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CHAPTER 1

From random walks on symmetric groups to the theory of representations

Given an integer N > 1, we denote [1, N] = {1,2, ..., N} the set of integers between 1 and N.
We recall that the symmetric group of size N is the set S(N) of all the bijections o : [1, N] — [1, N].
The elements of (V) are called the permutations of size N; there are

Nl=1x2x3x---xN

permutations in &(N). For instance, G(3) contains 6 elements that can be described by the fol-
lowing words:
123, 132, 213, 231, 312, 321.

The word of a permutation o of size N is the sequence o(1) 0(2) o(3) ... (N).

In this first chapter, we consider random processes (0, ),en with values in a fixed symmetric
group &(NN). Our objective is to evaluate the mixing times of these Markov processes. The calcula-
tion of the powers of the generators of these Markov chains leads one to understand the structure of
the group algebra C[S(V)]; this is provided by the representation theory of the finite groups. Chapter
2 will focus on the representations of the symmetric groups, and in Chapter 3 we shall answer the
question of the mixing times for two specific random walks on G(N).

1. Several random walks on the symmetric groups

In order to walk randomly on the symmetric group G(N), one can use its group structure and
take products of « elementary » random permutations. Recall that given two permutations o, 7 in
S (N), their product o7 is the bijection [1, N] — [1, N] which is the composed map oo7. One way
to understand this product is to represent permutations by braid diagrams. If o € G(N), its braid
diagram connects two rows of N numbered points by NV braids, with the number ¢ on the first row
being connected to the number o(7) on the second row. Then, the braid diagram of o o7 is obtained

1 2 3 4 )

1 2 3 4 5
FIGURE 1. The braid diagram of the permutation o = 41523.

by placing the braid diagram of o under the braid diagram of 7. The product of permutations
endows &(N) with a group structure, the neutral element being the identity permutation id : i —
i, and the inverse 0! of a permutation o being obtained by reversing its braid diagram (taking
the symmetric diagram with respect to the axis of abscissa). Beware that the group structure is
non-commutative: given two permutations o and 7, in general we do not have o7 = 70.

DeriniTION 1.1 (Random walk on &(N)). Let 11 be a probability distribution on S(N). The
random walk on &(N) with generator i is the sequence of random permutations (0, )nen defined by

0o = id[[l,N]] 3 Ont+1 = Opn O Tpil
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where (T,)n>1 s a sequence of independent and identically distributed permutations chosen according
to the distribution y.

In a moment we shall present several interesting examples of generators p. Let us first make two
remarks. Since the 7,,’s are independent and identically distributed, a random walk (07, ),en defined
in &(N) as above is always a Markov chain, with state space &(V), initial element oy = idp np,
and transition matrix P(c,0’) = p(o~0’). On the other hand, the n-th element o,, writes as the
product 77y - - - T, sO we would obtain the same distribution at each time n if we were taking
products on the left, with a random process (07, ),en defined by o7, | = 7,41 © 0),. Thus, for each
n,

/
On =(distribution) Op,-

However, the whole trajectories (0, )nen and (07, )nen do not have the same distribution in (&(N))N.

All the examples considered below are random walks according to Definition 1.1, with products
on the right.

ExampLE 1.2 (Products of random transpositions). Consider a deck of cards numbered by the
integers in [1, N]; when enumerating the cards from the top of the deck to the bottom, we obtain
the word 0(1) 6(2) - - - 0(N) of a permutation o € S(N). We consider the random walk on G(NN)
where at each step, we take two random positions i and j in [1, N], and we exchange the positions of
the i-th card of the deck and the j-th card of the deck. The two indices i and j are chosen uniformly
and independently in [1, N]; if i = j, we convene that the deck of cards stays unchanged. This
construction corresponds to the following recurrence equation:

: (i,7) with probability % for any pair 1 <i < j < N,
Ontl = 0 0 Tyy1 With 7,41 = ¢ : I
id with probability 5.
Here we take the usual notations for cycles in §(N): (¢q, ¢a, . . ., ¢,) is the permutation which sends
C1 1O €, C2 1O C3, etc., ¢, to ¢; and which leaves the other elements invariant. In particular, (i, j) is
the transposition which exchanges i and j and leaves the other elements invariant.

For reasons that will become evident later, it is convenient to represent the generator p of this
random walk as an element of the group algebra of S(N). Consider more generally a finite group
G, and denote C[G] or CG the complex vector space with dimension

dim(CG) = card(G),

and with a basis (e,),e labelled by the elements of the group G. We say that CG is the group
algebra of G; by definition this is already a vector space, and the algebra structure will be detailed
in a moment. An element of CG is thus a linear combination with complex coefficients > . ¢, €,
of elements (labelled by the elements) of the group G. We shall simplify a bit these notations and
denote the basis elements g instead of e,; in general this does not create any confusion. So, for
instance,

3[213] + (1 + 1) [312] — " [132]

is an element of C&(3). A probability distribution 1 on a finite group G can then be represented

by the element
> ) g

geG

of the group algebra CG. With these conventions, the random walk on &(V) associated to the
product of random transpositions has for generator

1., 2 .
p=qpid+ o > (i)

1<i<j<N
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ExampLE 1.3 (Top-with-random transpositions). Instead of exchanging two arbitrary cards at
random, one can choose to exchange at each step of the random walk a random card i chosen
uniformly in [1, N] with the top card 1. Again, we convene that if the random card i is i = 1, then
we leave the deck of cards invariant. The corresponding random process (0, )nen 1s the random
walk on &(NV) with generator

1 N

: 1 :
uzﬁld—i-NZ(l,z).

=2

It is natural to expect that this random walk takes a bit more time to mix the cards (there is less
randomness in each exchange). We shall see that in order to mix the deck of cards, one needs a time
approximatively twice larger with the top-with-random shuffle than with the random transposition

shuffle.

ExampLE 1.4 (Top-to-random cycles). Another simple way to mix cards is to take at each step
the card on top of the deck, and to place it at a random position i chosen uniformly in [1, N]. Here
we do not exchange positions: instead, we apply a cyclic permutation, sending the first card to the
i-th position, and each card with position j € [2, 1] to the position j — 1. This corresponds to the
following generator:

1 N

1
M:Nid+NZ(@',i—1,...,2,1).

=2

ExampLE 1.5 (Adjacent transpositions). Yet another interesting way to mix the deck of cards is
to exchange at each step the positions of two adjacent cards i and i + 1. We convene to take 7 at
random in [1, N], and to leave the deck invariant if i = N. The generator of the corresponding
random walk on G(NV) is:

1 N—
/L:—ld‘i‘_ZZZ"_

This generator is natural if we think of §(N) as a group of reflections (Coxeter group). Denote s; =
(4,7 + 1) the i-th adjacent transposition, also called elementary transposition. It is not very difficult
to see that (s;);e1,v—1] spans the group &(NV), and that we have the following braid relations:

(s:)% = id;
$is; = sjsiif |j —i] > 2;

Si8i415i = Si4+15iSi+1-

It can be shown (this is not easy) that G(N) is the largest group spanned by elements s;c[1 nv_1]
which satisfy the relations above: any group H = (s}, s),. .., sy_;) with these properties is the
surjective image of a morphism of groups S(N) — H sending s; to s, for any i.

ExampLE 1.6 (Riffle shuffle). As a last example, let us consider the way that card dealers in a
casino use in order to mix the decks of cards. Given a deck of N cards, one first splits it in two
halves (with a size of the two halves which is random), and then one interlaces randomly the cards

of the left deck with the cards of the right deck. This algorithm of mixing is called the riffle shuffle.

Let us be a bit more precise in its description.

(RS1) For the sizes of the left and right halves, a natural choice is to take i and N — ¢ with ¢
following a binomial distribution B(1V, 3); thus, the two halves have an expected number
of cards equal to §.
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(RS2) When interlacing the two halves, it is reasonable to make the following choice: if there
are Jiere and Jyigne remaining cards to interlace, then the next card comes from the left deck

(respectively, the right deck) with probability jleftj;lf,;tright (respectively, Jlf]ﬁﬁ)
If the sizes i and N — i are fixed, then the number of possibilities for the interlacings of the two
halves is (7): one has to choose which are the i positions among N which will contain the cards
of the left deck, and the other positions will necessarily contain the cards of the right deck. Then,
it is easily seen by induction that, conditionnally to the value of 4, any possible interlacing chosen
according to (RS2) has probability
NN —i) 1
NU (Y

i

Therefore, the generator of the random walk of the riffle shuffle is

N
1 /N Z 1
— P ) —— 0
PeLav i) ™
o interlacing permutation of
two decks of size i and N — 4

N
1
=7 2 2 0.
1=0 o interlacing permutation of
two decks of size i and N — ¢

In order to explain more concretely what is meant by « interlacing permutation of two decks of
size i and N — i », we introduce the notion of shuffle product. The shuffle product v LU w of two
words v = v1vy ... vs and w = wywy . .. w; with disjoint sets of letters is the set of (s;rt) words z
with length s + ¢ and such that, when reading from left to right the letters of z which are letters of
v (respectively, which are letters of w), one obtains v (respectively, w). For instance,

123 w45 = {12345, 12435, 14235, 41235, 12453, 14253, 41253, 14523, 41523, 45123 }.

The set of permutations of size 5 above can be represented by a formal sum of permutations in

C&(5):
123 1145 = 12345 + 12435 + 14235 4 41235 4 12453 + 14253 + 41253 + 14523 + 41523 4+ 45123.

Then, with the same conventions in any size N, we have:

> ol =02...0)w((@+1)(i+2)...N).

o interlacing permutation of
two decks of size i and N — 4

So, the generator of the riffle shuffle is

QNZ W ((i+1)(i +2)...N).

In the sequel, we fix a random walk (0,,),en with generator 1 € CS(N), and we denote 1,
the distribution of o,,, which we also represent by an element of C&(N). Since 01 = 71, we have
by definition 11 = p. We can generalize this relation by making C& (V) into an algebra. More
generally, given a finite group G, we define an internal product in CG as follows:

(ch g> (Zdﬂt) = > cydngh,

geqG heG (g,h)EG?
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where the product gh is the one of the group G. In other words, we expand the product from G
to CG by bilinearity. This is the so-called convolution product of the group algebra. By gathering
the terms in the basis of group elements of CG, we can rewrite:

(chg> <Zdhh>zz > cydy | ke

geG heG keG \ (g,h)|gh=k

We leave the reader check that one obtains in this way a structure of algebra over C for CG. More-
over, GG is a commutative group if and only if CG is a commutative algebra (this is never the case
for G = 6(N) with N > 3).

ProrostTiON 1.7 (Marginales of a random walk on &(N)). Given a random walk (0,,)nen in
S(N) with generator y, the distribution ., of o,, is given by
Hn = (:u)na
the power on the right-hand side being taken in C&(N).

Proor. We have by conditioning

Plon=0]= Y Plon=plulp o),

therefore,

Hnt1 = Z Plopi1 =o]o = Z Plo, = plpu(p~0) o

c€G(N) (p,0)E(S(N))?

= Y (Plon=1lp) (u(p'0)p o)
(p.)E(S(N))?

= Y (Plow=11p) (ul0) o) = pra

(p,0")E(S(N))?

by making the change of variables 0’ = p~'o, which is valid since o — p~'o is a permutation of
the N! elements of S(N). The relation pi,,41 = p1,, pr in C&(N) enables one to prove the result by
induction. O

Here we see clearly the interest of the notion of group algebra, and this object will be one of the
main tool of our analysis of the random walks. Let us now state the main question around random
walks on the symmetric groups. As we consider a Markov chain on the finite state space S(N),
it is natural to study the asymptotic behavior of the marginal distributions s, and the speed of
convergence of these distributions towards an invariant measure. The invariant measure is almost
always the uniform distribution on S(N):

ProrosrTion 1.8 (Ergodicity of a random walk on &(N)). Given a random walk (0,,)nen in
S(N) with generator i, suppose that the two following conditions are satisfied:

(1) The identity permutation idp Ny has positive probability under pu.
(2) The set of permutations o which have positive probability under y spans the group S(N).

Then, iy, —n—00 uniform measure.

Proor. The first item ensures that the Markov chain is aperiodic, and the second item that
it is irreducible over the state space (V). Therefore, there exists a unique invariant probability
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measure v for the Markov chain, and j1,, =, . The recurrence relation ji,,11 = p1,p0 in C&(N)
leads to the equation:

v=up.
Here it is legit to take limits, since we are working in a finite-dimensional algebra, with a product
which is obviously continuous. However, v = 37 3 .y 0 clearly satisfies the equation above:

T T 1
e X e XX A e X e

(0,7)E(S(N))2 pEG(N) \ 7€6(N) " peG(N)

By unicity, we conclude that the invariant probability measure is the uniform measure. O

The uniform measure ﬁ >_gec 9 on a finite group G is also called the Haar measure of the

group; the notion expands to any compact topological group (not necessarily finite), and many ar-
guments hereafter can be expanded to this setting. All the examples of random walks on G(N)
presented before satisfy the hypotheses of Proposition 1.8 (exercise: the first condition is trivial,
and for the second condition one has to prove elementary facts such as: every permutation in &(N)
is the product of transpositions / of transpositions of the form (1, 7) / of elementary transpositions).
Therefore, they all admit for invariant measure p,, = Haar.

PrOBLEM. Estimate the speed of convergence i, —n 00 fioo fOT ach of the random walks previously
introduced (the answer will depend on the size N of the symmetric group).

In order to speak of the speed of convergence, we need to introduce a distance between proba-
bility measures on &(N), or more generally on a finite group G. There are many possible choices,
but one of the most useful distance is the total variation distance:

dry () = sup |u(4) — ()| = 3 3" lug) - vlg))
C geG

When one of the two probability measures is the Haar measure, this distance can be related to the
norm of the Banach space .Z*(G, Haar) (we shall also denote the Haar measure dg). Indeed,

1 1 1 1
drv(p, Haar) = 3 E 1(g) — Gl = §/G|f — 1] dg= B If = .21 (G, d)
geG

where f = %f is the density of 1 with respect to the Haar measure. In particular, if we are interested
in an upper bound on the total variation distance, then we can use the Cauchy-Schwarz inequality:

1
drv(p, Haar) < 51 = 1l 226,09

In the following, we shall introduce tools which allow the computation of .#?*-norms of functions
on a finite group, and which are particularly adapted to the case where f = f,, is the density of a
measure /i, = (" which is a convolution power of a generator. A related problem is:

ProsLem. Consider a finite group G, and an element i of its group algebra CG (e.g., a probability
measure). How can one compute efficiently the convolution powers (1" of this element?

In the setting of finite Markov chains, it is well known that the computation of the distribution
at time n is equivalent to the computation of the powers of the transition matrix, and therefore to
the diagonalisation of this matrix. One can guess that the problem above is of similar nature, and
we shall see in the sequel that actually, it is entirely equivalent to the computation of powers of a
finite collection of matrices.
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2. The category of representations of a finite group

In this section, we fix a finite group G; if V' is a complex finite-dimensional vector space, we
denote End(V') the complex algebra of linear endomorphisms of V, and GL(V') the group of linear
isomorphisms of V.

DErINITION 1.9 (Representation of a group). A (complex, linear, finite-dimensional) representa-
tion of a finite group G is a pair (V, p), where V' is a complex finite-dimensional vector space, and
p: G — GL(V) is a morphism of groups. This defines an action of G on V:

g-v=p(g)(v).

Given a representation of G on a space V, we have a natural bilinear map

CGxV =V

D g v Y cglg-v),

geG geG

and one checks readily that for any v € V and any elements x, y € CG, we have z- (y-v) = (zy) v,
the product zy being taken in the group algebra CG. Therefore, a representation of G on a space
V' is equivalent to a structure of CG-module for V.

Given two representations (V1, p1) and (V5, p2) of a group G, a morphism of representations
(respectively, an isomorphism of representations) ¢ : Vi — V5 is a linear map (respectively, a
bijective linear map) which is compatible with the action of the group: forany g € G, the following
diagram of linear maps is commutative:

Vi p1(g) Vi

| &

Vo —— Vs
r2(9)
With the language of modules, a morphism of representations between (V1, p1) and (Vz2, p2) is sim-
ply of morphism of CG-modules. Our objective is to describe all the representations of a finite
group G up to isomorphisms. The following trivial example makes this objective more precise:

ExampLE 1.10 (Category of representations of the trivial group). Suppose that G = {1} is the
trivial group with one element. Then, a representation of G is simply a finite-dimensional complex
vector space V, the action of the group being 1 - v = v for any v € V. So,

Representations({1}) = Vector spaces.

Any finite-dimensional vector space can be decomposed as a direct sum of lines: V' = @™" C, the
symbol = meaning here that there exists an isomorphism. Therefore, there is a unique « building
block » for the representations of the trivial group, which is the one-dimensional complex line;
and any representation of {1} is a direct sum of such building blocks. We shall see that this result
expands to the category of representations of any finite group G, the main difference being that
there exists in the general case a finite number of possible building blocks (as many as the number
of conjugacy classes in G).

Given two representations (V1, p1) and (Va, p2) of G, their direct sum is the representation of G
whose underlying space is V' = V| @ V4, and whose defining morphism p : G — GL(V) is given
by:

(p(9)) (01 4 v2) = (p1(9))(v1) + (p2(9))(v2)-
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Hence, in a basis of V adapted to the decomposition V' = V; @ V4, the matrix of p(g) is the block-
diagonal matrix
pi(g) O
< 0 p2A9) ) '

On the other hand, given a representation (V, p) of G, a subrepresentation of G is a vector subspace
W C V which is left invariant by the action of G: for any w € Wand g € G, g - w € W. In other
words, W is a CG-submodule of V. One says that (V, p) is an irreducible representation of G if
dim V' > 0 and if the only subrepresentations of V are 0 and V itself.

THeOREM 1.11 (Maschke). If W C V is a subrepresentation of a representation of G, then there
exists another subrepresentation W' C 'V such that V=W @ W'. Any representation of a finite group
G can be split in a divect sum of irreducible representations:

V= @ Vi, with the Vi’s irveducible representations of G.

=1

Proor. The theorem relies on the following important fact: for any representation (V) p) of a
finite group G, there exists a Hermitian scalar product (- | -);, on V such that p(G) is included in
the unitary group U(V') with respect to this scalar product. In other words, any element g € G
acts on V' by isometry with respect to this scalar product. The construction of (- | -);, is as follows:
we start from an arbitrary scalar product (- | ) on V, and we define (- | -),, by

(v1] va)y Zg v1]g - v2).

gEG

Then, any h € G acts indeed by isometry with respect to (- | )y

(h-vi|h-v)y = |G|Zgh vy | gh - o) |Zg v1] g - ve) = (v1 | v2)y

geG g'eG
the map g — gh being a permutation of the elements of G.

Suppose given a subrepresentation W of V. Then, its orthogonal W+ with respect to (- | -),, is
also a subrepresentation of V: if 2 € W+ and w € W, then for any g € G,

<g-z|w)vz<z‘g_1-w>‘/:0 sincez € Whand g™t -we W.

As this is true for any w € W, g-z € W+. Thus, we have shown that W+ is a subrepresentation of
V, and we have of course V' = W @& W+, This proves the first part of the theorem, and the second
part follows immediately by induction on the dimension of V' (if V' is not irreducible, then we can
split it in smaller subrepresentations for which the induction hypothesis applies). O

DEFINITION 1.12 (Dual of a finite group). The dual G of a finite group G is the set
G = {isomorphism classes of irreducible representations A = (V> p) of G}.

Maschke’s theorem 1.11 ensures that the elements of G are the building blocks of the category of
representations of G: any representation of G is a direct sum of a finite number of elements of
G. To complete our understanding of this, we are going to show that G is a finite set, and that
a decomposition of a representation V' in irreducibles is unique (up to isomorphisms). To this
purpose, we shall study the space of morphisms between representations of G:

home((V1, p1), (Va, p2)) = {morphisms of representations ¢ : V; — V5 }.

