shall see they count some combinatorial objects
called semistandard tableaux.
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25.5 We discuss here a complement to the representation theory of S5,.

It will be necessary to work formally with symmetric functions in infinitely many vari-
ables, a justification of the validity of this formalism maybe derived by the following
remark.

The ring of symmetric functions in n variables x; is the polynomial ring in the elementary
symmetric functions o;(n). When we set x,, = 0 the function o, (n) goes to 0 while the
remaing o;(n) specialize to o;(n — 1), thus if we restrict to functions of degree < n setting
Z, = 0 induces an isomorphism.

In other words we can consider the symmetric functions in infinite variables as the
polynomial ring in infinite variables o; where o; has degree i. If we need to establish a
formal identity between such variables in a given degree < n it is enough to establish it
for symmetric functions in n variables. With this in mind we think of the identities 25.1.1,
25.3.4, 25.4.1 etc. as identities in infinitely many variables.

Consider S,, acting on the space C" permuting the coordinates and thus on the polyno-
mial ring Clz, 22, ..., x,| we want to study this representation.

Since this is a graded algebra we shall compute the character as a functlon x; of the
degree and express the result compactly with a generating function Y .-, x:q".

If 0 is a permutation with cycle decomposition of lengths p := my,ms,...m, the
bstandard basis of C" decomposes cycles. On a subspace relative to a cycle of length k, o
acts with eigenvalues the m-roots of 1 and

det(1 — go) = HH —GJQL\Z_Q) :H(l—qmi)

i j=1 7

Thus the graded character of o acting on the polynomial ring is

det(1 — qo) l—qo‘ HZq””l—mel (L,q,¢% ..., ¢ ...)=

i 3=0

wu(anq""? ) ZX)\ S)\quvvqk7)
AFn

To summarize

Theorem. The graded character of S,, acting on the polynomial ring is
ZXAS)\(17q7q2a" '7qk7' . )
AFn

Now we want to discuss another related representation.

Recall first that Clz1, 22, ..., x,] is a free module over the ring of symmetric functions
Clo1,02,...,0,] of rank n!. It follows that, for every choice of the numbers a := aq, ..., a,
the ring R, := Clz1,x2,...,2,]/ < 0; —a; > constructed from Clzq, x5, ..., z,] modulo

the ideal generated by the elements o; — a;, is of dimension n! and a representation of .S,,.
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We claim that it is always the regular representation.

First we prove it in the case in which the polynomial t" —at" 1 +ast" 2 —- .. +(—1)"a,
has distinct roots aq, ..., a,, this means that the ring Clzq, zo,...,2,]/ < 07 —a; > is
the coordinate ring of the set of n! points ag(1),...,Qzmn), 0 € S, and this is clearly the
regular representation.

The condition for a polynomial to have distinct roots is open in the coefficients and
given by the non vanishing of the discriminant.

It is easily seen that the character of R, is continuous in @ and, since the characters of
a finite group are a discrete set this implies that the character is constant.

It is of particular interest (combinatorial and geometric) to analyze the special case
a =0 and the ring R := C[x1,2x2,...,2,]|/ < 0; > which is a graded algebra affording the
regular representation.

Thus the graded character xr(q) of R is a graded form of the regular representation.

To compute it notice that as a graded representation we have an isomorphism
Clxy,x2,...,2,) = RQClo1,09,...,04]

and thus an identity of graded characters.
The ring Cloy,09,...,0,] has the trivial representation, by definition, so its graded
character is just W and finally we deduce:

Theorem.
xe(@) =Y xaSalq, ... ¢ ) [ -d)

AFn i=1

Notice then that the series Sx(1,¢,4?,...,¢%,...) []/_,(1—¢") represent the multiplicities
of x, in the various degrees of R and thus are polynomials with positive coefficients with
sum the dimension of y.

§26 THE HOOK FORMULA

26.1 We want to deduce now a formula, due to Frobenius, for the dimension d()) of
the irreducible representation M) of the symmetric group.

From 25.4.3 applied to the partition 1", corresponding to the conjugacy class of the
identity, we obtain:

(26.1.1) O z)"V(x) =) dN)AN(z)
=1 A
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Write the development of the Vandermonde determinant as .5 €, T, m?(n_iﬂ)_l.

Letting A+ p = ¢ > {9 > --- > {,, the number d(\) is the coefficient of ], z in

|
i=1

oeS, =1

Thus a term e, (kl Kok ) 15 27 (DR ontributes to [1, 25 if and only if k; =

=11

li—o(n—i+1)+ 1. We deduce

E n!

d()\) - €o ;

c€S,|Vi Hi:l(gi - O'(n — 74+ 1) 4 1)|
li—o(n—i+1)+1>0

We change the term

n 1 n! -
pule} (fz —a(n—z+1)+1)' Hi:l gz' E Ol;:[ﬁ
o(n—i+1)—2

and remark that this formula makes sense, and it is 0, if o does not satisfy the restriction
li—o(n—i+1)+1>0.

Thus

d()\) is the value of the determinant of a matrix with [lock<joli—k)inthen—i+1,j
position.

1 by balln—1) oo Tlpepen_olln — k)
16 6(6—=1) oo Tlocpenolti — k)
16 661 o Tlocpeno(ts — )

this determinant, by elementary operations on the columns, reduces to the Vandermonde
determinant in the ¢; with value [, ,(¢; — ¢;). Thus we obtain the formula of Frobenius:

n! [ ; (6 —¢5)
[Tz, ¢!
26.2 We want to give the combinatorial interpretation of 26.1.2. Notice that of the

>l = n+ (35) factors in []I", 4! exactly (%) cancel with the corresponding factors in
[I;<;(¢i — £;), and n factors are left.

(26.1.2) d(X) =
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These factors can be interpreted has the hook lengths of the boxes od the corresponding
diagram.

More precisely given a box x of a French diagram its hook is the set of elements of the
diagram which are either on top or to the right of x, including x. E.g. we mark the hooks
of 1,2; 2,1; 2,2 in 4,3,1,1

Oo0dd

o . O O O O
O O 0O
The total number of boxes in the hook of z is called the hook length of x and denoted by
hy.
Now the reader can convince himself that the factors in the factorial ¢;! which are not
cancelled are the hooks of the boxes in the it row.

Frobenius formula becomes thus the hook formula, denote by B(\) the set of boxes of a
diagram of shape A:
n!
II he

x€B(X)

(26.2.1) d(\) =

§27 CHARACTERS OF THE LINEAR GROUP

27.1 We plan to deduce from the previous computations the character theory of the
linear group.

For this we need to perform another character computation. Given a permutaion s € S,
and a matrix X € GL(V) consider the product sX as an operator in V®" we want to
compute its trace.

Let 4 = hy, ho,... , hi denote the cycle partition of s, introduce the obvious notation
(justified by 8.1):
(27.1.1) U, (X) =[] tr(x™).

Clearly ¥, (X) = 1, (z) where by x we denote the eigenvalues of X.
Proposition. The trace of sX as an operator in VO™ is U, (X).

We shall deduce this Proposition as a special case of a more general formula.

Given n matrices X1, Xs, ..., X, compute the trace of sX; ® Xo®...® X,, (an operator
in V&),
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Decompose explicitely s into cycles s = cica ... ci and, for a cycle ¢ := (ip ip—1 ... i1)
define the function of the n matrix variables X1, Xo,... , X,:
(2712) qf)c(X) = qf)c(Xl, XQ, e ,Xn) = tT(XilXZ'Q N Xip)-
The previous proposition then follows from:
Theorem.
k
(27.1.3) r(sX1© X, ®...® Xp) = [ de, (X).
j=1

Proof. Remark that, for fixed s, both sides of 27.1.3 are multilinear functions of the matrix
variables X; therefore in order to prove this formula it is enough to do it when X; = u; ®;
is decomposable.

Let us apply in this case the operator sX; ® Xo ® ... ® X,, to a decomposable tensor
11 Q Uy... R v, we have:

(27.14) sX70Xo® ... Xp(v1 Q@uy...Quy,) = H < Yilvi > Ug—1] @ Ug—19 ... @ Ug—1,,.
i=1

This formula shows that:

(27.1.5) sX19Xo®...0 Xy = (Us—11 Y1) ® (Ug-12 @ Y2) ... ® (Ug-1, @ V)

so that:

(27.1.6) tr(sX1®Xo @ ... ® Xp) = [ [ < vilusg—1; >= [ ] < vailui > .
i=1 i=1
Now let us compute for a cycle ¢ := (i, ip—1 ... i1) the function

¢C<X) = tT(XilXi2 e Xz )
We get:
tr(uh ®1/}i1ui2 ®1/}i2 .. ~®uip ®¢7:p) = tr(ui1® < ¢i1 ’uiz >< wizlui:& > ... < ¢ip—1 |uip > ¢ip)

p
(27.1.7) =< 7,D7;1|UZ‘2 >< ¢¢2|ui3 > .. < l/)ip71|uip >< wip\uil >= H < ¢c(¢j)|uij >
j=1

Formulas 27.1.6 and 27.1.7 imply the claim. [J

27.2 In order to apply the theory of symmetric functions to the representation theory
of the linear group it is necessary to complete in some simple points our discussion of sym-
metric functions. We let m 4+ 1 be the number of variables. We want to understand, given
a Schur function Sy (z1,...,Zmye1) the form of Sy(z1,...,z,,,0) as symmetric function in
m variables.
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Let A\ == hy > ho > -+ > hypt1 > 0, in 6.3 we have seen that, if h,,11 > 0 then
Sa(T1, .oy Tpg1) = Hffl'l i Sx(x1, .., Tmg1) where X := h;—1> ho—1> -+ > hyy1—1.

In this case, clearly Sx(z1,...,2Zm,0) =0.

Assume now h,,+1 = 0 and denote by the same symbol A the sequence h; > ho

+ > hy. Let us start from the Vandermonde determinant V(zq,...,Zm, ZTmi1)
[licj<myr(zi < ;) and set 25,41 = 0 getting

m m

V(zy,...,Tm,0) = sz H (x; —xj) = HmiV(xl,...,a:m).

i=1  i<j<m i=1

v

Now consider the alternating function Ax(z1,...,Tm,Tm+t1)-
Set ¢; := h; + m+ 1 —1 so that ¢,,11 =0 and

éo’(l) Eo’(m—‘,—l)
Ax(T1,y o Ty 1) = g €y T

Ues’rn+l

setting ,,+1 = 0 we get the sum restricted only on the terms for which o(m+1) =m + 1
or
Lo Lo(m
Ax(z1,...,2m,0) = g I A AL

now in m— variables the partition A corresponds to the decreasing sequence h; + m+1—1
hence

Ax(z1, ..., xm,0) = HAA(xl, e Zm),  SA(x1, T, 0) = Sh (T, -y Tn)-
i=1

Thus we see that, under the evaluation of z,,41 to 0 the Schur functions S, van-
ish, if heigth(\) = m + 1 otherwise they map to the corresponding Schur functions in
m—variables.

One uses these remarks as follows. Consider a fixed degree n, for any m let S be the
space of symmetric functions of degree n in m variables.

From the theory of Schur functions the space S}, has as basis the functions Sy(z1,...,Zm)
where A F n has heigth < m. Under the evaluation z,, — 0 we have a map S;;, — S, _;.
We have proved that this map is an isomorphism as soon as m > n hence all identities
which we prove for symmetric functions in n variables of degree n are valid in any number
of variables.%

We are ready to complete our work, let m = dimV, for a matrix X € GL(V) and
a partition A F n of heigth < m let us denote by Sx(X) := Sx(z) the Schur function
evaluated in x = (z1,...,z,,) the eigenvalues x = (z1,... ,z,,) of X.

60ne way of formalizing this is to pass formally to a ring of symmetric functions in infinitely many
variables which has as basis all Schur functions without restriction to the heigth and is a polynomial ring
in infinitely many vaiables corresponding to all possible elementary symmetric functions.
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Theorem. S)(X) is the character py of the representation Vy of GL(V'), paired with the
representation My of S, in V&n.

Proof. If s € S,,, X € GL(V) we have seen that the trace of sX on V®" is ¢,(X) =
Yoaex(p)SA(X) by definition of the cy, if m = dimV' < n only the partitions of heigth
< m contribute to the sum. On the other hand V¥®" = > 2 Va ® M)y thus:

bu(X)= > X)),

AFn,ht(A)<m

Since the functions ¢y = x are the irreducible characters of S,, by Frobenius Theorem,
and the functions Sy (X) are linearly independent it follows that Sy(X) = pA(X) O

Remark. The eigenvalues of X®™ are monomials in the variables z; and thus the characters
Sx(z) are sums of monomials with positive coefficients.

We make some comments. Recall that V) = ep(V®") is a quotient of ar(V®") =
ARV @ ARV @ ARV where the k; are the columns of a tableau T and is also contained
in sp(VO") = SV @ Sh2V ... ® S"V where the h; are the rows of T. Here one has
to interpret both antisymmetrization and symmetrization as occurring respectively in the
columns and row indeces.” The composition ep = T&)ST(IT can be viewd as the result of
a map

AV @ NP2V @ APV sp (VO = SMYV @ Sh2V L @ St

As repesentations AF1V @ AF2V ... @ AF»V and SV @ S"2V ... ® 8"V decompose in
the direct sum of a copy of V) and other irreducible representations.

The character of the exterior power A*(V) is the i'" elementary symmetric function
oi(x) the one of the symmetric power S"(V) is the sum of all monomials of degree h.

We may want to stress the fact that the construction of the representation V) from V is
in a sense natural. The modern language is that of categories, recall that a map between
vector spaces is called a polynomial map if in coordinates it is given by polynomials.

Definition. A functor F' from the category of vector spaces to itself is called a polyno-
mial functor if, given two vector spaces V,W the map A — F(A) from the vector space
hom(V, W) to the vector space hom(F(V), F(W)) is a polynomial map.

The functor F : V — V&®" is clearly a polynomial functor, when A : V' — W the map
F(A) is A®".

Choosing a Young symmetrizer ¢ associated to a partition A we consider cV®". As V
varies this can be considered as a functor. In fact it is a subfunctor of the tensor power
since clearly by the commuting relations we have A®"(cV®") C cW®n.

It is then useful to use a functorial notation and indicate the space ¢V ®™ by:

S\(V) := e xV®"  the Schur functor associated to \.

7it is awkward to denote symmetrization on non consecutive indeces as we did, more correctly one
should compose with the appropriate permutation which places the indeces in the correct positions.



§27 Characters of the linear group 135

If A: V — W is a linear map we define:

Sa(A) 1 Sy (V) —— ven AT ypen 2 g ().

Remark that the exterior power AV and the symmetric power S¥(V') are both examples
of Schur functors.

We will need the following simple property of Schur functors which is clear from the
definition

Proposition. If U C V is a subspace then S\(U) = S\(V)NU®".

One can prove that any polynomial functor is equivalent to a direct sum of Schur functors
(ins.).

27.3 We want to give now the complete list of irreducible representations for the
general and special linear groups.
Recall first of all that, in 6.3 we have shown that, if A = (mq,ma,... ,m,) and X' =

(mi1+1,mo+1,... ,my,+1) then Sy, = (122 ... 2,)S).

In the language of representations of GL(n) = GL(V), x12z2...x, is the character of
the 1-dimensional representation A"(V') which for simplicity we will denote by D.

From the point of view of Young symmetrizers we have A = m, X' = m+n and a tableau
for A’ can be taken with first column, of n boxes, filled with the numbers 1,2,...,n.

Let S be the tableau of shape A obtained by removing this column.

The effect of the antisymmetrizer a of this column on V& ™ is A"V @ VO™ If eg is
the Young symmetrizer for S then aegV®"t™ = A"Veg @ VO™ is an irreducible GL(V)
since eg ® V®™ ig irreducible and A"V is 1-dimensional.

Thus if s is any permutation ses®V®™ is an irreducible in the same isotypic component.
It follows that e V®" ™ is isomorphic to A"V ® egV ™.

Any X can be uniquely written in the form (m,m,m,... ,m)+ (k1,k2,... ,kn—1,0) (in
other words representing it as a diagram with < n columns, we collect all rows of length
exactly n and then the rest) and we obtain that the irreducible representations appearinfg
in the tensor powers are isomorphic to D¥Sy (V) with ht(\) < n — 1..

Let Py—1:={(k1 > ko > ... > k,_1 > 0). Consider the polynomial ring
Zlxy, ... 2o, (T1,29. .. 2) ]

obtained by inverting o, = x125...2,

Lemma. The ring of symmetric elements in Z|x1,... , o, (w122 ... 2,) 7] is generated by
01,09,... ,0pn_1, 0;:1 and it has as basis the elements:
SAO'ZL, A€EPn_1, meLZ.
The ring Z[o1,02, ... ,0n_1,04]/(0n—1) has as basis the classes of the elements: Sxol",
A€ P,_1.

Proof. Since o,, is symmetric it is clear that a fraction aik is symmetric if and only if

f is symmetric, hence the first statement. As for the second remark that any element
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of Z[oy,09,... ,0n_1,0=] can be written in a unique way in the form Y kez apo® with
ay € Zo1,09,... ,0n,-1]. Now we know that the Schur functions Sy, A € P,,_1 are a basis
of Zlo1,09,... ,0n-1,04]/(0,) and the claims follow. [

27.4 We need to give now an interpretation in the language of representations of the
Cauchy formula.

First of all a convention. If we are given a representation of a group on a graded vector
space U := {U;}32, (i.e. a representation on each U;) its character is usually written as a
power series with coefficients in the character ring:

(27.4.1) XU@);:zjxﬁé

Where y; is the character of the representation U;.
Definition. The expression 27.4.1 is called a graded character.

Graded characters have some formal similarities with characters. Given two graded
representations U = {U,};, V = {V;}; we have their direct sum, and their tensor product

UaV)i=U;0V;,, UV):=0_U,®Vip.
For the graded characters we have clearly:
(27.4.2) xvev () = xu(t) +xv(t), xvev(t) = xut)xv ().
Let us consider a simple example.

Lemma. Given a linear operator A on a vector space U its action on the symmetric
algebra S(U) has as graded character:

1
27.4.3 - -
( ) det(1 —tA)
Its action on the exterior algebra AU has as graded character:
(27.4.4) det(1 4 tA)

Proof. Since for every symmetric power S¥(U) the character of the operator induced by
A is a polynomial in A it is enough to prove the formula, by continuity and invariance,
when A is diagonal.

