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When we introduce a new symbol or definition we will use the convenient form := which
means that the term introduced at its left is defined by the expression at its right. A
typical example could be P := {x € N|2 divides '} which stands for: P is by definition
the set of all natural numbers x such that 2 divides x.

The symbol 7 : A — B denotes a mapping named 7 from the set A to the set B.

Most of our work will be for algebras over the field of real or complex numbers, sometimes
we will take a more combinatorial point of view and analyze some properties over the
integers. Associative algebras will implicitely be assumed to have a unit elment. When
we discuss matrices over a ring A we always identify A with the scalar matrices (constant
multiples of the identity matrix).

We use the standard notations:
N? Z? @7 R’ C

for the natural numbers (including 0), the integers, rational, real and complex numbers.

Typeset by ApS-TEX
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INTRODUCTION In this chapter we will develop the basic facts of the representation
theory of the symmetric group.

1 Symmetric functions

1.1 The theory of symmetric functions is a classical theory developed (by Lagrange,
Ruffini, Galois and others) in connection with the theory of algebraic equations in one
variable and the classical question of resolution by radicals.

The main link are the formulas expressing the coefficients of a polynomial through its
roots. A formal approach is the following.

Consider polynomials in variables x1,xo,...,x, and an extra variable ¢ over the ring
of integers. The elementary symmetric functions e; := e;(z1,x2,...,x,) are implicitely
defined by the formula:

(1.1.1) p(t) = [+ tay) =14 eit’,

i=1 i=1
More explicitely e;(x1,z2,...,z,) is the sum of (?) terms, the products, over all subsets
of {1,2,...,n} with i elements, of the variables with indeces in that subset.

(1.1.2) e; = Z TayTay - La, -

1<ai<az<--<a; <n

If o is a permutation of the indeces we obviously have
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n n

[T +ts) =]+ taos)

i=1 i=1
and thus the elements e; are invariant under permutation of the variables.

Of course the polynomial t”p(—%) has the elements x; as its roots.

Definition. A polynomial in the variables (z1,xa,...,Ty), invariant under permutation
of these variables, is called a symmetric function.

The functions e; are called elementary symmetric functions.

There are several obviously symmetric functions. The power sums ¢y, :== > ., o¥ and
the funtions Sy defined as the sum of all monomials of degree k.

These are particular cases of the following general construction.

Consider the basis of the ring of polynomials given by the monomials which is permuted
by the symmetric group.
By Proposition 2.4 we have:

A basis of the space of symmetric functions is given by the sums of monomials in the
same orbit, for all orbits.

Orbits correspond to non increasing vectors (hy > hy > ... > hy,), h; € N and we may
set X, ho.,... hy,) t0 be the sum of monomials in the corresponding orbit.

As we will see soon there are also some subtler symmetric functions (the Schur functions)
that will play an important role in the sequel.

We can start with a first important fact, the explicit connection between the functions
e; and the ¥y.

To do this we will perform the next computations in the ring of formal power series,
although the series that we will consider have also a meanining as convergent series.

n

Start from the identity [[i_,(tz; + 1) = > e;t* and take the logaritmic derivative
(relative to the variable t) of both sides. We use the fact that such an operator transforms
products into sums to get

n n . ] —
3 T g et

(t(L‘i + 1) N Z?:O eiti

The left hand side of this formula can be developed as

=1

D @iy (—ta)" = (=0 dns.
i=1  h=0 h=0

From this we get the identity
oo n n

Q") (Y eit’) = (Y ieat™™)

h=0 =0 i=1
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which gives, equating coefficients:

m
(D)™ a1+ D (=)' iemprs = > (=1)'tipie; = (m+ Demp
i=1 i+j=m
where we intend e; = 0 if ¢ > n.

It is clear that these formulas give recursive ways of expressing the v; in terms of the
e; with integral coefficients, on the other hand they can also be used to express the e;
in terms of the 1;, but in this case it is necessary to perform some divisions and the
coefficients are rational and usually not integers.!

It is useful to give a second proof, consider the map:
T @ L[x1, 29, ... Zpn] — Zlx1, T2, ... Tp_1]
given by evaluating z,, in 0.

Lemma. The intersection of Ker(m,) with the space of symmetric functions of degree < n
s reduced to 0.

Proof. Consider X1, p,.... n,), & sum of monomials in an orbit, if the degree is less than n
we have h, = 0; under 7, we get T, (X (h, b, hn)) = D(h1,ha,... hn_) thus if the degree is
less than n the map m,, maps these basis elements into distinct basis elements.

Now the second proof. In the identity [, (t — z;) == > ,(—1)"e;t" " substitute ¢
with z; and then sum over all ¢ we get:
0= Z(—l)leiwn—i, or ¢y, = Z<_1)2_1ei¢n—i-
i=0 i=1
By the previous lemma this identity remains valid also for symmetric functions in more
than n variables and gives the required recursion.

It is in fact a general fact that symmetric functions can be expressed as polynomials in
the elementary ones, we will now discuss an algorithmic proof.
To make the proof transparent let us stress in our formulas also the number of variables

and denote by egk) the i'" elementary symmetric function in the variables 1, . .., zj. Since:
n—1 n
S e Ve, +1) =Y eVt
i=0 i=0
we have:
e§”) = egﬁzl)xn + e,gn_l) or e,gn_l) = egn) — egﬁIl)xn.
In particular, in the homomorphism = : Z[zi,...,2,] — Z[z1,...,2,-1] given by

evaluating z,, in 0 we have that symmetric functions map to symmetric functions and
W(ez(-n)) = ez(-n_l), i <n, (™) =0.

IThese formulas were found by Newton, hence the name Newton functions for the ¢y,.
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Given a symmetric polynomial f(x1,...,2z,) we evaluate it at x, = 0, if the resulting
polynomial f(z1,...,2,-1) is 0 then f is divisible by z,,.

If so, by symmetry it is divisible by all of the variables and hence by the function e,,.
We perform the division and pass to another symmetric function of lower degree.

Otherwise by induction there exists a polynomial p in n — 1 variables which, evaluated in
the n — 1 elementary symmetric functions of z1,...,x,_1, gives f(z1,...,2,-1,0). Thus
f—pler,ea, ..., e,—1) is a symmetric function vanishing at z,, = 0.

We are back to the previous step.

The uniqueness is implicit in the algorithm which can be used to express any symmetric
polynomial as a unique polynomial in the elementary symmetric functions.

Theorem. A symmetric polynomial is a polynomial, in a unique way, in the elementary
symmetric functions.