To simplify a bit the notations, in the following we omit the defining morphisms p; and ps and we
simply denote homg(V3, V2). This set is clearly a complex vector space: any linear combination of
morphisms of representations is again a morphism of representations.
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ProrosITION 1.13 (Schur’s lemma). The map home(-, -) is additive on the left: for any represen-
tations V, W and Z, homg(V & W, Z) = homg(V, Z) @ homeg(W, Z). On the other hand, given two
irreducible representations V> and V'V, we have:

dim (home(V*, V*)) = 1 ifthe representation VA 1s isomorphic to V',
0  otherwise.

Proor. The additivity on the left is obvious: if ¢ : V & W — Z is a morphism of representa-
tions, then its restrictions ¢y : V' — Z and Gw : W — Z are also morphisms of representations,
and ¢ = ¢y + ¢, this decomposition being unique. Let us now consider the space of morphisms
between two irreducible representations V* and V#. If ¢ € homg(V?*, V*#), then its kernel and
its image are easily seen to be subrepresentations respectively of V* and of V#. As V* and V* are
irreducible, we conclude that if ¢ # 0, then ker ¢ = 0 and Im ¢ = V*, s0 ¢ is an isomorphism. In
particular,

dim (homg(V?*,V#)) = 0 if the representation V* is not isomorphic to V.

Suppose now that V* and V* are isomorphic by some morphism of representations ). We then
have an isomorphism of vector spaces:
home(V*, V) = homg(VA, VH)
= og.
Therefore, in order to compute dim(homg (V*, V#)), we can assume that V* = V#. Consider then
an arbitrary morphism ¢ € homg(V*, V?); since we are working with complex vector spaces,
there exists a complex eigenvalue z € C such that ¢ — zidyx is not invertible. Then, ¢ — zidyx

is an endomorphism of representations of V* which is not an isomorphism, so by the previous
argument it is equal to 0, and

gb = ZidvA.

We conclude that homg(V?, V*) = Cidyx and that the dimension of the space of morphisms is in
this case equal to 1. O

THEOREM 1.14 (Uniqueness of the decomposition in irreducibles). Consider a representation V
of a finite group G, which we split in irreducibles:

V:@m,\VA,
\eG

The my’s are multiplicities in N: by m) V?, we mean a direct sum of my, copies of the irreducible

representation V>, The decomposition of V is unique: for each isomorphism class X = (V*, p*) in G,
the multiplicity m, is entirely determined by V.

Proor. We have my, = dim(homg(V, V?)). O

THEOREM 1.15 (Finiteness of the dual G). For any finite group G, its dual G is finite: there only
exists a finite number of isomorphism classes of irreducible representations of G.

Proor. Consider the vector space V' = CG. It is a representation of G for the action:

g- (Zm) = en(gh).

heG heG
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Given another representation W, we introduce the following linear map:
U : homg(CG, W) — W
¢ — ¢leq),

where e denotes the neutral element of the group G. We claim that ¥ is an isomorphism of vector
spaces. Note that for any element z = > __, ¢, g in CG, we have

dx) = c,0(g) = (Z Cy g) cBleq) =z - U(e).

geG geG

Consequently, if ¢ belongs to ker U, then ¢(x) = 0 for any x € CG, so ¢ = 0; thus, ¥ is injective.
Now, if v € V, then the map

¢:CG —wv
T T-v

defines a morphism of representations, and we have U(¢) = ¢(eq) = eq - v = v; so ¥ is also
surjective.

We conclude that for any representation W of G, we have homq(CG, W) = W. In particular,

given any element A € G, dim(homg(CG, V*)) = dim V. By Theorem 1.14 and its proof, we see
that any irreducible representation of G' occurs as a component of the regular representation CG,
and that we have the decomposition:

CG = P(dimx) V?,
Ae@
where dim A = dim(V?). If we take the dimensions, we obtain the important formula

card(G) = Z(dim \)?

Ae@G

and this implies in particular that G is a finite set. O

So, to summarise the discussion above: given a finite group G, there exists a finite set G of non-
isomorphic irreducible representations A = (V*, p), such that any representation V of G writes

uniquely as
V=mv*

with the multiplicities m, € N. Moreover, the regular representation CG « contains » all the
irreducible representations, each V* occurring dim A times as a subrepresentation of CG.

ExampLE 1.16 (Representations of G(3)). Let us describe the representations of the symmetric
group of size 3. We first have two irreducible representations with dimension 1:

o the trivial representation of &(3) on C, with o - v = v for any v € C. We shall denote this
representation Viyivial.

o the signature representation of &(3) on C, with o - v = ¢(0) v, £(0) being the signature
of a permutation (the parity of the number of inversions of the permutation). We shall
denote this representation Vig,.

It is clear that Viyiviar and Vi, are not isomorphic: a morphism of representations ¢ : Viign — Visivial
must satisfy

—¢(v) = ¢((1,2) - v) = (1,2) - §(v) = (v),
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so ¢(v) = 0 for any v, and ¢ = 0. We have thus identified two elements of G(3). Let us exhibit a
third irreducible representation, this time with dimension 2. The geometric representation of &(3)
on C3? is given by

0 - (21, T2, 73) = (To-1(1), To-1(2), To—1(3))-

This 3-dimensional representation is not irreducible, because it admits for subrepresentation the
one-dimensional vector space C(1,1, 1), on which permutations act trivially. The standard scalar
product (x| y) = ZT1y1 + Tay2 + T3ys is compatible with the action of the symmetric group on C?,
and the orthogonal of C(1, 1, 1) with respect to this scalar product is the space

W = {(x1, 29, 73) € C*| 2y + 29 + 23 = 0}.
So, we have a decomposition in subrepresentations:
C’=C(1,L,)@W,

and the first component is an irreducible representation isomorphic to Viyivial- To see that the other
component is irreducible, one can use the following geometric argument (another argument and
a generalisation of this fact will be given much later by Proposition 3.18). Given the non-zero
vector a = (1, —1,0) € W, its images by the six permutations in &(3) are arranged according to a
hexagon in the plane W. The elementary transpositions s; = (1,2) and sy = (2, 3) act on the plane
by reflections, see Figure 2. Let W’ be a non-zero subrepresentation of W, and w # 0 a vector of

reflection s1
|

So(a)

reflection so

FIGURE 2. Action of G(3) on the 2-dimensional irreducible representation W; sy =
(1,2) and sy = (2, 3) are the elementary transpositions which span the group.

this subrepresentation.

e If w does not belong to the axis of the reflection s1, then w and s;(w) are not colinear, so

W' contains a linear basis of W, and W' = W.

e If w belongs to the axis of sy, then it does not belong to the axis of sy, so we can use the
same argument as above with w and sy (w).

We have thus proved that W is an irreducible representation of &(3) with dimension 2, and for
dimension reasons, it is not isomorphic to Visiyia OF Viign. Finally, since

card(&(3)) =6 = 17 + 12 + 2%,
the formula for the sum of the squares of dimensions shows that we have found all the irreducible
representations of &(3):

6(3 = {‘/trivial? ‘/signa W}

Any representation of the group &(3) writes as a direct sum aViyiviat @ bViign @ ¢W with multi-
plicities (a, b, c) € N3,
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3. The non-commutative Fourier transform

Let us restate a result which we obtained during the proof of Theorem 1.15:

THeOREM 1.17 (Plancherel formula of the squares). For any finite group G,

card(G) = Y (dim A)*.

\eG

On the left-hand side, card(G) is the dimension of the group algebra CG, whereas on the right-
hand side, each term (dim \)? is the dimension of the endomorphism algebra End(V*). Therefore,
it is tempting to compare the two complex algebras

CG and EHEnd(V?).
\eG

We are going to show that these two algebras are isomorphic, and also isometric for two adequate
scalar products defined on them. Before stating precisely this result, let us recall a similar result
which stems from the classical Fourier analysis on the circle or on the torus.

ExampLE 1.18 (Fourier analysis on the torus). Denote T¢ = R¢/(27Z)? the torus with dimen-
sion dj its elements consists in vectors § = (01,05, ...,0,) of real numbers modulo 27. The torus
T? is a group for the addition of vectors modulo 27 on each coordinate. It is endowed with the
probability measure

db do, dby,  dby

(2m)d 27 2w o
Given a function f € Z*(T7, @r )d) and a vector k = (ky,...,kq) € Z4, the Fourier coefficient
F(k) is defined by the integral:

flk) =

1
(2m)

/ f(br,...,04) ei(k101+-+kaba) 1o
[0,27]@
The well-known Parseval formula ensures that'

e = [ 1rOP 5 -
ezd

Thus, f ~ f is an isometry between the two Hilbert spaces .Z2(T%) and (2(Z4). It is also an
isomorphism of algebras with respect to the following products:

*H>

||€2 Zd

e the convolution product in .#?(T9):

0= J 0090 g

e the pointwise product in ¢*(Z).

Indeed, it is well known (and easy to prove) that W) (k) = f(k)G(k). So, in a very strong sense,
L%(TY) = (%(Z%). The goal of this last section of the chapter is to establish an analogous result
with instead of T? a finite group G, and instead of Z¢ the dual G.

Let us introduce a few notations. First, if [ is an element of CG, then we can consider it as a
function G — C, by denoting
F=>Y 1ty

geG
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So, complex-valued functions on G and formal complex linear combinations of elements of the
group G are the same objects. The functional viewpoint provides CG with a natural scalar product:

(fil f2) = /fl ) f2(g) dg = Zfl
[E] =
So, as a Hilbert space, CG = £*(G, dg). On the dual side, we denote CG = D, End(V?); this

is a direct sum of complex algebras, hence also a complex algebra. We endow each space End(V?)
with the following Hermitian scalar product:

dim \) .
(ur | u2)ppany = (|G—|2 tr(uj us),

where the adjoint u* of an endomorphism w is taken with respect to a G-invariant scalar prod-

uct on V* (¢f. the proof of Theorem 1.11). We then equip CG with the unique scalar product
whose restriction to an endomorphism space End(V?*) is (- | )i, d(v>)> and which makes all the en-

domorphism spaces End(V*) orthogonal. For the moment, one mlght think that there are several
possibilities for the G-invariant scalar products (- | -),» on V*, and therefore for the scalar product

on CG. In fact, Theorem 1.21 below will imply that the scalar products (- | ) End(v>) re unique.

~

DerintTION 1.19 (Non-commutative Fourier transform). For f € CG and A = (V*,p*) € G,
we define the non-commutative Fourier transform of [ at \ by:

=Y f9)\(9)

geG

This is a linear combination of elements of GL(V?), hence an endomorphism in End(V*). The collec-
tion of endomorphisms F=(W) \e& can be considered as an element of @, s End(V*) = CG.

ReMARK 1.20. The definition of f()\) is natural if we think of representations as CG-modules;

then, f()) is simply the endomorphism of V* induced by f. This leads one to wonder whether the
theorem below can be extended to more general complex algebras than the finite group algebras
CG. The answer is positive for the class of semisimple complex algebras, which are the algebras
isomorphic to direct sums of matrix algebras.

THEOREM 1.21 (Peter-Weyl theorem for finite groups). The map f € CG — f € CG is an
isomorphism of complex algebras and an isometry of Hilbert spaces.

The easy part of the theorem is the compatibility of the Fourier transform with products.
Indeed, since p* is a morphism of groups, one computes readily:

(For )N = 3 (fu = fo) = Y ) fa(h) pr(gh)

keG (g9,h)€G?
- (S )(zﬁ ) FRO)
geq heG
Therefore, it remains to prove that the Fourier transform is an isometry. Given A € G, we fix
an orthonormal basis (e}, ..., e ) of the representation space V* (with respect to a G-invariant

scalar product), and we write the matrices of the maps p*(g) in this basis:

dim A

Y = Z pi(g) e}
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Lemma 1.22 (Orthogonality of the matrix coefficients). The matrix coefficients p;; with X running
over G and (i, §) € [1,dim A]? form an orthogonal basis of the space CG, with

1
A 2 _
() lee)® = =

Proor. By Theorem 1.17, the family of functions (03}) e 1<; j<dim » Nas the correct cardinality

for a basis of CG. We have p};(g) = (e} | g- eA->W, and
<pw | pkl ce Z <e’\ | g- 6A>v>\ erlg- el
gEG
|G|Z |g el Ve <g ek‘€A>VA'
geG

The indices j and [ being fixed, we consider the linear map ¢ : V* — V*# defined by
600) = 1 o) -3
geG
We claim that ¢ is a morphism of representations. Indeed, we have:

o(h-v) = |G|Zg el’) g@/\}h U>W:|G|Zg el') h ge|>

geG geG

. (|G|Zh g-et) (hg- ew%)h (6(0))

geG

By Schur’s lemma, if X # i, then ¢ = 0, and therefore (p}} ‘ le>(CG = (e}, ‘ ¢(eg\)>w = 0. Suppose
now that A = y; in this case, Schur’s lemma ensures that ¢ is a scalar multiple of the identity map.
To find which scalar multiple of the identity ¢ is, we compute its trace:

dim A dim A\
(@)= D (e[ ded)vs = 17 =S (g @) (e gl
i=1 geG =1
|G| Z g- 6)\ | g- el)\>v>\ - <€)\ ‘ € > 1(j:l)’
geG

by using the fact that (€2);<i<dim is an orthonormal ba51s of V*, and the fact that G acts by
isometries on V. Therefore, if A = y, then ¢ = l(j_l) dim %, and finally,

j=l)
05| P = (e oled)) o = ~UEED. -

Proor or THEOREM 1.21. For any representation (V, p), the conjugate representation (V*, p*) is
defined as follows: V* = hom(V, C) is the space of linear forms V' — C, and for ¢ € V*, we set

(p"(9))(@) = doplg™).
Suppose given an orthonormal basis (€;)1<;<daimy of V. Then, a basis of V* consists in the forms
el defined by € = (e; | -). The representation matrices of (V*, p*) in this basis are related to those
of (V, p) by taking the complex conjugates. Indeed,

pii(9) = (p"(9)(€;)) (&) = (e o plg™))(es) = (e; | 9 es) = (el g - e5) = pij(9)-

If A € G, we shall denote \* the label of the corresponding conjugate representation; it is easy to
see that it is again irreducible, and that (\*)* = ); thus, the conjugation of representation induces

an involution of G.
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We know that the two algebras CG' and C@ have the same dimension; therefore, it suffices to

show that the Fourier transforms p;; of the matrix coeflicients are orthogonal elements of CG, with
the correct norms. We start from the orthogonality of matrix coeflicients in CG, and we rewrite

—

it as a formula for p}):

G —
d’1m|)\ Lopizint = Z,O{\]( sz (Z p” ) N (’Ol{\j(ﬂ*)%l '
kl

geG geqG

So, the Fourier transform /;)Tj is the element of End(VA*) C CG which is proportional to the
elementary matrix £;;, with a coefhcient 7. In CG, all these elements are orthogonal, and
3 ]G 2 dim A 1
(HPz’jHC@) = (dim V)2 |G = dim N
This ends the proof of the theorem. O

REmARKk 1.23. Theorem 1.21 extends readily to the setting of compact topological groups, the

main difference being that for an infinite compact topological group G, the set G of isomorphism
classes of irreducible representations is countable instead of finite. For compact topological groups,
the algebra CG is replaced by -Z?(G, dg), and the product of this algebra is the convolution product

h):/Gfl(hg_l)ﬁ(h)dg

In the case of finite groups, this normalisation of the products differs from the one used throughout
the chapter by a factor % i~ We then still have an isomorphism and isometry between & 2(G, dg)

and the dual space

G) = P End(V?),

xeG

provided that we renormalise the scalar products on the endomorphism spaces End(V*) as follows:
(ui | u2)gpaqvry = (dimA) tr(ujus). The isomorphism is given by the non-commutative Fourier

/ 1(9) P*(9) do;

in the case of finite groups, this definition differs from Definition 1.19 by a factor % @

transform

Gl
As an application of the isomorphism theorem 1.21, we can now prove the following:

PrOPOSITION 1.24 (Cardinality of the dual). Giver a finite group G, the cardinality of G equals
the number of conjugacy classes of G.

Proor. Consider the center Z(CG) of the group algebra of G: this is the vector subspace of

CG which consists in elements f such that f e = e x f for any e € CG. It is easy to see that
f=2>"cc f(9) g belongs to Z(CG) if and only if, for any g,h € G,

f(hgh™) = f(g).

So, f viewed as a function is constant on any conjugacy class of G (an equivalence class for the
relation g; ~ go <= ¢ = hgih™! for some h € G). Therefore, a linear basis of Z(CG) consists
in the formal sums associated to the conjugacy classes. In particular,

dim Z(CG) = number of conjugacy classes of G.
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Now, by Theorem 1.21, this dimension is also the dimension of Z(CG) = @ \ee Z(End(V?)).
However, it is well known that the center of an algebra of matrices End(V') with V' finite-dimens-
ional vector space consists in the scalar matrices z idy with z € C. Therefore,

dim Z(CG) = ZdlmZEHdvA §:lzcmd O
xeG AeG
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Exercises

(1) Representations of abelian groups. Let G be a finite abelian group: gh = hg for any
g,h € G. Show that any irreducible representation of G has dimension 1 (hint: given a
representation (V, p), consider a common eigenvector of the endomorphisms p(g), g €

@). In the abelian case, what is the cardinality of the dual G?

(2) One-dimensional representations of the symmetric groups. Find all the (isomorphism
classes of) representations of dimension 1 of the symmetric group S(N), N > 2 (hint:
show that all the transpositions must be sent by the defining morphism p : §(N) — C* =
GL(C) to the same element).

(3) The character of a representation. Given a representation (V, p) of a finite group G, its
character is the map

chV:G = C
g — tr(p(g))-

(a) Show that any character satisfies ch" (gh) = ch" (hg) for g, h € G. Hence, the char-
acters viewed as elements of CG belong to Z(CG).
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(b) Show that the irreducible characters ch* = tr p*, which are labelled by the irreducible

representations A = (V*,p*) in G, form an orthonormal basis of Z(CG) (hint: use
the orthogonality of the matrix coeficients).

(c) Show that a representation V' of a finite group G is entirely determined (up to iso-
morphisms) by its character ch".

(d) Establish the following Fourier inversion formula for functions in Z(CG): if f €
Z(C@G), then

F=>_F)e,

\eG

where f()\) = ﬁ > gec ch*(g7h) f(g).

(4) The Fourier inversion formula. By using the orthogonality of characters, show the
following general Fourier inversion formula: if f € CG is viewed as a function, then
for any g € G,

dim A ~ _
flg) = Z |T|tf (f(A) (g 1)) :

AeG

(5) The discrete Fourier transform. Suppose that G = Z/nZ. Show that the irreducible
representations of GG are as follows: they are all one-dimensional, they are also labelled
by the elements of Z/nZ, and a class of integers k modulo n gives rise to the irreducible
representation

7/nZ — C* = GL(C)

2imkl

[—e n .

Write the Fourier inversion formula for functions f : Z/nZ — C. Reprove it without
using representation theory.

(6) The second orthogonality formula. Let G be a finite group. The objective of the exercise
is to show the following orthogonality formula: for any g, h € G, we have
G . . .
Z e (1) e (h) = ﬁ if g and'h are conjugated in G,
< 0 otherwise,
AeG
where C, denotes the conjugacy class {¢' = hgh™!, h € G} of g.

(a) Let G and H be two finite groups. Given two representations (V, p¥) and (W, p"V') of
respectively G and H, their exterior tensor product is the representation of the product
group G x H with underlying space V' ® W, and underlying morphism

PV @p" G x H— GL(VeW)
(9:h) = p"(9) @ p" (h).
Show that the exterior tensor product induces a bijection
GxH-GxH
(VA 00, (VE p) s (VA VE 0 @ ph).
(Hint: a representation V is irreducible if and only if its character has norm 1, and
two irreducible representations are non-isomorphic if and only if their characters are
orthogonal. Show that the character of the exterior tensor product of two representa-

tions is the product of the characters, and then prove that the exterior tensor products
A ® p are irreducible and non-isomorphic representations of G x H).
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(b) Given a finite group G and an irreducible representation V*, we consider the follow-
ing representation of G X G on End(V?):

(9.h) - u=p*g)ouo p*(h7").
Show that this representation of G x G is irreducible, and give its character.