Take a basis of eigenvectors u;, i = 1,... ,n with eigenvalue \;.
Then S[U] = S[u1] @ S[ua] ® ... ® S[u,] and S[u;] = > pr, Ful.
The graded character of S[u;] is > o, Alth = 1+A1t hence:

n 1 1
t) = Uj t) = n - ’
Xsiu] () Zljlxs[ 1(0) [T, (1= Nt)  det(1—tA)
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Similarty AU = Afu1] ® Afug] ® ... @ Aluy,] and Alu;] = F & Fu; hence

n n

Xaw)(®) = [T xawa () = [0+ Ait) = det(1 +¢A).

i=1 i=1

O

Suppose we are given a vector space U over which a torus T acts with a basis of weight
vectors u; with weight ;.

We want to compute the character of the action of 7" on the symmetric and exterior
algebras, the same proof as before shows that they are respectively:

1
27.4.5 —_ 1+ xit.
( ) = it [T1+x
As an example consider two vector spaces U,V with basis ui,...,Upm; v1,...,0, re-
spectively.
The maximal torus of diagonal matrices has eigenvalues x1,... ,Zm; y1,... ,Yn respec-

tively for each of them. On the tensor product we have the action of the product group
and the basis u; ® v; has eigenvalues z;y;.

Therefore the graded character on the symmetric algebra S[U® V] is []_, H;n:l ﬁy]t
We can drop the variable ¢ just recalling the degree in the variables x;y;.

We want to apply now Cauchy’s formula. We need a remark, assume for instance m <n
so that [T, [T}, 1= is obtained from [T, [T}, 1=~ by setting y; = 0, Vm <
iYj

l—miyjt

Jj <n.
From Cauchy’s formula and Theorem 27.2 to deduce that

n m 1
] ——— =vnnzm Sale = 1., 20)Sa W1, - - ym).
i=1j=1 1 =@y t

This identity expresses the characteer in terms of irreducible characters of GL(U) x GL(V),
the character of the n*” symmetric power S*(U ® V) equals 2 ek (n) Sx(z)S\(y).

We know that the rational representations of this group are completely reducible thus
we have the description:

(27.4.6) S™(U V) = @xrn, he(2)<mSA(U) @ Sx(V).

Remark that, if W C V is a subspace which we may assume formed by the first k£ basis
vectors, then the intersection of Sy\(U) ® S\ (V) with S(U ® W) has as basis the part of
the basis of weight vectors of S\(U) @ Sx(V) relative to weights in which the variables
Y;, jJ > k do not appear. Thus its character is obtained by setting to 0 these variables in
Sx(Y1, Y2, - -, Ym) thus we clearly get that

(27.4.7) S\(U) @ S\(V) N S(U @ W) = Sy(U) ® Sy (W)
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It is useful to discuss also a variation of the previous Theorem. Consider two vector
spaces V, W the space hom(V,W) =W ® V* the ring of polynomial functions

(27.4.8) Plhom(V,W)] = SIW* @ V] = @ Sx(W™) @ Sx(V)
A way to explicitely identify the spaces Sx(W*)® Sy (V') as spaces of functions is obtained
by a variation of the method of matrix coefficients.

Given any partition p we have seen that A — S, (A) is a polynomial functor on vector
spaces and thus for every X : V. — W we have a map S, (X) : S,(V) — S, (W).

The map S, : hom(V,W) — hom(S,(V),S,(W)) defined by S, : X — S§,(X) is a
homogeneous polynomial map of degree n, if u F n.

Thus the dual map S}, : hom(S,(V), S, (W))* — P(hom(V,W))  defined by
SL(P)(X) =< ¢[Su(X) >, ¢ € hom(S5,(V),S.(W))*, X € hom(V,W)

is a GL(V) x GL(W) equivariant map.

By the irreducibility of hom(S,(V), S,(W))* = S,(V)® S, (W)* it must be a linear iso-
morphism to an irreducible submodule of P(hom(V, W)) uniquely determined by Cauchy’s
formula.

By comparing the isotypic comonent of type S,(V) we also recover the isomorphism
Su(W*) = 5,(W)*.

Apply the previous discussion to hom(A*V, ATW).

Choose bases e;, © = 1,...,h, f;, 7 =1,...,k for V,W respectively and identify the
space hom(V, W) with the space of k x h matrices.

Thus the ring P(hom(V,W)) = Clz,;],¢ = 1,...,h, j = 1,...,k where x;; are the
matrix entries.

Given a matrix X the entries of A*X are the determinants of all the minors of order i
extracted from X, and A*V ® (A*W)* can be identified to the space of polynomials spanned
by the determinants of all the minors of order ¢ extracted from X.

One should bear in mind the strict connection between the two formulas, 27.4.5 and
24.1.1,

SMU R V) = ®xrn, ney<mSAU) @ Sx (V) VO = @005 dimv)yMa @ Sa(V).
This is clearly explained when we assume that U = C" with canonical basis e; and we
consider the diagonal torus T acting by matrices Xe; = z;e;.

If x : T'— C* is the character x(X) = [[, x; (which we will call the multilinear characer),

we see that

Proposition. V®" can be canonically identified in an S, equivariant way to the weight
space S"(URV)X = @xrn, ht(0)<mON(U)X@Sx(V), under this identification Sx(U)X = My

as representations of S,.
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27.5 We can interpret the previous theory as part of the description of the coordinate
ring A|{GL(V')] of the general linear group.

Since GL(V') is the open set of End(V) = V ® V* where the determinant d # 0 its
coordiante ring is the localization at d of the ring S(V* ® V') which, under the two actions
of GL(V') decomposes as Dpi(x)<nSA(V*) @ SA(V) = @ht()\)gn—l,kzodks)\(v*) ® SA(V).
It follows immediately then that:

(27.5.1) A[GL(V)] = ®ntny<n—1, kezd" Sx(VF) @ Sy (V).
We deduce

Theorem.
(1) The irreducible representations of GL(V') are:

Sx(V)D™, X € Pp—1, m € Z.
(2) [Sx(V)D™]* = Sx(V*)D~™

(3) For a partition X\ := hi,hg,... hy let X := hj be as in 6.3 (hy + h;,_; 1 = h1)we
have Sx(V*) = Sy (V)D~ "1,

Proof. 1) and 2) follow from 27.4.6 and theorem 15.2.1. 3) follows from the computation

of 6,3 remarking that on V* the eigenvalues of the torus x1,...,z, are xfl, R

As for SL(V) we remark first of all that the determinant representation D restricted
to SL(V) is trivial. Therefore all the representations Sy(V)D™, restricted to SL(V), are
isomorphic. Now we claim that Sy (V') is irreducible as representation of SL(V') and that:

Theorem. The irreducible representations of SL(V') are:

S)\(V), A€ P, 1.

Proof. The group GL(V') is generated by SL(V) and the scalar matrices which commute
with every element. Therefore in any irreducible representation of GL(V') the scalars in
GL(V) also act as scalars in the representation. It follows immediately that the represen-
tation remains irreducible when restricted to SL(V). To conclude it is enough to remark
that the characters of the representations Sx(V), A € P,_;1 are a basis of the invariant
functions on SL(V), by 8.1 and the previous lemma. [

27.6 In this section we want to remark a determinant development for Schur functions
which is often used.

We go back to the Cauchy identity

(27.6.1) 2_S@Hw) =]] ﬁ = 11> se@w;
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the symmetric functions s (z) are defined by the power series development of

1 [ee]
—_ = S IIZ‘tk
Hil—xit I;) k( )

and are by 27.4 the characters of the symmetric powers of V.
One easily sees that si(z) is the sum of all the monomials in z1,...,z, of degree k.
Multiply 27.6.1 by the Vandermonde determinant V' (y) getting

> Sa@)Axy) =[] D] sr@)yfV(y).

j k=0
For a given A = hy,..., h, we see that Sy(x) is the coefficient of the monomial
yfl+n_1y32+”_2 ...yPm and we easily see that this is
(27.6.1) Z €oSo(i)—i+h;
oS,
thus

Proposition. The Schur function Sy is the determinant of the n X n matriz which in the
position i,j has the element s;_;4p, with the convention that s =0, Vk < 0.

27.7 We want to complete this discussion with an interesting variation of the Cauchy
formula which we will use later in the computation of the cohomology of the linear group.
We are given again two vector spaces V, W and want to describe A(V ® W) as represen-

tation of GL(V') x GL(W).
Theorem.

(27.7.1) ANV @W)=> S\(V)® S5 (W)
A

Proof. X denotes as in 25, the dual partition.

We argue in the following way, for very k, AF(V ® W) is a polynomial representation of
degree k of both groups hence by the general theory A*(V @ W) = @yps, Nl—kCI)C\’MS)\(V) ®
S, (W) for some multiplicities c’f\7 4 To compute these multiplicities we do it in the stable

case where dim W = k using the results of §27.

Next identify W = CF with basis e; and we restrict as in 27.4, to the multilinear
elements which are V®ej A ...V ® e, which, as representation of GL(V') can be identified
to V@™ except that the natural representation of the symmetric group S,, C GL(n,C) is
the canonical action on V®" tensored by the sign representation.

Thus we deduce that, if y is the mutilinear weight

OraruSA(V) ® M5 = (AV @ CF)X = @y, ,LHCC],{,HSA(V) ® M,



§27 Characters of the linear group 141

from which the claim follows. [

Remark. In terms of characters the previous formula 27.7.1 is equivalent to

(27.7.2) | H (1+2iy;) = > Sa()S5(y).

There is a simple determinantal formula corollary of this identity as in 27.6.

Here we remark that [[;_, (1 +ziy) = >7_ge; (z)y’ where the e; are the elementary
symeric functions.

The same reasoning as in 27.6 then gives the formula

(27.7.3) S)\(l‘) = Z €5Co (i) —itk;

UGSn

where k; are the columns of \i.e. the rows of .

Proposition. The Schur function Sy is the determinant of the n X n matrix which in the
position i,j has the element e;_iiy,, the k; are the rows of X, with the convention that
er, =0, Vk <O0.
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§28 BRANCHING RULES, STANDARD DIAGRAMS

28.1 We wish to describe now a fairly simple recursive algorithm, due to Murnhagam,
to compute the numbers cy. It is based on the knowledge of the multiplication of ¢Sy in
the ring of symmetric functions.

We assume the number n of variables to be more than k + |\| to be in a stable range
for the formula.

Let h; denote the rows of A\, we may as well compute:

(28.1.1) V(@) An(z) = Q_af) (Y esal it aly i el
=1

SES,

Indicate by k; = h;+n—1i. We inspect the monomials appearing in the alternating function
which is at the right of 27.4.1.

Each term is a monomial with exponents obtained from the sequence k; by adding to
one of them say k; the number k.

If the resulting sequence has two numbers equal it cannot contribute a term to an
alternating sum and so it must be dropped, otherwise reorder it getting a sequence:
ki >ko>. . ki>kj+Ek>kiqr>.. ki1 >k >...> k.
Then we see that the partition X' : h} associated to this sequence is:
hy=hy, ft<iort>j, hy=h_1+1ifi+2<t<j, hiy,=hj+k+j—i—1
The coefficient of Sy, in 9 (2)Sx(z) is (—1)?~¢ by reordering the rows.

There is a simple way of visualizing the various partitions A\’ which arise in this way.

Notice that we have modified a certain number of consecutive rows, adding a total of k
new boxes. Each row except the bottom row, has been replaced by the row immediately
below it plus one extra box.

This property appears saying that the new diagram )’ is thus any diagram which contains
the diagram A\ and such that their difference is connected, made of k boxes and it is like a
"slinky”® i.e. it is part of the rim of the diagram )\’ (which are the points on its boundary

or the points 7, j for which there is no point h, k with ¢ < h,j < k lying in the diagram).
So one has to think of a slinky made of k£ boxes, sliding in all possible ways down the
diagram.
The sign to attribute to such a configuration si 41 if the number of rows occupied is
odd, —1 otherwise.

8this was explained to me by A. Garsia.
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For instance we can visualize 135327 as:

—. . O o© + .

O O O

Formally one can define a k—slinky as a walk in the plane N? made of k—steps, and each
step is either one step down or one step rigth. The sign of the slinky is —1 if it occupies
an even number of rows, +1 otherwise.

Next one defines a striped tableau of type p := ki,kq,...,k: to be a tableau filled,
for each ¢+ = 1,...,t with exactly k; entries of the number ¢ subject to fill a k;—slinky.
Moreover we assume that the set of boxes filled with the numbers up to 7, for each 7 is still
a diagram. E.g. a 3,3,2,5,6,3,4,1 striped diagram:

8

— W
N W

4 5
4 5
2 5 5 7T 7 77
11 2 2 5 5 6 6 6

to such a striped tableau we associate as sign the product of the signs of all its slinkies.
In our case it is the sign pattern — — + + — 4+ +4 for a total — sign.

Murnagham’s rule can be formulated as:

cx(p) equals the number of striped tableaux of type p and shape A each counted with
its sign.

Notice that, when g = 1™ the slinky is only one box and the condition is that the
diagram is filled with all the distinct numbers 1,...,n and the filling is increasing from
left to rigth and from the bottom to the top. This is the definition of a standard tableau.
Its sign is always 1 and so d(\) equals the number of standard tableaux of shape .

28.2 We want to draw another important consequence of the previous multiplication
formula between Newton functions and Schur functions.

Consider a module M, for S,, and consider S,_1 C S,, we want to analyze M) as a
representation of the subgroup S,,_1. For this we perform a character computation.

We introduce first a simple notation, given two partitions A = m, u - n we say that
A C p if we have an inclusion of the corresponding Ferrer’s diagrams or equivalently if
each row of A is less or equal of the corresponding row of pu.
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If n=m + 1 we will also say that A\, u are adjacent, in this case clearly u is obtained
from A removing a box lying in a corner.

With these remarks we notice a special case of 28.1:

(28.2.1) PiSi= Y. S

pEIA+FLACH

Consider now an element of S,,_1 to which is associated a partition v; the same element
as permutation in S,, has associated partition v1 so computing characters we have:

ZC)\(Vl)S)\ =1 = P19y, = Z ex (V)1 Sy

Abn AEF(n—1)
(28.2.1) = > a D S.
AEF(n—1) HEF(N),ACp

In other words:
(28.2.2) ex(vl) = Yoo aw),
nEF(n—1),uCA
In module notations we have:

Branching rule for the symmetric group :
(2823) My = @ue}—(nfl),p,C)\Mu'

A remarkable feature of this decomposition is that each irreducible S,,_; module appearing
in My has multiplicity 1, which implies in particular that the decomposition 28.2.3 is
unique.

A very convenient way to record a partition u obtained from A\ by removing a box is
given marking this box with the number n. We can repeat now the branching to S,,_o
and get:

(28.2.4) My = @uor=n—2, pir=n—1,1u0CpurcrAMp,.

Again we mark a pair ps €+ (n—2), p1 = (n—1), u2 C p1 C A by marking the first box
removed to get pq with n and the second box with n — 1.
From 4261, branching once:

8
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Banching twice:

7 8 ... 8 ... 8 R ¢
7 . 8
- - -
7
7 .
L8 L LT v
7 8 8 8

In general we give the following definitions:

Given p C X two diagrams, the complement of 1 in A is called a skew diagram indicated
by A/u. A standard skew tabluau of shape A\/u consists of filling the boxes of A\/u with
distinct numbers such that each row and each column is strictly increasing.

Example of a skew tableau of shape 6527/326:

.1 2 4
. 2 3 4
.2
6 7
Notice that we have placed some dots in the position of the partition 327 which has been
removed.

If © = 0 we speak of a standard tableau. We can easily convince ourselves that, if
AbF=mn, uF=n—k and g C X there is a 1-1 correspondence between:

1) Sequences p = pg C pgp—1 C plg—2-.. C pg C A with g; F=n — 4.

2) Standard skew diagrams of shape A/p filled with the numbers

n—k+1ln—k+2,..., n—1,n.

The correspondence is established by associating to a standard skew tableau T the
sequence of diagrams u; where p; is obtained from A\ by removing the boxes occupied by
the numbers n,n —1,... ,n—17+ 1.

When we apply the branch rule several times, passing from S, to S,_; we obtain a
decomposition of M, into a sum of modules indexed by all possible skew standard tableaux
of shape \/p filled with the numbers n —k+1,n—k+2,... ,n—1,n.

In particular, for a given shape p the multiplicity of M, in M) equals the number of
such tableaux.

In particular we may go all the way down to S; and obtain a canonical decomposition of
M, into 1-dimensional spaces indexed by all the standard tableaux of shape A. We recover
in a more precise way what we discusse in the previous paragraph.
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Proposition. The dimension of My equals the number of standard tableaux of shape \.

It is of some interest to discuss the previous decomposition in the following way.
For every k let Sy be the symmetric group on k elements contained in S,,, sothat

Q[Sk] € Q[S,,] as subalgebra.

Let Zj be the center of Q[Sk]. The algebras Z, C QI[S,] generate a commutative
subalgebra C.

On any irreducible representation this subalgebra, by the analysis made has a basis
of common eigenvectors given by the decomposition into 1 dimensional spaces previously
described. It is easy to see that the eigenvalues are distinct and so this decomposition is
again unique.

Remark. The decomposition just obtained is almost equivalent to selecting a basis of My
indexed by standard diagrams. Fixing an invariant scalar product in M) we immediately
see by induction that the decomposition is orthogonal (because non isomorphic representa-
tions are necessarily orthogonal). If we work over R we can select thus a vector of norm 1
in each summand. This leaves still some sign ambiguity which can be resolved by suitable
conventions. The selection of a standard basis is in fact a rather fascinating topic, it can
be done in several quite unequivalent ways suggested by very different considerations, we
will see some in the next chapters.

A possible goal is to exhibit not only an explicit basis but also explicit matrices for the
permutations of S, or at least for a set of generating permutations (usually one chooses
the Coxeter generators (i i +1), i=1,... ,n—1).

We will discuss this question when we will deal in a more systematic way with standard
tableaux.

§29 APPLICATIONS TO INVARIANT THEORY

29.1 Assume now we have an action of a group G on a space U of dimension m and we
want to compute the invariants of n copies of U. Assume first n > m.

We think of n copies of U as U ® C™ and the linear group GL(n,C) acts on this vector
space by tensor action on the second factor. As we have seen in Chapter 1 the Lie algebra
of GL(n,C) acts by polarization operators. The ring of G invariants is stable under these
actions.