It is quite useful, in view of the previous lemma and theorem, to think in a stable way
to symmetric functions in larger and larger sets of variables, one the constructs a limit
ring, which one calls just the ring of symmetric functions Zley,...,e;,...| and can
be thought as the polynomial ring in infinitely many variables e; where formally we give
degree (or weight) 7 to e;. The ring of symmetric funcions in n—variables is obtained by
setting e; = 0, Vi > n. One often develops formal identities in this ring with the idea that,
in order to verify an identity whic is homogeneous of some degree m it is enough to do it
for symmetric functions in m—variables.

1.2 In the same way the reader may discuss the following fact.

Consider the n! monomials

hl hnfl .
ooz, 0, 0<hy <n—i.
Theorem. The previous monomials are a basis of Z[x1, ... ,x,] over Zley, ... ,ey].

Remark. The same theorem is clearly true if we replace the coefficient ring Z by any
commutative ring A. In particular we will use it when A is itself a polynomial ring.

2 Resultant, discriminant, Bezoutiante

2.1 In order to understand the importance of theorem 1.1 on elementary symmetric
functions and also the classical point of view let us develop a geometric picture.

Consider the space C™ and the space P, := {t" +b;t" 1 +...+b,} of monic polynomials
(which can be identified to C™ by the use of the coefficients).
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Consider next the map 7 : C* — P, given by:
n
(g, ..., ) = H(t — ;).
i=1
We thus obtain a polynomial t” —a1t" 1 +ast™" 2 +- ..+ (—1)"a, = 0 with roots a1, ..., ay,
(and the coefficients a; are the elementary symmetric functions in the roots), any monic
polynomial is obtained in this way (fundamental theorem of Algebra).

Two points in C™ project to the same point in P, if and only if they are in the same
orbit under the symmetric group, i.e. P, parametrizes the S,, orbits.

Suppose we want to study a property of the roots which can be verified by evaluating
some symmetric polynomials in the roots, this will usually be the case for any condition
on the set of all roots. Then one can perform the computation without expliciting the
roots, since one has only to study the formal symmetric polynomial expression and, using
the previous or another algorithm express the value of a symmetric function of the roots
through the coefficients.

In other words a polynomial function f on C™ which is symmetric, factors through the
map 7 giving rise to an effectively computable? polynomial function f on P, such that
f=fm.

A classical example is given by the discriminant.

The condition that the roots be distinct is clearly that [],_;(a; — ;) # 0. The polyno-
mial V(z) := [],_;(#; — z;) is in fact not symmetric. It is the value of the Vandermonde
determinant, i.e. the determinant of the matrix:

n—1 n—1 n—1

Ty Ty Ty

2.1.1 A= 2 P 9
(2.1.1) 2?2 22 . a2
Ty x2 Tn

1 1 1

Proposition. V(x) is antisymmetric, i.e. permuting the variables it is multiplied by the
sign of the permutation.

Remark. The theory of the sign of permutations can be deduced by analyzing the Van-
dermonde. In fact since for a transposition 7 it is clear that V(z)” = =V (z) it follows
that V(z)? = V(x), or — V(x) according to whether ¢ is a product of an even or an odd
number of permutations. The sign is then clearly a homomorphism.

We also see immediately that V2 is a symmetric polynomial.

We can compute it in terms of the functions v; as follows. Consider the matrix B := AA?,
clearly in the ij position of B we find the symmetric function 19,,_(; ;) and its determinant
is V2.

2i.e. computable without solving the equation
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The matrix B (or rather the one reordered with ;4 ;_o in the ij position) is classically
known as the Bezoutiante and it carries some further information on the roots. We shall
see for it a different determinant formula involving directly the elementary symmetric
functions.

We write V2 as a polynomial D(ey, e, ...,e,) in the elementary symmetric functions.
Definition. The polynomial D 1is called the discriminant.

Since this is an interesting example we will pursue it a bit further.

Let us assume that F' is a field, f(¢) a monic polynomial (of degree n) with coefficients
in F' and let R := F[t]/(f(t)). R is an algebra over F' of dimension n.

For any finite dimensional algebra A over a field F' we can perform the following con-
struction.

Any element a of A induces a linear transformation L, : + — ax on A (and also a right
one). We define tr(a) := tr(L,), the trace of the operator L,.

We consider next the bilinear form (a,b) := tr(ab) this is the trace form of A. It is
symmetric and associative in the sense that (ab, c) = (a, be).

We compute it first for R := F[t]/(t") using the fact that t is nilpotent we see that
tr(t*) = 0 if k£ > 0 and so the trace form has rank 1 with kernel the ideal generated by ¢.

To compute it for the algebra R := F[t]/(f(t)) we pass to the algebraic closure F' and
compute in F[t]/(f(t)).

We split the polynomial with respect to its distinct roots f(t) = Hle(t — ;)" and
Ft/(f(8) = &, F[t]/(t — ;).

Thus the trace of an element mod f(t) is the sum of its traces mod (t — a;)"i.
Let us compute the trace of t* mod (t — a;)" we claim that it is h;af. In fact in
the basis 1, (t — a;), (t — )2, ..., (t — a;)" ™1 (mod (t — a;)") the matrix of ¢ is upper

triangular with constant eigenvalue a; on the diagonal and so the claim follows.

Adding all the contributions we see that, in F[t]/(f(t)) the trace of multiplication by t*
is >, hiak.

As a consequence we see that the matrix of the trace form, in the basis 1,t,..., is
the Bezoutiante of the roots. Since for a given block F[t]/(t — a;)" the ideal generated
by (t — «;) is nilpotent of codimension 1, we see that it is exactly the radical of the block
and the kernel of its trace form. It follows that:

tn_l

Proposition. The rank of the Bezoutiante equals the number of distinct roots.

Given a polynomial f(t) let f(¢) denote the polynomial with the same roots as f(t)
but all distinct. It is the generator of the radical of the ideal generated by f(¢). In
characteristic zero this polynomial is obtained dividing f(¢) by the G.C.D. between f(t)
and its derivative.



8 Cap. 1, Symmetric group

Let us consider now the algebra R := F[t]/(f(t)) its radical N and R := R/N. By the

previous analysis it is clear that R = F[t]/(f(t)).

Consider now the special case in which ' = R is the field of real numbers. Then
we can divide the distinct roots into the real roots aq, as,...,ar and the complex ones

517617527627 s 76h73h'

The algebra R is isomorphic to the direct sum of k copies of R and h copies of C, its
trace form is the orthogonal sum of the corresponding trace forms. On R the trace form
is just 22 but on C we have tr((z + iy)?) = 2(2® — y?). We deduce that:

Theorem. The number of real roots of f(t) equals the signature of its Bezoutiante.