(c) Construct a representation of G x G on CG such that the Fourier isomorphism CG —
@D, s End(V?) is a morphism of representations. Compute the character of this
representation by two different ways, and deduce from this the orthogonality relation
stated at the beginning of the exercise.

(7) Analysis of the random walk on the hypercube. We consider the following random
walk on G = (Z/2Z)N: at each step of the random walk, one stays at the same vector
(e1,€2,...,en) with probability 11, and one changes the parity of one of the N coor-
dinates with probability ' for each possibility. Hence, one considers the random walk
on GG with generator:

N

1 1
=——(0,0,...,0)+ ——> (0,...,1;,...,0 CG.
,U/ N—'—l(’ ) 7)+N+1Z(7 ) ) e

i=1
(a) Prove that G admits 2% irreducible representations, which are all one-dimensional
and write as follows:
pH(eL,...,en) = (=1)herttivey e C* = GL(C).
fort = (t1,...,tn) € (Z/)2Z)".

(b) For t € (Z/27)", compute the Fourier transform 7i(t) in terms of [t| = SV, [t
(the symbols | - | mean that the sum is taken in N instead of Z/27Z).

(c) Show that for any n € N and any € € (Z/2Z)", one has:
1 ~ n
WE) =gy D, @) e
te(2/2Z)N

We denote [, the uniform measure on G. Show that ©" —, o (s, and give an
exact formula for (|| — poo|lce)?. Interpret this in terms of asymptotic properties
of the random walk on the hypercube.



CHAPTER 2

The Frobenius-Schur isomorphism and the Jucys-Murphy elements

In the previous chapter, we have introduced several random walks on &(N), all of them being
described by a generator p in the group algebra CS(N). The Fourier isomorphism ensures that
the law at time n of the random walk has for Fourier transform

> @)

o —

AeB(N)

so by computing the powers of the matrices /i(\) and by reversing the Fourier isomorphism, one
has access to the marginal laws of the random walk, and one will be able to compute for instance
the total variation distance between ;" and the uniform measure. The obvious prerequisites of
these computations are the following:

—_—
e we need a description of the set G(N): can one give a complete list of the irreducible
representations of §(N), and compute for instance their dimensions?

e we also need to be able to compute the Fourier transforms fi(\).

It turns out that many computations on the representations of the symmetric groups can be per-
formed without knowing precisely the representation matrices. The tool which enables this is the
algebra of symmetric functions, and the Frobenius-Schur isomorphism; this is the main focus of
this chapter. We shall also present without proof an alternative approach to the representation the-
ory of the symmetric groups, which is due to Okounkov and Vershik and which involves certain
special elements of the group algebra C&(N) called the Jucys-Murphy elements; they will play an
important role in certain computations of Chapter 3.

1. The five bases of the algebra of symmetric functions

Let X = {x1,22,...,%n,...} be an infinite sequence of commutative variables. A monomial is
fini d f such variables: for i 3 4 ials. The d. f
a finite product of such variables: for instance, x123, (x2)°, z1(x3)*x4 are monomials. The degree o
a monomial is the number of terms of the product: for instance, deg(z1(z3)*x4) = 6. A polynomial
in an infinite number of variables is a formal linear combination of monomials

p(X) = Z Crxy,
IeT
with coefhicients ¢ for instance in the field of real numbers R, and with each monomial z; bounded

in degree by a common upper bound deg p = sup;cz(degz;) < +oo. We allow infinite sums such

as
0o

Z(%)Q%H,

i=1
but we do not allow sums unbounded in degree such as Y ;7 (z1)*. Given a monomial z; =
(i)™ -+ (x;,)", the number of pairs of monomials (z;, xx) such that x; = z;xk is finite,
so we can define without ambiguity the product of two polynomials p(X) = > ., c;2; and

q(X) = ZKGIC d zx by

(pQ>(X) = Z Z cyjdg | x.

I'| deg(zr)<deg(p)+deg(q) \(J,K)ETxK|zjrR=12]

23
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This definition obviously extends the usual rules for products of polynomials in a finite number of
variables. It yields a structure of graded R-algebra on the space R[X] of polynomials in an infinite
number of variables.

If p(x1,...,x,)isa polynomial in n variables, there is a natural action of &(n) on R[z1, . .., x]

given by:
(0 -p)(@1,...,20) = P(To(1), - -, Ta(n))-

For instance, if p(x1, 22, 23) = (21)? + 23 and 0 = (1,2), then (0 - p)(x1, T2, 73) = (22)* + 3.
A polynomial in n variables is called symmetric if o - p = p for any 0 € S(n). For instance,
p(x) = 129 + Tax3 + X321 1s @ symmetric polynomial in 3 variables. If we want the same notion
for polynomials p € R[X] in an infinite number of variables, then we need to introduce the infinite
symmetric group

&(o0) = | 1 6(n).

n>1

For every n € N*, the group &(n) identifies with the subgroup of &(n + 1) which consists in
permutations o such that o(n + 1) = n + 1. Therefore, we have an increasing sequence of groups
(&(n))n>1, all of them acting on N*; the group &(n) leaves invariant the elements of [n + 1, +-00].
The infinite symmetric group &(o00) is the increasing union of these groups: an element of G(0) is
a permutation of N* which moves only a finite number of integers (in some interval [1, n]). Then,
we have an action of &(c0) on R[X], which is analogous to the action of &(n) on Ry, ..., z,]:

(0 -p) (@1, T, ) = D(To1)s - To(n), - - -)-

DErFINITION 2.1 (Symmetric function). A symmetric function isan element f € R[X] (polynomial
in an infinite number of variables) such that, for any permutation o € S(00), we have o - f = f.

It is easy to see that the action of the infinite symmetric group on R[X] is compatible with the
grading and with the product of polynomials, and therefore that the symmetric functions form a
graded subalgebra Sym of R[X]. The remainder of this section is devoted to a description of five
graded linear bases of the algebra Sym.

ExampLE 2.2 (Power sums). For k > 1, the k-th power sum is the symmetric function

=1

it is homogeneous with degree k (all the monomials appearing in py, have the same degree k). More
generally, consider a non-increasing sequence A = (A; > Ay > - -+ > \) of positive integers. Such a
sequence is also called an partition of the integer |\| = _¢_, ;. For instance, (4, 3, 3) is a partition
of the integer 10. Given an integer partition A, we set px(X) = pa, (X) pa,(X) - - pa, (X). This is
again a symmetric function, with degree degp, = |A|.

ExampLE 2.3 (Elementary functions). For k > 1, the k-th elementary symmetric function is the
symmetric function

en(X) = Z Tiy Tiy -+ Ty
1< <ig<--<i
For instance, e2(X) = >, ; TiTj. Each e, is symmetric with degree k, and as above, we can
construct more complicated symmetric functions by taking products: thus, for A = (A1, ..., \)
integer partition, we set e)(X) = ey, (X) ey, (X) - ey, (X). This is again a symmetric function,
with degree deg ey = |A|.
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ExamrLE 2.4 (Homogeneous functions). For k > 1, the k-th homogeneous symmetric function
is the symmetric function

1<y <io <<ty
For instance, ho(X) = 35 ;0 Tity = Dy oi; @iy + Yooy (1:)* = ea(X) + pa(X). Each hy is
symmetric with degree k, and as before, given A = (A1,..., \¢) integer partition, we set h(X) =
B, (X) by (X) -+ - by, (X). This is again a symmetric function, with degree deg hy = |A|.

LemMA 2.5 (Generating series of the three bases p, e and h). Any power sum py can be expressed
as a linear combination with real coefficients of elementary functions e, with |u| = |\|. The same
statement holds with any pair among

(p,e), (e,p), (p,h), (h,p), (h,e), (e h).

Proor. We introduce a variable z commuting with all the variables x;, and the three generating
series:

e 2(X)
—yont

k=1

E(X,2) =1+ ) ex(X)2";
k=1

H(X,2) =1+ hg(X) 2"

k=1

These functions belong to the algebra of formal power series in the variables {z, z1, ..., z,,...}.
We can compute them all. First,
o0 o0 o0 1
P(X,z) = 1 =1 .
-5 (55 -Bve() ({12
If we consider the exponential of P(X z), we obtain

H 1 —1xiz N (Z@ﬂ)di) =2 7 Do () ()t

diy+-+di. =k

The sum associated to the term 2* is the sum over all possible ways to choose indices i1, . . . , i, € N*
and positive multiplicities d;,, . .., d;, such that d;, + - - - + d;, = k. By gathering the equal indices
in the definition of hx(X), one sees that this sum is equal to the k-th homogeneous symmetric
function (with by convention h(X) = 1). Thus,

exp(P(X,z2)) = H(X, 2).

This implies that every homogeneous symmetric function hj>1 can be expressed as a polynomial
in the power sums p;, and conversely. Indeed, if one wants for instance to express hy in terms of
the power sums, one writes:

hi(X) = [*](exp(P Z 3 pkl(X)"'sz(X)_

kl Ce ki
>1 k1+ ko=

By reordering the integers k; in order to obtain integer partltlons, one gets:

pA

Ak
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where the sum runs over all integer partitions of size k, and where if A is an integer partition with
ma () parts equal to 1, ma(A) parts equal to 2, etc., then

Z) = H(sms(’\) ms(A)!).

s>1

Since h,(X) = hy, (X) - h,,(X) for any integer partition 1 = (p1, . . ., fi¢), we have thus proved
that any homogeneous symmetric function h,(X) is a linear combination (with positive rational
coeflicients) of functions p, (X) with the same degree. The converse change of bases is obtained by
using the relation P(X, z) = log(H (X, 2)).

The passage from the basis & to the basis e is analogous. Indeed, let us remark that

o

[Ja+zz)=14> 2 ( > xk) =14 e(X) 2 = B(X,2).

i=1 1<i1 << <ig

Therefore, £(X,z) = (H(X,—z))"!, and this relation between generating series allows one to
express elementary functions in terms of homogeneous functions and conversely (this is the same
kind of argument as above). By composition, we can also go from the basis p to the basis e and vice
versd. g

ExampLE 2.6. For k = 4, the change of basis formula between homogeneous functions and
power sums yields:

. p4(X) p(371)(X) +p(272)(X) +p(2,1,1)(X) 4 p(1,1,1,1)(X)
4 3 8 4 24 ’

We can also express hy4(X) in terms of elementary functions:

h4(X) = — €4<X) =+ 2 6(3’1) (X) + 6(272) (X) — 3 6(27171) (X) + 6(1717171) (X)

We have used above the terminology of basis, but we have not yet proved that any symmetric
function can be expressed as a linear combination of power sums (or, equivalently, of elementary
symmetric functions, or of homogeneous symmetric functions). It is also not clear that the family
of functions (py), with A running over the set of all integer partitions consists in linearly inde-
pendent functions. The following results will show that this is indeed the case. In the sequel, we
denote 9)(n) the set of integer partitions of size n, and Q) = | |, . D(n). The length of an integer
partition A = (A1, Ag, ..., \¢) is its number of parts £ = £(\).

ProrostTION 2.7 (Monomial basis of the algebra of symmetric functions). Denote Sym, the
vector subspace of Sym which consists in symmetric functions which are homogeneous of degree d (if
f=>"1ercrxr belongs to Symy, then deg(x;) = d for every I € I). We have Sym = @ o Symy,
and for every d € N, there exists a linear basis (mx(X)) ey (a) of the vector space Sym labelled by the
integer partitions A € ) (d).

Proor. Givenamonomial x; = (z;, )% (x;,)% - - - (z;,)* with degree d = dy+dy+- - -+dy, there
exists a unique non-increasing reordering of the multiplicities d; which gives an integer partition
A € P(d). By invariance by action of the symmetric group &(c0), if 7 occurs with a coefhicient ¢
in a symmetric function f, then

2t = (1) (w2) - ()™

occurs in f with the same coefficient ¢ € R, and moreover, any other monomial z; with the same
reordering A of the multiplicities must also have the same coefficient ¢. Conversely, given A € 9)(d),
the list of the monomials z; corresponding to A can be obtained as follows:
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e first, choose a permutation (dy, ds, . .., dy) of the parts of A; the number of distinct such
permutations is
L(N)!
Hle ms(A)!
e then, choose an increasing sequence of indices iy < iy < -+ < i; the monomial thus

obtained is
‘

xrr = H(:cij)dj.
=1
Denote my(X) = >_ z; the sum of all monomials corresponding to the integer partition \; this
is the monomial symmetric function associated to the partition A. The reasoning above proves that
any symmetric function f is a linear combination of functions m,(X), with A integer partition.
If we restrict ourselves to functions which are homogeneous of degree d, then the possible integer
partitions A are those in 9)(d). Finally, the m,(X)’s are linearly independent, because if f =
>\ exma(X), then the coeficient ¢, can be recovered as the coefficient of the monomial 2 in the
polynomial f. O

ProPoSITION 2.8 (Three bases of the algebra of symmetric functions). The families (px) e ()
(ex)rep(a) and (hy)xey(ay are three linear basis of Sym,. Therefore, (px)rey, (€x)rey and (hy)rey are
three graded linear basis of Sym.

Proor. We are going to introduce a partial order < on )(d) such that, for any integer partition

A € Y(d),
pa(X) = <Hms<k>!> ma(X) + Y exumu(X)
)

s>1 pneY(d
H=A

for some non-negative integer coefhicients cy,. This will imply that (px)eg(q) s a basis of Sym,,
with a matrix of change of basis from (px)acy) to (ma)aey@ Which is upper-triangular with
positive coeflicients on the diagonal. The two other bases will then be covered by Lemma 2.5.

Given two integer partitions A and p with the same size, we say that A is finer than u (notation:
A =< p) if one can obtain i from A by summing some of its parts, and then reordering them in non-
increasing order. For instance, starting from the integer partition A = (5, 3,2), one can construct
the following partitions p with A <

(10)

/TN

(8,2) (7,3) (5,5)

N

(5,3,2)

Let us now consider the symmetric function
pX) = 30 ) ) )
i1yi,eig>1

By Proposition 2.7, p\(X) can be written as a linear combination of functions m,,(X). To find
which monomial symmetric functions are involved in this expansion, we associate to each (-tuple
of indices (i1, . . ., 4¢) the set partition 7 of [1, /] whose parts correspond to the identities of indices.
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For instance, if the (-tuple of indices 1s (1,3, 1,4, 5,3, 1, 2), then it corresponds to the set partition
of [1, 8]:

7={1,37}u{2,6} {4} {5} L {8}.

Given an integer partition A with length ¢ and a set partition 7 = m; Umy U - - - U m, of [1, ¢], we
can associate to it an integer partition /1 = A by taking for each part 7; the sum of parts 37, A;,
and by reordering in non-increasing order the integers thus obtained. For instance, if 7 is as above
and if A = (8,6,6,3,2,2,2,1), then u = (16,8,3,2,1). By construction, it is clear that A < p
regardless of the value of 7. On the other hand, the monomial (x;,)* - - - (z;.)* is conjugated by
the action of &(00) to 2*, so it contributes to a term m,,(X) in the expansion of p,(X). Note that
each monomial symmetric function can appear numerous times in this expansion, in particular
because there can be several distinct set partitions which yield the same 1 by summing parts of A.
However, our argument proves that if m,,(X) occurs with a non-zero coefficient in the expansion
of pa(X), then A < . To conclude the proof, we have to show that m,(X) occurs with positive
multiplicity. The monomials z; occurring in py(X) and conjugated by &(c0) to 2* come from

the (-tuples of indices (i, ...,7) which are all distinct. Moreover, there are [, ms())! such
monomials equal to z*; indeed, this happens when (iy,...,4,) is a permutation of (1,2,...,¢)
which permutes the blocks (1,2,...,m1(N)), (m1(A) + 1,...,mi(A\) + ma(N)), etc. This ends the
proof of the proposition. O

ExampLE 2.9. The expansion of the power sum p(s 32)(X) in the basis of monomial symmetric
functions is:

P(5,3.2)(X) = m5.32)(X) + 2m5 5(X) + m7,3)(X) +mg2)(X) +muo(X).

REmARK 2.10. Proposition 2.8 can be restated as follows: (p)i>1, (€x)x>1 and (hy)r>1 are alge-
braic bases of Sym, so any symmetric function can be written uniquely as a multivariate polynomial
in the elements of one of these three families. As a consequence, if A is a real algebra and if one
wants to define a morphism of algebras ® : Sym — A, then it suffices to specify the images ®(py,)
for k > 1 (or the images ®(ey>1), or the images ®(hy>1)). This remark will play an important role
in Chapter 5, where we shall study a class of morphisms ® : Sym — R.

In order to introduce the last important basis of Sym, we need another viewpoint on this alge-
bra, namely, as a projective limit. For any n > 1, there is a morphism of algebras from R[X] to the
algebra R[zy, ..., z,] of polynomials in n variables:

T (f(X)) = f(x1,...,2,,0,0,...).

One says that m,(f) is the specialisation of f with the variables ,,11, .42, etc. set to 0; we shall

also denote 7, (f) = f(x1,...,2,). Given N > n, we have similar morphisms of algebras 7 :
R[z1,...,2n] — Rlzy,...,z,] corresponding again to setting &, 1 = Tpi2 = - = xy = 0.
These morphisms are compatible with one another: the following diagram is commutative

R[X]

- —— Rz, 1] —— Rz, oz —— Rz, ] —— -
mtl Tp_1

Since &(o0) = U5, T &(n), if f € Sym, then its images ,(f) are invariant under the actions

of the corresponding symmetric groups &(n). Therefore, if Sym(n) denotes the subalgebra of

R[x1,. .., x| of symmetric polynomials in n variables, then the previous diagram restricts to:
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- ——— Sym(n + 1) — Sym(n) ————— Sym(n — 1) —— - --
772 Th-1

As before, we denote with an index d the vector subspace Sym(n), of Sym(n) which consists in

symmetric polynomials homogeneous of degree d. The same argument as in the proof of Proposi-

tion 2.7 shows that a linear basis of Sym(n), consists in monomial functions my(z1, . .., x,), with

the following restrictions: we need |A\| = d (degree condition) and also £(\) < n (otherwise, the

number of distinct variables is not large enough to ensure that one can distribute the exponents
ALy, A¢). Thus,

Sym, = @ Cm(X);
)

eV (d

Sym(n)q = @ Cm(x1, ..., xn).

A€ (d)

L(AN)<n
If d < n, then the restriction ¢(\) < n is superfluous, because ¢(\) < |\| for any partition .
It follows that the restriction of 7, to symmetric functions with degree smaller than or equal to
n is an isomorphism of vector spaces. In particular, in order to define a symmetric function f
with degree d, it suffices to define symmetric polynomials f,,(z1, ..., x,) for n large enough (larger
than ng > d), so that these polynomials are compatible with one another: 7)'(fy) = f, for any
N > n > ng. Then, there is a unique symmetric function f such that 7, (f) = f, for any n.

RemARK 2.11. The previous discussion shows that Sym is the projective limit in the category of
graded algebras of the sequence of graded algebras (Sym(n)),en.

A polynomial in n variables f(x1,...,z,) is called antisymmetric if, for any permutation o €
S(n), we have
[(@o), s Tomy) = €(0) f(z1,. .., T0),
where ¢(0) is the signature of the permutation o. For instance, (1 — 22) (22 —x3)(z1 — x3) is an an-
tisymmetric polynomial with degree 3. We denote AntiSym(n) the vector space of antisymmetric
polynomials in n variables. Consider the antisymmetrisation operator

A, Rz, ..., 2] — AntiSym(n)

fr Y elo) (o)

ce6(n)
Set p, = (n—1,n —2,...,1). Note that if f(z1,...,2,) = 2’ = (x1)" (z9)" 2+ (x,), then
(A, f)(x1, ..., 2,) is the Vandermonde determinant:
(Apnf) (@1, ..y 20) = Az, ..y x,) = H (z; — ;).