From 27.4.5 we have that the ring of polynomial functions on U ® C" equals
S(U"®@C") = ®xpn, ht()<mSA(U") @ Sx(C").
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For the invariants under G we clearly have that
(29.1.1) S(U* ® C™)Y = @i, nt()<mSA(UF) @ SA(CM).

This formula describes the ring of invariants of G acting on the polynomial ring of U" as
representation of GL(n,C). In particular we see that the multiplicity of S)(C™) in the
ring P(U™) equals the dimension of the space of invariants Sy(U*)¢.

The restriction on the heigth implies that, when we restrict to m copies we again have
the same formula and hence we deduce comparing isotypic components and by 27.4.6.

S\(U*)C @ SA\(C") N S(U* @ C™) = Sy (UMY ® S5 (C")
We deduce

Theorem. IfdimU = m, the ring of invariants of S(U* @ C™) is generated, under polar-
ization, by the invariants of m copies of U.

Proof. Each isotypic component (under GL(n,C)), Sx(U*)¢ ® Sy(C") is generated under
this group by S\ (U*)¢ ® Sx(C™) since ht(\) <m. O

There is a useful refinement of this theorem. Assume that the group G is contained
in the special linear group. In this case an invariant in m variabes is the determinant of
m—vectors, i.e. a generator of the 1-dimensional space AU @ A™C™.

If ) is a partition of heigth exactly m we know that Sy (U®C™) = (AmURA™C")*S,,(U®
C™) where ht(u) < m — 1. Thus we obtain by the same reasoning.

Theorem. If dimU = m and G C SL(U), the ring of G invariants of S(U* @ C") is
generated, under polarization, by the determinant and invariants of m — 1 copies of U.

Alternatively we could use the theory of highest weights (cf. §33) and remark that the
G x U™ invariants are @SA(U*)G®SA(C”)U+. They are contained in S(U*®@C™ 1)[d] (the
determinant d of the first m vectors u;) and generate under polarization all the invariants.”

29.2 We shall discuss now the first fundamental Theorem of the special linear group
SL(V), V =C" acting on m copies of the fundamental representation.

We identify V™ with the space of n x m matrices with SL(n,C) acting by left multipli-
cation.

We consider the polynomial ring on V™ as the ring C[z;;], x := (z;;) of polynomials in
the entries of these matrices.

Given n indeces i1, ... ,4, between 1,...,m we shall denote by [i1,...,i,] the determi-
nant of the maximal minor of X extracted from the corresponding columns.

9In the same way any subspace W C S(U*® ") stable under polaryzation is generated by WNS(U* ®

™), while a subspace W C S(U*® ™) stable under polaryzation and multiplication by the determinant

d of the first m vectors u; is generated by W N S(U* @ ™~1) under polarizations and multiplication by
d.
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Theorem. The ring of invariants Clz;;]5™C) coincides with the ring C[iy, . .. ,i,]] gen-
erated by the () elements [i1,. .. in], 1 <iyp < -+ <ip <m.

Proof. We can apply the previous theorem using the fact that the proposed ring is certainly
made of invariants and closed under polarization, thus it suffices to show that it coincides
with the ring of invariants for n — 1 copies of V.

Now it is clear that, given any n — 1 linearly independent vectors of V they can be
completed to a basis with determinant 1 hence these set of n — 1 tuples, which is open,
forms a unique orbit under SL(V'), therefore the invariants of n — 1 copies are just the
constants and the theorem is proved. [J

Let us understand this ring of invariants as representation of GL(m, C) using the general
formula 29.1.1 and 27.4 we see that Sy\(U) is the trivial representation of SL(U) if and
only if A := k™ thus we have the result that

Corollary. The space of polynomials of degree k in the elements [i1, ..., i, as represen-
tation of GL(m, C) equals Sgn (C™).

One can in fact combine this Theorem with the first fundamental Theorem of 22.3 to
get a theorem of invariants for SL(U) acting on U™ @& (U*)P, we describe it as pairs of
matrices X,Y and we have invariants

< (bz|u3 >, [uil,...,uin], [¢j17"'7¢jn]

where the [u;,, ..., u;,] are the determinants of the maximal minors of X while [¢;,, ..., ¢;,]
are the determinants of the maximal minors of Y.

Theorem. The ring of invariants of P(U™ @ (U*)P)SEWV) s the ring generated by

<¢i|uj >, [uiu"'vuin]? [¢j17"'7¢jn]'

Proof. We apply the methods of 29.1 to both U, U* and thus reduce to n — 1 copies of
both U, U™.

In this case the invariants described are only the < ¢;|u; >, one restricts to the open
set in which the n — 1 vectors are linearly independent and thus up to SL(U) action can
be fixed to be ey, ..., e,_1 the linear forms are ¢4, ..., ¢,_1. This open set is stable under
the subgroup

1 0 0 0 aq
0 1 0 ... 0 ao
0 O 0 ... 1 ap—
0 O 0O ... 0O 1

If we write each ¢; = (v, y;) where 1; is a n — 1 row vector and think of the a; as the
entries of an n — 1 column vector u the action of this group on the covectors is by
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one can now restrict to the open set where the v); are linearly independent and where then
one can determine u so to make the y; = 0.

It follows then that a function in the coordinates of the ¢; is H invariant if and only if
it is independent of the y;.

Next one remarks that the coordinates of the 1); are the scalar products < ¢;le; >
, j <n—1 and this implies that any SL(U) invariant coincides with a polynomial in the
elements < ¢;|u; > on a dense open set which implies the Theorem. O

§30 THE ANALYTIC APPROACH TO WEYL’S CHARACTER FORMULA

30.1 The analytic approach is based on the idea of applying the orthogonality relations
for class functions in the compact case.

Let us illustrate U(n, C).

Let T be the torus of diagonal matrices (y1,...,yn), |yi| = 1.

Consider U(n,C)/T, this is a compact differentiable manifolds with U(n,C) acting on
the left. Locally it can be parametrized by the classes eAT where A is an antihermitian
matrix with 0 in the diagonal. Let Hy denote this space, it has basis the elements
i(en; +€jn), enj —ejn with h < j.

We claim that U(n,C)/T has a left invariant measure. To see this it is enough to check
that T (the stabilizer of 1 = T acts with elements of determinant 1 on the tangent space.
The action is t(1 + A) = t(1 + A)t=! = 1 + tAt~!. Let us compute the determinant of
this action we can complexify the space Hy (which is like complexifying the homogeneous
space to GL(n,C)/T¢) and obtain as basis the elements e;;, i # j then in local coordinates
in GL(n,C)/Tc we have t(1+ > x;jei;) = t(1 + > mije)t ™t = (14 xijtitj_leij) hence
for the determinant we have J], 2 titj_l =1.

Next we need to prove Weyl’s integration formula for class functions.

Let dp denote the Haar measure on U(n,C) and dv, dr the normalized Haar measures
on U(n,C)/T and T respectively. We have

Theorem Weyl’s integration formula. For a class function f on U(n,C) we have
1 —
(30.1.1) [ s [ roveror
U(n,C) n-Jr
where V(t1,...,tn) = [[,;(t: — ;) is the Vandermonde determinant.

Proof. First of all we consider the map 7 : U(n,C)/T xT — U(n,C) given by 7(¢T,y) :=
-1
9gyg -
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Since every unitary matrix has an orthonormal basis of eigenvectors the map 7 is
surjective.

Consider the open sets in 77, U(n,C)® made of elements with distinct eigenvalues in
T,U(n,C) respectively. It is easily seen that the complements of these sets have measure
0 and that we have again a mapping

7:U(n,C)/T x T" — U(n,C)"

this last mapping is a covering with exactly n! sheets, in fact the centralizer of a given
matrix X in T is T itself and the conjugacy class of X intersects T" in n! elements obtained
by permuting the diagonal entries.

Let 7*(dp) be the form induced by the form defining the Haar measure then,

1 — *
[ s Flayg™ e (d).
U(n,C) n: Jun,C)/TxTO

The theorem will be proved since f is constant on conjugacy classes and using Fubini’s

Theorem, if one shows that 7*(du) = V(t)V(t)dvdr. This last identity follows from the
computation of a Jacobian.

Let us denote 7*(du) = F(g,t)dvdr.

In fact let wq, wo, w3 represent respectively the value of the form defining the normalized
measure in the class of 1 for U(n,C)/T,T,U (n,C) respectively.

By construction w; A ws is the pull-back under the map ¢, ,, : (hT, z) — (ghT,yz) of the
value of dvdr in the point (¢7,y); similarly for U(n,C), the value of du in an element h
is the pull-back of w5 under the map rp, : © — zh™".

Thus if we compose the maps
Y= rgyg1mlyy
we get that the pull-back of w3 under this map ¢ is F(g,t)wi A wa.

In order to compute the function F(g,t) we fix a basis of the tangent spaces of
U(n,C)/T,T,U(n,C) in 1 and compute the Jacobian of r,,,-17f,, in this basis, this
is F'(g,t) up to some constant which measures the difference between the determinants of
the given bases and the normalized invariant form.

At the end we will compute the constant by comparing the integrals of the constant
function 1.

Take as local cordinates in U(n,C)/T x T the parameters (1+ A)T,1+ D where A € H
and D is diagonal.

We compute
Y(1+A)T, 1+D) = (9(1+A)y(1+D)(g(14+A)) gy g~ = 1+g[D+A—yAy g ' +O

where we are writing everything in power series and O are the terms of order > 1.

The required Jacobian is the determinant of the linear map (D,A) — g¢g[D + A —
yAy~t]g~!. Since conjugating by ¢ has determinant 1 we are reduced to the map (D, A) —
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(D, A — yAy~1) and this is a block matrix with one block the identity and we are further
reduced to v: A — A —yAy~!.

Again to compute this determinant we complexify and see that y(e; ;) = (1 — yiyj_l)e,i7 j
and finally the determinant is

[TO=wyy ) =] vy DO =y ) = [ — v —u ) = V)V (y)
itj i<j i<j
since y is unitary.

Finally we see that the formula 30.1.1 is true maybe with some multiplicative constant.

The constant is 1 since if we take f = 1 the left hand side of 30.1.1 is 1 as for the right
remember that the monomials in the y; (coordinates of T') are the irreducible characters
and so they are orthonormal, it follows since V(y) = >_ < eayg(_liyg(_; -+ Yo(n—1) that

L [ V(y)V(y)dr =1 and the proof is complete. [
Corollary. The Schur functions Sx(y) are irreducible characters.

Proof. Now we compute

1 1

Sx(W)Su V)V (y)dr = = [ Ax(y)Au(y)dr =6y,

for the same reason as before. It follows that the class functions on U (n, C) which restricted
to T' give the Schur functions are orthonormal with respect to Haar measure.

Since the irreducible characters restricted to T are symmetric functions sums of mono-
mials with positive integer coefficients it follows that the Schur functions are + irreducible
characters.

The sign must be plus since their leading coefficient is 1.

By the description of the ring of symmetric functions with the function e, = []y;
inverted follows immediately that the characters Sxef, ht(\) < n, k € Z are a basis of
this ring and so they exahust all possible irreducible characters. [

§31 THE CLASSICAL GROUPS

31.1 We want to start here the description of the representation theory of other
classical groups, in particular the orthogonal and the symplectic group; again we can by
the same methods used for the linear group relate invariant theory with representation
theory.
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We fix a vector space V' with a non degenerate invariant bilinear form, let us indicate by
(u,v) the case of a symmetric bilinear form and by [u, v] the antisymmetric form defining
the two groups of linear transformations fixing the form.

O(V') the orthogonal group and Sp(V') the symplectic group.

We start remarking that for the fundamental representation of either one of these two
groups we have a non degenerate invariant bilinear form which identifies the fundamental
representation with its dual, thus for the first fundamental theorem it suffices to analyze
the invariants of several copies of the fundamental representation.

The symplectic group Sp(V) on a 2n dimensional vector space is formed by unimodular
matrices.

0o 1,
-1, 0
2n vectors u; which we write as column vectors of a 2n x 2n matrix A the determinant of
A equals the Pfaffian of the matrix A*JA which has as entries the skew products [u;, u;]
( by Theorem 12.9) hence.

Fix a symplectic basis for which the matrix of the skew form is J = . Given

Lemma. The determinant |uq,...,us,| equals the Pfaffian of the matriz with entries
[wi, u;].

The orthogonal group instead contains a subgroup of index 2, the special linear group
SO(V) formed by the orthogonal matrices of determinant 1.

When we discuss either the symplectic or the special orthogonal group we suppose to
have chosen a trivialization AY™ V'V = C of the top exterior power AY™VV = C of V.

If m =dimV and vq,...,v,, are m vector variables, the element v; A --- A v,, is to be
understood as a function on V®™ invariant under the special linear group.

Given a direct sum V®F of the fundamental representation we indicate by w1, ..., ux a
typical element of this space.

Theorem.
i) The ring of invariants of several copies of the fundamental representation of SO(V') is
generated by the scalar products (u;,u;) and by the determinants u;, Aui, A...u;,,.
it) The ring of invariants of several copies of the fundamental representation of O(V) is
generated by the scalar products (u;,u;)
i11) The ring of invariants of several copies of the fundamental representation of Sp(V') is
generated by the functions [u;, u;].

Before we prove this theorem we formulate it in matrix language.

Consider the group O(n, C) of n x n matrices X with X*X = X X* = 1 and consider the
space of n x m matrices Y with the action of O(n,C) given by multiplication XY then the
mapping Y — Y'Y from the space of n x m matrices to the symmetric m x m matrices of
rank < n is a quotient under the orthogonal group.
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Similarly let

be the standard 2n x 2n skew symmetric matrix and Sp(2n,C) the standard symplectic
group of matrices such that X*.J,, X = .J,. Then consider the space of 2n x m matrices Y’
with the action of Sp(2n,C) given by multiplication XY then the mapping Y — Y*J,Y
from the space of 2n X m matrices to the antisymmetric m x m matrices of rank < 2n is
a quotient under the symplectic group.

Proof of Theorem for SO(V'), O(V). We prove first that the theorem for SO(V') implies
the theorem for O(V).

One should remark then, that since SO(V') is a normal subgroup of index 2 in O(V') we
have a natural action of the group O(V)/SO(V) = Z/(2) on the ring of SO(V') invariants.

Let 7 be the element of Z/(2) corresponding to the orthogonal transformations of
determinant —1 (improper transformations). The elements (u;, ;) are invariants of this
action while 7(w;, Auiy Aoy, ) = —wip Aig Aoy

It follows that the orthogonal invariants are polynomials in the special orthogonal in-
variants in which every monomial contains a product of an even number of elements of

type wi, A, Aoy

m*

Thus it is enough to verify the following identity

(uiwuh) (ui17uj2) (uivujm)

(uinuﬁ) (ui17uj2) cee (uiuujm)
(uil/\uiQ/\...uim)(ujl/\ujQ/\...ujm):det i

(uinuﬁ) (uil7uj2) (uilvujm)

This is easily verified since in an orthonormal basis the matrix having as rows the coordi-
nates of the vectors u; times the matrix having as columns the coordinates of the vectors
u; yields the matrix of scalar products.

Now we discuss SO(V).

Let A be the proposed ring of invariants, from the definition, this ring contains the
determinants and is closed under polarization operators.

From 29.1 we deduce that it is enough to prove the Theorem for m — 1 copies of the
fundamental representation.

We work by induction on m and can assume m > 1.
We have to use one of the two possible reductions.

First We first prove the theorem for the case of real invariants on a real vector space
V .= R"™ with the standard euclidean norm. Let e; denote the canonical basis of this
space.
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This is enough since any invariant under the compact special orthogonal group is an
invariant under the complex orthogonal group and, given a polynomial on the complexified
space this is a sum of real and imaginary part on the real space to which we can apply the
theorem in the compact case.

In the real case consider V := R™! formed by the vectors with the last coordinate 0
(and spanned by e;, i < m).

—m—1
We claim that any special orthogonal invariant G on V™! restricted to V" is an
invariant under the orthogonal group of V: in fact it is clear that every orthogonal

transformation of V' can be extended to a special orthogonal transformation of V.

By induction therefore we have a polynomial F'((u;,u;)) which, restricted to v

coincides with G.

We claim that F, G coincide everywhere; let then us choose m — 1 vectors uy, ..., Um—_1,
there is a vector u of norm 1 and orthogonal to these vectors.

There is a special orthogonal transformation which brings this vector w into e,, and
thus the vectors u; into the space R™~!, since both F, G are invariant and they coincide
on R™~1! the claim follows.

Second If one does not like the reduction to the real case one can argue as follows, prove
first that the set of m — 1 tuples of vectors which span a non degenerate subspace in V'
are a dense open set of V=1 and then argue as before. [

Proof of Theorem for Sp(V').

Again let A be the proposed ring of invariants, from the remark on the Pfaffian in the
Sp(V), dimV = 2m case we see that also A contains the determinants and is closed under
polarization operators.

From 29.1 we deduce that it is enough to prove the Theorem for 2m — 1 copies of the
fundamental representation.

We work by induction on 2m and can assume m > 1.

Assume we have chosen a symplectic basis e;, f;, ¢ = 1,..., m and consider the space of
vectors V' having coordinate 0 in e;.

On this space the symplectic form is degenerate with kernel spanned by f; and it is
again non degenerate on the subspace W where both the coordinates of ey, f; vanish.

First we want to prove that a symplectic invariant F'(uq, ..., u2,—1) when computed on
elements u; € V is a function which depends only on the coordinates in e;, f;, ¢ > 1 and
thus by induction it is a polynomial in the skew products [u;,u;].

In fact consider the symplectic transformations e; — te;, fi — t~'f; and identity on

wW.
This induces multiplication by ¢ on the coordinate of f; and fixes the other coordinates.

If a polynomial is invariant under this group of transformations it must be independent
of this coordinate.
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Now given any symplectic invariant G there exists a polynomial F'([u;, u;]) which coin-

. . —2m—1 . c
cides with G on V"' "; we claim that it coincides everywhere.

It is enough by continuity to show this on the set of 2m — 1 vectors which are linearly
independent. In this case such a set of vectors generates a subspace where the symplectic
form is degennerate with kernel 1 dimensional, by the theory of symplectic forms there is
a symplectic transformation which brings this subspace to V and the claim follows. O

We can now apply this theory to representation theory.