There are simple variations on this theme, for instance if we consider the quadratic form
Q(x) := tr(tz?) we see that its matrix is again easily computed in terms of the 1 and its
signature equals the number of real positive minus the number of real negative roots. In
this way one can also determine the number of real roots in any interval.

These results are Sylvester’s variations on Sturm’s theorem. They can be found in the
paper in which he discusses the law of Inertia which now bears his name (cf. [Si]).

2.2 Let us go back to the roots, if x1,x9,...,2,;y1,v2,...,Ym are two sets of
variables consider the polynomial

n

Ae.y) =TT TL: = ).

=1

This is clearly symmetric, separately in the variables z and y, if we evaluate it in numbers
it vanishes if and only if one of the values of the z’s coincides with a value of the y’s,
conversely any polynomial in these two sets of variables which has this property is a
multiple of A.

By the general theory A can be expressed as a polynomial R in elementary symmetric
functions.

Let us denote by aq,as,...,a, the elementary symmetric functions in the x;’s and
bi,..., by, the ones in the y;’s. Thus A(z,y) = R(a1,...,an,b1,...,bnm).

The polynomial R is called the resultant.

When we evaluate the variables x and y to be the roots of two monic polynomials
f(t), g(t) of degrees n, m respectively we see that the value of A can be computed evalu-
ating R in the coefficients (with some signs) of these polynomials. Thus the resultant is
the polynomial in their coefficients, vanishing when the two polynomials have a common
root.

There is a more general classical expression as determinant, and we drop the condition
that the polynomials be monic. The theory is the following.



2 Resultant, discriminant, Bezoutiante 9

Let f(t) := aot™ + a1t" ' +--- +a, g(t) := bot™ + byt" 1 + .-+ b, and let us denote
by Py the h 4+ 1 dimensional space of all polynomials of degree < h.
Consider the linear transformation:
Tt g Pre1® Pp_1 — Pyyn—1 given by T 4(a,b) := fa + gb.
This is a transformation between two n + m dimensional spaces and in the bases
(1,0), (£,0),...,(t™1,0),(0,1),(0,),...,(0,t" 1) and 1,¢,¢2,...,t""™~1 it is quite easy
to write down its square matrix Ry 4

Qn, 0 0o ... 0 bm 0 - 0 0
Ap—1 an 0 . 0 bm_1 bm . . 0
Ap—2 (Ap—1 (7% 0 bm—2 bm—l bm :

a1 az as

Qo aq as

0
(2.2.1) G @
0 bo by b2
0 0 0 bo b1
0 0 0 0 bo
: : : I : . : bo

Proposition. If agbg # 0, the rank of Ty, equals m + n — d where d is the degree of
h:=G.C.D(f,g9)* .

Proof. By Euclid’s algorithm the image of T, consists of all polynomials of degree <
n+m — 1 and multiples of h, its kernel of pairs (sg’, —sf’) where f = hf’, g = hg’, hence
the claim.

As a corollary we have that the determinant R(f,g) of Ry , vanishes exactly when the
two polynomials have a common root. This gives us a second definition of resultant.

Definition. The polynomial R(f,g) is called the resultant of the two polynomials f(t), g(t).

If we consider the coefficients of f and g as variables we can still think of T , as a map
of vector spaces, except that the base field is the field of rational functions in the given
variables.

3G.C.D(f,g) is the greatest common divisor of f, g.
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Then we can solve the equation fa + gb = 1 by Cramer’s rule and we see that the
coefficients of the polynomials a, b are given by the cofactors of the first row of the matrix
Ry 4 divided by the resultant, in particular we can write R = Af(t) + Bg(t) where A, B
are polynomials in t of degrees m — 1,n — 1 respectively and with coefficients polynomials
in the variables (ag, a1, ..., an,bo, b1, ..., bm).

This can also be understood as follows. In the matrix Ry, we add to the first row
the second multiplied by ¢ the third multiplied by #? and so on, we see that the first
row becomes f(t), f(t)t, f()t2, ..., F()t™ L g(t),g(t)t, g(t)t%, ..., g(t)t" 1. Under these
operations of course the determinant does not change and we see that developing it along
the first row we get the desired identity.

EXERCISE  Consider the two polynomials as ag [[;_, (t — i), bo [[j—, (t —v;) and thus

substitute in R to the variables a; the element (—1)%age;(1,. .., z,) and to b; the element
(=1)%boe; (Y1, - - -, Ym)- The polynomial we obtain is aJ*by A(z,y).

2.3 In the special case when we take g(t) = f'(t), the derivative of f(t), we have
that the vanishing of the resultant is equivalent to the existence of multiple roots. We
have already seen that the vanishing of the discriminant implies the existence of multiple
roots, it is now easy to connect the two approaches.

The resultant R(f, f') is considered as a polynomial in the variables (ag, ai, ..., a,), if
we substitute in R(f, f') to the variables a; the element (—1)age;(x1,...,z,) we have
a polynomial in the z with coefficients involving ag which vanishes whenever two z’s
coincides.

Thus it is divisible by the discriminant of these variables. A degree computation shows
in fact that it is a constant (with respect to the x) multiple ¢D. The constant ¢ can be
evaluated easily for instance specializing to the polynomial ™ — 1, this polynomial has as
roots the n* roots e%, 0 <k <n of 1. The Newton functions

n—1 .
wh'_;e _{n if hln

hence the Bezoutiante is —(—n)™ and the computation of the Resultant is n™ so the
constant is (—1)"~ 1.

3 Schur functions

3.1 It is important to discuss along symmetric, also alternating functions, we assume
to work on integral polynomials.

Definition. A polynomial f in the variables (x1,x2,...,xy,), is called an alternating func-
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tion if, for every permutation o of these variables

fg = f(a;a(l)?xa(% <. 7$o'(n)) = eaf(:]jl,x% .- '7xn)7

€5 being the sign of the permutation.

We have seen the Vandermonde determinant as a basic alternating polynomial, V' (z) :=
Hi<j(xi — ).

The main remark on alternating functions is the following.
Proposition. A polynomial f(z) is alternating if and only if it is of the form f(z) =
V(x)g(x) with g(z) a symmetric polynomial.
Proof. Substitute, in an alternating polynomial f to a variable z; a variable x; for ¢ # j.
We get the same polynomial if we first exchange z; and z; in f. Since this changes the
sign it means that, under this substitution f becomes 0.