1<i<j<n

THEOREM 2.12 (Antisymmetric polynomials). The map f — A X f is an isomorphism of vector
spaces from Sym(n) to AntiSym(n). On the other hand, a linear basis of AntiSym(n) consists in the
polynomials A, (x*Pn) with X integer partition with length smaller than n.

Proor. The ring of polynomials R[xq, xs,. .., z,] is a unique factorisation domain, and the
polynomials z; — x; are irreducible. Let us prove that, for any pair 1 < i < j < n and for
any antisymmetric polynomial g(xy, ..., z,), g is divisible by z; — x;; by the unique factorisation
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property, this will imply that A divides g. By symmetry, it suffices to treat the case (7, 7) = (1,2).
If 2; = (x1)™ (22)™ xp with 2 involving only variables x;>3, then the coefficient ¢ of z; in an
antisymmetric polynomial g(z1, . .., xx) is the opposite of the coeflicient of z; = (x1)"2(22)™ 2.
Therefore, if n; = ny, then ¢ = 0. Otherwise, we have a pairing of the monomials z; and z;, and
it suffices to show that x; — x5 divides z; — ;. This 1s obvious: for instance, if n; > ns, then

nij—ng—1
(21)" (22)" = (21)™ (22)™ = (v1 — 72) < Z (l’l)n2+k(i€2)nllk> :
k=0
Now, the map f +— Af is injective (R[z1, ..., z,] is an integral ring), and if f is symmetric, then

Af 1s antisymmetric:
o-(Af) =(0-A)o-f)=e(o)Af.
Indeed, the action of o on A captures the parity of the number of inversions of o, hence its signature.

Conversely, if g is antisymmetric, then by the discussion above ¢ = Af for some polynomial f,
and we have

e(0)Af=clo)g=0-g=(0-A)(o-f)=celo)Alo-f),
so f =0 fand f is symmetric. The first part of the theorem is thus proved.

For the second part, note that if z; is a monomial in R[zy, ..., z,], then A,(z;) = &+ A, (2}),
where ) is the integer partition obtained by reordering the exponents in ;. Therefore, AntiSym(n)
is spanned linearly by the polynomials A, (z*) with X integer partition with length smaller than
n. If X has two parts \; = A;11 (including the case where £(\) < n —2and A\,_; = A, = 0), then
with 7 = (4,7 + 1), we have

— A, (2 =7 Ay (2) = An (7 2) = A, (2),
so A, (2*) = 0. Therefore,
AntiSym(n) = Span({A,(z"), X strict integer partition with length n — 1 or n}),

where by strict integer partition we mean an integer partition whose parts are in strict decreasing
order (hence, all distinct). These integer partitions are those that write as

)\+pn = (/\1 + pn,la)\Q +pn,27 s 7/\n +pn,n)a

with \ arbitrary integer partition with length smaller than n, and p, = (n —1,n—2,...,1) (with
by convention A\, = 0 if & > ¢()), and p,,, = 0). To end the proof, we have to show that the
polynomials A, (z**#n) with A running over the set of partitions with length smaller than n are
linearly independent. By using the degree, it suffices to prove that given a sum

g(z1,... m,) = Z ex Ap (a2,
A€ (d)

one can recover each coeflicient ¢, from g. However, it is easy to see that ¢, is the coefficient of
2P in g; this ends the proof. O

Given an integer partition A with £(\) < n, the previous theorem ensures that the polynomial
A (22+Pn) is divisible by A = A,,(2#), and that the Schur polynomials

A7) det(2)M" ) 1<ien
A, ({L‘Pn) N det((.Ti)n_j)lgi,an

with ¢(\) < n form a linear basis of Sym(n). Moreover, the definition of s, does not depend on
n, in the following sense: for any n > ¢(\),

sx(x1, ..., 2y) =

sa(x1, .., 20, 0) = sx(21, ..., xp),

where on the left-hand side we used the definition of s, with operators A,,;1, and on the right-hand
side with operators A,,. This identity is obvious by using the formula defining Schur polynomials
as ratios of determinants (we then develop the determinants along the last column). So, we have
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a sequence of symmetric polynomials compatible with one another, and there is for any integer
partition A € 9) a unique symmetric function s, (X) with degree |A| such that

An(xA+Pn)
Ay, (zPn)

for any n > ¢(X\). We call s, the Schur function with label A; the Schur functions form another
graded basis (s))aeg of Sym.

Tn(8x) =

ExampLE 2.13. Consider the integer partition A = (2, 1). The corresponding Schur function has
degree 3, so it can be identified by looking at the case of 3 variables 1, x2, x3. A simple computation
of determinants shows that

8(271)(ZE1, Ta, Ig) =2 T1T9X3 + (I1>2$2 + (J?1)2l’3 + (ZL‘Q)2ZE1 + (1’2)21’3 + (ZE3)2£L’1 + (I3>2$2
=2mqa 1) (21, T2, x3) + Mm21)(T1, T2, T3);

therefore, s5(2,1)(X) = 2m 1,1)(X) + m(21)(X) in the algebra of symmetric functions Sym.

REMARK 2.14. The five bases of the algebra of symmetric functions can easily be manipulated
with a computer algebra system. We recommend in particular SageMath, which is built upon
Python and contains numerous packages which enable computations with symmetric functions.
For instance, the conversion of the Schur function 53 1y in the other bases of Sym is performed as
follows:

Sym = SymmetricFunctions (QQ)

s = Sym.schur ()

p = Sym.power ()

m = Sym.monomial ()

e = Sym.elementary ()

h = Sym.homogeneous ()

p(s([3,11))

>> 1/8*pl[1, 1, 1, 1] + 1/4x*p[2, 1, 1] - 1/8*pl[2, 2] - 1/4xp[4]

m(s([3,1]1))
>> 3*m[1, 1, 1, 1] + 2*m[2, 1, 1] + m([2, 2] + m[3, 1]

e(s([3,1]1))
>> e[2, 1, 1] - e[2, 2] - e[3, 1] + e[4]

h(s([3,11))
>> h[3, 1] - h[4]

There are three important properties of Schur functions which we shall use hereafter in order
to relate Sym to the representations of the symmetric groups. The first identity is the change of
basis relation between Schur functions and homogeneous functions:

ProrosITION 2.15 (Jacobi-Trudy formula). For any integer partition X with length ((\) < n,

Sy = det((h,\i_z‘ﬂ)lgi,jén)

where by convention h_, = 0 if k > 1.

Proor. We prove the formula with a finite number of variables n > £()\); this is sufficient,
because the polynomials sy (z1, ..., 2,) with n > ¢()\) determine the symmetric function s,. For
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i,j € [1, N], let us introduce the symmetric polynomials

€ij = 6]‘({23'1, PP (7 T (O 7T I ,l’n);

hj = hj(l‘l, cen ,.ITL).

If H(z) =3 2  h;j 2’ and Ei(2) = Z?;& e;; 27, then

Ei(—2)H(z) = (H 1-— xi/z> (H N —1xi/z> =7 _1%2 = Z(a:zz)k

il i if k=0

Fix a sequence of non-negative integers (ky, k2, ..., k,). If we introduce the two matrices M =
(=1)" esn—j)i<ij<n and H = (hy,—i4n)1<ij<n, then the identity above rewrites as:

()% = [2M] (Z(xlz)k) = Z(—l)"’“em,a Pk, va—n = (M H); ;.

k=0 a=1
In particular, with k; = \; +n — 7 = (A + pn);,
A (@) = det((277 " )1<ij<n) = (det M)(det H) = (det M) det((ha,—j4:)1<i<n)-

The case A = 0 gives A, (z") = det M, so by taking the ratio of the two antisymmetric functions
we obtain the claimed identity. O

ProrosiTiON 2.16 (Cauchy identity). Consider two independent alphabets of commuting variables
X ={x1,29,...} andY = {y1, v, ...}. We have the following identity of formal power series:

S a0 =] 7

A€ ig>1 - il
Prookr. It suffices to prove the same formula with two finite sets of variables {z1, o, ..., z,}
and {y1,92,...,Yn}, for any n > 1; this allows us to use the definition of Schur polynomials as

ratios of antisymmetric polynomials. We have

An(l'pn) An(y”") H ! = An<xpn) An(ypn) H Z hkj (:Bla s >$n) (yj)kj

1 — 2y,
1<i,j<n iY; 1<j<n \ k;=0

=Au(a™) > e(o) hilwn, . w) Yt

Where hk f— hkl hk’2 PN hkn) and yk+0—'p7b — (yl)k1+pn,o'(1) (yz)k2+pn,g(2> e (yn)kn‘i‘pnyg(n). We set l —
k+o-pn = (kj+n—0(j))i<j<n. With the convention that h_;(X) = 0 for k > 1, we can rewrite
the quantity above as:

A, () Z £(0) hi—gpy (T1, - - -y Tp) Yl = Z A, (2 of

(I1,-eesln ) ENT (l1,-eosln ) ENT
ceS(n)
by using the Jacobi-Trudy formula. If [ = (y,...,1l,) is a sequence of integers with two terms

l; = l;, then A, (z') = 0. Otherwise, there exists a unique permutation ¢ € &(n) and a unique
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integer partition A € 9 such that/ =0 - ()\ + pn), SO

A, (2) A (yP) H _Z Z Ay (27 OFpn) ) 7 ton)

1§i7j<n Yi AEY 0eS(n

- Z Z (o) Ay I-A+p7b)yg()‘+l7n)

A€Y oS (n)

_ ZA )H—pn )\+pn>

AEY

and we conclude by dividing the two sides by A, (z"") A, (y""). O

The last important property of Schur functions is a special case of the so-called Pieri rules. It will
also allow us to introduce the notion of Young diagram of an integer partition. Given a partition
A= (A1, A2, ..., \r), its Young diagram is the array of boxes with A; cells on the first bottom row,
Az cells on the second row just above, etc. (with £ = ¢()\) rows of boxes). This is better understood
with a drawing:

(6,4,4,3,1) =

IfAeYn)and A € Y(n+1), we denote A 7 A if the Young diagram of A can be obtained from
the Young diagram of A by adding one cell. For instance, the previous integer partition of size 17
satisfies A * A for the following integer partitions A € 2(18):

(6,4,4,2,1,1), (6,4,4,2,2), (6,4,4,3,1), (6,5,4,2,1), (7,4,4,2,1).

ProrosITION 2.17 (Pieri rule). For any integer partition ),

s (X) s (X) = > sp(X).

A[AA
Proor. Note that in degree 1, all the functions of the five bases of Sym correspond:
pi(X) = er(X) = (X)) =my(X) = s1(X) = ) .

We prove the formula of the proposition with a large enough number of variables n > ¢(\). We
have

An(@) sx(@1, . an) si(@n, @) =Y Ze(a) 2 o ((w)M T @) 2 (2,) M)

o€6(n) j=1

= > > o) o (ay (@) w2 R () ™)
o€6(n) j=1

frnd ZAn(xpn+>\+(0 ,,,,, 1] ..... 0))
j=1

IfX\;_1 = A, then (p, +A+(0,....1;,...,0)) ;-1 = (oo +A+(0,...,1;,...,0)); and the antisym-
metrisation of the monomial vanishes. Otherwise, p, + A+ (0,...,1;,...,0) = p, + A, where A
is the integer partition obtained from A by adding a cell on the j-th row. We conclude by dividing
both sides of the equation by A, (). O
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2. The representation ring of the symmetric groups

In order to establish a link between the ring of symmetric functions Sym and the representations
of the symmetric groups, we start with the following basic observation:

—

LemMa 2.18. Forany n € N, there is a bijection berween the set &(n) of irreducible representations
of &(n) and the set Y (n) of integer partitions of size n.

Proor. By Proposition 1.24, it suflices to show that there is a bijection between the conjugacy
classes in &(n) and the integer partitions in 9)(n). Given a permutation o € S(n), its cycle-
type t(o) is the integer partition whose parts are the sizes of the cycles in the decomposition of
o as a product of disjoint cycles (with fixed points counted as cycles of size 1). For instance, if
o=(1,5,2,9)(3,6)(4,8)(7) in &(9), then t(c) = (4,2,2,1). Notice then that given a permutation
7 and a cycle (¢, co, ..., ¢,), one has

7(c1,¢0,...,¢)7 = (1(c1), 7(c2), ..., 7(c,)).

Moreover, the conjugate of a product is the product of conjugates; therefore, two permutations
o and ¢’ are conjugated by some permutation 7 if and only if they have the same cycle-type. So,
the map o — (o) induces a bijection between conjugacy classes in &(n) and integer partitions in

D(n). O

Denote (5*)rey(n) the collection of non-isomorphic irreducible representations of &(n); for
the moment we only know that there is a way to label the irreducibles by integer partitions, but
later on we shall have a more precise description of the bijection. The discussion of Chapter 1
shows that any representation of &(n) writes uniquely as a direct sum

@ my S)\, my € N.
A€Y(n)

We can see the direct sum above as an element of a R-vector space with dimension card(Q)(n)),
and with a linear basis denoted S*, A € 2(n). Let us denote this vector space R(&(n)); this
is the Grothendieck group of the category of representations of the symmetric group S(n) (with
coeflicients taken in the field of real numbers R). The Grothendieck group of the representations
of the symmetric groups is the direct sum of these spaces:

R(6) = DR(S(n)).
neN
This is a graded vector space, with a graded linear basis (5*)ycy) labelled by the set of all integer
partitions. We are going to show that there is a nice isomorphism of graded vector spaces between
Sym and R(&), which enables many computations around the representations of the symmetric
groups. This isomorphism will be:

e an isomorphism of rings with respect to a certain product on R(S);
e and an isometry with respect to two scalar products on Sym and R(S).
The next paragraphs are devoted to the construction of these structures.

Given a group G and a subgroup H, there is a natural way to restrict a representation of G
in order to get a representation of H. Indeed, given (V,p) with p : G — GL(V) morphism
of groups, the restriction pjy : H — GL(V) yields a representation of the subgroup. This new
representation is usually denoted Res (V/); it has the same underlying vector space V as the original
representation. Conversely, given a representation W of the subgroup H, there is a natural way to
induce from it a representation of G. Consider W as a CH-module; then, CH is a subalgebra of
C@, and we can take the tensor product

V =CG ®@cy W,
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which is a vector space with dimension $29& x dim IW. This new vector space is endowed with a

natural structure of CG-module (for the multiplication on the left), so it is a representation of G.
We denote it by Ind% (). Note that the induction of representations is not the opposite operation
of restriction; the two functors are rather related by a relation of duality, see in particular the proof
of Proposition 2.31.

Lemma 2.19 (Character of an induced representation). Let H C G be two groups and W be a
representation of H. The character of the induced representation V= Ind$; (W) is given by the following
formula:

ch"(g) = > ch(k'gh),

keG/H

where the sum runs over a family of representatives of the left cosets kH of H in G, and where by
convention ch” (¢') = 0 if ¢’ is not in H.

Proor. Fix alinear basis (w;)yep1,q) of W over C. Given afamily {k,, ..., k.} of representatives
of the left cosets of G/ H, any element of G writes uniquely as g = k;h for some i € [1, 7] and some
h € H. Then, alinear basis of V = CG®cy W over C consists in the tensors k; ® w; with i € [1,7]
and j € [1,d]. Let us use this basis in order to compute the trace of the action of an element g.
Giveni € [1,r] and g € G, a product gk; writes uniquely as k;(; ) h(i, g) with 7'(i, g) € [1,r] and
h(i,g) € H. We then have:

d

ch (g ZZ s ® w;l(gh; ® wy),

=1 j=1

where [k; ® w;](x) denotes the coeflicient of k; ® w; in x € V. We rewrite the quantity above as
follows:

Chv ZZ ®IU] i (i,9) ®h Z g w] Zl(z =i/ (4,9)) (Z[wj](h<i7g)wj)>

i=1 j=1 =1
= Z L(i=r(ig) b (h(i, 9)).
=1

Finally, i = i'(h, g) if and only if gk; = k;h(i, g), or equivalently if and only if h(i, g) = k; ' gk;. So,
when taking the sum over all the representatives &, ..., k. of G/H, the non-zero terms are those
such that k; ' gk; belongs to H. O

Consider two irreducible representations S* and S* respectively of &(m) and &(n). Let us
remark that the product group &(m) x S(n) can be considered as a subgroup of G(m + n): the
first group S(m) acts on [1,m] and the second group &(n) acts on [m + 1, m + n].

DeriNITION 2.20 (Product of representations of symmetric groups). The product S* x S" is

defined as

S(m+n) A
IndG(m)XG(n)(S ® SH),

where S* @ SH is the exterior tensor product of the two representations S* and S*. The product S* x S*
can be considered as an element of R(&(m + n)), and by extending the formula above by bilinearity,
we get a graded product:

R(6) x R(6) — R(6)

which is associative and which makes R(G) into a graded real algebra.
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The only point which is not entirely trivial is the associativity of the product; it is an easy conse-
quence of the relation Ind$; o Ind¥ = Ind¢ for a sequence of subgroups I € H C G. This relation
is quite easy to prove by using the definition of induced representations with tensor products.

Let us now endow Sym and R(&) with two inner products. On the side of the representations
of the symmetric groups, we have a natural pairing in R(&(n)):

(S*| ") = dim(home () (S*, S*)) = Lop)-

If we extend this rule by linearity to the vector space R(&(n)) and if we convene that the spaces
R(&(n)) are orthogonal in R(G) = P, .y R(6(n)), then we get a scalar product on the represen-
tation ring R(&), such that the irreducible representations (5*),cy form an orthonormal basis.
The corresponding scalar product on Sym will be related to the Cauchy identity 2.16.

Lemma 2.21 (Hall scalar product). We endow Sym with the unigue scalar product which makes
($x)re an orthonormal basis (it is called the Hall scalar product). Then, given another graded family
(ux)rey of symmetric functions (with each uy homogeneous of degree |\|), the following assertions are
equivalent:

(1) The family (ux) ey s a graded orthonormal basis of Sym.
(2) The family (uy) ey satisfies the Caunchy identity:

1
> 0m) - [T

AEY

Proor. Denote (Uy,)»,, the matrix of the family (1)) ey in the basis of Schur functions:
X)=> Unusu(X
I

The first assertion is equivalent to the fact that, for any n € N, the matrix (Uy,)x uey(n) is orthog-
onal. If this is the case, then

Z U)\(X) U)\(Y) - Z UAMUAV SM(X) SV(Y)

YD) PWINZ

1
—Zluvsu ZS“ Hl—xzy]

I

Conversely, if (u) ey satisfies the Cauchy identity, then > 0, .y ux (X) ua(Y) = 35 oy $x(X) sa(Y),
and we recover the orthogonality of the matrices (U, ) ue9(n) by taking the scalar product of this
relation with s,(X) ® s,(Y) in Sym(X) ®g Sym(Y). O

CoROLLARY 2.22 (Orthogonality of the power sums). The basis (py)rey of power sums is an
orthogonal basis of Sym for the scalar product previously defined, with

<pA \ p,\> = ZX

ProoF. Recall the relation hy(X) = 3, o)1 ’%AX); it implies that
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In the formula above, we replace the set of variables X = {z, xs,...} by XY = {x;y;, 4,5 > 1}.
On the left-hand side, we obtain the Cauchy product [], . —=—. On the right-hand side, note that

6,J 1—zyy;°

p(XY) = Z(Iiyj)k = (Z(%)k> <Z(?/j)k) = pr(X) pr(Y).

Therefore, p)(XY) = pA(X)pa(Y), and we have proved the Cauchy identity for the family of

functions ( 22 )aen- O

We can now state the main result of this chapter:

THeOREM 2.23 (Frobenius-Schur). There is an isomorphism of graded real algebras between Sym
and R(S), which sends the basis of Schur functions (s\)xey to the basis of irreducible representations
of symmetric groups (S™)sey. This isomorphism is also an isometry for the scalar products previously
introduced.