§32 THE CLASSICAL GROUPS (REPRESENTATIONS)

32.1 We start from a vector space with a non degenerate symmetric or skew form,
before we do any further computations we need to establish some basic dictionary deduced
from the identification V = V* induced by the form.

We want first of all study the identification End(V) =V @ V* =V ® V. We explicit
some formulas in the 2 cases (easy verification):

(32.1.1)
(u®@v)(w)
(u®@v)(w)

(v,w), (URV)o(WRz)=u® (v,w)z, tr(u®v)=(u,v)

ulv,w], (Lv)o(wRz)=u [v,w|z, truv)=—[u,v]

[v
Now we enter in the more interesting point, we want to study the tensor powers V®"
under the action of O(V') or of Sp(V).

We already know that these groups are linearly reductive (15.2) and in particular all
the tensor powers are completely reducible and we want to study these decompositions.

Let us denote by G one of the two previous groups. Let us for a while use the notations
of the symmetric case but the discussion is completely formal and it applies also to the
skew case.

First we have to study homg(V®", V¥), from the basic principle of 22.1 we identify
(32.1.2) homg(V®h, V®k) — [V®h ® (V*)®kz]G _ [(V®h+kz)*]G

thus the space of intertwiners between V®" V®% can be identified with the space of
multilinear invariants in h + k vector variables.

Explicitely on each V®P we have the scalar product (w1 ® --- @ wp,21 ® -+ @ 2p) =
[T, (ws, 2;). Next we identify A € home(V®", V) with

(32.1.3) PA(X®Y) = (AX),Y), X e V®" v c V&
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It is convenient to denote the variables as (uq,...,up,v1,...,0;). Theorem 26 implies
that these invariants are spanned by suitable monomials (the multilinear ones) in the
scalar or skew products between these vectors.

In particular there are non trivial intertwiners if and only if A + k£ = 2n is even.

It is necessary to identify some special intertwiners.

Contraction The map V ® V. — C given by u ® v — (u,v), is called an elementary
contraction.

Extension By duality in the space V ® V' the space of GG invariants is one dimensional;
a generator can be exhibited by choosing a pair of dual bases (e;, f;) = d;; and setting
I:= Zz e ® fi.

The map C — V ® V given by a — al is an elementary extension.

Remark that, using the scalar product on V2 since clearly u := Y, (u, fi)e; = >_.(u, e;) f; '

we have
(3214) (Ul ®UQ,I) = (ul,u2).

One can easily extend these maps to general tensor powers and consider the contractions
and extensions

(3215) Cij - V®k — V®k72, €ij - V®k72 — V®k
given by contracting in the indeces ij or inserting in the indeces i,j (e.g. e13: V — V&3
isv—>,e0v® f.)

Notice in particular that

Remark. c;; is surjective and e;; is injective.

Cij = Cji, €;; = ej; in the symmetric case while ¢;; = —cj;, €;; = —ej; in the skew
symmetric case.

In order to keep some order in these maps it is useful to consider the two symmetric

groups Sy, Si which act on the two tensor powers commuting with the group G and as
orthogonal transformations.

Thus Sy, X Sk acts on homg (V" VO*) with (o,7)A := 7Ac L.

We also have an action of Sj x Sj on the space [(V®"*)*]G of multilinear invariants
by including Sy, x Sk C Shyk-

We need to show that the identification v : homg (V" VOF) = [(VOhTk)* |G is S}, x Sy
equivariant.

The formula Y4 (X ®Y) := (A(X),Y) gives
(32.1.6)
(o, YA (X @Y)i=9alc @77 X ®Y) = (A0 ' X), 77 Y) = (tA(c ' X),Y)

as required.

10In the skew case u =, (u, fi)e; = — > (u, e;) f;
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Consider now a multilinear monomial in the elements (u;,u;), (vn,vk), (up,vq). In
this monomials the h + k = 2n elements (uq,...,up,v1,...,v;) appear each once and the
monomial itself is described by the combinatorics of the n pairings.

Suppose we have exactly a pairings of type (u;,v;)'" Then h —a, k — a are both even
and the remaining pairings are all homosezual.

It is clear that, under the action of the group S} x Sk, this invariant can be brought to
the following canonical form

(h—a)/2 (k—a)/2
(32.1.7)  Ju = (u1,v1)(u2,v2) ... (Ua, Va) H (Uat2i—1, Uat2i) H (Vat2j—1,Vat2;)-
i=1 j=1

Lemma. The invariant J, correspondes to the intertwiner

(h—a)/2
(3218) Co:m®@ua®--Qup— || (Warzi1,vapai)n ® - @u, @ [2H-/2
i=1
Proof. We compute explicitely
(h—a)/2
(I @arzicistatoi)in @ @ue @ IP*FD2 4 @ vy @ -+ @ v) = J,
i=1

from 32.1.4. O

We have seen that there are no intertwiners between V& V®* if b + k is odd but there
are injective G equivariant maps V®"=2¢ — V* for all a < h/2.

In particular we can define the subspace TO(V") as the sum of all the irreducible
representations of G which do not appear in the lower tensor powers V"2 we claim.

Theorem. The space T°(V") is the intersection of all the kernels of the maps Cij; it is
called the space of traceless tensors.

Proof. If an irreducible representation M of G appears both in V®"=2¢ ¢ > ( and in V"
by semisimplicity an isomorphism between these two submodules can be extended to a
non 0 intertwiner between V" V®h—2a

From the general formula of these intertwiners they all vanish on T°(V") and so all the
irreducible representations in 7° (Vh) do not appear in V®*=2¢ 4 > 0. The converse is
also clear: if a contraction does not vanish on an irreducible submodule N of V®" then
the image of N is an isomorphic submodule of V&"~2,

Thus we may say that 7°(V") contains all the new representations of G in V®". [

HWeyl calls these pairings heterosexual and homosexual the others.



158 Chap. 3, Tensor Symmetry

Proposition. T°(V") is stable under the action of the symmetric group Sy, which spans
the centralizer of G in T°(V").

Proof. Since clearly oc;jo~! = Co(i)o(j)s Vi, J, 0 € Sy the first claim is clear.

T°(Vh) is a sum of isotypic components and we may study the restriction of the cen-
tralizer of G in V®" to TO(Vh).

Then remark that the operators C, (32.1.8) vanish on T°(V") as soon as a > 0, since

up to multiplication by the symmetric group every intertwiner can be brought to this form
the claim follows. [J

We have thus again a situation similar to the one for the liner group except that the
space T°(V") is a more complicated object to describe.

Our next task is to decompose
TO(V") = @xrnlUs ® M)y

where the M) are the irreducible representations which are given by the theory of Young
symmetrizers and the U, are the corresponding new representations of GG, we have thus
to discover which A appear. In order to do this we will have to work out the second
fundamental theorem.

6§33 HIGHEST WEIGHT THEORY.

33.1 The theory we are referring at is part of the theory of representations of complex
semisimple Lie algebras and we shall give a short survey of its main features and illusatrate
it for classical groups.'?

Recall that, given a Lie algebra L and = € L one defines the linear operator ad(z) : L — L
by ad(z)(y) := [z, y].

An ideal I of L is a linear subspace stable under all the operators ad(z), the quotient
L/I is naturally a Lie algebra and the usual homomorphism theorems hold.

If L is finite dimensional one can compute tr(ad(z)ad(y)), the trace of the product of
the two operators ad(x), ad(y); this constructs a symmetric bilinear form on L, defined
by (z,y) :=tr(ad(z)ad(y)) and called the Killing form. It has the following invariance or
associativity property

([1’, y]’ Z) = (ili', [ya z])
Over the complex numbers there are several equivalent definitions of semisimple Lie alge-
bra.

12There are many more general results over fields of characteristic 0 or just over the real numbers but
they do not play a specific role in the theory we shall discuss
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Definition. A complex Lie algebra L is simple if it has no non trivial ideals and it is not
abelian.

For a Lie algebra L the following are equivalent (cf. [H]).
1 L is a direct sum of simple Lie algebras.
2 The Killing form (x,y) := tr(ad(x)ad(y)) is non degenerate.
3 L has no abelian ideals.

A Lie algebra satisfying the previous equivalent conditions is called semisimple.

Simple Lie algebras are completely classified and now very well understood, the key of
the classification of Killing Cartan is the theory of roots.

It is a quite remarkable fact that associated to a continuous groups like a compact or
a reductive algebraic group there is a finite group of Euclidean reflections and that the
Theory of the continuous group can be largely analyzed in terms of the combinatorics of
these reflections. We start now to give a brief sketch of this theory making it explicit for
classical groups.

We have already discussed the role of maximal tori in algebraic groups. Each complex
semisimple Lie algebra L is in fact the Lie algebra of a linearly reductive group G with
finite center; in L we have special subalgebras called Cartan subalgebras, which are the
Lie algebras of maximal tori in G.

For the classical Lie algebras we have:
(1) sl(n,C) is the Lie algebra of the special Linear group SL(n,C).
sl(n,C) is the set of n x n complex matrices with trace 0; if n > 1 it is a simple

algebra called of type A, _1.
(2) so(2n,C) is the Lie algebra of the special orthogonal group SO(2n,C).

In order to describe it in matrix form it is convenient to choose an hyperbolic

basis eq,...,€,, f1,..., fn where the matrix of the form is I, := <10 161) and
n

so(2n,C) := {A € M5, (C)|A' 5, = —I,A}. If n > 3 it is a simple algebra called
of type D,, (for n = 3 we have the special isomorphism so(6,C) = si(4,C)).
(3) so(2n + 1,C) is the Lie algebra of the special orthogonal group SO(2n + 1, C).

In order to describe it in matrix form it is convenient to choose an hyperbolic basis

0 1, 0
€1y---y€n, f1y--+, fn,u where the matrix of the form is Is,y; == [ 1, 0 O
0O 0 1

and so(2n + 1,C) := {A € Ma,11(C)|A' 511 = —Izp11A}. If n > 0 it is a simple
algebra called of type By, for n > 1 (for n = 1 we have the special isomorphism
so(3,C) = sli(2,0)).

(4) sp(2n,C) is the Lie algebra of the symplectic group Sp(2n,C).

In order to describe it in matrix form it is convenient to choose a symplectic

basis e1,...,€en, f1,..., fn where the matrix of the form is J := (_2 lél) and
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sp(2n,C) := {A € M5, (C)|A'J = —JA}. If n. > 0 it is a simple algebra called of
type Cy, for n > 1 (for n = 1 we have the special isomorphism sp(2,C) = si(2, C),
for n = 2 the isomorphism sp(4, C) = so(5,C) hence By = ().

No further isomorphisms arise between these algebras.

The list of all complex simple Lie algebras is completed by adding the 5 exceptional
types, called Go, Fy, Eg, E7, Eg.

The reason to choose these special bases is that in these bases it is easy to describe a
Cartan subalgebra and the corresponding theory of roots.

In a Lie algebra L an element z is called semisimple if ad(z) is a semisimple (i.e.
diagonalizable) operator.

A toral subalgebra t of L is a Lie subalgebra made only of semisimple elements. It turns
out that toral subalgebras are abelian and thus the semisimple operators ad(z), x € t are
simultaneously diagonalizable.

In a semisimple Lie algebra L a maximal toral subalgebra t is called a Cartan subalgebra.

Given a Cartan subalgebra t of a semisimple Lie algebra L, this has always a positive
dimension r called the rank of L. When we decompose L into eigenspaces with respect
to t we find a finite set ® C t* — {0} of non 0 linear forms called roots.

For each a € ® we have a 1-dimensional subspace L, C L such that
L, :={z € L|[h,z] = a(h)x, Vhet}, L=tByco La
Moreover we have t := Ly, = {z € L|[h,z] =0, Vh € t}.

The non zero elements of L, are called root vectors relative to «.

The invariance of the Killing form and the fact that it is non degenerate implies imme-
diately that:
The Killing form restricted to t is non degenerate. L, Lg are orthogonal unless a+3 = 0.

One usually identifies t with its dual t* using the Killing form and then one can transport
the Killing form to t*. The next fact is that the Killing form computed on a pair of roots is
always a rational number; the rational subspace V := ) 4 Qa is such that t* =V ®q C
and moreover the Killing form restricted to V is positive definite.

One basic reduction step, in the Theory of semisimple algebras, is the introduction of
sl(2,C) triples, the fact is that, for each a € ® we have that [L,,L_4] is non 0 and so
1-dimensional, moreover one can choose non zero elements e, € L., fo, € L_, such that,
setting hq := [€q, fo] We have the canonical commutation relations of si(2,C):

he == [6a7foz]7 [haaea] = 2eq, [haafa] = _2fa

The way in which @ sits in the Euclidean space Vg := V ®g R can be axiomatized giving
rise to the abstract notion of root system.
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Definition. Given a euclidean space E (with positive scalar product (u,v)) and a finite
set ® of non zero vectors in F we say that ® is a reduced root system if:

(1) The elements of ® span E.
(2) Va € ®,s € R we have sa € ® if and only if s = £1.
(3) The numbers

2
< alf >=

are integers (called Cartan integers).

(4) For every o € ® consider the reflection o : © — 2 — 2((5’5))04 then ro (®) = ©.

The dimension of E' is also called the rank of the root system.

The fourth axiom implies that the subgroup of orthogonal transformations generated by
the reflections r,, is a finite group (identified to the group of permutations that it induces
on ®).

This group is usually indicated by W and called the Weyl group, it is a basic group of
symmetries similar in some way to the symmetric group with its canonical permutation
representation.

It is in fact possible to describe it also in terms of the associated algebraic or compact
group as in Theorem 16.2.

A root system @ is called reducible if we can divide it as ® = ®' U ®? into mutually
orthogonal subsets otherwise it is irreducible.

An isomorphism between two root systems ®1, ®5 is a 1-1 correspondence between the
two sets of roots which preserves the Cartan integers.

It can be easily verified that any isomorphism between two irreducible root systems
is induced by the composition of an isometry of the ambient Euclidean spaces and a
omothety.

The next key to the theory of roots and of Lie algebras is to introduce simple roots. For
this call a vector v € F regular if v is not orthogonal to any o € ®. Thus the regular vectors
form the complement in E of the union of the root hyperplanes H, := {x € E|(z,a) = 0.}.

This set is clearly open and it is a finite union of connected components.

For every regular vector v we can decompose ¢ into 2 parts
ot = {a € ®|(v,a) >0}, &~ :={a € ?|(v,a) <0}

from the axioms and the definition of regular vector it follows that &= = —®*, & =
ot UdT,

One of the main ideas is to consider a root o € ®* as decomposable if o« = B+, 3,7 €
&+ then

Theorem. The set A of indecomposable roots in ®* form a basis of E and every element
of T is a linear combination of A with non negative integer coefficients.
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A is called the set of simple roots (associated to ®T ).

Given the set of simple roots o, ..., a, (of rank n) the matrix C' := (¢;;) with entries
the Cartan integers < a;|a; > is called the Cartan matrix of the root system.

One can also characterize root systems by the property of the Cartan matrix. This is
an integral matrix A which satisfies the following properties
(].) Q45 = 2, Ay S 0, if ¢ 7& j, if Q5 = 0 then Qj; = 0.
(2) It is symmetrizable, i.e. there is a diagonal matrix D with entries positive integers
d; such that DC' is symmetric.
(3) DC is positive definite.

If the root system is irreducible we have a corresponding irrreducibility property for C:
one cannot reorder the rows and columns (with the same permutation) and make C in

_(C1 0
blockformC’-(O 02).

In the Theory of Kac-Moody algebras one considers Cartan matrices which satisfy only
the first property: there is a rich theory which we shall not discuss.

For the applications to Lie algebras, having given the simple roots ay, ..., a, one can
choose e; € Ly,, fi € L_,, so that e;, fi, h; := [e;, fi] are sl(2,C) triples and moreover
(hi, e;] =< a;|lo; > ej, [hi, fj] := — < a4]a; > f; and one obtains a fundamental Theorem
of Chevalley Serre (use the notation a;; =< a;|a; >).

Theorem. The Lie algebra L is generated by the 3n elements e;, fi, h;, i =1,...,n.

The defining relations are

[hi,hj] =0
[hi, €e;] = aij
[hi f]]:a j
lei, f5] = 6i;
ad(e;)' " (ej) = 0

ad(f;)' =" (f;) =0
In the classical groups the description of these objects is easy and follows the lines of
Chapter 2.

(1) sl(n,C) a Cartan algebra is formed by the diagonal matrices h := >0 | aieii, Y., 0 =
0. The spaces L, are the 1-dimensional spaces generated by the root vectors
eij, ¢ # j and

[h, €ij] = (@i — aj)es;

thus the linear forms
n
E Qi€ — Q —
i=1

are the roots of sl(n,C).
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a

(2) so(2n,C), in block form a matrix A := <c

Z) satisfies Atl,,, = —Is, A if and

only if d = —a® and b, ¢ are skew symmetric.

A Cartan subalgebra is formed by the diagonal matrices
h = Z a’i(eii - en+i,n+i)
i=1

Root vectors are the elements

€ij — €ntjntis b #J <n, Cintj — €jntir 1 #Jj<n, €ntij — €ntjil #j<n

with roots
o — oy, o oy, —a;—aj, 1F]<n
a b e
(3) so(2n + 1,C), in block form a matrix A := | ¢ d f | satisfies A'ly, 11 =
m n p
—Is, 1 Aif and only if d = —at, b, ¢ are skew symmetric, p =0, n = —et, m = —f*.

A Cartan subalgebra is formed by the diagonal matrices

n
h = Z a;i(€ii — entinti)

i=1
Root vectors are the same as for so(2n, C) plus the vectors
€i,2n+1 — €2n41,i4ns Cnti2ntl — €2ntl,i, L =1,...,n

with roots
+a;, t=1,...,n

(4) sp(2n,C), in block form a matrix A := (a b) satisfies At Jo, = —Jo, A if and

c d
only if d = —a® and b, ¢ are symmetric.

A Cartan subalgebra is formed by the diagonal matrices
n
h:= Z (e — en+i,n+i)
i=1
Root vectors are the elements
€ij — entjntis LFJ <Ny €intj+ €intis 6] <N, €ntij+entjit,j <N
with roots

o — oy, o+ oy, —ap — oy, 1F ], F2204, t=1,...,0
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One of the main tools of root theory is deduced by the decomposition of ® into two
parts ® : + = ®T U &~ the positive and negative roots one has ®~ = —dT.