This means in turn, that f is divisible by z; — x;; since ¢, j are arbitrary f is divisible
by V(x). Writing f = V(x)g it is clear that g is symmetric.

Let us be more formal, let A, S denote the sets of antisymmetric and symmetric
polynomials. We have seen that:

Proposition. The space A of antisymmetric polynomials is a free rank 1 module over the
ring S of symmetric polynomials generated by V(x) or A =V (x)S.

In particular any integral basis of A gives, dividing by V' (x), an integral basis of S. In
this way we will presently obtain the Schur functions.

To understand the construction let us make a fairly general discussion. In the ring of
polynomials Z[x1,xs,...,z,] let us consider the basis given by the monomials (which are
permuted by S,,).

Recall that the orbits of monomials are indexed by non increasing sequences of in-

tegers. To m; > mg > mg--- > m, > 0 corresponds the orbit of the monomial
mi1 M2 M3 mMmop,
xy sty

Let f be an antisymmetric polynomial and (ij) a transposition. Applying this transpo-
sition to f it changes sign while the transposition fixes all monomials in which z;, z; have
the same exponent.

It follows that all the monomials which have non 0 coefficient in f must have distinct
exponents. Given a sequence of exponents m; > mg > mg > --- > m,, > 0 the coeflicients
of the monomial x7"* x5 z5" ... 2" and of mga)xgz)xﬁg) . .x?(’;b) differ by the sign of o.

It follows that:

Theorem. The functions:

L my ,.ma2 My,
Ay >ma>mg>->m,>0(T) 1= E : €olo1)To(2) Lo(n)
oceS,
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are an integral basis of the space of antisymmetric functions.

It is often useful, when computing with alternating functions, to use a simple de-
vice. Consider the subspace SM spanned by the set of standard monomials x5 252 .. akn
with k&1 > ko > ks... > k, and the linear map L from the space of polynomials to
SM which is 0 on the non standard monomials and it is the identity on SM. Then
LY ges, egxgm(ll)x?é) e To(n)) = 2wy’ oz thus L establishes a linear isomorphism
between the space of alternating polymonials and SM which maps the basis of the theorem

in the standard monomials.

3.2 It is convenient to use the following conventions. Consider the sequence
o:=(n—-1,n-2,...,2,1,0),
Lemma. The map
A= (p1,p2,P3,--,Pn) = A+to=((p1+n—1,po+n—2,ps+n—3,...,pn)

1 a a bigiective correspondence between decreasing and strictly decreasing sequences.

We thus indicate by Ay, the corresponding antisymmetric function. We can express it
§i+n—1_4

We next set Sy(x) := Axi,/V(x) the Schur function associated to A, when there is no
ambiguity we will drop the variables symbol and speak of S}.

also as a determinant of the matrix M, having in the ¢, 7 position the element z

We can identify A to a partition with n—parts, of the integer ) p; and write A = ). p;.
We have thus that (with the notations of 1.1):
Theorem. The functions Sy, with A = m and ht(\) < n are an integral basis of the part
of degree m of the ring of symmetric functions.
Notice that the Vandermonde determinant is the alternating function A, and Sy = 1.

Several interesting combinatorial facts are associated to these functions, we will see
some of them in the next section. The main significance of the Schur functions is in the
representation theory of the linear group as we will see later in Chapter 3.

If A = (p1,p2,p3,...,Pn) is a partition and a a positive integer let us denote by a the
partition (a,a,a,...,a) then from 6.1.1 follows that

(3.2.1) Axtota = (172 .. 20) " Arto, Sata = (X122 .. 2,)" ).

We let n be the number of variables and want to understand, given a Schur function
Sx(z1,...,x,) the form of Sy(z1,...,2,-1,0) as symmetric function in n — 1 variables.

Let A\ :=hy > hy > -+ > h, > 0, we have seen that, if h, > 0 then STy, xy) =
[T, z:Sx(x1,...,z,) where \:=hy —1>hy—1>--->h, — 1.

41t is conventional to drop the numbers equal to 0 in a decreasing sequence.
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In this case, clearly Sy(z1,...,2,-1,0) =0.
Assume now h,, = 0 and denote by the same symbol A the sequence h; > hy >
- > hp—1. Let us start from the Vandermonde determinant V(zq,...,2,-1,2,) =

. xr; — ;) and set x,, = ettin
1<j<n J d 0 g i g

n—1 n—1
V(ml,...,xn_l,()): H.IZ H (mi—xj): HCL’iV(.CCl,...,xn_l).
i=1 i=1

1<j<n—1
Now consider the alternating function Axy,(21,...,Tn_1,Zn).
Set ¢; := h; +n — 1 so that £, = 0 and
Ly Lo(n
Axso(x1, oo Tp1,Tp) = Z T A A

oc€eSy,
setting z,, = 0 we get the sum restricted only on the terms for which o(n) =n or
£y Lo (n—
Axto(z1,...,2p-1,0) = Z cory” Vo, Y
G—GSnfl

now ¢; =h;+n—i=(h;+1)4+ (n—1) —i and so in (n — 1)— variables:

n—1
A)\_H_)(xl, . .,CL’n_l,0> = A>\+Q+l(m17 e ,xn_1> = H xiAA(xl, e ,xn_l),
=1
and so Sx(x1,...,2p—1,0) = Sx(z1,...,2,_1). Thus we see that:

Proposition. Under the evaluation of x,, to 0 the Schur functions Sy vanish, if height(\) =
n otherwise they map to the corresponding Schur functions in (n — 1)—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 (x1, ..., Zm)
where A - 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 have proved.

Theorem. The formal ring of symmetric functions in infinitely many variables has as
basis all Schur functions Sy, restriction to symmetric functions in m—uvariables sets to 0
all S\ with height > m.

When using partitions it is often more useful to describe a partition by expliciting the
number of parts with 1 element, the number of parts with 2 elements and so on. Thus one
o

writes a partition as 191292 .. .4
We want to prove now that for the elementary symmetric functions we have

(322) €h = Slh.
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According to our previous discussion we can set all the variables x;, ¢ > h to 0. Then ey,
reduces to H?:1 x; as well as Sin from 6.2.1.