This theorem ensures that many computations on the irreducible representations of symmetric
groups can be performed by using the combinatorial properties of the Schur functions, which are
essentially polynomials. In particular, we shall use it in order to compute the dimensions dim A =
dim S of the irreducible representations, and the values of the irreducible characters. There is
a slightly stronger version of Theorem 2.23 involving the structures of positive self-adjoint Hopf
algebras on Sym and R(S); see the exercises at the end of the chapter.

The proof of Theorem 2.23 starts with a reinterpretation of the Grothendieck groups of repre-
sentations R(&(n)). Given a finite group G and the Grothendieck group R(G) of its category of
representations, the character map

ch: R(G) — Z(CG)
V = ch”

can be extended by linearity in order to get a linear isomorphism between C ®g R(G) and Z(CG);
indeed, as explained in Chapter 1 and its exercises, the two vector spaces have the same dimension,
and a representation is entirely determined by its character. As we are working with symmetric
functions with real coeflicients and with the real Grothendieck groups of the symmetric groups
S(n), it would be nice if this isomorphism could be restricted to an isomorphism of real vector
spaces. The tool which enables this restriction is the following:

LemmA 2.24. A character chY of a representation (V, p) of a symmetric group &(n) takes all its
values in the ring of integers 7.

We admit this lemma; its proof relies on a bit of Galois theory and is presented in the exercises
at the end of the chapter. Later, we shall give a formula for the irreducible characters of the sym-
metric groups (Corollary 2.27) which clearly implies that they are rational numbers in Q. As a
consequence of the lemma above, we see that ch : R(&(n)) — Z(C&(n)) takes in fact its values in
the real subalgebra Z(R&(n)), and is a linear isomorphism of real vector spaces.

A linear basis of the center of the real group algebra RG of a finite group G consists in the
conjugacy classes
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In the case of the symmetric group &(n), these conjugacy classes correspond to the cycle-types
i€ (n), so a linear basis of Z(RG(n)) consists in the classes

=> o
ce6(n)
t(o)=p
with y running over the set of integer partitions 9)(n). Thus, Z(R&(n)) = €D,,cq () RC,: (We have
for the same reasons Z(CS&(n)) = P CC).

pEY(n)

Lemma 2.25. For n € N, consider the linear map:

®,, : Z(R&(n)) — Sym

This map is an isometry with respect to the restriction of the scalar product of CS(n) to Z(RS&(n)), and
to the restriction of Hall scalar product of Sym to Sym,,.

Proor. Recall that the scalar product on a group algebra CG is defined by (g | ¢') = %

Two conjugacy classes C,, and C,, with p # 1’ involve disjoint sets of permutations, so they are
orthogonal in Z(R&(n)); the same is true for Z—Z and 2 by Corollary 2.22. It suffices now to prove
o
Pu
on C#)Z(Re(n)) = <_l

2| 2 Sym

On the right-hand side, by Corollary 2.22, we have . On the left-hand side, we have < C“ . The
integer partition u being fixed, let us consider the map

S(n) = C,

that

This map is surjective, and every permutation o € C, is obtained z, times: without changing
the permutation o, we can permute cyclically the letters of each cycle (this contributes to a factor
[1,>, i™®), and we can also permute the cycles with the same length (this contributes to a factor

[T;=1(mi(w))!). Therefore, we have indeed:

n! 1
cardC, = — ; (C,| Ou)z(RG(n)) -

© 3

0

We can now define the isomorphism of Theorem 2.23. Let ch,, : R(&(n)) — Z(R&(n)) be the
character map, and ¥,, = @, och,, : R(&(n)) — Sym,,. We aggregate these maps in a graded linear
map ¥ : R(&) — Sym, such that ¥|p(s(m)) = V. Let us check that W satisfies the hypotheses of
the Frobenius-Schur theorem. By the previous lemma, we already know that it is an isometry. In
order to check that it is compatible with the product, let us fix two representations V' and W of
the symmetric groups &(m) and S(n). We have:

U, (V) = @p(ch’) =, | Y chV(0)o

ceBS(m)

=9, Z ch" (u Z ch" (u

neY(m) HEY(m)
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where ch" (1) denotes the character of the representation V evaluated on any permutation with
cycle-type . It is convenient to rewrite the formula above as:

U, (V) = % Z ch" (o) Pi(o).-

T oe6(m)

Then, by using the formula for the character of an induced representation, and the easy fact that
ChV®W(01, 09) = ChV(Ul) ChW<02), we obtain:

_ 1 VxW
Viin(V X W) = )l 66(Z+ )Ch (7) Pi(o)

_ m Z Z ch" (o1) ch"' (02) pe(o

" 0e6(m+n) TEG(m+n)/(S(m)xS(n))
T lor=(01,02)€G(M) x&(n)
If we fix (01, 09) € &(m) x &(n), then the permutation o = 7(01, 09)7 ! is entirely determined by
1)U

7 and satisfies t(0) = t(o7)Ut(02). There are (m+") possibilities for 7 € §(m+n)/(S(m) x S(n)),
therefore,

1
VgV X W)= —— > ch¥(01) " (02) Prgon) Prgen) = ¥ (V) Wa(W).
" (01,02)€6(m) xS (n)

To end the proof of Theorem 2.23, we have to show that ¥ sends the irreducible representations
of the symmetric groups to the Schur functions.

LEMMA 2.26. For any integer partition X\ € Q) (n), s is the image by the map U of an integral linear
combination of irreducible representations of S(n).

Proor. Denote 1,, the trivial representation of &(n) on C, where every permutation acts by

the identity. We have
pu _
Wn(1n) nl D Py = Z -

oc6(n) u@)(n

Since W is compatible with products, for any product of homogeneous functions h,,, hy, - - - by, ,
there is a representation sent to this product by ¥, namely, 1,,, x 1,, x --- x 1, . Now, by the
Jacobi-Trudy formula 2.15, s, = det((hy, _Z+])1<”<g(>\)), so sy is the image by ¥ of a Z-linear
combination of representations of symmetric groups. O

END OF THE PROOF OF THEOREM 2.23. Denote W' (s)) = ZIMZMI e S*; the coefficients ¢y,

belong to Z. Since ¥ is an isometry and the two bases (s))xey and (S*) ey are orthonormal in
their respective spaces,

2
1= |[s:lI” = Z oSt = Z (ean)®.

l=IAl ll=IAl

With integral coefhicients, this is only possible if, for any ), there is a unique integer partition
p = pu(A) such that ¢y, # 0; moreover, ¢y, = £1. As the Schur functions (respectively, the
irreducible representations) are mutually orthogonal, we also have that u(\) # u(N) if A # N.
Therefore, up to a reindexation of the irreducible representations of &(n), we can assume that
cx = £1 for any integer partition A, and that ¢), = 0 if A # . So, ¥ sends the Schur functions
to the irreducible representations of the symmetric groups possibly up to a sign. To show that this
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sign 1s always +1, we use finally the Pieri rule 2.17. Fix an integer partition A € 2)(n), and set
U(S*) = g(N) sn. We have:

P
eN) sy =Up(SN) = 0p(ch) =@, | Y M) Cu | = > chM(p) z—“
HE (n) HEY(n) !
where ch*(11) denotes the value of the character of S* on a permutation with cycle-type ji. There-
fore,
e(N\) (sx] (p1)™) = ch*(idppp) = dim(S*) > 0.
However, by recursive use of the Pieri rule, (p;)" is a positive linear combination of Schur functions;
therefore, £(\) = +1. O

3. Dimensions and irreducible characters
Let us give several important applications of the Frobenius-Schur theorem. The first applica-

tion is a formula for the values of the irreducible characters of the symmetric groups:

COROLLARY 2.27 (From Schur functions to power sums). Denote ch* (1) the value of the character
of the irreducible representation S* of &(n) on a permutation with cycle-type 1. We have

i (12) = (2] )

Therefore,
pu(X) = Y e () sa(X);
ATIAI=lp]
X)
a(X)= D () -
] IAI=[ul
Proor. Since ¥ is an 1sometry,
z, card C
(sx|pu) = (SM| ¥(pu)) = (] 2,C,) = % ch*(p) = ch? (p).

The change of basis formula follow immediately from this, since (sx)rep and (p,,) ey are orthog-
onal bases of Sym. d

Since the beginning of this chapter, we have worked with polynomials and symmetric functions
with coefhicients in R, but clearly we could have worked with Q; in particular, all the coefficients
of the matrices of change of basis are rational numbers. Therefore, the previous corollary shows
that the character values ch*(1) are always rational numbers (so maybe there is a way to prove a
"complex" Frobenius-Schur theorem without Lemma 2.24, and then come back to the real version
by using the argument above).

Another consequence of the Frobenius-Schur theorem is a formula for the dimensions of the
irreducible representations S*. Given an integer partition A € 9)(n), we call standard tableau with
shape A a numbering of the cells of the Young diagram of A by the integers in [1, n], such that every
row and every column is strictly increasing. For instance,

10

712

6 |11({15|16

2 14

1 8 |13]17
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is a standard tableau with shape A = (6,4, 4,2, 1). Let us remark that a standard tableau with shape
A corresponds to a sequence ) = A\(O A\ A N@ AL A NM) = A each pair AO7D 2 A\®
of successive Young diagrams corresponding to the addition of the cell marked by the integer i.
Denote ST(\) the set of all standard tableaux with shape A.

ProrosITION 2.28 (Dimension of the irreducibles). The dimension of the irreducible representa-
tion S* of &(n) is the cardinality of ST(N).

Proor. The dimension of S* is the trace of the action of idf; ) € &(n) on S?, so it is equal to

ch™(1") = (sa | (p1)")

We are therefore looking for the expansion in Schur functions of the symmetric function (p; (X))™.
We claim that for any n,

P(X)" = 3 (card ST(V)) sx(X).

A€Y(n)

If we interpret the standard tableaux as increasing chains of Young diagrams, then the right-hand
side of the formula above rewrites as a sum over all possible chains of length n:

Z Sy(n) (X)

P=X0) N1 .. AN

The identity can then be proved by induction on n, by an immediate application of the Pieri rule
2.17. =

CoroLLARY 2.29 (Plancherel formula). For anyn € N,

n! = Z (card ST(X))2.

A€ (n)
Proor. This follows immediately from Theorem 1.17 and from the previous proposition. [

This remarkable formula ensures that there is a bijection between the set of permutations of size n,
and the set of pairs (P, Q) of standard tableaux of size n and with the same shape. We shall make
this bijection explicit in Chapter 4, which will be devoted to the study of the natural probability
measure on ) (n) stemming from the Plancherel formula.

ExampLE 2.30 (Representations of &(3), revisited). In Example 1.16, we have identified the
three irreducible representations of &(3). They correspond to the integer partitions of size 3,
which are (3), (2,1) and (1,1, 1). Let us make the bijection precise.

e For any n, s,y = h, (this is the Jacobi-Trudy formula for an integer partition with
length n), and we saw during the proof of the Frobenius-Schur theorem that A, is the
image of the trivial representation of &(n) by the isomorphism W. Therefore, for any n,
the integer partition which labels the one-dimensional trivial representation of &(n) on C
is the integer partition (n) with one part. In particular, the representation denoted V;;ivial
in Example 1.16 is 5.

e The geometric representation W has dimension 2, and this is also the case of SV, since
there are two standard tableaux with shape (2, 1):

3 2
and )
2 113
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On the other hand, the sign representation Vg, has dimension 1, and there is a unique
standard tableau with shape (1,1, 1). By identification, we therefore have:
‘/;ign _ S(l,l,l) 7 W = 8(2’1).

We have therefore identified the partitions which label the three kinds of irreducible representations
of &(3). The formula for characters allows us to compute the table of characters of W: since

Paia (X) ps(X)
sen(X) == 3) -

we obtain ch®V(1,1,1) = 2, ch®Y(2,1) = 0 and ch®*"(3) = —1.

During the construction of the product operation on R(S), we have introduced the notions of
induced and restricted representations. A special case which becomes explicitly computable thanks
to Theorem 2.23 is with the two groups H = &(n) and G = &(n + 1), where H is viewed as the
subgroup of G acting on [1,n] C [1,n + 1].

ProrostTION 2.31 (Branching rules). For any integer partition A € P(n),
Indg (s = € s
A[ASA
For any integer partition A € P(n + 1),
Resggzle (S = EB S,
AAA

Proor. The first part of the proposition comes from the fact that &(n) can be identified with
S(n) x 6(1) € S(n+ 1), since S(1) = {1} is the trivial group with one element. Under this
identification, S* corresponds to the external tensor product S* ® S, therefore,

Indgim ™ (5%) = §* x S

The first formula is then the Pieri rule translated by the Frobenius-Schur isomorphism. For the
second formula, we shall prove a general fact in representation theory: given two finite groups
H C G and two irreducible representations V of H and W of G, we have:

multiplicity of W in Ind% (V') = multiplicity of V in Res& (W).

This is the Frobenius reciprocity formula. These multiplicities can be computed by taking scalar
products of characters; let us start from the left-hand side. We have

w Ind% (V) _ L W Ind$ (V)
<ch ‘ch H >CG ‘G’Zch (g) ch™u

Z 1(k: lgkeH) Ch ( )Chv(k gk)
geG
kGG/H

1 [
=— > ch"(h)ch"(h)
(v
keG/H

1 —7 te)
- hW h hV h) = < hReSH(W) ‘ hV> .
il heZHc (h)ch” (h) c c o

Therefore, S* occurs in Resggn;rl)(SA) if and only if S* occurs in Indggz)ﬂ) (S*); this is the case if
and only if A 7 A, and the multiplicity is then equal to one. O
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4. The Gelfand-Tsetlin algebras

We should remark that we have been able to prove numerous results on the irreducible rep-
resentations of the symmetric groups &(n) without describing explicitly these representations and
their matrices. For instance, the dimension formula 2.28 shows that there exists for each irreducible
representation S* a linear basis (er)r of the representation space labelled by the standard tableaux
T € ST()), but so far we have no idea of the value of o - er for ¢ € &(n) (of course, the result
depends on the choice of the basis). This is actually a common phenomenon in representation the-
ory; the same thing happens for the representations of the classical groups of matrices and their Lie
algebras, where the theory of weights enables similarly the computation of the dimensions and of
the characters, but does not enable the computation of the matrices of representations. To close this
chapter, we shall state without proof several results about nice linear bases of the irreducible repre-
sentations S*. A part of these results could actually be used to recover most of the representation
theory of the symmetric groups, see the references at the end of the chapter.

We start by providing an explicit but mostly useless (at least for our objectives) description of
the representations S*. Given a standard tableau 7" with shape A\ € 9)(n), we associate to it the
polynomial

Ar(zy, ..., x,) = H H (x; — xj)

columns c of the diagram \ ¢<j appearing in ¢

For instance, if

T'=|3|5|8 ,
417
then Ar(z1,...,28) = (v1 — x3) (21 — 26) (3 — 76)(v2 — 25) (x4 — 23). Denote V> the subspace of
Clz1, ..., x,] spanned linearly by all the polynomials Ap(xy, ..., z,) with T € ST(A). The sym-
metric group &(n) acts on the space of polynomials C[z1, . .., x,,] by permutation of the variables.

THeEOREM 2.32 (Frobenius, Specht, Young). The space V' is stable by the action of the symmetric
group &(n), and it is an irreducible representation of S(n) isomorphic to S (the image of the Schur
function sx(X) by the Frobenius-Schur isomorphism). The family of polynomials (Ar)rest(n) 15 a
linear basis of V.

This theorem provides an easy answer to the question: can one construct explicitly the irreducible
representations of &(n)? Unfortunately, its proof has essentially nothing in common with the
previous discussion, and it is also quite difficult. In the sequel, we construct another linear basis of
the representation S*, which is a bit more connected to the previous discussion, and in particular
to the branching rules: the so-called Gelfand-Tsetlin basis.

Fix an integer n and an integer partition A € 2)(n). The branching rule ensures that, if we
restrict the action to &(n — 1), then we have an expansion in direct sum:

Sh = b

/\(nfl) |)\(n—1)/x)\

We claim that this decomposition in direct sum is unique, in the sense that each linear projector
Tynon : S* = S is entirely determined by the representation 5* of &(n). Indeed, consider
more generally a finite group G and a representation V' = @, 5 ma V?*, possibly with multiplicities
my > 1 for the irreducibles. Through the non-commutative Fourier transform, the structure of
CG-module on V translates into a structure of CG = @ re& End(V*)-module, each matrix space
End(V?) acting on a subrepresentation V* by 0 if u # ), and by the usual matrix action if ;1 = .



44 2. THE FROBENIUS-SCHUR ISOMORPHISM AND THE JUCYS-MURPHY ELEMENTS

In particular, the projection on the isotypic component m)\V* of V is obtained by using the inverse
Fourier transform of idy -, which is

< (dim)) chM(g™)
™ = Z ’G’ g.

geG

As we have a multiplicity-free decomposition of S* in G = &(n — 1)-representations, we conclude
that the space S A= Tym-1) (S?) is well-defined in S*. Now, we can use this argument recur-

sively to expand the representations S*" ™" in &(n — 2)-irreducible representations, and so on. By
induction, we can therefore prove the following:

PrROPOSITION 2.33 (Gelfand-Tsetlin decomposition). Given an irreducible representation S* of
&(n), there exists a unigue decomposition in direct sum S* = @ pegr(n) Vr with the following prop-
erty: each space Vi has dimension 1, and for any standard tablean T with shape \ corresponding to an
increasing sequence of partitions

D =X\O AND o AaNm) =)

and any k € [1,n], the space CS(k) - Vi spanned by the action of S(k) on Vr is an irreducible

representation of & (k) isomorphic to SN .

Since each V7 has dimension 1, there is up to a scalar a unique vector er such that V; = Cer;
we call the family (er)rest(n) a Gelfand-Tsetlin basis of S*, and it is unique up to action of a
diagonal matrix. The interest of this basis is that one can compute on it the action of a large family
of elements of the group algebra CS(n).

DEerINITION 2.34 (Jucys-Murphy element). For k € [1,n], the k-th Jucys-Murphy element of
C&(n) is the group algebra element

k—1
Jp = Z(]) k)?
j=1
with by convention J; = 0. It is easy to check that the Jucys—Murphy elements commute with one an-
other; we call Gelfand-Tsetlin algebra GZ(n) of order n the commutative subalgebra of CS(n) spanned
by Jl,JQ, . ,Jn.

The following theorem, which we state without proof, summarises the important properties
of the Gelfand-Tsetlin algebra and of the Jucys-Murphy elements. We shall need the notion of
content of a cell of a Young diagram. If O is a cell with abscissa i and ordinate j in a Young diagram,
its content ¢(0) is the difference i — j. Then, given a standard tableau T of size n, we denote c¢(k, T')
the content of the cell numbered & in the tableau T'. For instance, if T is the standard tableau drawn
before the statement of Theorem 2.32, then ¢(6,7) =1 —3 = —2.

THEOREM 2.35 (Jucys, Murphy, Okounkov-Vershik).
(1) The Gelfand-Tsetlin algebra GZ(n) is a maximal commutative subalgebra of CS(n).

(2) For any irreducible representation S* of &(n), the elements of GZ(n) act diagonally on the
Gelfand-Tsetlin basis (er)rest(n). More precisely,

Jp-er =c(k,T)er
forany k € [1,n] and any T € ST(N).

(3) The image of GZ(n) by the non-commutative Fourier transform is @ , g,y Diag (S ), where
Diag(S™) is the subalgebra of End(S™*) which consists in endomorphisms acting diagonally in
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the Gelfand-Tsetlin basis of S*. In particular,

dim GZ(n) = Y card ST()).
AEY(n)

(4) The center Z(n) = Z(C&(n)) is spanned by the symmetric polynomials in the Jucys-Murphy
elements:
Z(n) = Spa‘n({f(Jh J27 ER) ‘]71)7 f € Sym})

The Gelfand-Tsetlin algebra GZ(n) plays for C&(n) a role analogous to the role of a Cartan
algebra in a Lie algebra, and of a maximal torus in a compact Lie group. In particular, many
properties of the irreducible representations of the symmetric groups can be recovered by proving

the theorem above, independently from the theory of symmetric functions. The starting point

of the theory is the multiplicity-free property of the restriction functors Rengle), which can be

established independently from the Pieri rule by using the theory of Gelfand pairs. In Chapter 3,
we shall only use the fact that the Jucys-Murphy elements act on the Gelfand-Tsetlin bases through
the contents of the cells of the tableaux.