In the examples we have that for sl(n, C) the positive roots are the elements o;; —cj, i < j
the corresponding root vectors e;; < 4 < j span the Lie subalgebra of strictly upper
triangular matrices, similarly for negative roots

ut = @,;Ce;j, u™ 1= @;>,;Ceyj
The simple roots and the root vectors associated to simple roots are
Qg — QG41, €4 4+41
For so(2n,C) we set
T = q; —ay,i <j, i+ aj, i # ]
The simple roots and the root vectors associated to simple roots are

O — Qiy1, Op—1+ Opy €441 — €ntitl nti; €n—12n — €n2n—1

ut = @ic;Cleij — enyjmti) Bizj<n Cleintj — €jnti);
u” = @i C(ei; = entinti) Diztj<n Clentij — entja)
so(2n +1,C) we set
ins =op -, aptaj, 1<) <n, o
The simple roots and the root vectors associated to simple roots are

O — Qi41, Op, €441 — Entitl,ntis €n,2n+1 — €2n+1,2n

ut = @i Cleij — entjmti) @iz Cleints — €jmri) Oiey Cleiany1 — €ant1i),
- 2
u” = @is;Cleij — enyjnti) Dizj Clentiy — entii) Bitpy1 Cleiznt1 — €2nt1,i)
For sp(2n,C) we set
+ . S
O = — oy, o +ay, 1< g, 204
The simple roots and the root vectors associated to simple roots are

O — Qy1,200, €541 — €ntitlntis €n2n T €2nn

ut := ®i;Clei; — entjnti) Pij<n Cleints + €nti),

u” = ®i>5C(ei5 — entjnti) Dizj Clentij + entjii)
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For all these (as well as for all semisimple) Lie algebras we have the direct sum decom-
position (as vector space)
L=ut"dtou”

One sets
bt :=uT @t bt :=u" @t

these are called two opposite Borel subalgebras.

33.2 Weights in representations, highest weight theory.
For a semisimple Lie algebra L all finite dimensional representations are completely
reducible and have bases formed of weight vectors under the Cartan subalgebra t.

The weights one gets are elements of a particular lattice A of t* called the weight lattice,
it can be described as follows.

2(\, )
(@) € Z, Vo € &}

A={ et <\a>=

One also sets
AT :={ €A <)\a>>0, Vaecd}

AT is called the set of dominant weights.

In particular we can determine uniquely elements w; € A with < w;, o; >= d;;, Va; € A
and prove easily that

AT = {Zmiwi, m; € N}
=1

(w1, wsa, ...,wy) is called the set of fundamental weights (relative to ).

We should make some basic remarks, in the case of classical groups, relative to weights
for the Cartan subalgebra and for the maximal torus.

Starting with GL(n,C) with its maximal torus 7" made of diagonal matrices with non
zero entries x; we have described its Lie algebras as the diagonal matrices with entries «a;
we then have.

Given a rational representation of GL(n,C), a vector v is a weight vector for T' if and
only if it is a weight vector for t and the two weights are related as

n n

H x", Z mioy

i=1 i=1
similarly for the other classical groups. In fact from x; = e®* the claim follows. We rite
then the maximal weigths lor the Lie algebra annd the group.

For sli(n+1)
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For so(2n) the weights

1 n—1
Zai, 1 <n-—2, §(Zaiian)
i<k i=1

This shows already that the last two weights do not exponentiate to integral weights of
the maximal torus of SO(2n,C) the reason is that there is a double covering of this group
the Spin group which possesses these two representations which do not factor through
SO(2n,C).

For so(2n + 1) the weights

i, i<n—1, %(iai)

i<k i=1

Same discussion of the Spin group.
For sp(2n)

Zai, 1< n

i<k

Theorem. Given a finite dimensional irreducible representation M of a semisimple Lie
algebra L the space of vectors {m € M| utm = 0} is 1 dimensional and a weight space
under t, the weight is called the highest weight of M.

This subspace is the unique 1-dimensional subspace of M stable under the Borel subal-
gebra b,

Two irreducible representations of L are isomorphic if and only if they have the same
highest weight.

The set of highest weights coincides with the set of dominant weights.
It is quite important to remark that

Proposition. Ifu e M, v € N are two highest weight vectors of weight A, p respectively,
then u ® v 1s a highest weight vector of weight \ + L.

Proof. We have e(u®v) = eu @ v+ u® ev for every element of the Lie algebra from which
the claim follows. [J

33.3 Examples for representations of classical groups.

In all the 3 cases we start with a vector space V' with a given basis which in the
orthogonal and symplectic case is respectively hyperbolic or symplectic. We shall use then
the notations eq,...,en, €1,...,€en, f1,..., fn etc. as in Inserire

The first and most basic example, which in fact needs to be developed first when studying
the theory which has been summarized in the previous section, is sl(2,C) for which one

takes the usual basis
0 1 e 0 0 . 1 0
oo’ 1 0 "7 0 -1
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these elements satisfy the commutation relations

le, f] = h, [h,e] =2e, [h, f] = —2f.

We know from the standard theory developed up to now that the symmetric powers S*(V)
of the 2-dimensional vector space V' are irreducible representations of sl(2,C), it is not
hard to prove that these exhaust all possible irreducible representations, we sketch the
standard proof.

Let N be an irrreducible representation. One starts choosing some eigenvector v for h
of some eigenvalue a, one immediately sees that

2ev = (he — eh)v = hev — aev, hev = (a + 2)ev

hence ev is an eigenvector of weight a + 2, hence proceding this way we find an eivenvector
vo of weight ag and such that evy = 0.

Next we consider the elements
1 . 1
UV i= .—,fZUO = —fui1
3! 1

and, arguing as before we see that they are eigenvectors for h of weight ag — 2.

From [e, f] = h se see that ev; = (ag — 2i)v; + fev;—1 and thus, recursively we check
that ev; = (CLO — 1+ 1)’01'_1.

Finally since we are assuming that the representation is finite dimensional we must have
vg+1 = 0 for some minimal k& hence 0 = evpy1 = (ap — k)vgx which implies ap = k and
dim N = k 4+ 1 has as basis the vectors v;, ¢ =0, ...,k with the explicit action

ho; = (k= 2i)v;, foi= (i 4+ 1)vig1, ev; = (k—i+ 1)v;1

Call this representation Vi, we identify the basic vector space V with N; and next we

can identify Nj, with S*(V) noticing that, if V has basis wg,w; the elements (lz)wlg_iwi
behave as the elements v; under the action of the elements e, f, h.

For si(n,C) we wish to let to the reader to verify that the representation on a tensor
power associated to a partition A := hq, hs, ..., h, and dual partition 19122 ... n%" has as
highest weight vector the vector arU of 24.1 and this has weight

n—1
(33.3.1) Wi Z a;w;
j=1

Set V = C™. The proof is reduced, by the last proposition of the previous paragraph, to
remark that the vector e; Aes A --- A er is a highest weight vector of the exterior power
ARV of weight w;, and that by construction arU is the tensor product of these highest
weight vectors in V& @ (A2V)®92 @ ... (A"V)®% but by definition of special linear group
A"V is the trivial representation of sl(n,C).

One shoud remark that, when we take a 2n dimensional symplectic space with basis
€1y.--y€n, f1,..., fn the elements e; Aes A--- Aeg, k < n are still highest weight vectors
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of weight w; but, as we shall see in §35.6, the exterior powers are no more irreducible,
for the orthogonal Lie algebras besides the exterior powers we need to discuss the spin
representations.

33.4 Highest weights and invariants under U, geometric examples from
Cauchy formulas.

We pass now to groups; the Lie algebras u™, b™, t are Lie algebras of three algebraic
subgroups of the algebraic group called U™, BT,T and one has that BT = U'T as
semidirect product (in particular T'= B /U™T).

As an example in SL(n, C) we have that T is the subgroup of diagonal matrices, B* the
subgroup of upper triangular matrices and U™ the subgroup of strictly upper triangular

matrices, that is the upper triangular matrices with 1 on the diagonal or what is the same
with all eigenvalues 1 (unipotent elements).

For an irreducible representation of GG the highest weight vector of weight A is the unique
(up to scalars) vector invariant under U™t and it is an eigenvector under T', we denote its
eigenvalue with the same symbol A. Remark that, if we define character of a group G,
any homomorphism of G to the multiplicative group C* any algebraic character of BT is
trivial on U™ (cf. ) and it is just induced by an (algebraic) character of T.

We shall use the word character, for a torus 7' to mean an algebraic character.

The geometric interpretation of highest weights is obtained as follows.

Consider an action of a reductive group G on an affine algebraic variety V', let A[V] be
the coordinate ring of V' which is a rational representation under the induced action of G.

Thus A[V] can be decomposed into a direct sum of irreducible representations.

If f € A[V] is a highest weight vector of some weight A we have for every b € B that
bf = A(b)f and conversely a function f with this property is a highest weight vector.

Notice that if fi, fo are highest weight vectors of weight Ai, Ao then f;fo is a highest
weight vector of weight A1 + As.

Now unless f is constant the set
Sy :={xeV| f(z) =0}

is a hypersurface of V' and it is clearly stable under B, conversely if V satisfies the
property that every hypersurface is defined by an equation (for instance if V' is an affine
space) we have the converse fact that to a BT stable hypersurface is associated a highest
weight vector.

Of course, as usual in algebraic geometry, this correspondence is not bijective but we
have to take into consideration multiplicities,
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Lemma. If A[V] is a unique factorization domain then we have a 1-1 correspondence
between irreducible B* stable hypersurfaces and irreducible (as polynomials) highest weight
vectors.

Proof. 1t is enough to show that, if f = [[, g; is a highest weight vector factored into
irreducible polynomials then the g; are also highest weight vectors.

For this take an element b € Bt we have f = (bf) = [],(bg;), since BT acts as a group
of automorphisms the bg; are irreducible and thus the elements bg; must equal the g; up
to some possible permutation and some scalars. Since the action of BT on A[V] is rational
there is a BT stable subspace U C A[V] containing the elements g;.

Consider the induced action of B on the projective space of lines of U. By assumption
the lines through the elements g; are permuted by BT. Since BT is connected the only
possible algebraic actions of BT on a finite set are trivial and it follows that the g; are
eigenvectors under BT from which one deduces, from the previous remarks, that they are
U™ invariant and bg; = x;(b)g; where x; are characters of B and in fact are dominant
weights. [

We want to illustrate this point in 3 classical examples showing how this bears on
representation theory.

1. The space M, ,(C) of n x m matrices with action of GL(n,C) x GL(m, C) given by
(A,B)X := AXB™ .

2. The space M, (C) of symmetric n x n matrices with action of GL(n,C) given by
AX AL,

3. The space M, (C) of skew symmetric n x n matrices with action of GL(n,C) given
by AXA?.

We leave to the reader the simple
Exercise In each case there are only finitely many orbits under the given group action,
two matrices are in the same orbit if and only if they have the same rank.

If V} denotes the matrices of rank k (in all cases) we have that the closure V' is

(3341) Vk = Ujngj.

This implies that the varieties V', are the only varieties invariant under the given group
action, they are irreducible and thus the ideals defining them are the only invariant ideals
equal to their radical and they are all prime ideals. We shall see how this is interpreted
for the second fundamental Theorem of invariant Theory in §34.

More interesting is the fact that there are also finitely many orbits under the action of
a Borel subgroup, we will not compute all the orbits but restrict to analyze the invariant
hypersurfaces.

1. To distinguish between the two groups we let T'(n), T(m), U™ (n),Ut(m),... etc.
denote the torus unipotent etc of the two groups.

We take as Borel subgroup the subgroup B(n)~ x B(m)* of pairs (A, B) where A is a
lower and B is an upper triangular matrix.
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Given a matrix X € M, ,,(C) the matrix AXB~! is obtained from X by elementary
row and column operations of the following types:

a) multiply a row or a column by a non zero scalar.

b) Add to the i** row the j* row, with j < ¢, multiplied by some number.

c¢) Add to the i" column the j*" column, with j < i, multiplied by some number.

This is the usual Gaussian elimination on rows and columns of X without performing
any exchange.

The usual remark about these operations is that, for every k& < n,m they do not change
the rank of the k x k minor X}, of X extracted from the first k rows and the first k columns.
Moreover if we start from a matrix X with the property that, for every k& < n,m we have
det(X}) # 0 then the standard algorithm of Gaussian elimination proves that, under the
action of B(n)~ x B(m)" this matrix is equivalent to the matrix I with entries 1 on the
diagonal and 0 elsewhere. We deduce

Theorem. The open set of matrices X € M, ,(C) with det(Xy) # 0 form a unique orbit
under the group B(n)~ x B(m)™T.

The only B(n)~ x B(m)™ stable hypersurfaces of My, m(C) are the ones defined by the
equations det(Xy) = 0 which are irreducible.

Proof. We have already remarked that the first part of the Theorem is the content of
Gaussian elimination as for the second since the complement of this open orbit is the
union of the hypersurfaces of equations det(Xy) = 0 it is clearly enough to prove that
these equations are irreducible.

In order to do this we apply the previous Lemma, if det(X}) is not irreducible it is a
product of highest weight vectors g; and its weight is the sum of the weights of the g;
which are dominant weights. If we prove that the weight of dj := det(X}y) is a fundamental
weight we are done once we remark that the only polynomials which belong to the 0 weight
are constant.

Thus we compute the weight of det(X)) one can do it of course directly but we can
also remember the computation of 27.4, in any case given a pair Dy, Dy € T'(n) x T'(m) of
diagonal matrices with entries z;, y; respectively we have

k
(33.4.2) (D1, D2)di(X) = dp(Dy ' X Dy) = | [ #; ' yidi(X)

hence the weight of dy, is Hle z; ! Hle y; which is the highest weight of (AFC™)* @ AFC™
a fundamental weight. [J

2. and 3. are treated as follows. One thinks of a symmetric or skew symmetric matrix
as the matrix of a form.

Again we choose as Borel subgroup B(n)~ and Gaussian elimination is the algorithm of
putting the matrix of the form in normal form by a triangular change of basis.



8§33 Highest weight theory. 171

The generic orbit is obtained when the given form has maximal rank on all the subspaces
spanned by the first k& basis vectors k& < n, which in the symmetric case means that the
form is non degenerate on these subspaces while in the skew case it means that the form
is non degenerate on the even dimensional subspaces.

On symmetric matrices this is essentially the Gram Schmidt algorithm we get that

Theorem. The open set of symmetric matrices X € M (C) with det(Xy) # 0 form a
unique orbit under the group B(n)~.

The only B(n)~ stable hypersurfaces of M;F(C) are the ones defined by the equations
s 1= det(Xx) = 0 which are irreducible.

Proof. Here we can procede as in the linear case except at one point, when we arrive
at computing the character of s, we discover that it is Hlle x; 2 that is it is twice a
fundamental weight.

Hence a priori we could have sy = ab with a,b with weight Hle x; 1 to see that
this is not possible set the variables x;; = 0, ¢ # j getting s, = Hf:l x;; hence a,b
should specialyze to two factors of Hle x4, but clearly these factors never have as weight
Hle Il-_l hence sj, is irreducible. [J

3. We choose as Borel subgroup B(n)~ and perform Gaussian elimination on skew
symmetric matrices. In this case for every k for which 2k < n consider the minor Xo,

the condition that this skew symmetric matrix be non singular is that the Pfaffian py :=
Pf(Xay) is non zero.

Theorem. The open set of skew symmetric matrices X € M, (C) with Pf(Xax) # 0 form
a unique orbit under the group B(n)~.

The only B(n)~ stable hypersurfaces of M, (C) are the ones defined by the equations
pr = Pf(Xar) = 0 which are irreducible.

Proof. If Pf(Xor) # 0 for all k£ we easily see that we can construct in a triangular form
a symplectic basis for the matrix X hence the first part, for the rest again it suffices to
prove that the polynomials py are irreducible. In fact we can compute their weight which,
by the formula 12.9.11, is H?ﬁl J;;l a fundamental weight. [

We should deduce now the Cauchy formulas which are behind this Theory.

We do it in the symmetric and skew symmetric case which are the new formulas.

In the first case we have that the full list of highest weight vectors is the set of monomials
TT7_, s with weight [Tr_, [Ti_, ; 2™*.

If we denote by V' the fundamental representation of GL(n,C) we have that

n k n
H Hl’i_mk _ Hxi—Zigk 2my
=1

k=1i=1
is the highest weight of Sy(V')* where X is the partition Ay, =23, my.
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In the skew case we obtain the monomials [],, ., pi** with weight []/_, z; Ligan Mk

We deduce that
Theorem. As representation of GL(V) the ring S[S?[V]] decomposes
(33.4.3) S[S?[V]] := @r=2n, 2hs.....20, SA(V)
If dim(V) = 2n, 2n + 1 as representation of GL(V) the ring S|A2[V]] decomposes
(33.4.4) SINIV]] i= Sazhy hihashareeshn b SA (V)

Proof. We have that the space of symmetric forms on V is, as representation, S?[V]* and
the action is in matrix notations, given by (A4, X) — (A71)!X A1 so S[S?[V]] is the ring of
polynomials on this space and we can apply the previous Theorem. Similar considerations
for the skew case. [J

In more pictorial language thinking of A as the shape of a diagram we can say that, the
diagrams appearing in S[S?[V]] have even columns while the ones appearing in S[A?[V]]
have even rows.

It is then convenient to have a short notation for these concepts we shall write
AT n, AEn
to express the fact that it has even rows, resp. even columns.
We should remark that the previous Theorem corresponds to identities of characters.

According to formula 27.4.3, given a linear operator A on a vector space U its action on
the symmetric algebra has as graded character m if e1,...,e, is a basis of V' and
X is the matrix Xe; = x;e; we have that e;e;, i < j is a basis of S?[V] and e; Aej, i < j
a basis of A2[V] from 27.4.3 and the previous Theorem we therefore deduce

(33.4.5) Higj(l i7;) Z Z Sx(x1, ..., xn)

m AF¢‘m

Hi<3( 3333] Z Z S)\ 1‘1,..., n)

m AF€¢Tm

The formulas we have developed are special types of Plethysm formulas, which are any
type of formulas which can describe the composition Sy(S,,(V)) of Schur functors, these
formulas although always theoretically computable are quite formidable and not at all
understood.

§34 THE SECOND FUNDAMENTAL THEOREM
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34.1 We need to discuss now the relations among invariants. We shall take a geometric
approach reserving a combinatorial approach in the section on tableaux.