3.3 Next we want to discuss the value of Sy\(1/z1,1/x9,...,1/z,). We see
that substituting z; with 1/x; in the matrix M) and multiplying the j** column by
mi+n—1

g we obtain a matrix which equals, up to rearranging the rows, that of the partition

N i=mf,my, ..., m;, where m; +m; _; . ; = my. Up to a sign thus:

(.’171.'132 ce xn)m1+n_1A>\+g(1/ml7 SRR 1/3771) = A)\’—‘,—g-

For the Schur function we have to apply the procedure to both numerator and denominator
so that the signs cancel and we get Sx(1/z1,1/z9,...,1/x,) = (z122 ... 2,) "™ Sy

If we use the diagram notation for partitions we easily visualize \’ by inserting A in a
rectangle of base m; and then taking its complement.

4  Cauchy formulas

4.1 The formulas we want to discuss have important applications in representation
theory, for the moment we wish to present them as purely combinatorial identities.

(C1) 1T

ij=1,n

=) 5@
the right hand side is the sum over all partitions.

(C2) H 1_;%: Z Sx(x),

i<j=1,n

1-— TiY;

if n is even
1
© M- 3 s
. . 1]
i<j=1l,n AEA.,-

Here A.., resp. A, indicates the set of diagrams with rows (resp. columns) of even length.

n, m

(C4) H (14 2;y;) Z Sx(z

i=1, j=1

where A denotes the dual partition (1.1) obtained exchanging rows and columns.

We prove only the first one. We offer two proofs:
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1. It can be deduced (in a way similar to the computation of the Vandermonde deter-
minant) considering the determinant of the n x n matrix:

) 1
A= (a,ij>, with Q5 = m
CLAIM
VIV ey a)

Hi,j:l,n(l — TiY;)

Subtracting the first row to the i'" one has a new matrix (b;;) where:

1 . 1 _ (i — 21)y;
1—mzy; 1—zy; (1—z5)(1 — 219))

blj = alj, and fOT 'L > 17 bl] =

thus from the " row i > 1 one can extract from the determinant the factor z; — z; and

from the j*" columnn the factor 1—;1y»'
J

(zi—x1)

Thus the given determinant is the product of []" with the determinant

i=2 (1-z1y;)
1 1 1 oo 1 1
Y1 Y2 Yn
1—x291 l—z2y2 7" 77 1—z2yn
(4.1.1)
Y1 Y2 Yn
1—zny1 l—z,y2 U e 1—znyn

subtracting the first column to the i'* we get the terms thus we end

Yi—Y1
(I—zjy1)(1—=z;y:)

A ((1yzxy1) and we are left with the determinant of the same
Y1)

type of matrix but without the variables x1,y;, we can thus finish by induction.

extracting the product []

Now we can develop the determinant by developing each element ﬁ = 1o xfy;’“
iYj

or in matrix form each row (resp. column) as a sum of infinitely many rows (or columns).

By multilinearity in the rows the determinant is a sum of determinants of matrices:

Z Z det Ak1,k2, k n>7 Alﬁ,kz,---,kn = ((mzy]yﬁ)

k1=0

Clearly det(Ak, ky.... k) =11, zk det(y] ). This is zero if the k; are not distinct, otherwise
we reorder the sequence k; so to be decreasing at at the same time we must introduce a
sign, collecting all the terms in which the k; are a permutation of a given sequence A + p
we get the term Axy,(x)Ax1,(y). Finally:

V(z)V
Axto(x)Axnio(y).
Hi,j:Ln(l - zyy Z rel e

From this the required identity follows.
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2. Change the matrix to —

Vier', oz = (= [[=)" "V, zn)

iy using the fact that
i Yj

and develop the determinant as sum of fractions m Write it as a rational function

% we see immediately that f(x,y) is alternating in both z,y of total degree

D (Q;i—yj
i,=1,n
n? —n, hence f(x,y) = cV(z)V(y) for some constant ¢, which will appear in the formula

C1. Comparing in degree 0 we see that C'1 holds.
Let us remark that Cauchy formula holds also when m < n so that []._, H;n:l ﬁyt
iYj

is obtained from []}_, H;nzl ﬁyyt by setting y; = 0, Vm < j < n. By 6.2 we get:

n m

Hﬂﬁ_ Z Sx(@1, oy )ALy - -y Ym)-

it
i=1j=1 iY; Aen, ht(A)<m

5 Characters of the symmetric group

The character theory of the symmetric is developed in a combinatorial way due

to Frobenius.

5.1 The conjugacy classes of S5, are parametrized by partitions of n. We want to
parametrize also irreducible characters by partitions. Thus obtaining a character table
consisting, given two partitions A, u, to compute the value c)(u) of the character of an
element of the conjugacy class C,, on an irreducible representation M) parametrized by
the partition .

The final result of this analysis is expressed in compact form by the theory of symmeric
functions.

Recall first that we denote ¢ (z) = >.;" z¥. For a partition u = n := ki, ko, ..., kp
denote by:

¢u(33) = w’ﬁ (.’L‘)Q/sz(.’li) .- 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:

(5.1.1) Yul@) =) ex(u)Sa(x).
A
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We interpret these numbers as class functions ¢y on the symmetric group
ex(Cp) = ex(p)
and have.
Theorem Frobenius. c)(u) is the table of irreducible characters of S,,.

Step 1 First we shall prove that the class functions c) are orthonormal.

Step 2 Next we shall express these functions as integral linear combinations of permu-
tation 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, s, ... ,z,. We shall freely use the Schur functions and the Cauchy formula
for symmetric functions:

1
_ H 1— iy, = ZSA(@“)SA(Z/)
i,7=1,n A

proved in §4.1.
We change its right hand side as follows. Compute:

n

log( H T —a:‘lyj Z Z 1% =

1,j=1 1,j=1h=1

(5.1.2) >y Ll th

h=11,5=1

Taking the exponential we get the following expression:

(5.1.3) exrp Z M Z X Z Yn(z =

— 1 k Y kg k1 g k24) k2 4) k3 q) k3
(5.1.4) ;OHZ Z <k1 N ) 1(x) : 1(y) 2() 2k22(y) 3(7) 3k33(y)
= fil 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 u, the partition is indicated by:
(5.1.5) o= 1kgkaghs ki
Let us indicate by
n(p) = a(p)b(p) = k111" ko272 k31373 | k1%
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(5.1.6) a(p) :=kylkolks! .. Kl .., b(p) := 1F2k2gks - ki
then 5.1.4 becomes |
V() (y)-
; n('u) H( ) M( )
5.2 We need to interpret now the number n(u):

Proposition. If s € C,, n(n) 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. [J

Let us now substitute in the identity:

> @) = 3 S @)5()

pukn (M> AFn

the expression ¢, = >, ex(p)Sx and get:

0 if A #£ N

(521) > e ={ ) T

n(w)

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

ukFn

5.3 Step 2 We consider now some permutation characters (cf. 2.2). Take a
partition A := Ay, hg, ..., hy of n. Consider then the subgroup Sy := Sp, X Sp, X ... xS,
and the permutation representation on:

(5.3.1) Sn/Shl X Shz X ... X Shk
we will indicate by ) the corresponding character.
This character is computed with 2.3.2 x(g) = >, Gl of Chapter 5 applied to the

[H (g:)]
case G/H = S,,/Sh, X Sh, X ... x Sy, and for a permutation g relative to a partition

[ = 1P12P23Ps P pPn
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A conjugacy class in Sp, X Sk, X ...x S}, is given by k partitions p; = h; of the numbers
hi,ha, ..., hg; the conjugacy class of type p intersected with Sy, X Sp, X ... X Sy, gives

all possible k tuple of partitions 1, po, ... , ur of type

p = 1P1h QP21 3P3h  Pih

and:

k
Z DPinh = Di-
h=1

In a more formal way we may define a sum of two partitions A = 1P12P23P3 | 4Pi |

191292393 | 49 ... as the partition:
X+ = 1P1ta19p2+q29pstas  Pitq
and remark that, with the notations of 5.1.7 b(A + u) = b(\)b(u).
We are thus decomposing p = Zle w; and we have b(u) =[] b(w;).

The cardinality m,, u,,... .
is:

B k
hy! hil 1
My o, = H ) - H a ) b—)

i=1 n(f; i=1 (125) b(p
Now
k k n
H a(p;) = H(szh')
j=1 h=1 i=1
So we get:

i1P52 - pik) '

1 o,
mu17u2,.u,uk = —) 1:[ 1:[ (p

Finally for the number () (u) we have:

. of the conjugacy class p1, pta, ... , g In Spy, X Sp, X ..

X Shk

__nw) m _
ﬁ)\(u> = Hk h | Z 12y e Z H (pﬂng ka) .

1=1 v ,uf:Zf:l Hiy .u'z}_hz /”'227,:1 i, .u'z}_h i=1
This sum is manifestly the coefficient of m’l”xgz . mZ’“ in the symmetric function v, (z).

In fact when we expand

Yu() = 1 (x)Prahe(x)P? .. oahi(z)Pi ...

for each factor ¢ (z) = Y., z¥ one selects the index of the variable chosen and constructs

a corrresponding product monomial.

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

factors 1;(z), we have [], (pzlplz » k)
ahral? ol if and only if 3, ipi; = hy.

such choices and they contribute to the monomial
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Thus if ¥ denotes the sum of all monomials in the orbit of :cil”xg” . xZ’“ we get the
formula:
(5.3.2) Yu(x) = Br(1)Sa(x).
A
5.4 We wish to expand now the basis ¥y(z) in terms of the basis Sy(z) and
conversely:

(5.4.1) Sa@) =D pauSu(@), Sa(x) = kx,uSu(z)
1 1
In order to explicit some information about the matrices:

(pA,,LL)? <k>\7.u')
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,ha, ..., h, of the variables z1,xs2, ..., z,.

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

If My, M5, N are 3 monomials and M; < Ms then M;N < MsN.

For any polynomial p(z) we can thus select the leading monomial [(p) and for two
polynomials p(z), g(x) we have:

l(pg) = U(p)l(q).
For a partition p = n = hy > hy > ... > h,, the leading monomial of ¥, is

hn

wo._ b1 he
T I= T Ty T

Similarly the leading monomial of the alternating function A, ,(z) is:

h1—|—7’L—1 h2—|—n—2 hn _ ,LL-i-Q
Ty Ty oyt =at T

We compute now the leading monomial of the Schur function \S,,, using all the definitions
and notations of §6.1, since

P = 1Ay (@) = 1(Su(@)V () = (S, ()

we deduce that:
I(Su(x)) = ="

This computation has the following immediate consequence:

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

Proof. A symmetric polynomial with leading coefficient x* is clearly equal to ¥, 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:



5 Characters of the symmetric group 21

Theorem. 7,) Oy =c\+ E¢<>\ k’d)’)\C(j,, k’¢,7>\ € N.
C\ = Zuz,\ Purby.
i1) The functions cx(u) are a list of the irreducible characters of the symmetric group.

i11) (Frobenius Theorem) xx = cx.

Proof. From the various definitions we get:

(5.4.2) Cx = ZP¢,A5¢>, Br = Z kg Co,
¢ ¢

therefore the functions c) are virtual characters. Since they are orthonormal they are £+
the irreducible characters.

From the recursive formulas it follows that 8\ = ¢y + E¢<>\ kg acs, mr g € Z. Since 3y
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 ky » € N represent
the multiplicities of the decomposition of the permutation representation into irreducible
components.®

g

Remark The basic formula v, (x) = >, cx(1)Sx(x) can be multiplied by the Vander-
monde determinant getting

(5.4.3) u(@)V (@) =Y ex(p) Ary o)
A

now we may apply the leading monomial theory and deduce that cy(p) is the coefficient
in 1, (z)V(z) belonging to the leading monomial 22 of Ay ,.

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

5.5 There is a nice interpretation of the theorem of Frobenius which I want to
describe.

Definition. The linear isomorphism between characters of S, and symmetric functions
of degree n which assigns to x ) the Schur function Sy is called the Frobenius character.
It is denoted by x — F(x).

By Frobenius theorem the Frobenius character can be computed by the formula (cf.
5.1.2):

FO) = 5 3 1@ () = 3 0, (2)
" o€es, ukn

Recall that n(u) is the order of the centralizer of a permutation with cycle structure p.

This shows the following important multiplicative behaviour of the Frobenius character.

5The numbers kg » are called Kostka numbers. As we shall see they count some combinatorial objects
called semistandard tableaux.
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Theorem. Given two representations V. W of Sy, S, respectively we have:

(5.5.1) F(Indgs (V@ W)= F(V)F(W).