References

The classical reference for the theory of symmetric functions is [Mac95]; it is really the bible
on the subject, and it has been read and cited by almost every combinatorist. The isomorphism
between R(S) and Sym is also explained in [Zel81], with a generalisation of this approach to the
case of the Grothendieck ring of representations R(GL(F,)) of the finite general linear groups.
For the representation theory of the symmetric groups, a classical textbook is [Sag01]. Let us also
mention the monography by the author of these notes [Mél17], which contains the missing proofs
of certain statements in this chapter (in particular, all the results from the last section).

The main properties of the Jucys-Murphy elements have been established in [Juc74; Mur81]. In
a famous paper (see [OV04]), Okounkov and Vershik used these elements in order to reprove most
of the properties of the representations of the symmetric groups; more details on this approach are
provided by [CST10]. The Jucys-Murphy elements have been used in [Bia98] in order to relate
the representations of the symmetric groups to certain ideas from the theory of free probability;
they play an important role in many recent developments regarding the combinatorial properties
of the irreducible characters ch™.

Exercises

(1) The third Cauchy identity. Prove the third Cauchy identity:

[ =S X)) m).

LT

What is the value of a scalar product (h, | m,,) in the algebra of symmetric functions Sym?

(2) The Newton formula. Consider the other generating function Q(X, z) of power sums

defined by
Q(X,2) =) pr(X) 2"
k=1
Show that

Q(X,2)=2P(X,2) ==z H'g@ ) _ BX, —2)
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where the ’ denotes the derivation with respect to the variable z. Deduce from this the
Newton identities: for any k > 1,

k hy (X Zp] ) hi—i (X);

k

ker(X) =Y (=17 p;(X) ey (X).

j=1

(3) The characters of the symmetric groups take integer values. This exercise is devoted
to the proof of Lemma 2.24.

2im

(a) Fix a finite group G and an element ¢ € G with order m. We denote & = e .
Show that for any representatlon (V. p) of G, ch" (g) = tr(p(g)) belongs to the field
of numbers Q[¢], and that it is an algebraic integer (solutlon of a monic polynomial
equation X" + ¢, 1 X"t + -+ 4 ¢g = 0 with coefficients ¢; in Z).

We recall that the cyclotomic extension Q[¢] admits for Galois group

Gal(Q[¢], Q) = (Z/mZ)",

where the group of invertible elements (Z/mZ)* of the ring Z /mZ acts on elements of Q[¢]
as follows: a class of integers £ mod m with k¥ A m = 1 acts by the unique automorphism

of fields of Q[¢] which fixes Q and which sends £ to &*.

(b) Consider an element g € G with order m and such that, for any k € (Z/mZ)*, g and
g" are conjugated. Show then that ch" (g) belongs to Q, and even to Z.

(c) Use the criterion of the previous question in order to prove that the characters of the
symmetric groups take their values in Z.

(4) The Grothendieck group of representations of a product of group. Let G and H be

two finite groups. Use the bijection G x H — G x H in order to construct a canonical
isomorphism of vector spaces between R(G x H) and the tensor product R(G) @ R(H).

(5) The coproduct of symmetric functions and of representations of symmetric groups.

This exercise introduces two isomorphic structures of self-adjoint graded bialgebra on Sym
and on R(G).

(a) Let X = {z1,...,2,...} and Y = {y1,...,Yn, ...} be two independent alphabets
of variables. Given a symmetric function f € Sym, we set A(f) = f(X +Y), where
X 4 Y denotes the disjoint union of these sets of variables. For instance,

Alpr) = Z(%)k + Z(yi)k

Show that A yields a morphism of graded algebras from Sym to Sym ®g Sym. With
this viewpoint, prove the following identities:

Alpr) =pe @1+ 1R py;
Alhg) =h, @1+ hp1 @ hy 4+ o @ hg+ -+ + 1 ® hy;
Aler) =er @1 +e 1®er+epa®@eg+ -+ 1R ey

We say that A is a coproduct on Sym.
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(b) We endow Sym with the Hall scalar product, and Sym ®g Sym with the tensor prod-
uct of two Hall scalar products:

(ivogl|fo® 92>Sym®RSym = (] f2>Sym (g1 g2>sym

for f1, f2,91,92 € Sym. Show that A is the dual map of the product of the algebra
Sym: for any f, g, h € Sym,

(A(f) | g® h>Sym®RSym =(f] gh>Sym’

(c) Given a representation V of &(n), we denote A(V) the element of R(S) ® R(S)
defined as:

ZRGS~ &(k)xS(n—k) V),

where (k) x & (n—k) is considered as the subgroup of &(n) which consists in pairs of
permutations (o7, 02) such that oy acts on [1, k] and 09 acts on [k + 1, n]; and where
a representation of this group can be seen as an element of R(&(k)) ®r R(S(n — k)).
Use Frobenius reciprocity to prove that A is the dual map of the product of R(S):
for any representations V, W, Z of §(m), &(n) and &(m + n),

(AVIIW ® Z)geeare) = VIW X Z)pe) -

(d) Show that the Frobenius-Schur isomorphism ¥ : R(&) — Sym is compatible with
the coproducts A defined above: for any representation V' of a symmetric group &(n),

AW(V)) = (¥ @ W)(AV));
(hint: use the two duality properties).

(6) The antipode of symmetric functions and of representations of symmetric groups.
This exercise introduces two involutions of Sym and R(&) which correspond through the
Frobenius-Schur isomorphism.

(a) Consider the morphism of algebras € : Sym — Sym defined by e(px) = —py. for any
k > 1. Show that €(hy) = (—1)* e, and e(ex) = (—1)* hy. Show also that € satisfies
the Hopf identity: if A is the coproduct Sym — Sym ®g Sym introduced in the
previous exercise and V : Sym ®g Sym — Sym is the product of the algebra Sym,
then

Vo(id®e)oA=Vo(e®id) o A =0.
(b) Foreachn € N, denote ¢, the signature representation of &(n), which has dimension

1. The internal tensor product of two representations (V, p*') and (W, p"V') of the same
finite group G is the representation with space V' ® W and with defining morphism

P @p" G = CGLVeW)
g p"(9) ®p" (9).

We denote V' X W this representation. Show that the linear map ¢ : R(&) — R(S)
defined on a representation V' of &(n) by (V) = (=1)"¢, ¥V is an involutive
isomorphism of the algebra R(S).

(c) We identify R(S(n)) and Z(CS(n)) by using the character map ch,,, and we con-
tinue to denote ¢ the involution of Z(C&(n)) obtained by transport by the map ch,,.
Compute ¢(C),) for € Y(n).
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(d) Show that the Frobenius-Schur isomorphism ¥ : R(&) — Sym is compatible with
the involutions ¢ defined above: for any representation V' of a symmetric group S(n),

e((V)) = ¥(e(V)).

(e) We admit the following dual Jacobi-Trudy formula: for any integer partition A with
A <m,
sx = det((ex—itj)1<ij<m),
where )\ denotes the integer partition with the same size as A, and with a Young
diagram obtained from the one of A by symmetrising with respect to the diagonal
axis (for instance, if A = (6,4,4,2,1), then N = (5,4,3,3,1,1)). Show that £(s)) =
(=1) sy in the algebra of symmetric functions.

(f) Let A be an integer partition with size n. Show that the internal tensor product of
representations £, X S* is again an irreducible representation of G(n), and identify
the corresponding integer partition.

(7) Product of Jucys-Murphy elements. Check that the Jucys-Murphy elements commute
with one another, by giving an explicit formula for the product J;J; = J; J;.

(8) Symmetric functions of Jucys-Murphy elements. We place ourselves in the algebra
C[z](&(n)) of formal linear combinations of permutations of size n, with coefhicients in
the algebra of polynomials C[z]. Prove the following identity:

n
H 2+ J § Znumber of cycles ofa
=1

c€eS(n)

Deduce from this a formula for the k-th elementary symmetric function of the Jucys-

Murphy elements:
er(Ji,. )= > Cu

HEY(n)
Yp)=n—Fk



CHAPTER 3

Computation of the mixing times

We can now combine the results from the two first chapters in order to evaluate the mixing times
of two random walks on the symmetric group S(n): the random walk of random transpositions
with generator

1. 2 .
HRT = Nld‘F N2 Z (4, 7),
1<i<j<N
and the random walk of top-with-random transpositions with generator
N

1. 1 .
FrwRT = o id + N ZZ_;(l,z).

The other kinds of random walks introduced in Chapter 1 are examined in the exercises at the end
of this chapter.

1. The Diaconis upper-bound lemma

Let y be a probability measure on & (V) which satisfies the hypotheses of Proposition 1.8; we
know that the law at time n of the random walk with generator y is y1,, = 11", and that p,,(0) — 15
for any permutation 0 € G(N). We want to evaluate the total variation distance

1
Mn(a) - ﬁ

1
drv(pn, Haar) = sup |u,(A) — Haar(A)| = 3 Z

The quantity above can be rewritten as a .Z!-norm with respect to the Haar measure, which we
denote ji 1n the sequel:
_ Ay

1
dTV(NmMoo) = 5 an - 1||$1(6(N),uoo)7 where fn<0> - dﬂ (0> - N!Mn(0->'

By the Cauchy-Schwarz inequality, we therefore have:

2 2
A(dry (pins o)) = (1o — Ul @) < (1fn = Ulz2en), ua))

The Z?-norm on the right-hand side is the norm of the group algebra C&(N), so by Theorem
1.21,

(e~ Ulese?’ = 3 St (o~ DOV (o~ D)

(N1)?
AEY(N)
= 37 (@imA) o (i — o) V) (1 — 1) (V)
AEY(N)

Here we used the fact that the dual of the finite group &(N) is the set of integer partitions (V).
Now, the expression above can be simplified a bit. First, note that the trivial representation 1y of
GS(N) on C corresponds to the integer partition (V) with one part; indeed, we have seen during
the proof of Theorem 2.23 that ¥(1y) = hy, and the homogeneous symmetric function Ay is a
particular case of Schur functions: hy = sy by the Jacobi-Trudy formula for a Schur function
of an integer partition with one part. Therefore, 1y = S™). Now, we claim that for any other
integer partition A € (N),
AN#A(N) = [x(N)=0.

49
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Indeed, this is a particular case of the orthogonality of the matrix coeflicients stated in Lemma
1.22: if p}; denotes a matrix coefficient of the irreducible representation (S*, p*) with respect to an
arbitrary basis of S*, then

1
(MOO< )) J NI UEEGUV) pl_] (0) P11 pzy C&(N)

On the other hand, for any probability measure v on &(N), since the image of any permutation o
by the trivial representation is the identity of C,

P(N) = > v(o)ide = ide.
c€G(N)
Consequently, (,un/—\,uoo)((N )) = id¢c — ide = 0. So, in the sum over partitions corresponding to
the £*-norm (|| f, — 1|ce(n))?, one can remove the term corresponding to the integer partition
(N), and in the other terms, one can remove the quantities i (). Thus,

(lfn = Ucs)? = Y (dimA) tr((fm(N)* (V).
AEY(N)
AF£(N)

Finally, since the non-commutative Fourier transform is compatible with the convolution products,
fn(A) = (E(N\)™ for any A € Y(N). We have therefore shown:

Lemma 3.1 (Diaconis). Consider a random walk on S(N ) with generator u. For anyn € N,

4 ey (s po)? <30 (dim N) e ((EO)))* (@O
AEY(N)
AA(N)

REMARK 3.2. In the computations above, the fact that the underlying group was G = S(N)
was only used in order to label the irreducible representations, and to identify the integer partition
which corresponds to the trivial representation. Therefore, Lemma 3.1 generalises readily to any
random walk on a finite group G, with a sum running over the set

G* = {(isomorphism classes of) non-trivial irreducible representations of G}.

In the sequel we shall compute explicitly the terms of the sum of Lemma 3.1 when ( is one of
the two generators described at the beginning of this chapter. The upper-bound lemma of Diaconis
takes a simpler form when the generator p is a probability measure constant on each conjugacy
class, or equivalently when p € Z(CS(N)). Indeed, as explained during the proof of Proposition
1.24, the image of the center of the group algebra by the non-commutative Fourier transform is the
direct sum of the one-dimensional algebras Cidgr, A € (V). Therefore, if u € Z(CS(N)), then
for any A € Y(N),

. tr(z(A)) .
A) = d
The trace of the Fourier transform can be rewritten in terms of characters:

w@O) = 3 wlo) (A 0) = w@N) = 3. (o) (o).

o€6(N) oEG(N)

We shall denote this quantity zi()); this version of the non-commutative Fourier transform for
elements of the center of the group algebra yields a collection of complex numbers instead of a
collection of complex matrices. If we rewrite the upper bound in terms of these quantities, we get:
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CoroLLary 3.3 (Upper-bound for central generators). Consider a random walk on S(N) with
generator u € Z(CS(N)). Foranyn > 1,

4 (drv (s p1o0))* <) %-

AEY(N)
AA(N)

This version of the upper-bound lemma will be used when p is the generator of the products of
random transpositions, whereas the general version will be used when (i is the generator of the
top-with-random transposition random walk.

2. The hook-length formula

In order to use Lemma 3.1 and Corollary 3.3 with the two generators gt and pirwrr, we need
to make explicit the following quantities:

dim A, frr(N), frwwr(V).

The dimension of the irreducible representation S* of &(N) with label X is given by the celebrated
hook-length formula. Given an integer partition \ and a cell O of its Young diagram, we call leg-
length (respectively, arm-length) of O in A the number (O, \) of cells on top of O in the Young
diagram (respectively, the number a(0, \) of cells to the right of O). The hook-length of O is given
by the formula:

R(O,A) =14+ 1(0O,N) 4+ a(O, A).
It is the size of the largest hook which one can draw by starting from O and by trying to reach the

border of the Young diagram. For instance, in A = (6,4, 4,2, 1), the cell with coordinates (2, 2)
has for hook-length 1 +2 4+ 2 = 5.

THEOREM 3.4 (Frame-Robinson-Thrall). For any integer partition A € Q(N), the dimension of
the corresponding irreducible representation S* of S(N) is

NI

dim)\ = =——.
HDGA h <D7 >‘)

One of the easiest proof of this result is of probabilistic nature, as it involves a random walk on
the so-called Young graph. The Young graph is the infinite graph whose vertices are all the Young
diagrams of the integer partitions A € ), and with an edge from A to A if [A| = |A\|+1and A 7 A.
The first levels of this graph are drawn hereafter.

Consider an integer partition A with size N + 1. We choose a random integer partition A of
size N among those such that A /A, according to the following procedure:

e We start by taking at random a cell O uniformly in the Young diagram of A; each cell has
probability .

e If O, is a corner in the upper-right border of A, we can remove it in order to obtain an
integer partition A with A 7" A.
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e Otherwise, the hook-length of O is greater than 2, and we can take a new random cell O,
uniformly in the hook of O;, 0 being excluded. Each cell of the hook of 0; has uniform
probability ;4 /\) -

e If O, isacorner, we remove it and get A € 2 (N) such that A * A. Otherwise, we continue
the procedure by choosing a uniform random cell O3 in the hook of Oy, then a uniform
random cell Oy in the hook of O3, etc. until we get a removable corner.

At each step, the hook-length of the new cell O; is strictly smaller than the hook-length of 0;_1, so
the procedure terminates almost surely.

=
N/

= —

LemMA 3.5. Denote p(A — X) the probability to obtain \ by removing a random corner from A
according to the procedure described above; and f () the right-hand side of the formula of Theorem 3.4
(the ratio with hook-lengths). We have

p(A — A) = —)

Proor. Denote (z,y) the coordinates of the cell of the Young diagram of A which is removed
in order to get \. We have

FO) 1 Tleeah@A)

FA) N+ 1 [Toey MO A)
and the only cells which have a different hook-length in A and in A are those in the same row or
the same column as (z,y). Thus,

-1

F 1 Ty hGy) o k()

o (s i) ()

1
IC[uZx 1] Hze[( ( ) ) HjeJ(h(x;j) _ 1)7

JC[1,y—1]
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where h(a,b) = h((a,b), A).

Let us now prove that one obtains the same formula when following the random procedure of
deletion of a corner. Let

<D17D2> = '7DT = (l‘,y)) = ((xbyl)v (1‘2,3/2), trt (xrvyr) = (l',y))

be a sequence of cells in the Young diagram of A, such that each O; is in the hook of 0,1, and such
that O, = (z,y) is a corner in the top-right border of the Young diagram. Thus, we are looking at a
path of cells which can be followed during the procedure of random deletion of a corner in A. Let
I ={z1,29,...,2.} \ {z}and J = {y1,¥2,..., 4} \ {y}. Note that repetitions are possible in the
sequences (z1,...,2,) and (y1,...,y,); therefore, the sets I and J can have different cardinalities,
and usually they have cardinality smaller than r — 1. Let us denote p(A — A, I, J) the probability
to obtain A = A\ (z,y) and the two traversal sets I and .J. We claim that

1 1
N+1 Hie](h(i’y) - 1) HjeJ(h($»j) - 1).

This will end the proof of the lemma, by summing over all the pairs (1, J) of possible traversal sets.
We now reason by induction on s = |I| + |J|. If s = 0, then the sequence of cells only contains
0y = («,y), and the probability of choosing right away this cell is indeed -, so the result is true
in this case. Suppose the result true up to order s — 1 > 0. Note that the first cell O; = (1, y1) of
a path counted by the probability p(A — A, I, J) is determined by the two sets I and J:

p(A—=N1,J)=

ry=min(/ U{z}) ; y =min(JU{y}).

Then, there are two possibilities for Os: either Oy = (x9,41) with 2o = min(Z U {z} \ {z1}), or
Oy = (21, y2) with yo = min(J U {y} \ {y1}). Consequently,

p(A = A1, J) = W) =1 (P(A = A T\ {an}, J) +p(A = N1, T\ {m1})).
By the induction hypothesis,
1 1
A= \T ,J) = . .
p( \{z1},J) N+ 1 TLen oy (h(i,y) = 1) T, (M@, 5) — 1)
_ h(x,y) -1 1

N+1 L (h(i,y) = 1) [T, (A, ) = 1)
and similarly,
h(z,y;) — 1 1
N+1  [Le(hiy) = 1) Te, (h(z,5) = 1)
To get the result with |I| + |J| = s, we therefore have to prove that h(z,y1) + h(z1,y) — 2 =
h(x1,y1) — 1. This is an easy computation if one introduces the leg- and arm-lengths:
M@, y1) + M1, y) = 2 = Uz, 1) + alz, y1) + 21, y) + alz1, y)
= Uz, 51) + 21, 9) + (alz, 1) + alz1,9))
= l(x1,y1) + alz1,y1) = h(z1,01) — 1. O

p(A—>/\,I,J\{y1}) =

PrOOF OF THEOREM 3.4. Since p(A — -) is a probability measure on the set of integer partitions

A such that A\ 7 A, we have
_ I
1= 2,

AA A
In other words, f(-) satisfies the recurrence relation: f(A) = 3y, xy f(A). However, the same
recurrence relation is satisfied by dim A = card(ST()\)); therefore, dim A = f(\). O
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ExampLE 3.6. The integer partition A = (6, 4,4, 2, 1) admits the following hook-lengths:

1

311

6|4 1
7195 2
10| 8 o121

Dividing 17! by the product of these numbers, one obtains:
dim(6,4,4,2,1) = 2450448.

The two other unknown quantities appearing in the Diaconis upper-bound lemma are much
easier to compute. We start with the computation of the coefhicients gy (N):

ProrosiTiON 3.7 (Fourier transform for the random transposition shuffle). For any integer par-
tition A € YP(N),

dim A
pirr(A) = N2 Z Ai(Ai — 20+ 2).