The study of relations among invariants procedes as follows. Express the first funda-
mental theorem in matrix form, deduce the prime ideal theory from the highest weight
theory.

For the general linear group we had described invariant theory through the multiplication
map f: My, X My g — M, f(X,)Y): =YX

The ring of polynomial functions on M, ,, X M,, , which are GI(m, C) invariant is given
by the polynomial functions on M, , composed with the map f.

We have also remarked that, by elementary linear algebra, the multiplication map f
has, as image, the subvariety of p x ¢ matrices of rank < m. This is the whole space if
m > min(p, q) otherwise it is a proper subvariety defined, at least set theoretically, by the
vanishing of the determinants of the m + 1 X m + 1 minors of the matrix of coordinate
functions x;; on M, ,.

For the group O(n, C) we have considered the space of n x m matrices Y with the action
of O(n,C) given by multiplication XY then the mapping ¥ — Y'Y from the space of
n X m matrices to the symmetric m x m matrices of rank < n is a quotient under the
orthogonal group. Again the determinants of the m + 1 x m + 1 minors of these matrices
define this subvariety set theoretically.

Similarly for the symplectic group we had considered the space of 2n x m matrices Y
with the action of Sp(2n,C) given by multiplication XY then the mapping Y — Y*J, Y
from the space of 2n X m matrices to the antisymmetric m x m matrices of rank < 2n is
a quotient under the symplectic group.

In this case the correct relations are not the determinants of the minors but rather the
Pfaffians of the principal minors of order 2(n + 1).

We have thus identified three types of determinantal varieties for each of which we want
to determine the ideal of relations.

We will make use of the Plethysm formulas developed in the previous section.

According to 33.4 we know that the determinantal varieties are the only varieties in-
variant under the appropriate group action, according to the matrix formulation of the
first fundamental Theorem they are also the varieties which have ring of invariants as
coordinate rings, we want to describe the ideals of definition and their coordinate rings as
representations.

We should recall the theory of 27.4.7 and complement it with the theory for symmetric
and skew symmetric case.

According to 27.4.7 given two vector spaces V, W we have the decomposition

P(hom(V,W)) = &S\ (W*) @ SA(V)
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Moreover if we think of P(hom(V, W)) as the polynomial ring C[z;;] the subspace D, of it
spanned by the determinants of the minors of order k of the matrix X := (z;;) is identified
with the subrepresentation Dy, = A¥V @ A¥IW*. We define

(34.1.1) Iy, :== P(hom(V, W))Dy,

to be the determinantal ideal generated by the determinants of all the k x k minors of X.
Consider now P(S%(V)*) as the polynomial ring Clz;;], x;; = z;; let again X = (z;;)
be a symmetric matrix of variables.

We want to see how to identify, in the same lines as 27.4.7, the subspace Jj, of P(S%(V)*)
spanned by the determinants of the minors of order k of the matrix X.

We know that, given a symmetric form A on V it induces a symmetric form on V®™
and thus by restriction a symmetric form, which we will denote by Sy(A) on Sy (V), thus
an element of S?(Sy(V)*).

According to the theory
we have that Syy(V)* appears with multiplicity 1 in S?(Sy(V)*) and we claim that the
dual map

Sox(V) — S2(S\(V)) — P(S*(V)*), ¢ —< ¢|Sx(A) >

is non 0 and hence it identifies Sax (V') with its corresponding factor in the decomposition
33.4.3.

In particular when we apply this to A*A we see that if A = (a;;) is the matrix of the
given form in a basis ey, ..., e, the matrix of A*A in the basis e;; A e, N, is given by the
formula

(34.1.2) AP A(es, Neig N Neg ey Nejy A+ Aej) =det(ag, ;.), ms=1,....k

the determinant 34.1.2 is the determinant of the minor extracted from the rows 71,..., 7
and the columns jq,...,j; of A.

We have thus naturally defined a map S?(AFV) — P(S%(V)*) with image the space Jj
(spanned by the determinants of the minors of order k).

We want to prove in fact that Ji = Sor (V) is irreducible with highest weight vector sj.

To see this we need to analyze the decomposition of S?(AFV) into irreducible repre-
sentations and show that the only irreducible representation in this decomposition which
belongs to partitions with even columns is Sy« (V). This follows from the formula of section
32,

inserire

Consider now P(A%(V)*) as the polynomial ring Clz;;], z;; = —x;; let again X := (z;;)
be a skew symmetric matrix of variables.

We carry out a similar analysis for the subspace P of P(A%(V)*) spanned by the
Pfaffians of the principal minors of order 2k of the matrix X.
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In this case the analysys is simpler the extrior power map A2V* — AZFV* A — AF
gives for A = ij a;je; A ej that
(3413) Ak = Z [il,ig,...,iQk]eil /\62'2 /\”'/\61'%
11 <t <...i2%
where [i1,1i9,...,1i9;] denotes the Pfaffian of the principal minor of A extracted from the
row and column indeces i1 < i < ...172,. One deduces immediately by duality the required
map

ARV — S[A?[V]]
with image the space Pj.

According to the results of the previous section and the discussion we have just performed
we claim
Second fundamental Theorem.

(1) The only GL(V') x GL(W) invariant prime ideals in P(hom(V, W)) are the ideals
Ij,. As representations we have that (using 27.4.7)
(34.1.4)
I = &\ ne) 2k SA(W) @ Sx(V), P(hom(V, W) /Iy = S ni(n)<kSx (W) @ Sx (V)

(2) The only GL(V) invariant prime ideals in P(S?(V)*) are the determinantal ideals
Lf = P(S*(V)")Ji
generated by the determinants of the k x k minors of the symmetric matriz X. As
representations we have that
(34.1.5) IF = @aree =k Sa(V), P(SHV))/IE = @aree nen<eSa(V)
(3) The only GL(V) invariant prime ideals in P(A?(V)*) are the Pfaffian ideals
I == P(A2(V)*) Py,

generated by the Pfaffians of the principal 2k x 2k minors. As representations we
have that

(34.1.6) I, = ®xrer 263 (V), P(N(V)) /I, = Sarer niny<2kSa (V)

Proof. In each of the 3 cases we know that the set of highest weights is the set of monomials
M in a certain number of elements x; highest weights of certain representations N;.

The fact is that every invariant subspace J is identified by the set I C M of highest
weight vectors that it contains and, if J is an ideal, the set I is closed under multiplication
by M, moreover if it is a prime ideal it follows that, if a monomial [[z;"* € I then at
least one z; appearing with non 0 exponent must be in I, it follows then that the ideal J
is necessarily generated by the subspaces N; which are contained in it.
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Now to conclude it is enough to remark, in the case of determinantal ideals that for
every k we have

(34.1.7) Dii1 C Iy, Jys1 C LY, Pepr C I,

in fact the first two statements follow immediately by a row or column expansion of a
determinant of a £+ 1 X £ + 1 minor in terms of determinants of k X k£ minors, as for the
Pfaffians recall the formula 34.1.3 from which we deduce a similar Laplace expansion for
Pfaffians

k+1 _ . . . _
A = E [217 22, .- 722(k+1)]6i17 /\612 ARRRNA ei2(k+1) -
11 <i2<...i2(k+1)

AN Z [i1,i2,...,i2k]€i1,/\612/\-"/\61%
11 <t <...l2k
From which we deduce the typical Laplace expansion
1,220+ )] =) (1) ay[L,2,.. i1+ 1.5 — 1,5+ 1,...,2(k+1)]
i<j

therefore in each case the ideal is generated by Dy, J ,j , PP, for the minimal index £ for
which this space is contained in the ideal. [

§35 THE SECOND FUNDAMENTAL THEOREM FOR INTERTWINERS

35.1 We want to apply the results of the previous section to intertwiners, we need
first some remarks of general nature, let us go back to the formula 27.4.7 Phom(V, W)] =
SW* @ V] =@xS\(W*) @ Sx(V) and let us apply it to dimV =n, W = C".

Using the standard basis e; of C™ we identify V®™ with a suitable subspace of S[C"® V]
by encoding the element H?:1 e; ®v; with v1 @ Vg ® - -+ ® v,,.

The previous mapping identifies V®™ C S[C™ ® V] as weight space under the torus of
diagonal matrices X with entries x;, and Xe; = x;e; for which

n n
XHe,-@vi:H:L'iHei@Ui
i=1 i=1

we claim that
Lemma. We can identify V" = {u € S[C" @ V]| Xu = [[, z;u} and the symmetric

group S, C GL(n,C) of permutation matrices acts on VO™ with the usual permutation
action.
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Proof. We are implicitely using the action of X on the first factor of C" ® V' and leave the
proof to the reader. [

Let us denote by x := [];_, z; this is a character of the diagonal torus 7" invariant under
the symmetric group (and generates the group of these characters), as usual when we have
a representation W of a torus we denote by WX the weight space of character y.

Now for every partition A\ consider

(35.1.1) SA(C™)X = {u € S\(C")|Xu = [Jwsu, VX € T}

since the character [ [, z; is left invariant by conjugation by permutation matrices it follows
that the symmetric group S,, C GL(n,C) of permutation matrices acts on S)(C")?, we
claim that

Proposition. S)(C™)X = 0 unless A = n and in this case S\((C™)*)X is identified with
the irreducible representation My of S,,.

Proof. In fact assume Xu = [[, z;u. Clearly u is in a polynomial representation of degree
n, on the other hand

SMC" @ V) = ®x-nSr((C")") ® Sx(V)
hence
(35.12) V"= S*(C"© V)X = DrrnSa((C) )X ® Sx(V) = Barn My @ Sr(V)
we get the required identification. [J
Now we apply this to various examples, first we want to identify the group algebra C[S,]
with the spcace P™ of polynomials in the variables x;; wich are multilinear in rigth and
left indeces, that is to say we consider the span P™ of those monomials x;, j, Ti, j, - - - T4, j,,

such that both iq,49,...,%, and ji,jo,...,Jn are permutations of 1,2,...,n, of course a
monomial of this type can be uniquely displayed as

T1,0-1(1)22,6-1(2) -+ - Tn,o—1(n) = Lo(1),1%5(2),2 - - - Lo(n),n
which defines the required map
(35.1.3) P:0— xg(1)71$0(2),2 .. .Ig(n)’n

Remark that this space of polynomials is a weight space with respect to the product
T x T of two maximal tori of diagonal matrices under the induced GL(n,C) x GL(n,C)
action on Clz;;], let us call by x1, x2 the to weights.

Remark also that this mapping is equivariant under the left and rigth action of S, on
C[S,,] which correspond respectively to

(35.1.4) Tij = Lo(i),jr Tij = Tio(j)
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We now fix an m—dimensional vector space V and recall the basic symmetry homomor-
phism

(35.1.5) in : C[S,] — End(V®")

recall that we also have a homomorphism given by the F.F.T. with the notations of 22.4
[ Clzij] — C[< a;lv; >] mapping P™ onto the space of multilinear invariants of n
covector and n vector variables which we will denote by Z, spanned by the elements
[T, < Qs (i)|lvi >. Finally we have the canonical isomorphism j: o — [T, < Qoiy|vi >
(cf. 22.3.2). We have a commutative diagram

C[S,] —2* . p,

(35.1.6) in| 7|
EndGL(V)V®n % In

from which we deduce that the Kernel of i,, can be identified, via the map ®, with the
intersection of P, with the determinantal ideal I,,,11 in Clz;;].

A determinant (i1,%2,...,%m+1/J1,J2, .-, m+1) of X = (x;;), multiplied by any mono-
mial in the z;;, is clearly a weight vector for T' x T'.

In order to get a weight vector in P,, we must consider the products

(3517) ('i]_,iQ, N 7im+1|j17j27 Ce 7jm+1)xim+2,jm+2 . .fI?Zn’]n

with 21,1%9,...,%, and j1, o, ..., j, both permutations of 1,2,...,n.

Theorem. Under the isomorphism ® the space P, N I,,4+1 corresponds to the two sided
ideal of C[Sy,] generated by the element

(35.1.8) Apsri= Y €0
TESm+1

antisymmetrizer on m + 1 elements (chosen arbitrarily from the given n elements).

Proof. From 35.1.4 it follows that the element corresponding to a typical element of
type 35.1.7 is of the form ocA7~! where A corresponds to (1,2,...,m + 1|1,2,...,m +

DZmto2mt2 - Tnn = desm+1 €6T5(1),1%5(2),2 - - - Lo(m+1),m+1 Which clearly corresponds
to Aerl. ]

Now we want to recover in a new form the result of 24.1.1.

First recall that, as any group algebra, C[S,,] decomposes into the sum of its minimal
ideals corresponding to irreducible representations

(C[Sn] = 69>\|—n~]\4j\< & M)\
We first decompose

Clzij] = ®xSA(C")" @ SA(C"™), I;mt1 = BreaSA(C™)" ® SA(C™)
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then we pass to the weight space

(35.1.9)
P = Clay X172 = 3,9, (C")" 1 @ Sy (C")Xe,

P" N L1 = Oniasm+193(C™)* X @ Sx(C™)X2 = Barn, hiasme1 My @ M)y
As a consequence the image of C[S,] in End(V®™) is ®xrn, nix<m My @ M) as in 24.1.1.

35.2 Now we pass to the orthogonal and symplectic group.
First of all we formulate some analogue of P™.

In both the symmeric or skew symmetric case we take a matrix ¥ = (y;;) of even size
2n and consider the span of the multilinear monomials

Yiy,j1Yiz,g2 - - - Yin,dn
such that i1,2,...,%, J1,J2,---,Jn iS a permutation of 1,2, ..., 2n.
This is again the weight space of the weight x of the diagonal group T of GL(2n,C).
Although at first sigth the space looks the same in the two cases it is not so and we will
call these two cases P?", P2".

In fact the symmetric group Sz, acts on the polynomial ring Cly;;] (as subgroup of
GL(2n,C)) by 0(Yij) = Yo(i)o(s)-
It is clear that Ss, acts transitively on the given set of multilinear monomials.
First of all we want to understand it as representation on P} and for this we consider
the special monomial
My :=y12Y34 - Y2n—1,2n-

Let H,, be the subgroup of Sy, which fixes the partition of {1,2,...,2n} formed by the
n sets with 2 elements {2¢ — 1,2i}, i« = 1,...,n. Clearly H, = S, x Z/(2)™ is the
obvious semidirect product where S,, acts in the diagonal way on odd and even numbers
0(2i — 1) = 20(i) — 1, 0(2i) = 20(i) and Z/(2)" is generated by the transpositions
(26 — 1, 24).

In either case H,, is the stabilyzer of the line through M. In the symmetric case H,, fixes
M, while in the skew symmetric case it induces on this line the sign of the permutation
(remark that S,, C S, is made of even permutations).

We deduce

Proposition. P}, as representation of Sa, coincides with the permutation representation
Ind?}:@ associated to Say,/H,y,.

P, as representation of Sa, coincides with the representation Ind%:@(e) induced to
San from the sign representation C(€) of Hy,.

Next one can describe these representations in terms of irreducible representations using
the formulas 33.4.3,4 getting
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Theorem. As representation of Sa, the space P} decomposes
(35.2.1) P = S[SPV]X 1= DypecanSA(V)X = @apcean My
P™ decomposes

(35.2.2) P = S[A[V]]X := @areranSA (V)X = @xperon My,

Remark. By Frobenius reciprocity this theorem computes the multiplicity of the trivial
and the sign representation of H,, in any irreducible representation of Ss,, both appear
with multiplicity at most 1 and in fact the trivial appears when A\ has even columns and
the sign when it has even rows.

Next we apply the same ideas as in 35.1 to intertwiners, we do it only in the simplest
case.

35.3 1. Orthogonal case. Let V be an orthogonal space of dimension m and
consider the space I;“n of multilinear invariants in 2n variables u; € V, i =1,...,2n.

T,. is spanned by the monomials (w;,, Ui, )(Wis, Uiy ) - - - (Uiy, s Uiy, ) Where
11,12, ++,0n,J1,J2,- -+, Jn 1S a permutation of 1,2,...,2n.

Let y;; = y;j; be symmetric variables.
Under the map
Clyij] — Cl(wi, uj)], vij — (uiuy)
the space P} maps surjectively onto 7, with kernel PNl + 41

The same proof as in 35.1 shows that

Theorem. As representation of Sa, we have
+ _ +
PN = @arecon, nt()>m+1Mx, Ly, = Orrecon, ne(n)<mMa

The interpretation of the relations in the algebras of intertwiners Endov) V®™ is more
complicated and we shall not explicit it in full.

1. Symplectic case. Let V be an symplectic space of dimension 2m and consider
the space Z,,, of multilinear invariants in 2n variables u; € V, i =1,...,2n.

7,,, is spanned by the monomials [u;, , w;, |[Wis, Wiy] - - - [Wiy, _,, Uiy, ] Where
11,19, «++ 300,y J1,J2,- -+, Jn 1S @ permutation of 1,2,...,2n.

Let y;; = —y;; be antisymmetric variables.
Under the map
Clys;] = Cllus uy)ls yij — [wi, )
the space P maps surjectively onto Z,,, with kernel P" NI} ;.

The same proof as in 35.1 shows that
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Theorem. As representation of Sz, we have
PN I, 1 = ®areran, he)z2m+2Mx, Ls, = Barecon, ne(n)<emMx
the interpretation of the relations in the algebras of intertwiners End Sp(V)V®” is again
more complicated and we shall not explicit it in full.
We want nevertheless explicit part of the structure of the intertwiners algebra, the one
relative to traceless tensors T°(V®").

In both the orthogonal and symplectic case the idea is similar, let us first develop the
symplectic case which is simpler.

Consider a monomial M := y;, j, Yis jo - - - Yin,j, WE can assume by symmetry 45 < ji for
all k, we see by the formula 32.1.8 that the operator ¢p; : VO — VO involves at least
one contraction unless all the indeces 7 are < n and instead jir > n.