Proof. Let us denote by x the character of Ind S’“*" (V @ W). Recall the discussion of

induced characters in Chap 5, and formula 2.3.1 x(g) = >, |§((51))||Xv(gz) where |G(g)|

is the order of the centralizer of g in G the O; are the conjugacy classes in H in the
conjugacy class of ¢ in G. In our case for I ndsm’;’g (V @ W) we deduce that x(o) =0
unless o is conjugate to an element (a,b) of S;, X S,,. In term of partitions the partitions
v Fn 4+ m which contribute to the characters are the ones of type A @ u. In the language

of permutations formula 2.3.1 becomes:

= n(A+ p)
x(v) = V_;LM 7n(A)n(M)XV(A)XW(M)

since g g, = da¢, we obtain for F(x):

Z X(V) by Z ¢u Z >\+M v N () = Z XV(A)XW(M)%%

vEm—+n n( AFEm,ubn ’I”L(/\)’I”L(u)
O
5.6 We discuss here a complement to the representation theory of .S,,.

It will be necessary to work formally with symmetric functions in infinitely many vari-
ables, a formalism which has been justified in 1.1.

With this in mind we think of the identities 5.1.1, 5.3.4, 5.4.1 etc. as identities in
infinitely many variables.

First of all a convention. If we are given a representation of a group on a graded vector
space U := {U,;}2, (i.e. a representation on each U;) its character is usually written as a
power series with coefficients in the character ring in a variable ¢:°

(5.6.1) xu(t) == sz'qi-

Where y; is the character of the representation Uj.
Definition. The expression 5.6.1 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

(U@ V)l =U; ®V;, (U® V)l = @Z:OUh R Vi_n.

61t is now quite usual to use ¢ as variable since it often appears coming from computations on finite
fields where ¢ = p” or as quantum deformation parameter
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For the graded characters we have clearly:
(5.6.2) xvev (@) = xu () +xv(49), xvev(a) =xu(@)xv(q)-
Let us consider a simple example.”

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

© . . 1
6. tr(S*'(A))q¢' = ————=
(5.6.3) ZO (S = g
Its action on the exterior algebra NU has as graded character:
dim U . .
(5.6.4) D tr(A(A))g' = det(1+ gA)
i=0

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[ug) ® ... ® S[u,] and S[u;] = >0, Ful.

The graded character of S[u;] is ;= Alg" = 1—1>\¢q hence:

n 1 1
xsu)(q) = il:[lXS[Ui](Q) T, (1= Xig)  det(1 —qA)’

Similarty AU = Alu1] ® Alug] ® ... & Aluy,] and Alu;] = F @ Fu,; hence

XA (g) = HXA[W](Q) = [](1 + Xig) = det(1 + qA).

i=1
O
We apply the previous discussion to S, acting on the space C" permuting the coordinates
and the representation that it induces on the polynomial ring Clx1, z2, .. ., x,].
We denote by >~ xiq" the corresponding graded character.

If o is a permutation with cycle decomposition of lengths (o) = p = my, ma,...my
the standard basis of C"™ decomposes into k—cycles each of length m;. On the subspace
relative to a cycle of length m, o acts with eigenvalues the m-roots of 1 and

det(1 — go) = H H(l — GjZW*FQ) = H(l —q")

i j=1 i

strictly speaking we are not treating now a group, but the set of all matrices under multiplication,
which is only a semigroup, for this set tensor product of representation makes sense but not duality.
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Thus the graded character of ¢ acting on the polynomial ring is

detl—qg HZquz—mel1q,q,...,q,._,):

i j=0

¢M(17Q7Q7"'7 ’ ZX)\ S)\qu77qk7>

AFn

To summarize

Theorem. The graded character of S, acting on the polynomial ring is

> xS, a6, q5 )
AFn
We have a corollary of this formula. If A = hy > hg--- > h,,, the term of lowest degree

in ¢in Sx(1,q,q2,...,q",...) is clearly given by the leading term xi“wg? ... x" computed
in 1,q,¢% ...,q" and this gives ¢ +2h2+3hst-+nhn We deduce that the representation
M, of S, appears for the first time in degree hy + 2hs + 3h3 + - - - +nh,, and in this degree
it appears with multiplicity 1. This particular submodule of Clz1, z, ..., x,] is called the
Specht module and it plays an important role.®

Now we want to discuss another related representation.

Recall first that Clzq, zo, ..., x,] is a free module over the ring of symmetric functions
Cloy,02,...,0,] of rank n!. It follows that, for every choice of the numbers a := a,...,a,
the ring R, := Clz1,29,...,2,]/ < 0; —a; > constructed from Clzy, z2,. .., x,] modulo
the ideal generated by the elements o; — a;, is of dimension n! and a representation of S,,.

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 Clzy,xo,...,2,]/ < 0; —a; > is
the coordinate ring of the set of n! points ag(1),...,Qsn), 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 a 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[x1,22,...,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, 22, ...,y = R Cloy,09,...,04,]

8it appears in the Springer representation for instance, cf. .
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and thus an identity of graded characters.

The ring Cloq,09,...,0,] has the trivial representation, by definition, and generators
in degree 1,2,...,n so its graded character is just [];—,(1 — ¢’)~! and finally we deduce:

xr(@) =Y xSnlq, ... )] -d)

AFn =1

Theorem.

Notice then that the series Sx(1,¢, 42, ...,q¢",...) []}-,(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 .

EXERCISE Prove that the Specht module has non zero image in the quotient ring
R = (C[ZUl,.’BQ, .. .,.’,En]/ < o; >.

The ring R := Z[x1, 22, ...,%,]/ < 0; > has an interesting geometric interpretation as
the cohomology algebra of the flag variety. This can be understood as the space of all
decompositions C* =V, 1L Vo L --- L V, into orthogonal 1-dimensional subspaces. The
action of the symmetric group is iduced by the topological action permuting the summands
of the decomposition.

6 The hook formula

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

From 5.4.3 applied to the partition 1", corresponding to the conjugacy class of the
identity, we obtain:

(6.1.1) Zmz )"V (z Z d(N) Axyo(z

Write the development of the Vandermonde determinant as Y .o € [[i1_; =
Letting A+ p = £; > f3 > --- > {,, the number d()) is the coefficient of [, 2} in

sz Z €aH U(n i+1)— 1

ocES, i=1

Thus a term ¢, " " xq(n_l+1)_1+ki contributes to [], 2% if and only if k; =
kl k2 kn =1 (2 7 T

li—o(n—i+1)+ 1. We deduce

O'(n i+1)— 1

n!
d A - o n .
D Y | N TR TR
Zi—a(n—ij—l)—i—lzo



26 Cap. 1, Symmetric group

We change the term

1 n!
W =i+~ I, o H1 OLL
o(n—i+1)—2

n

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
n! = = -
d()\) = Wd(/\), d()\) = Z €o H H (ﬁz - k)
=17 o€S, =1 0<k<
o(n—i+1)—2

d()\) is the value of the determinant of a matrix with [To<k<jo(li —k)inthen—i+1,j

position.
1 4 (0, —1) ... HOSkSn—Q(En — k)
1 0 il —1) ... HOSkSn—Q(& — k)
1 4 -1 ... Hnggn—2<€1 — k)

this determinant, by elementary operations on the columns, reduces to the Vandermonde
determinant in the ¢; with value [, ,(¢; — ¢;). Thus we obtain the formula of Frobenius:
b —1;)

;!