=1

Proor. Notice that zy = 3, icn(i,7) = S N, Ji is the sum of all the Jucys-Murphy ele-
ments. Therefore, the action of 2y on a_ny element e of the Gelfand-Tsetlin basis of the irreducible
representation S* is by multiplication by the sum of all the contents of the cells of the Young dia-
gram of \; this does not depend on the standard tableau 7. The trace of the action of zy on S* is

therefore:
Z <Z c(D,A)) = (dim \) (Z c(D,A)) _

TEST(N) \OeA Dex

This is also tr(p*(zn)) = D 1icjen ch*(i, 7). Consequently,

) = )+ 5 S e, ) = (dim ) (% + 53 e, A)) |

1<i<j<N oex

To compute the sum of the contents, note that on the i-th row of the Young diagram of A, one
sums

(A +1 ‘ Ai( A —2i 41
So,
L)
> e(@N) = EZ)\i(/\i —2i+1).
oex 1=1
: ¢
We conclude by using the fact that N = ZZ(:)‘l) i O

For the non-commutative Fourier transform of pirwrr, notice that the element yy = ZZ]\LQ (1,4)
is conjugated by G(N) to the N-th Jucys-Murphy element Jy = S 7' (i, N):
yn = (1L, N) Jy (L, N).
Therefore, if (er)rest(y) is the Gelfand-Tsetlin basis of S* and if f7 = (p*(1, N))(er), then
yv fr=(1,N)JIyver =c(N,T)(1,N)er = ¢(N,T) fr.

So, yn acts diagonally on the modified Gelfand-Tsetlin basis ( fr)resr(x), and its action is given by
the family of contents (¢(V, T"))resr(r)- Note that a cell O of a Young diagram can be numbered



3. ANALYSIS OF THE BOUNDING SERIES 55

by N in a standard tableau 7" only if O is a corner at the top-right edge of the diagram. Moreover,
the number of standard tableaux with shape A and with the corner cell O numbered by N is the
number of standard tableaux with size N — 1 and shape pn = A\ O. If O is in the i-th row of A, then
¢(N,T) = \; — i in this case. So:

ProrosrTioN 3.8 (Fourier transform for the top-with-random transposition shuffle). For any
integer partition A € Y(N), the eigenvalues of the matrix firwrr(\) are the numbers 2=, where i
is the number of a row such that \; > X\ 1. The multiplicity of \; — i as an eigenvalue is dim(\ \ O;),

where O; s the last cell of the i-th row of the Young diagram of \.

We can now rewrite more explicitly the upper bound for the two random walks on &(N) that
we are considering in this chapter. For the random transposition shuffle with generator g, we
have by Corollary 3.3 and Proposition 3.7:

2n
o)
) 1 ,
4 (dpy (fins f1os))? < E (dim \)? Nz E Ai( A — 20+ 2)
AEY(N) i=1

MA(N)

For the top-with-random transposition shuflle, we have by Lemma 3.1 and Proposition 3.8:

WGP s Y @m0y (25

AEY(N), A#(N)
1| 0;=(X;,7) is a corner of A

3. Analysis of the bounding series

We want to prove that for n large enough, the upper bounds computed above are small. The first
question to address is: how to choose n so that the total variation distance drv (pin, o) becomes
small? The following rule gives an intuitive answer, which will be made rigorous by the arguments
of representation theory developed so far.

InturtionN. Consider an ergodic Markov chain (X,,)nen 0n a finite set X of « configurations » on
a finite space A. We assume that the transitions of the Markov chain are local modifications of the
configurations, which only concern a bounded number of elements a € A. Then, in order to reach the
stationary measure, one needs to have modified at least once each element of the space A. In some (but
not all) cases, this intuitive rule yields the correct order of magnitude for the mixing time of the Markov
chain.

Let us apply this intuitive rule to the two random walks on G (V). For the random transposition
shuffle, the Markov chain considered lives in the set X = G(N) of permutations of the finite space
A = [1, N]. Each transposition 7,, modifies the images of two randomly chosen elements i,, and
Jn in A. Therefore, one expects that the mixing time of the random walk o,, = 7175 - - - 7, is of the
same order as the expectation of the following stopping time:

(mixing time)gy ~ E[ry], with 7y =inf{n € N, {i1,42,... .9, 71,02, -, Jn} = [1, N]}.
Similarly, for the top-with-random transposition shuffle, each transposition 7,, modifies 1 and a
randomly chosen element i,, € [1, N]. Therefore, one expects:

(mixing time)rwrr ~ E[7y], with 7y = inf{n € N, {i1,4s,...,i,} = [1, N]}.

The expectations of the stopping times are easy to compute:
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LemmMaA 3.9 (Problem of the collector). Consider a sequence of independent random variables
(Un)nen uniformly distributed in a finite set [1, N]. Let 7y = inf{n € N, {Uy,...,U,} = [1, N]}.
We have:

N
1
E[ry] =N > - =Nlog N + O(N).

=1

Proor. If k € [0, N — 1] elements have already been attained by {U1, . .., U, }, then in order to
attain the (k + 1)-th element, one needs to wait a random time following a geometric distribution
with parameter p = &£ Therefore,

N-1
N -k
TN —(law) Z g(—) )
k=0 N
where the sum on the right-hand side is a sum of independent geometric random variables. Con-
sequently, E[ry] = S_0 =N SN L O

As a consequence of Lemma 3.9, a reasonable conjecture for the mixing time of the top-with-
random transposition shuffle is

ixing time) s N .
(mixing time)rwgrr ~ N log N

For the random transposition shuffle, one chooses at each step two random elements i,, and j,
instead of one element 4, so one can expect that the mixing time will be divided by two in com-
parison to the previous model:

R Nlog N
(mixing time)gy ~ 5

We shall see in the sequel that these conjectures hold: the intuitive rule yields the correct estimate of
the mixing time for the two random walks on G(N) that we are considering. It should be noticed
that for certain Markov chains, the intuitive rule fails: for instance, when looking at the Glauber
dynamics on the Ising model, if the temperature parameter 57 is too small, then reaching every
site is not sufficient in order to mix correctly the configurations, as certain areas of positive or
negative spins stay frozen with large probability. Therefore, in this case, the mixing time is much
larger than the hitting time of the whole set of sites; see the references at the end of the chapter.

Let us now proceed with the analysis of the bounding series. For the random transposition
shuffle, we set
N(log N + ¢)
2 Y
with ¢ € R, (in the sequel, it is always assumed that ¢ is chosen so that the quantity above is an
integer). We denote Sy, = >,y (dim A)? (r(A))?", where r()) = 2 f(le) Ai( A — 20+ 2).

Step 1: getting rid of the signs of the eigenvalues. The main idea is that the behavior of Sy, is
determined after the mixing time by the integer partitions A such that |r(\)| is maximal. To get an
idea of what happens, let us compute N?r(\) for A € 9(8):

(8) | (71) | (62) | (612) | (53) | (521) | (513) | (42) | (431) | (422) | (4212)
64 48 36 32 28 22 16 24 16 12 8

(1) | (322) | (3212) | (3220 | 320) | (31%) | (2% | (213 | @21 [ 21%) | (1F)
0 8 4 0 —6 —16 —8 —12 —20 | =32 | —48

We observe that the largest coeflicients () are obtained when the first parts A1, Ag, ... of A are
large. On the contrary, if A has many small parts, then () is small, and even possibly negative. The
negative coeflicients () tend to be smaller in absolute value than the positive ones; the following
lemma makes this statement more precise.
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LemMmA 3.10. Forany N > 4 and any n > 1, we have

Svn <2 Y (dimA)? (r(A)™"

AEY(N)
A#(N),7(X)>0

Proor. Let us first consider the integer partitions A which are not in

Ex ={(N), (N -1,1), (2,1"V7%),(1")}.

We have r(\) = + + % ¢()\), where ¢()) is the sum of all the contents of the cells of the Young

diagram of A\. Given an integer partition \, we denote X' the integer partition with the same size
and whose Young diagram is obtained by symmetrising the Young diagram of A with respect to
the first diagonal. For instance, if A = (6,4,2,2,1), then N = (5,4,3,3,1,1). This operation is
involutive, and it leaves dim \ invariant; indeed, the symmetry with respect to the first diagonal
also yields a bijection between the standard tableaux of shape A and those of shape \'. On the other
hand, we have obviously ¢(\') = —c()). Suppose r(A) < 0. This is only possible if ¢(\) < 0, and
then,
1 2 1 2
r(\) = ~ mc()\’) =N mc()\) > —r(N).

In particular, (') > 0. Therefore,

> @mA) ()< Y (dmN)P (V)< > (dim A (r(M)™

AEY(N) AEY(N) AEY(N)
AEEN,T(A)<0 N¢EN,r(N)>0 AEEN,T(A)>0
This implies that
Sva <2 > (dimA)? (r(A)" + > (dim A)? (r(\)?™
AEY(N) Ae{(N—-1,1),(2,1N=2),(1N)}

AEEnN,(A)>0

To end the proof, let us show that the sum of the contributions of the two integer partitions
(2,1¥7%) and (1%) is smaller than the contribution of (N —1, 1). By using the hook-length formula,
we get:

(dim(N —1,1))* (r(N — 1,1))*" = (N — 1)? (1 — %) :

(dim(2,1V72))% (r(2,1772))*" = (N — 1)* <1 — %) n;

(dim(1™))? (r (1)) = (1 - %)

The sum of the two last terms is smaller than

(N —1)? (1_%)% <(Ni1)2 + E%:g;z) < (N —1)? (1—%>% (%)

< (N —1)? <1—%>2n. O

Step 2: estimating dim A and 7(\) knowing the value of ;. We now try to take into account our
other observation: the integer partitions whose first parts are large are those which yield the largest
coefficients ().

Lemma 3.11. Let A € Y(N) be such that \y = N — k.
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(1) If1 <k < %,then

rN) <1— 2k(N;\r721 — k)
(2) If k > %, then
k
r(A) <1- N
ProOF. Suppose first \; > I, We have:
£ L)
N2 r(A) =D N\ —2i+2) = (N —k)*+ Y N\ —2i+2).
i=1 i=2

If \y < k= N — Ay, then we can raise the value of () by transfering the last cell of a row A\;>3 to
the end of \y. Indeed, N? r()) is modified by this shift of cells by

A2+ 1)Ae=1) = XA =2)+ (N —1)(Ni =204+ 1) = X (Ni —204+2) =2 — N+ (1 — 1)) > 0.

So, the maximal possible value of N2 r(\) if \; = N — k > % is when ¢(\) = 2 and \y = k. This
case yields the first upper bound. Suppose now A; < . Then,

176N £(A)
N2 r(A) = (N =k + ) NN —20+2) < (N =k + (N = k) )\
i=2 i=2
< (N —k)?+k(N—Fk)=N(N—k),
whence the second upper bound. O

LemMA 3.12. We suppose that X = (M1, ..., \.) € D(N) has its first part \y = N — k with k > 1.
Then,

N
dim A < (k) dim(Aa, ..., Ar).

Proor. In order to construct a standard tableau with shape A, we can first choose the N — k
entries of the first row, and there are (]IX ) possibilities. Then, once this choice is made, there remains
kintegers iy < iz < --- < it to place in the rows Ag, . . ., \,; one can interpret this part of the tableau
as a standard tableau with size k and shape (Ao, ..., A.). Note that all the choices of the first row
are not compatible with all the choices of a standard tableau on the remaining rows; nonetheless,
this enumeration leads to the inegality

card(ST())) < (j: ) card(ST(Aa, ..., Ap)). O

Step 3: computing an upper bound. We split the upper bound on S% in two parts:

Tnn= Y (dmX)?(r(N)* ;1  Uyn= Y (dimX)*(r(x)>"
AEY(N) AEY(N)
7(A)>0 r(2)20
F<n<N M<F
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By the first part of Lemma 3.11,

k(N +1—Fk)\*"
Z dlm)\ ( e >
@

L%J N\? (log N-+¢) 2k(N+1—k) 1 (log N+¢) 2k(N+1—k)
. 2 _ (log N+c +1— . + 1k 2 _ (logN+c +1—
S ( k) Y (dimp)* | e ~ — (N*)*e 7 .
k=1 ueV(k) k=1

W
Mw»z

The last identity relies on the Parseval identity k! = 3 o,y (dim 1) N** is a notation for the
falling factorial N(N — 1) .-+ (N — k + 1). Since N** < N*, we have

(log N)k(N+1—k) k(k—1)

N e~ N <N ¥ ;

—1)
TN,n S S

X
=
ﬁ\H
bl

the last inequality following from a weak form of the Stirling estimates: k! > /2 (£ )’“ for any
2(z—1)

k > 1. If the integer N is fixed, then the map fy(z) = N~ ~ 2! is decreasing on [1, gN

then increasing; therefore, its maximum on [1, %] 18

max <fN(1), I (g)) — max (1,2N*%) <2

Suppose ¢ > 2; then, 2!~ < 1 and

i 2270 . 2 —¢ < 8208¢°°
= e . e
T V21— 2et¢) T V2r(1 — 2e71) -

The other sum Uy ,, is treated by similar arguments. Indeed, the second part of Lemma 3.11 implies
that

a\~

1 i k N(log N+c) 1 2 k Nlog N i
Unn< D 7 (N¥)? (1_N) < D () (1_N) e ke,

N<k<N N<k<N

Set k = xN with z € (3, 1]. The Stirling estimates yields:

Nik _ ( N'! ) < 2 eleongN(lfx)log(lfa:)fo,
N—-K! 11—z )
1 < ;eNfoxlongleog:p.

k= V2N

Gathering these upper bounds, we obtain

Nlog N
1 (v (1 - L3 < 4 oNIoEN f@+N g(@) <« 4 (Nlog N—1) f(@)+N g(a)
! N (1—1x)

V2rxN ~ V7N ’

with f(z) = 2z 4+ log(1 — x) and g(x) = —z — zlogx — 2(1 — x) log(1 — x). Now, both functions
f and g are decreasing on (3, 1], so we can use their values at = = 1 to get:
1 k)2 kMR 48 (Nlog N-N—1) (L +log(L)—N (L log(L
() (1_N) < de i ) (2+log(1))~N (L log(3)

~ VN
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Since 3 + log(3) < 0, this sequence goes to 0 as N goes to infinity, and one can even check that it
is decreasing with N, and smaller than 11.05 for N > 4. So, for ¢ > 3,

11.05e73¢ < 11.05
1—e ¢ — et —¢2

Unn <1105 Y e <

N
k>4

e ©<0.235¢™“.

Putting everything together, we get:

ProrosiTion 3.13 (Upper bound for the random transposition model). Consider the random
transposition shuffle on S(N) at time n = w. We assume N > 4 and ¢ > 2. Then, the sum
SN which is an upper bound for 4 (drv (pin, tieo))? is smaller than 17 e~¢. Therefore, for any N > 4
and any ¢ > 0,

dTV (,LLN(logQN«H:) 3 ,LLOO) S eliﬁ
Proor. The discussion above yields an upper bound on the total variation distance equal to

K e~5 when ¢ > 2, with a constant K = ¥I7. Since the total variation distance is always smaller
than 1, we can incorporate the case ¢ € [0, 2] in the upper bound by raising the value of K (taking
for instance K = e). O

We can follow the same steps to prove an upper bound for the top-with-random transposition
shuffle. Set n = N(log N + ¢) with ¢ € Ry, and

Sin =Y _ (dim)) > dim(A\ (A1) (7 (M 4))

A£(N) 1| (As,2) corner of A

where r*(\,i) = =L, In the following, we use notations similar to those used for the random
transposition shuffle, with an exponent x in order to make clear that we are now considering the
top-with-random transposition model.

Step 1: getting rid of the signs of the eigenvalues. We have the exact analogue of Lemma 3.10:

LemMA 3.14. Forany N > 4 and any n > 1, we have:

Sin < Y (dim)) > dim(A\ (A 4)) (1 (A 4))*
A£(N) | (N,2) corner of A
r*(A,3)>0

ProoF. As in the proof of Lemma 3.10, we first consider partitions A ¢ Ex. The symmetrisa-
tion with respect to the first diagonal yields an involution of the pairs (A, ), where 7 is the index
of a row of a corner of \: one sends A to A’ and 7 to \;. This operation:

(1) yields by restriction an involution of the pairs (), i) with A € Ey;

(2) leaves dim A and dim(\\ (7, \;)) invariant, as is clear by considering these quantities as the
cardinalities of certain sets of standard tableaux.

Moreover,

s oyt 2y
r (N, \) = N =N r* (A1) > —r*(A, Q).
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Therefore, we obtain by the same argument as in Lemma 3.10:

Sin <2< ) (dim)) > dim(A\ (A 4)) (7 (A 4)"

A EN | (Xs,2) corner of A
7 (A0)>0
+ > (dim \) > dim(A\ (A, 4)) (F (A 6)"
Ae{(N—-1,1),(2,1N¥=2) (1N)} i | (Ns,i) corner of A

To conclude the proof, let us analyse the three integer partitions (N — 1,1), (2, 1V72) and (1V):

e the integer partition (N — 1, 1) has two positive corners: (N — 1, 1) which gives a contri-

bution (N — 1)(N —2) (1 — %)?", and (1, 2) which gives a contribution (N—-1)0*" = 0.

e the integer partition (2, 1V=2) has one negative corner (1, N — 1) which gives a contri-
bution (N — 1)(N — 2) (£ — 1)*", and one positive corner (2,1) with a contribution
(N - 1) (2)"

= — 1)

e the integer partition (1V) has one negative corner (1, N) with a contribution (%

It is then easy to prove that for any n > 1,

- (- 4) 2o -2 (- 2)°

assuming N > 4. O

Step 2: only using the corners with the largest contents; surprisingly, the computation is then much
easier than before. We want to use the following fact, which is a consequence of the branching rules
(Proposition 2.31): for any integer partition A € 9(N),

> dim(A\ (A1) = dim Resg(y 1, (S*) = dim \.

i | (Ai,) corner of A

To this purpose, we need to have a common upper bound on all the coefficients 7*(\, i) for A fixed
integer partition and i among the indices of corners of A. However, if \; = N — k with k > 1,
then we have obviously for any corner (\;,7) of A:
. )\2 —14+1 >\1 k
i) =T My
(&) N =N N

Therefore, with computations identical to those of the random transposition model,

2n 2n
S}‘Vn§2z > (dim ) (1——) 22 ()2 (1—%) .

k=1 /\ELZ)(N
M=N—Fk

Now, n is equal to twice the quantity considered for the other model, so we have:

N N

1 ] B

S S 2 o (NH)2er2H0oe N5 <9 57 oo < (o7 — 1))
k=1 =1

If ¢ is larger than 1, then ¢ — 1 < 2 72, 50 we obtain the following;

ProrosrTion 3.15 (Upper bound for the top-with-random transposition model). Consider the
top-with-random transposition shuffle on S(N) at time n = N(log N + ¢). We assume N > 4 and
¢ > 1. Then, the sum Sy, which is an upper bound for 4 (dvy (i, pieo))? is smaller than 3e>.
Therefore, for any N > 4 and any ¢ > 0,

drv (14N (log N-e)s Hoo) < €°
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REMARK 3.16. The inequalities stated in Propositions 3.13 and 3.15 are not optimal, in particular
with respect to the dependency in the parameter c¢. For the random transposition shuflle, one can
show that

drv (,u N(log2N+c) , /LOO) = O(eic)

instead of O(e™2); see the references at the end of the chapter.