_ Let us dentote by ¢ the restriction of the operator ¢ps to T9(V®"), we have seen that
¢ = 0 if the monomial contains a variable v;j, Yn+tintj, 7 < n.
Thus M — ¢,,; map factors through the space P" of monomials obtained setting to 0
one of the two previous types of variables.
The only monomials that remain are of type M, := H?:l Yinto(i),0 € Sn and M,
corresponds to the invariant
H[uia Upto(i)] = [Uo-1(1) B Ug-1(2) B+ @ Ug—1(n); Unt1 @ Upt2 @ -+ @ Uy
which corresponds to the map induced by the permutation o on V©",
We have just identified P to the group algebra CI[S,] and the map to
—n _
p:P_= (C[Sn] - EndS’p(V) (TO<V®H))> p(M) = Oum
to the canonical map to the algebra of operators induced by the symmetric group and,
since T°(V®™) is a sum of isotypic components the map p is surjective.
Let us identify the image of P* N[, in P" = C[S,] which is in the kernel of p.
Take the Pfaffian of the principal minor of Y of indeces i1,19,...,%2,,+2 and evaluate

after setting ¥i; = Yntint; = 0, 7,7 < n let us say that h of these indeces are < n and
2m + 2 — h are > n.

- . A .
The specialized matrix has block form _OZt 0 and the minor extracted from the
indeces 41,19, . ..,%2m+2 has a square block matrix of 0 of size the maximum between the

numbers h,2m + 2 — h.

Since the maximum dimension of an isotropic space for a non degenerate symplectic
form on a 2m + 2 dimensional space is m + 1 we deduce that the only case in which this

Pfaffian can be non 0 is when h = 2m +2 — h = m -+ 1 and in this case the minor has also
W

0
-wt 0
Thus arguing as in the linear case we see that the image of P* NI, in P’ = C[S,]
is the ideal generated by the antisymmetrizer on m + 1 elements.

a block form and its Pfaffian equals up to sign det(Z2).
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Theorem. The algebra Endg,v)(T°(V®")) equals the algebra C[S,] modulo the ideal
generated by the antisymmetrizer on m + 1 elements.

Proof. We have already seen that the given algebra is a homomorphic image of the group
algebra od S, modulo the given ideal. In order to prove that there are no further relations
remark that, if U C V is the subspace spanned by ey, ..., e, it is a (maximal) isotropic
subspace and thus U®" c T°(V®"). On the other hand by the linear theory the kernel of
the action of C[S,,] on U®™ coincides with the ideal generated by the antisymmetrizer on
m + 1 elements and the claim follows. [

35.4 We are now ready to exhibit the list of irreducible rational representations of
SP(V).
First of all, using the double centralizer Theorem we have a decomposition
TO(VE™) = @xarn, hy<mMy @ Ta(V)
where we have indicated with T (V') the irreducible representation of SP(V') paired to
M.

We should remark then that we can construct, as in 24.1 the tensor ar(e; ® e2 ® ... ®
en)R(E1ReE®...0€,,)R...0(e1 Qe ®...Rey,) € T\(V) where the partition A has
rows ni,no,...,N¢.

We ask the reader to verify that it is a highest weight vector for T)\(V') with highest
weight Z;Zl Wn, -

Since SP(V) is contained in the special linear group, from Proposition 15.2 all irreducible

representations appear in tensor powers of V', since T0(V®™) contains all the irreducible
representations appearing in V®" and not in V&*, k < n we deduce

Theorem. The irreducible representations Tx(V'), ht(A) < m are a complete list of in-
equivalent irreducible representations of SP(V').

From the computation of the highest weights and the basic theorem 33.2 it follows that
this is also the list of irreducible representations of the Lie algebra sp(2m, C).

35.5 We want to explicit also in the orthogonal case part of the structure of the
intertwiners algebra, the one relative to traceless tensors T°(V®").

We let V' be an m—dimensional orthogonal space.

Consider a monomial M := y;, j, Yis.jo - - - Yin,j, WE can assume by symmetry 45 < ji for
all k, we see by the formula 32.1.8 that the operator ¢, : VE* — VO involves at least
one contraction unless all the indeces 7 are < n and instead jir > n.

Let us denote by ¢,, the restriction of the operator ¢,; to TO(V®"), we have seen that
¢pr = 0 if the monomial contains a variable y;j, Yn+in+j, 4,5 < n.
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Thus M — ¢,; map factors through the space ?i of monomials obtained setting to 0
one of the two previous types of variables.

The only monomials that remain are of type M, = [];_, Yinto(i),0 € Sn and M,
corresponds to the invariant

H(Ui, Uniyo(i) = (Uo-1(1) @ Ug—1(2) @ **+ @ Ug—1(p), Un+1 @ Upy2 @ -+ @ Uzp)

which corresponds to the map induced by the permutation o on V®7.

We have just identified ﬁj_ to the group algebra C[S,,] and the map to
pP: ?j— = (C[Sn] - EndSp(V) (TO(V®n))7 p(M) = aM

to the canonical map to the algebra of operators induced by the symmetric group and,
since T°(V®™) is a sum of isotypic components the map p is surjective.

Let us identify the image of Pf NI} in ?1 = C[S,,] which is in the kernel of p.

Take the determinant of an m + 1 x m + 1 minor of Y extracted from the row indeces
01,92, . -, m+1 column indeces ji, j2, ..., jm+1 and evaluate after setting v;; = Yntint; =
0, 7,5 < n let us say that h of the row indeces are <n and m + 1 — h are > n and also k
of the column indeces are <n and m + 1 — k are > n.

The specialized matrix has block form <V(I)/ g) where Z isan h xm+1—k and W

an m + 1 — h X k matrix.

If this matrix has non 0 determinant the image of the first k£ basis vectors must be
linearly independent hence m+1—h > k and similarly h <m+1—k hence h+k=m-+1
or Z is square h X h and W is square k X k matrix.

Up to sign the determinant of this matrix is det(W) det(Z).

This determinant is again a weight vector and, multiplied by a monomial in the y;; can
give rise to an element of P if and only if the indeces i1, 2,...,%m41 and j1,72,. .., Jm+1
are all distinct.

Up to a permutation of the indeces we may assume then that these two sets of indeces
are1,2,...,h,n+h+1,n+h+2,...,n+h+kand h+1,h+2,...,h+k,n+1,n+2,...,n+h
so that using the symmetry ¥, 4 n4ihtj = Yh+jn+hti We Obtain

det(W)det(Z) =

Z Yo(1),n+1Yo(2),n+2 - - - Yo (h),n+h Z Yhto(1),n+h+1Yh+0(2),n+h+2 - - - Yhdo(k),n+h+k
oSy oSy

and we can take as multiple of this the one multiplied by H;:lh_k Yh+k+t nth+k+t A
variation of the argument of the linear case shows that this element corresponds in C[S,,]
to the antisymmetrizer relative to the partition consisting of the parts (1,2,...,h), (h +
1,...,h+k),...,t,... which is the element

E €50

o€SEL XSk
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Since a determinant of a minor of order > m + 1 can be developed into a combination of
monomials times determinants of order m-+1 we get that in the ideal of C[S,,] corresponding
to PNI~ +m + 1 we have all the ideal generated by the products of two antisymmetrizers
on two disjoint sets adding to > m + 1 elements.

Now by the description of the Young symmetrizers it follows that each Young sym-
metrizer relative to a partition with the first two columns adding to a number > m + 1 is
in the ideal generated by such products and thus we see that the image of P NI~ +m + 1
in ?Z = CI[S,] contains the ideal generated by all the Young symmetrizers relative to
diagrams with the first two columns adding to a number > m + 1.

Theorem. The algebra Endgp(v)(TO(V®”)) equals the algebra C[S,,] modulo the ideal
generated by all the Young symmetrizers relative to diagrams with the first two columns
adding to a number > m + 1.

Proof. We have already seen that the given algebra is a homomorphic image of the group
algebra od S,, modulo the given ideal. In order to prove that there are no further relations
we have to show that, if A is a partition with the first two columns adding uo to at most m
then we can find a non 0 traceless tensor u with aru # 0 where ar is a Young symmetrizer
of type .

For this we cannot argue as simply as in the simplectic case but need a variation of the
theme.

First of all consider the diagram of A filled in increasing order from up to down and
rigth to left with the numbers 1,2,... n e.g.

1 5 8 11
2 6 9

3 7 10

4

next suppose we fill it as a tableau with some of the basis vectors e;, f; e.g.

€2 f3 €1 €1

f2 €4 f4
e3 es fi
fa

and to such a display we associate a tensor in which we plce in the i*" position the vector
placed in the tableau in the case labeled with i, e.g. in our previous example:
2 fHRe3®1Rf30eQe3®e® [LOf1®e
Assume first m = 2p is even if the first column has < p elements we can work in the
subspace ey, ..., e, as for the symplectic group.
Otherwise let p + s,p — t, s <t be the lengths of the first two columns.

We first fill the diagram with e; in the i*” row i < p and we are left with s rows with
just 1 element, we fill this with f,, f,—1,..., fp—s. This tensor is symmetric in the row
positions.
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When we perform a contraction on this tensor there are s possible contractions which
are non 0 (in fact 1) and correspond to certain pairs of indeces of the first column occupied
with pairs e,_;, f,—;, notice that if we exchange these two positions the contraction does
not change.

It follows that, when we antisymmetrize this element we get a required non zero traceless
tensor in M.

The odd case is similar. O

We are now ready to exhibit the list of irreducible rational representations of SO(V).

First of all, using the double centralizer Theorem we have a decomposition
TO(VE") = @arn, hatha<mMr @ TA(V)

where we have indicated with T (V') the irreducible representation of O(V') paired to M)
and hq, ho the first two columns of .

Since the determinant representation of O(V) is contained in V®™ is of order 2 and so
equal to its inverse, from Proposition 15.2 all irreducible representations appear in tensor
powers of V, since T°(V®") contains all the irreducible representations appearing in V&"
and not in V®* k < n we deduce

Theorem. The irreducible representations Tx(V),h1 + ha < m are a complete list of
inequivalent irreducible representations of O(V).

As for the special orthogonal group one should only verify to which diagram belongs
T\(V) A™V but clearly this belongs to the diagram in which to A has been added a first
column of length m.

We can now pass to SO(V), in this case there is one more invariant [vy,...,v,,] which
gives rise to new intertwiners.

First of all let us analyze, for £ < m the operator
% APV — ARy
defined by the implicit formula (using the induced scalar product on tensor and exterior

powers):
(U1 A AVg), Vg1 Ao A) = [V, U]

In an orthonormal oriented basis u; we have *(u;, A---Aw;, ) = eu;;, A---Awj, _, where

Uy vy lky J1s--+5Jm—k 1S @ permutation of 1,...,m and € is the sign of this permutation.
In general let us at least understand what type of intertwiners we obtain on traceless
tensors using this new invariant.
Typically we are reduced to study the map ~ from TO(VF+P) to TO(Vm=k+P) induced
by the invariant
p

(Y(u1 @+ @ Upk), 01 @+ @ Vpymi) = | [ (U 03) [tps1s - - s Vpei1s - - > Ve
i=1
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the reader can verify that (using the highest weight), this maps T\ (V') to T/ (V') where X’
is obtained from A subsituting the first column k; with m — kq.

From the computation of the highest weights and the basic theorem 33.2 it follows that
this is not the list of all the irreducible representations of the Lie algebra so(m,C) the
reason is that one has to consider spinorial representations.

35.6 We give here a small complement to the previous theory by analizing the action
of the symplectic or orthogonal group of a space V' on the exterior algbra.

We start with the symplectic case which in some way is more interesting.

First of all, by Theorem 35.3 we have that the traceless tensors T°(V®™) contain a
representation associated to the full antisymmetrizer if and only if m < n let us denote by

A™0(V) this representation which, by what we have just seen appears with multiplicity 1
in A™(V).

Remark next that, by definition, A2V contains a canonical bivector

V=Y e f;
i=1

invariant under Sp(V).
We want to compute now the Sp(V) equivariant maps between AV, APV

Since the skew symmetric tensors are diect summands in tensor space any Sp(V') equi-

. ' A
variant maps between AFV, A"V can be decomposed as AFV - V®Fk L yeh S Ay

where, 7 is the cannical inclusion, f is some equivariant map and A is the antisymmetrizer.

Now we have seen in 32.1 how to describe equivariant maps V& L, yoh up to the
symmetric group action.

If we apply the symmetric groups to ¢ or to A it changes at most the sign, in particular
we see that the insertion maps A*V — A¥T2V can, up to sign be identified with u — ¥ Au
which we shall also call ¢, while also for the contraction we have a unique map (up to
constant) which can be normalized to

(35.6.1) c:up ANvg A=+ A\ g —>Z(—1)i+j71 <0,V >V AV AV 5 ANy

the general formula of 32.1 gives in this case that
Lemma. All the maps between NFV, A"V are combinations of ¢'c?.

In order to understand the commutation relations between these two maps let us set
h := [c, ], go back to the spin formalism of 12.11 and recall the formulas of the action of
the Clifford algebra on the exterior power
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(—1)7571 <90‘Ut>’01/\’02...’£v)t.../\’0k
1

Z(/U)(u) =vAu, ](SD)(’Ul Nvg... /\/Uk) =

k
t=

together with the identity

i(0)? = j(@)*> =0, i(v)i(p) +i(p)i(v) =< ¢lv >

Now clearly as operator we have 1 := > . i(e;)i(f;) while we claim that also, using the
dual basis, ¢ = Y, 7(f%)j(e") in fact let us drop the symbols i, j compute directly in the
Clifford algebra of V' & V* with standard hyperbolic form and compute

Zfieivl/\vg/\---/\vk:

A
ZZ(—l)t+s(< elvy >< filvs > — < filoy >< et|vg > v Avg Ag ... 04+ Avg
1 s<t
= ()" < oo > vp Avg A B Ay
s<t

Now we can use the commutation relations
eie) +ele; =0, i #j, eif + fle; =0, fied +efi =0,
Fif?+ffi=0,i#j, et +ee; =1, fif' + fifi=1
to deduce

h = [C, Qp] = Z[fjej, ezfz] = Z[fiei, ezfl] = Z(flelezfl — elflflel) =
,J

3 K3

Z(—f"eie"fi + [l fi—eie’ +eif' fie') = Z(_fieieifi + [ fitelei + flee' fi) =

[ 7

> (fifi+eles)

7

Now we claim that on A¥V we have Y, (f?f; +e’e;) acts as 2n —k in fact when we consider
a vector u := v Avg ... Avg with the v; out of the symplectic basis, the operators f*f;, e‘e;
annihilate u if e;, f; is one of the vectors vy, ..., v otherwise they map u into w itself.

Theorem. The elements c,, h satisfy the commutation relations of the standard gener-

ators e, f, h of sl(2,C).

Proof. We need only show that [h, c] = 2¢, [c,19] = —21 this follows imediately from the
fact that ¢ maps A*V to A*=2V, 9 maps AFV to AFt2V while h has eigenvalue 2n — k on
ARV O

We can apply now the representation theory of sl(2,C) to deduce
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Theorem.

(1) We have a direct sum decomposition
AV = Ban AT (V) @1 A (AV)
(2)

NV = Boizpn N30 (V) A

Proof. For every representation M of si(2,C), we have, by the highest weight theory, a
decomposition M = M€ & fM, M¢:={m € M|em = 0}.

Hence the first part follows from the fact that all the contractions reduce to ¢ on skew
symmetric tensors or AV. = @< A0 (V).

For any representation M, for every integer a denote by M, := {m € M|hm = am} the
space of weight a under h. Decompose M. into weight spaces M , := M. N M,.

One easily verifies that, for every weight space, we have
Ma - @ifiMe,a—‘,—Zi
now clearly for M = AV we have AV, = A™O(V), AVa,_ = A¥V hence the claim. O

We can interpret the first part of the previous theorem as saying that, the quotient
algebra AV/{PA(AV) = @< A™9 (V) is the direct sum of the fundamental representations
of Sp(V') in the same way as the usual exterior algebra is the direct sum of the fundamental
representations of SL(V).

35.7 The orthogonal case is different, in this case every contraction vanishes on the
skew symmetric tensors which therefore are irreducible under the orthogonal group. In
this case though we can still analyze the equivariant maps by invariants and easily see
that the only invariant maps correspond to the only alternating invariants and are the
% : ARV — A™TRV the exterior powers are irreducible and pairwise isomorphic under
SO(V'). Now in general, since SO(V') has index 2 in O(V') we can apply the analysis of
23.1 and deduce that each irreducible representation M of O(V') remain irreducible under
SO(V) or splits into 2 irreducibles according wether it is not or is isomorphic to M ® e
where here the sign representation is the one induced by the determinant.

§36 INVARIANTS OF MATRICES

INTRODUCTION In this section we will deduce the Invariant Theory of matrices
from our previous work.
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36.1

We are interested now in the following problem, describe the ring of invariants of the
action of the general linear group GL(n,C) acting by simultaneous conjugation on m
copies of the space M, (C) of square matrices.

In intrinsic language, we have an n—dimensional vector space V and GL(V') ancts on
End(V)®™,

We will denote by (X7, Xs,...,X,,) an m—tuple of n X n matrices.

Before we formulate and prove the main theorem let us recall the results of 22.1.
The Theorem proved there can be reformulated as follows.

Suppose we are interested in the multilinear invariants of m matrices i.e. the invariant
elements of the dual of End(V)®™.

First remark that, the dual of End(V)®™ can be identified, in a GL(V') equivariant way
to End(V)®™ by the pairing formula:
(A1®Ay - @Ap|Bi®By -+ -®Bp) = tr(A1®Ay -+ @ Ao B1@By - -@By) = | [ tr(AiB;).

Therefore under this isomorphism the multilineear invariants of matrices are identified
with the GL(V) invariants of End(V)®™ which in turn are spanned by the elements of
the symmetric group, we deduce from Theorem 22.1

Lemma. The multilinear invariants of m matrices are linearly spanned by the functions:
b0 (X1, Xo,. ., X)) i=tr(07 o X1 X2® - ® X). 0 €Sy

Recall that, from 22.1.3, we have that, if o = (i1iy...93)(J1J2 .- Jk) .- (5182 ... 8m) is
the cycle decomposition of ¢ then

¢0’(X17X27 e 7Xm> = tT(XilXig . th)t”f’(leX

TR X]k) ..tT(Xles2 . ..Xsm)

This explains our convention in defining ¢,.

Theorem, FFT for matrices. The ring of invariants of matrices under simultaneous
conjugation is generated by the elements

tT(XilXiQ ¢

Thp—1

Proof. The formula means that we take all possible non commutative monomials in the
X; and form their traces.

The proof of this Theorem is an immediate consequence of the previous Lemma and
Arhonold method.

The proposed ring of invariants is in fact clearly closed under polarizations and coincides
with the invariants, by the previous Lemma, for the multilinear elements, the claim follows.