(6.1.2) d(\) = n! ﬁ %

6.2 We want to give a combinatorial interpretation of 6.1.2. Notice that in W

the ¢ — 1 factors of the numerator cancel the corresponding factors in the denominator
leaving ¢; — i + 1 factors. Inall 3. ¢; — 3" (i — 1) = n are left.

These factors can be interpreted has the hook lengths of the boxes of 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 . E.g. we mark the hooks
of 1,2; 2,1; 2,2 in 4,3,1,1

ood

UJ 0 o R

O O O
The total number of boxes in the hook of x is the hook length of x, denoted by h,.
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Now let us show that the factors in the factorial ¢;! which are not cancelled are the
hooks of the boxes in the " row.

In fact let h; = ¢; + i — n be the length of the i** row, given k > i let us consider the
hi_1—hg numbers strictly between ¢;—¢_1 = hj—hr_1+k—i—1and {;—{lr, = h;—hr+k—i.

hi_1 — hg is the number of cases in the i*" row for which the hoook ends vertically on
the k — 1 row, and it is easily seen, since the vertical leg of each such hook has length k —¢
and the horizontal arm length goes from h; — hy to h; — hx_1 + 1 that the lengths of these
hooks vary between k —i+ h; —hy —1 and kK — i+ h; — hx_1 and are these given numbers.

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

n!
2.1 d(N) = ——=——.
(6:2.1) N =7
x€B(N)
6.3 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 ;S in
the ring of symmetric functions.

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

Let h; denote the rows of A, we may as well compute i S\V (x) = i (2)Art,(2):

(6.3.1) Vi () At o(w Zw (D eswld ™ eyt ),
seES,

Indicate by k; = h; +n—1i. We inspect the monomials appearing in the alternating function
which is at the right of 6.3.1.

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:

k1> ko > ...k >l€j+k>ki+1 > ---kj—l >kj_|_1 > ... >k,
Then we see that the partition A’ : h associated to this sequence is:
hy=hy, ft<iort>j, hy=hi1+1ifi+2<t<yj hj,,=hj+k+j—i—1.
The coefficient of Sy, in ¥ (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.



28 Cap. 1, Symmetric group

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 A’ (which are the points on its boundary

or the points i, j for which there is no point h, k with i < 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 +1 if the number of rows occupied is
odd, —1 otherwise.

For instance we can visualize 935327 as:

—. . 0 o 4 .

[©] [©] (0]

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 right. 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, ko,..., ks to be a tableau filled,
for each 7 = 1,...,t with exactly k; entries of the number i subject to fill a k;—slinky.
Moreover we assume that the set of boxes filled with the numbers up to ¢, for each i is still
a diagram. E.g. a 3,4,2,5,6,3,4,1 striped diagram:

8

4

4 4 4 5

3 3 4 5

12 2 5 5 7 7 77
112 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+ ++ for a total — sign.

Murnagham’s rule can be formulated as:
ex(p) equals the number of striped tableaux of type p and shape A each counted with

its sign.

9this was explained to me by A. Garsia.
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Notice that, when p = 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 A.

6.4 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;,,_;. For this we perform a character computation.

We introduce first a simple notation, given two partitions A\ F 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 u.

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 8.1:
(6.4.1) PiSi= Y. S
pEIA+FL,AC

Consider now an element of S,,_1 to which is associated a partition v; the same element
as permutation in .5,, has associated partition v1 so computing characters we have:

ZCA<V1)S>\ = Yu1 = P19, = Z cr (V)1S-

AFn TEF(n—1)
(6.4.2) = Y e D S
TEF(n—1) nEFNn, TCu

In other words:
(6.4.3) ex(vl) = Z cu(v),
pEF(n—1), uCA
This identity between characters becomes in module notations:
Theorem Branching rule for the symmetric group. When restricting from S,, to
Sn_1 we have:
(6.4.4) My = Bpuer(n—-1), ucx M.

A remarkable feature of this decomposition is that each irreducible S, _; module ap-
pearing in M) has multiplicity 1, which implies in particular that the decomposition 8.2.3
is unique.

A very convenient way to record a partition g obtained from A by removing a box is
given marking this box with the number n. We can repeat now the branching to S, _»
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and get:
(6.4.5) M) = D My,
pobF=n—2, p1kF=n—1,u2Cui CA

Again we mark a pair pus € (n—2), p1 F (n—1), ua C p1 C A by marking the first box
removed to get puq with n and the second box with n — 1.
From 4261, branching once:

8 .
8 .
+ +
8
Banching twice:
7 8 .. . 8 ... 8 ¢
7 . 8
+ + . +
7
7 .

4 8 4o 4 7 +%
7 8 8 8

In general we give the following definitions:

Given o C X two diagrams, the complement of i in A is called a skew diagram indicated
by A\/u. A standard skew tabluau of shape \/u consists of filling the boxes of \/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 © = () we speak of a standard tableau. We can easily convince ourselves that, if
AF=n, uF=n —k and p C A there is a 1-1 correspondence between:

1) Sequences p = pp C prgg—1 C pg—2 ... C g1 C A with p; Fn — 1.
2) Standard skew diagrams of shape A/ filled with the numbers

n—k+1ln—k+2,...,n—1,n.



6 The hook formula 31

The correspondence is established by associating to a standard skew tableau T the
sequence of diagrams p; 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 A/u filled with the numbers n —k+1,n—k+2,... ,n—1,n.

In particular, for a given shape p = n — k& 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 discussed in the previous paragraph.

Proposition. The dimension of My equals the number of standard tableauz of shape .

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

Q[Sk] € Q[S,] as subalgebra.

Let Zj be the center of Q[Sk]. The algebras Z; C Q[S,] generate a commutative
subalgebra C. In fact for every k we have that the center of Q[S] has a basis of idempotents
u) indexed by the partitions of k.

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.

EXERCISE Prove that the common eigenvalues of the u) are distinct and so this de-
composition is again unique.

Remark. The decomposition just obtained is almost equivalent to selecting a basis of M)
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.