There is a similar Theorem for the orthogonal and symplectic groups.
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Assume that V' is equipped with a non degenerate form < w,v > (symmetric or skew
symmetric), then we can identify End(V) =V @ V* =V ®V by
u®v(w) =< v,w>u
Let € = 41 according to the symmetry, i.e. < a,b >=¢€ < b,a >, we then get the formulas
(a®b)o(c®d)=a® < b,c>d, tr(a®b) =< b,a >
<(a®b)e,d >=<bc><a,d>=¢€e<c,(b®a)d > .
In particular, using the notion of adjoint X™* of an operator, < Xa,b >:=< a, X*b > we
see that (a ® b)* = €e(b® a).
We can now analyze first the multilinear invariants of m matrices under the group G

(orthogonal or symplectic) fixing the given form, recalling the FFT of invariant Theory
for such groups.

Compute such an invariant function on End(V)®™ = V®2™m  write a decomposable
element in this space as X1 @ Xo -+ @ X, = U1 QU1 QUa QUa R ... Uy, @ VUpnay, X = U; QU
then the invariants are spanned by products of m scalar products < x;, y; > such that the
2m elements x;,y; exhaust the list of the u;, v;.

Of course in these scalar products a vector u can pe paired with another v or a v
(homosexual or etherosexual pairings according to Weyl).

The previous formulas show that, up to a sign, such an invariant can be expressed in
the form:

d5( X1, .., X)) =tr(Ye,Ye, .. . Y, )tr (Y, Y5, ... Y,) . tr(Ye, Ys, ... Y5,)
where, for each ¢ the element Y; is either X; or X .

Combinatorially this can be pictured by a marked permutation &.

€.g.
o= {3, 2,T,5, 4}, ¢E(X1, ey X5) = tT(XgXikXQ)tT(X4X;)

we deduce then the:

Theorem, FFT for matrices. The ring of invariants of matrices under simultaneous
congugation by the group G (orthogonal or symplectic) is generated by the elements

tr(Ys,Yi, ... Y Y5,), Vi, = Xy, or X .

Proof. Same as before.

We suggest the reader to formalize the previous analysis in the spirit of universal algebra
as follows.

Definition. An algebra with trace is an associative algebra R equipped with a unary
(linear) map ¢r : R — R satisfying the following axioms:

(1) tr(a)b = btr(a), Ya,b € R.

(2) tr(tr(a)b) = tr(a)tr(b), Ya,b € R.

(3) tr(ab) = tr(ba), Va,b € R.



836 Invariants of matrices 191

An algebra with involution is an associative algebra R equipped with a unary (linear) map
x: R — R, v — x* satisfying the following axioms:
8)*

(2°)" ==, (zy)" =y"2", Vo,y € R

For an algebra with involution and a trace we shall assume the compatibility condition
tr(z*) = tr(z),Ve.

As always happens in universal algebra for these structures one can construct free
algebras on a set S (or on the vector space spanned by 5).

Explicitely in the category of associative algebras the free algebra on S is obtained
introducing variables x4, s € S and considering the algebra having as basis all the words
or monomials in the x;.

For algebras with involution we have to add also the adjoints z¥ an independent set of
variables.

When we introduce a trace we have to add to these free algebras a set of commuting
indeterminates ¢(M) as M runs on the set of monomials.

Here in order to preserve the axioms we also need to impose the identifications t(AB) =
t(BA) (cyclic equivalence)
t(A*) = t(A) (adjoint symetry) for all monomials A, B.

In all cases the free algebra with trace is the tensor product of the free algebra (without
trace) and the polynomial ring in the elements t(A), this polynomial ring will be called
the free trace ring (with or without involution).

The free algebras Fg by definition have the property that, given elements fs € Fg, s €
S there is a unique homomorphism Fg — Fs (compatible with the structures (trace,
involution) and mapping zs to f, for all s.

In particular we can rescale independently the z, and thus speak about multihomoge-
neous, in particular multilinear elements in Fg.

Assume S = {1,2,...,m} and let us describe the multilinear elements in the various
cases.

1. For the free associative algebra in m—variables the multilinear elements (in all the
variables) correspond to permutations in S,, as:

Lj1 Liy + - - Tq,,
2. For the free algebra with involution the multilinear elements (in all the variables)
correspond to marked permutations in .S,,, as:

YirYiz - - - Yiy
where y; = x; if ¢ is unmarked, while y; = 7 if 7 is marked.

3. For the free associative algebra with trace in m—variables the multilinear elements
(in all the variables) correspond to permutations in S,,4+1 according to the following rule.
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Take such a permutation, write it into cycles isolating the cycle containing m + 1 as
follows:

o= (i1i2... ) (J1J2 - Jr)-- - (r1...71p) (5182 ... sgm + 1) set:
Vo(x1, T2, ... Ty) =tr(xi iy - Ty )t (25,5 - - Tjp) - AT (B Ty - . Ty ) L5y Tsy - - - T, -

4. For the free associative algebra with trace and involution in m—variables the multilinear
elements (in all the variables) correspond to marked permutations in S,,+1 but there are
some equivalences due to the symmetry of trace under involution.

In fact it may be interesting to isolate, in the case of trace algebras, the part 7,11 of
the multilinear elements in m + 1 variables lying in the trace ring and compare it with the
full set A,, of multilinear elements in m variables using the map c¢,, : A,, = Ti1, M —

t(Mxpmy1)-
We leave it to the reader to verify that this map is a linear isomorphism.
Example of T3, As in the case of involutions:
122, t(T1T223); xT2x1,t(xow123);
T1To, t(T12023); Xoxy, t(Tow123);
TiT2, t(2]02w3); 2571, H(T5T173);
1T, t(x12523); Tox], t(T2x]X3);
t(w1)we, t(w1)t(z2w3); t(w2)w1, t(w2)t(2123); t(21)2s, txe)t(w32s); t(awe)ay, t(ze)t(2]w3);
t(z1)t(x2), t(z1)t(x2)t(x3); t(r122), t(T122)t(23); t(T1235), t(T125)t(23);
Let us also denote for convenience by R the free algebra with trace in infinitely many

variables and by T'r the polynomial ring of traces in R, the formal trace in R is denoted
byt: R— Tr.

We formalize these remarks as follows, we define maps
U :C[Sm+1] — R, V(o) :=1,), ®:C[Sn] — R, P(0) := ¢s)
We have a simple relation between these maps, if o € S, 11 then:
(o) = ()T 1)
Remark finally that, for a permutation o € S, and an element a € C[S,,,] we have
®(caoc™ ') = (a)(To(1), To(2)s - - -+ To(m))-

We shall now take advantage of this formalism and study more general algebras, we want
to study the set of G—equivariant maps

f:End(V)®™ — End(V)
here m = dim V and G is either GL(V') or the orthogonal or symplectic group of a form.

We shall denote this space by R,,(n) in the GL(V) case and by R?,(n) RS (n) respec-
tively in the orthogonal and symplectic cases.
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First remark that the scalar multiples of the identity Cly C End(V) form the trivial
representation and an equivariant map with values in Cly can be canonically identified
with the ring of invariants of matrices, we shall denote this ring by T),(n), T2 (n),Ts (n)
in the 3 corresponding cases.

Next remark that End(V') has an algebra structure and a trace both compatible with
the group action, we deduce that under pointwise multiplication of the values the space
R,,(n) is a (possibly non commutative) algebra and moreover applying the trace function
we deduce that:

R,,(n) is an algebra with trace and the trace takes values in 7, (n).

For R? (n) R:, (n) we have same statement plus an involution.
Finally observe that the coordinate maps (X1, Xa, ..., X,n) — X; are clearly equivariant,

we shall denote them (by the usual abuse of notations) by X; we have:

Theorem. In the case of GL(V'), R, (n) is generated as algebra over T,,(n) by the vari-
ables X;.
R? (n) RS (n) are generated as algebra over T2 (n), TS (n) by the variables X;, X7.

Proof. Let us give the proof of the first statement, the others are similar.

Given an equivariant map f(Xi,...,X,,) in m—variables construct the invariant func-
tion of m + 1 variables g(X1, ..., Xm, Ximy1) == tr(f( X1, ..., Xon) Xong1-

By the structrure theorem of invariants g can be expressed as a linear combination
of elements of the form tr(Mi)tr(Ms)...tr(My) where the M;’s are monomials in the
variables X;, 1 =1,...,m + 1.

By construction g is linear in X,, 1 thus we can assume that each term
tr(My)tr(Ms) .. .tr(My)

is linear in X,,11 and in particular (using the cyclic equivalence of trace) we may assume
that X,,+1 appears only in My, and My = N X,,+1 (N does not contain X,,4+1 and

t?"(Ml)tT'<M2) e t?”(Mk_l)tT(Mk) = tT((tT(Ml)tT(MQ) e tT(Mk_l)Nk)Xm+1).

It follows that we can construct a polynomial A(Xy,...,X,,) (non commutative) in the
variables X;, ¢ < m with coefficients invariants and such that:

tT(h(Xl, . ,Xm)Xm+1) = tT(f(Xl, ce ey Xm)Xm+1)

Now we can use the fact that the trace is a non degenerate bilinear form and that X,
is an independent variable to deduce that h(Xy,...,X,,) = f(X1,..., X,n) as desired.

Our next task is to use the second fundamental Theorem to understand the relations
between the invariants that we have constructed, for this we will again use the language
of universal algebra, we have to view the algebras constructed as quotients of the cor-
responding free algebras and we have to deduce some information on the kernel of this
map.
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Recall that in an algebra R with some extra operations an ideal I must be stable under
these operations so that R/I can inherit the structure.

In an algebra with trace or involution thus I must be stable under the trace or the
involution.

Let us call by F,,, F, the free algebra with trace in m—variables and the free algebra
with trace and involution in m—variables. We have the canonical maps (compatible with
trace and when it applies with the involution)

7:F, — Ry(n), n°: F' — R (n), 7°: F! — R (n)

We have already seen that in the free algebras we have the operation of substituting the
variables xs by any elements f, then one has the following:

Definition. An ideal of a free algebra, stable under all the substitutions of the variables,
is called a T-ideal (or an ideal of polynomial identities).

The reason for this notation is the following, given an algebra R a morphism of the free
algebra in R consists in evaluating the variables xs in some elements rg, the intersection
of all the kernels of all possible morphisms are those expressions of th efree algebra which
vanish identically when evaluated in R, it is clear that they form a T-ideal, the ideal of
polynomial identities of R. Conversely if I C Fg is a T-ideal it is easily seen that it is the
ideal of polynomial identities of Fs/I.

Of course an intersection of T-ideals is again a T-ideal and thus we can speak of the
T-ideal generated by a set of elements (identities).

Going back to the algebra R,,(n) (or the other ones for G) we also see that we can
compose any equivariant map f(Xy,...,X,,) with any m nmaps ¢;(X1,...,X,,) get-
ting f(g1(X1,..., Xm), - -, 9m(X1,..., X;n) we thus see that also in R,,(n) we have the
morphisms given by substitutions of variables clearly substitution in the free algebra is
compatible with substitution in the algebras R,,(n), R2,(n).R:, (n) and thus we see that
the kernels of the maps w, 7°, 7% are all T-ideals.

They are called respectively:

The ideal of trace identities of matrices.

The ideal of trace identities of matrices with orthogonal involution.

The ideal of trace identities of matrices with symplectic involution.

We can apply the language of substitutions in the free algebra and thus define polariza-
tion and restitution operators and then we see immediately (working with infinitely many
variables) that

Lemma. two T-ideals which contain the same multilinear elements coincide.

Thus we can deduce that the kernels of w, 7% 7° are generated as T-ideals by their
multilinear elements.

We are going to prove in fact that they are generated as T-ideals by some special
identities.
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So let us first analyze the case of R(n) := Up, R (n), T(n) := UpTn(n).

The multilinear elements of degree m (in the first variables) are contained in R,,(n) and
are of the form

> 0o (X1, Xo, .. Xn).

UGSm+1
From the theory developed we know that the map
v C[Sm—l—l] - Rm(”)v Z g0 — Z aawo(XlaX% s 7Xm)
0E€ESm+1 0ESm+1
has as kernel the ideal generated by the antisymmetrizer in n + 1 elements.

Thus, first of all, the multilinear identities appera only for m > n and for m = n there
is a unique identity (up to scalars).

Thus the first step consists in identifying the identity A, (z1,...,x,) corresponding to
the antisymmetrizer

Ap(x1,. .. ) = Z €oVo (X1, X2y ..., Tp)
0€Sn41
with €, the sign of the permutation.

For this recall that there is a canonical identity, homogeneous of degree n in 1 variable,
which is the Cayley-Hamilton identity, i.e. xx(X) = 0 where yx(t) := det(t — X) =
t" —tr(X)t"~1 + ... is the characteristic polynomial.

Thus the formal identity is P, () := 2" — t(x)z" 1 +....

If we fully polarize this identity we get a multilinear trace identity CH (z1,...,xz,) for

n X n matrices, whose terms not containg traces arise from the polarization of ™ and are
thus of the form ZTESn Tr(1)Lr2) - Lr(n)-

By the uniqueness of the identities in degree n we must have that the polarized Cayley
Hamilton is a multiple of the identity corresponding to the antisymmetrizer and to compute
the scalar we may look in the two identitites at the terms not containg a trace.

Clearly z123 ... 2, = Y12, nnt1) and €12, pnt1) = (—1)" and thus we have finally:
Proposition. A, (z1,...,2,) = (-1)"CH(z1,...,2,)
Example n = 2 (polarize P(z))
Ay = 2129 + 2211 — t(x1)x2 — t(21) T2 — t(X122) + t(21)t(22)

Py(x) = 2 — t(x)z + det(z) = 2° — t(x)x + %(t(:lf;)2 —t(z%))

Exercise Using this formal description (and restitution) write combinatorial expressions
for the coefficients of the characteristic polynomial of X in terms of ¢r(X") (i.e. expressions
for elementary symmetric functions in terms of Newton power sums).

Let us look at some implications for relations among traces.
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According to the general principle of correspondence between elements in R and T we
deduce the trace relation

Thi1(T1, . Tpy Tpg1) 1= Z €oto(T1,X2,y . o Ty Tpp1) = (A (T1, ..o, Tn)Tnt1)
0ESn+1
Recall that ¢, (21,2, ..., Tm) = tr(x, Ty . .. @), Jtr (25,25, .. T5,.) - U7 (Ts, Tsy - - - Ts,,, )

Example n = 2
T3 := t(azlxgxg) —I—t(.%‘gl‘l.fb‘g) — t(xl)t(l'gl'g) — t(xl)t(l'gxg) —t(l‘ll‘g)t(xg) —|—t($1)t(.ﬁb‘2)t($3).

Observe also that, when we restitute 7,41 we get nlt(P,(v)r) = Th+i(x,z,...,x), the
vanishing of this expression for n x n matrices is precisely the identity which expresses the
n + 1 power sum of n indeterminates, as polynomial in the lower power sums, e.g n = 2:

t(z®) = %t(x)t(mQ) - %t(x)?’.

Before we pass to the general case we should remark that any substitution map in R sends
the trace ring T'r in itself, thus it also makes sense to speak of a T-ideal in T'r, in particular
we have the T-ideal of trace relations, kernel of the evaluation map of T into T'(n), we
whish to prove:

Theorem. The T-ideal of trace relations, kernel of the evaluation map of Tr into T(n)
is generated (as T-ideal) by the trace relation Ty 1.

The T-ideal of (trace) identities of n X n matrices is generated (as T-ideal) by the Cayley
Hamilton identity.

Proof. From all the remarks made it is sufficient to prove that a multilinear trace relation
(resp. identity) (in the first m variables) is in the T-ideal generated by T, 1 resp.A,.

Let us first look at trace relations. By the description of trace identities it is enough to
look at the relations of the type ®(7(3>_,cg, ,, €20)7), 7,7 € Sm1.

Write this as @(7_1(77(2(765”“ €-0))7) and we have seen that conjugation corresponds
to permutation of variables, an operation allowed in the T-ideal, thus we can assume that
v=1.

We start with the remark (m > n):

Remark: Splitting the cycles Every permutation 7 in 5,11 can be written as a product
T = aof3 where 8 € S,,+1 and, in each cycle of « there is at most 1 element in 1,2,...,n+1.

This is an excercise on permutations it is based on the observation that

(xxzze a yyyyy b zzzz ¢ ...) = (zzzzz a)(yyyyy b)(zzzz ¢)(...)(abe. . .)
From this it follows that (up to a sign) we can assume that 7 has the property that in
each cycle of 7 there is at most 1 element in 1,2,...,n + 1.

Having made this assumptionm we have to observe that, if o € S,, ;1 the cycle decom-
position of the permutation then the cycle decomposition of 7o is obtained by formally
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substituting in the cycles of o, to every element a € [1,...,n + 1] the cycle of 7 containg
a (written formally with a at the end) and then add all the cycles of 7 not containing
elements <n + 1.

If we interpret this operation in terms of the corresponding trace element

¢o(T1,. .., Tms1) We see that the resulting element is the product of a trace element
corresponding to the cycles of 7 not containing elements < n + 1 and an element obtained
by subtituting in ¢, (z1,...,2T,11) the variables z; by monomials (which one reads off
from the cycle decomposition of 7).

As a result we finally prove that a trace relation is in the T-ideal generated by T}, .

Let us pass now to trace identities.

First we remark, that by definition of ideal in a trace ring the relation 7,4; is a
consequence of Cayley Hamilton.

A trace polynomial f(xy,z9,...,2,,) is a trace identity for matrices, if and only if
t(f(z1,22,...,Tm)Tm+1) IS a trace relation, thus from the previous proof we have that
t(f(x1,z2,...,Tm)Tm+1) is a linear combination of elements of type

ATn+1(M1, . 7Mn+1) == At(An(Ml, e 7Mn)Mn+1)~

Now we have to consider two cases, the variable x,,11 appears in A or in one of the M;.
In the first case we have AT, 1(My,...,Mpt1) = t(An(My, ..., Mp)Mpy1)t(Bxpmy1),
in the second, due to the antisymmetry of AT we can assume that x,,11 appears in
M, 1 = Bz, +1C hence

At(An(Ml, ceey Mn)Mn+1) = At(An(Ml, ceey Mn)BLL‘m_|_1C) =
= t(CAAn(Ml, S ,Mn)meJrl)

CAA, (M,...,M,)B is also clearly a consequernce of Cayley Hamilton.