4. Discriminating random variables and the cut-off phenomenon

So far we have shown that, after a time larger than (N log N) or N log N, the total variation
distance to the stationary (uniform) distribution is small. We are now going to prove that on the
contrary, if one looks at the distribution at a time n smaller than (N log N) or N log NV, then the
total variation distance drry (fin, fioo) stays large (close to 1). This phase transition is called a cut-off
phenomenon and it is a common feature of many Markov chains living on a large finite space state.
It is established thanks to the following general lemma:

Lemma 3.17 (Discriminating random variable). Let pand v be two probability distributions on a
measured space (X, Z"). We suppose given a real-valued random variable X on this space such that:

E.[X]=a ; EJ[X]=b0 ; max(Var,(X), Var, (X)) < v.
Then,
v
dTv(M7 l/) Z 1-— —(b _ a,)2'

PrOOF. By symmetry, we can assume b > a; we consider the event £ = {X > “t2}. By the
Bienaymé-Chebyshev inequality,

umy < (fix-mz ) < 2

Similarly,
1—v(E)<v ({|X _EX]| > 2 “}) <
2 (b —a)?
Therefore, |u(E) —v(E)| > 1 — (1;3—1;)2’ and a fortiori the total variation distance between p and v
is larger than this quantity. O

Now the question is: how to choose a random variable X which discriminates the distribution
i, before cut-off time and the uniform distribution ji..? If one looks at the proofs of the upper-
bounds in the previous section, one sees that the behavior of the two series Sy, and S}, is dictated
by the term A = (N — 1, 1), which yields the largest coefficient 7(\) or r*(A, ). Therefore, it is
tempting to use discriminating functions on G = &(N) which are related to the irreducible rep-
resentation S~11; for instance, the character of this representation. This approach is successful
for many random walks on groups or related objects, and here it will indeed enable the proof of
the cut-off phenomenon. We start by identifying the representation SV=11),

ProrosITION 3.18 (Geometric representation). Consider the representation of S(N) by permu-
tation of the coordinates of the vectors in CN=2. It admits as a subrepresentation
N
W ={(xy,...,2n) € CV |21+ - + 25y =0},

which has dimension N — 1. The space W is an irreducible representation of S(N) with label X =
(N —1,1).
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ProoF. Note that the standard scalar product on CV is invariant by the action of G(V), and
that the orthogonal of W is the one-dimensional space V' = {(z,z,...,z)|z € C}, on which
S (N) acts trivially. Thus,

CN=5sMapw
and this decomposition proves that
Vo € &(N), ch®" () =1+ ch" (o),
since the character of the trivial one-dimensional representation SV) of G(N) is the constant func-
tion equal to 1. However, the character of C¥ is:

N
ch® (o) = Z (e;| o - e;) = number of fixed points of 0.
i=1
Thus, ch"' (o) = Fix(c) — 1, where Fix(c) denotes the number of fixed points of o in [1, N].
Now, in order to prove that W is isomorphic to SV =11 (hence irreducible), it suffices to compute

separately ch™¥ 1Y (5) and to prove that it is equal to Fix(c) — 1. Note that by the Jacobi-Trudy
formula,

hy_1 h
S(v-1,1) = det ( ]\(I) ! hN) =hn-1hy —hy =hy_1p1 — hn.
1

By Corollary 2.27, for any p € Y(N), the coeflicient of the power sum p, in s(y_1,1) equals (z,)

times the value of the character ch®” =" on a permutation with cycle-type 1. On the other hand,

the expansion of hy_; and hy in power sums is known:

hy-1= Z % ) hn = Z &.
)l/

Zp
veN(N-1 HEY(N)

We now remark that

hn_1p1 = Z Pu = Z ml(ﬂ)&a

2y Zy
pEY(N) HEY(N)
u=(v,1) with veQ)(N-1)

where m; (1) is the multiplicity of 1 as a part of y, and the number of fixed points of a permutation
o € 6(N) with cycle-type p1. Therefore,

p
S(N-1,1) = hy—1p1 — hy = E (ma(p) — 1) =5,
HED(N) “u

N71,1)<

50 ch' ) =mq(p) — 1 as wanted. O

In the sequel we set X = ch®™ =1V . &(N) — R. If 1 is a probability distribution on &(N)
and o is chosen according to p, then X (o) is a real-valued random variable. Let us compute its
expectation under fi,, and pio, for the two random walks considered in this chapter.

ProrostTiON 3.19 (Expectation of the discriminating variable). We have for any n > 1 and any
N > 3:

E,, rr[X] = (N —1) (1 _ %)n;

E,,, mwrr[X] = (N = 2) (1 _ %)” ;

E,_[X] = 0.



64 3. COMPUTATION OF THE MIXING TIMES

Proor. The third identity comes from the orthogonality of characters:

Z 1) = (ch™) | n™ 1) — 0,

! ceEG(N

Now, note that for any irreducible character ch* and any random walk on &(N) with generator y,
we have:

B @) = 3 (o) 0(5(0) = tr (a0 = tr (AN
0c€G(N)
Consider first the random transposition model. Each matrix figr(\) is proportional to idg», and
equal to figr(N) 5% dlm % Therefore, by Proposition 3.7,

n

o)

E,, rrlch(0)] = W (r(A)" = (dim X) ]\1[2 Z Ai(Ai — 2i +2)

The particular case A = (N — 1, 1) gives the first formula. For the top-with-random transposition
model, we have similarly by Proposition 3.8

Bl @) = Y0 dmi o) (25

i| (Ai,i) corner of A

The case A = (N — 1, 1) yields the second identity. O

In order to apply Lemma 3.17, we also need to compute the second moment of X under the
probability measures of the previous proposition. This computation is related to the square of the
irreducible character ch®™¥ = and to the internal tensor product of representations SN-11
SW=LY For our purpose, we shall only require the following result:

ProprosITION 3.20 (Square of the geometric representation). Forany N > 4 and any o € S(N),
we have

(ch™ 11 (0))? = ch™ (o) + ch™ D (o) + ch ™22 (g) 4+ ch V21 (g).

Proor. In the sequel we fix a permutation o € &(N) with cycle-type . The left-hand side of
the formula equals (Fix(c) — 1)* = (m; () — 1)%. To compute the right-hand side, we combine as
before the Frobenius-Schur formula and the Jacobi-Trudy formula:

ch®™ (o) + ch® 1Y (g) + ch® =23 (5) + ch V=210 (o)

= (s + s@v—1.1) + s(v—22) + S(v-2.1.1) | Pa)

= <hN + (hy-1h1 — hy) + (hy—2ho — hy_1 h1) 4 (An—2 (h1)* + hy — hy_2 ha — hy—1 hy) | pu>
= (hy — hy—1p1 + hn—2 (p1)* | ) -

We now reason as in the proof of Proposition 3.18.

o If mi(u) = 0, then p, appears in hy — hx_1p1 + hy_2 (p1)* with a coefficient - (by
using the formula of expansion of hy in power sums), so the scalar product is equal to
1=(0—1)

o If my(p) = 1, then p, appears in hy — hy_1p1 + hy—2 (p1)? with a coefficient 2 el L

with 1 = (v,1). However, as my(v) = 0, z, = z, and thus, the scalar product equalus
0=(1-1)>~%
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e Finally, if my(u) = m > 2, let 6 be the partition obtained from u by removing all the
parts with size 1. Then p, appears in hy — hy_1p1 + hy—2 (p1)? with a coefficient

1 Lo, 1(1 1 1 ):(m—l)Q'

- %_(m—l)!—i—(m—Q)! 2

Therefore, the scalar product equals again (m4(u) — 1)2. O

2(6,1m) Z(9,1m—1) 2(0,1m—2) 20

CoROLLARY 3.21 (Variance of the discriminating variable). We have for any n > 1 and any
N > b:

2\" N2_3N4+2 4\" N2_-N+2 2\*"

] CHNO R K )

1 2n
—(N? —4N+4)(1- =]

Var, [X] = 1.

Proor. The previous proposition and the general formula for the expectation of a random
character value ch* (o) with A € 9)(N) and o ~ p,, or fis, enables the computation of E[X?] under
the three probability measures. Then, one substacts E[X]? to obtain the variance; the calculations
are straightforward. O

We are now ready to prove lower bounds on the total variation distance before the cut-off time:

ProrosrTioN 3.22 (Lower bound for the random transposition model). Consider the random
transposition shuffle on &(N) at time n = w. We assume N > 5 and ¢ > 0. Then,

dTV (MN(logN—c)7Moo> Z 1 - es_c.
2

ProOE. Let us remark that in the formula for the variance of X under p,,, the last term is larger
than the second last term. Therefore,

2 n
Var,, rr[X] <v=1+(N—-1) (1 — N) ,

and we can apply Lemma 3.17 with a = 0 and b = v — 1. We get:

1 1
dry (Mw#@) > 1_8(E+ﬁ>'

Let us then evaluate b. For N > 5,
2 1 N -1

log (1 2 > b> et s 4 et
0 - = —— = ; e —e
& N)= N NigN =N =5
Consequently,
50
dry (MNU%N,C),MOO) >1—10e ¢ — e

If ¢ > 3, then the lower bound obtained is larger than 1 — e37¢. The case ¢ < 3 is also true since
the total variation distance is always positive. O

ProrosrTion 3.23 (Lower bound for the top-with-random transposition model). Consider the
random transposition shuffle on &(N) at timen = N(log N —¢). Weassume N > 5 and ¢ > 0. Then,

drv (1N (og N—c)s Ho) = 1 — €>7C
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PrOOE. As before, we can bound the variance of X under p,, by

1 n
Var,, rr(X] <v=1+ (N —2) (1 — N) :

and we can apply Lemma 3.17 witha = 0 and b = v — 1:

1 1
drv (MN(logN_c),uoo) >1-28 (5 4 b_2) )

We can evaluate b as follows:

O N 1 N2
8 N)= N B5NlgN ="nN ¢ =% 7
Therefore,
40 1, 200 2,
drv (1N (og N—c)s Hos) = 1 — 5o -5 e 2
Again, one can check that if ¢ > 3, then the lower bound is larger than 1 — €?7¢; and in the case
¢ < 3, the inequality is trivially satisfied. O

Let us summarise the results obtained in this chapter.

THEOREM 3.24 (Cut-off phenomenon). Consider the random transposition shuffle or the top-with-
random transposition shuffle on S(N), with N > 5. Set

Nl for the random transposition model,
n . P— . ; .
e Nlog N for the top-with-random transposition model.

(1) Foranye > 0,

O(N~—3)  for the random transposition model,

d Nmixine ? Hoo) — . ..
TV (MLt miing Hoo) {O(N ~%)  for the top-with-random transposition model.

(2) Foranye > 0,
1 - dTV(Iu(l_E)nmixing7 MOO) = O(N_s)'

In fact, one could improve the first item of the theorem and prove an upper bound of the form
O(N~¢) for both cases. The drawing below illustrates the phase transition:

dTV (Mna /'Loo)
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It turns out that the three other examples of random walks on &(N) introduced in Chapter 1 also
exhibit a cut-off, but with different mixing times; see the references and exercises hereafter.

References

The upper bound on the total variation distance between the law of a random walk on group
at time n and the uniform measure appears in [DS81, Lemma 14], in the setting of the random
transposition model; it might have been stated before by other authors. The arguments which we
gave for the computation of an upper bound for this model differ a bit from those of [DS81] or
of [CSTO08, Chapter 10]; as far as we know, all the representation-theoretic proofs of the cut-off
phenomenon for this model gather the integer partitions according to their first part, and then
study several zones for this first part (in our case, A\; > & and A; < &'). More recently, the profile
of the convergence to stationarity has been computed by Teyssier in [Tey20]. Hence, it has been
shown that

drv (,u N(og N+e) s Moo) —Nooo ATV (73(1 + e_c)» 73(1))
with Poisson laws on the right-hand side.

For the top-with-random transposition model, most of the arguments appear in [Dia88] (in
particular the proof of the lower bound), but as far as we know a complete proof of the upper bound
has never been published before (although it is much simpler than for the random transposition
model). We refer the reader to the paragraph at the end of Chapter 1 for a list of articles in which
are computed the mixing times of the five models 1.2-1.6. These mixing times are the following:

model RT (Ex. 1.2) | TWRT (Ex. 1.3) | TTRC (Ex. 1.4) | AT (Ex. 1.5) | RS (Ex. 1.6)

tl : N log N N3log N 3log N
mixing time —F= Nlog N Nlog N Dy 21og 2

Each model exhibits a cut-off in a small window around the mixing time. The top-to-random cycle
model is actually quite easy, if one uses the technique of uniform stopping times; the most dif-
ficult case is the model of the adjacent transpositions. The riffle shuffle model is related to two
subalgebras of the group algebra C&(V): the descent algebra ©(N) of Solomon, and its commu-
tative subalgebra spanned by the classes of permutations with a fixed number of descents. For this
model, the profile of the convergence to stationarity is also known, and it is related to the Gaussian

distribution:
1

4383 ]

For a general treatment of the problem of mixing times of Markov chains, we refer to [LPW17].

drv (Msl;lg(NQt) ; ,uoo) —Nooo P{IN(0,1)] <
og

Exercises

(1) Submultiplicativity of the distance to equilibrium. Remark that for any probability
measures jt = > vy H(0) o and v = 37 sy v(0) o on the symmetric group &(N),
one has

(n — Haar)(v — Haar) = puv — Haar
in the group algebra C&(N), where Haar = 57 3~ o) 0+ Deduce from this observation
that, given a random walk on G(NV) with generator y1 and marginal laws p,, = p™, one has

drv (fnym, Haar) < 2 dpy(u,, Haar) dpy (g, Haar)

for any n,m € N.

(2) A proof of the formula for the character of a transposition. For A € 2)(N), we denote
p= A+ p,where p= (N —1,N —2,...,1,0); pu is therefore a decreasing sequence of N
_ det(@)1cigen

non-negative integers. Recall that sy (z1,...,2y5) = i .
det(l‘i] )lfi,jSN
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(a) Show that the dimension dim A\ is the coefficient of s)(x1, ..., zy) in the expansion in
Schur polynomials of (z; + - - - + zx)". Deduce from this observation the following
formula:

dim A = [2"] | (x4 +an)V Y e(0)o- (@] - afY)

o€B(N)

(b) In the previous formula, show that the term corresponding to a permutation o is

N!
£(0) =% —
ITZ: (i — N +o(i))!

Prove then the following formula:

1
dim A = N! det (—) .
(i = N+ )V 1 <iien

(c) Use the standard transformation properties of determinants to rewrite the previous

formula as:
Jim N! Al )
IMA = ——— M1, UN),
Hi\il (i)!
where A(py, ..., px) is the Vandermonde determinant [, ;< (pt: — 1)

We can adapt the previous reasoning in order to compute ch*(21V=2), thereby proving
Proposition 3.7 without using Jucys-Murphy elements.

(d) Show that

ch*(21V7%) = Z[Jf“dei] (z1 + - +ay)V 2 Z (o) o (- 2B

i c€BG(N)
wheree; = (0,...,1;,...,0), and where the sum runs over indices 7 such that y; > 2.
Adapt the reasoning of the previous questions to prove that

A N—-2\ __ (N_Q)‘

%

'A(,ul,...,/u—Q,...,uN).

(e) Prove that
- i — p; — 2
NN = 1)xM21Y2) =Y (=D ] ﬁ
J

i=1 j#i

(f) We introduce the polynomial ¢ (2) = [[~, (2 — ), and the rational function F(z) =
Z(zz_ D) %(AZ(;)Q ). Show that the quantity of the previous question is the sum of the
residues of F'(z) at its (simple) poles y1, ..., un € C. By considering the behavior of

F(z) when z grows to infinity, conclude that

NV = 1)1V 2) =[] (—Z(’Z; U1 (1 - —2;%)) ,

=1

where the right-hand side is expanded as a Laurent series in z.

(g) Recover finally the formula x*(21V~2) = m SN — 20+ 1).
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(3) Analysis of the top-to-random cycle model. This exercise introduces the method of
strong uniform times in order to estimate the mixing time of random walks on G(XV).
Given a Markov chain (0,),en on S(N), recall that a stopping time is a random variable T
with values in NU {+o00} such that {T' = n} € %, for any n, (%, ),en being the filtration
spanned by the Markov chain. A strong uniform time is a stopping time 7" such that, for
any n € N,

1

m.

If the stopping time T is almost surely finite, then the condition above states that o7 is

independent from 7" and uniformly distributed on G(V).

Plo, =0 |T =n] =

(a) Show that given a strong uniform time 7" for a random walk (o,,),en with generator
1, we have

drv(pn, Haar) < P[T > n].
One can first show that, given n > m, one has
A
P[T =m and 0,, € A] :P[T:m}lN—J
for any subset A C &(N).

(b) We consider the top-to-random cycle model, with generator

1 1 &
M:Nid—i—NZ(z',i—l,...,Q,l).

i=2
It is convenient to think of the corresponding random permutations (0, ),en as the
configurations of a deck of cards. At each time n of the random walk, one takes
the card on top of the deck, and one inserts it at a random place i € [1, N] chosen
uniformly. Denote T'— 1 = inf{n € N|o,(1) = N}. Show that the positions
(0o )(N), (o7 (N), ..., (or_1) Y (N) of the card N form a non-increasing sequence
with o2} (N ) o ' (N )6{0,—1} foralli < T —1.

(c) Let m < T — 1. Show that conditionally to the event
{o;Y(N) =k, on([k+1,N]) =S},

the sequence (0, (k + 1),...,0,(NN)) is a random permutation of the set S with
uniform distribution. Deduce from this observation that 7 is a strong uniform time
for the top-to-random model.

(d) Show that T is distributed as the sum G| + Gy + -+ -+ Gy Qf independent geometric
variables, with each variable G; geometric with parameter +-:

PG = 4] = (1 - %)kl

Show that E[T] = SN, ¥ 5 < NlogN + N, where v is the Euler-Mascheroni con-
stant; and that var(7) = 3 ¥ (¥ — 1) < N26 :

=1 1

(e) Show that, with n = N(log N + ¢), one has dpv(p,, Haar) = O(c™?).

(f) Denote T; — 1 = inf{n € N|o,(1) = j}. Show that if n < T}, then the cards
j,j+1,..., N are in this order in the word of 7,,. Deduce from this observation that

1

dTV(,un,Haar) Z 1-— ]P)[T'] S TL] - m
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Show that T; is distributed as the sum Gy_j+1 + Gn_j42 + -+ + Gy. Prove the

estimates E[T}] > N log(N]\f;il) and var(T) < ]\],V_QJ

(g) Show that, with n = N(log N — ¢), one has drv (pn,, Haar) > 1 — O(e™°). Conclude
that the top-to-random cycle model exhibits a cut-off at time npixing = N log N.

(4) An elementary proof of the lower bounds on mixing times. This exercise proposes
an alternative proof of Propositions 3.22 and 3.23, which does not rely on representation
theory.

(a) By using an inclusion-exclusion argument, show that the number of permutations
o € &(N) which have no fixed point is

N
_1 T
Dy = N! Z %
r=0 ’

(b) Show that if ¢ is chosen uniformly in &(N), then its number of fixed points Fix(c)
satisfies:

. 1 1 1
PlFix(o) =k = 775 O(k!(N—k)!) BARGETPS

In other words, the number of fixed points converges in law to a standard Poisson
distribution.

(c) Deduce from the previous question that for any k € [0, N],

TN

for a uniform random permutation o € G(N).

P[Fix(c) < k] = 1—0(1 +£)

(d) For the random transposition model, denote S,, = {i,n, jm, 1 < m < n}, where the
(4m, Jm)’s are the random transpositions used to increment the random walk. Show
that

drv (i, Haar) > P[Fix(o) < k] — P[|S,| > N — k.

With n = w, use this inequality to prove that the total variation distance is
close to 1.

(e) Use an analogous argument in order to prove the lower bound for the top-with-
random transposition model.

(5) The problem with 26 questions. This exercise proposes a representation-theoretic analy-
sis of the cut-off phenomenon for the riffle shuffle model introduced in Example 1.6. We
keep the same notations as in Chapter 1; in particular, the generator p of the random walk
1S

QNZ ((i+1)(i+2)...N).

A return of a permutation 0 € S(N) is an integer ¢ € [1, N — 1] such that the letter
i appears before the letter ¢ + 1 in the word of 0. For instance, the set of returns of

o =861734952 is R(0) = {2,5,7}. For r € [0, N — 1], we denote

U, = Z o.

0c€B(N)
card(R(o))=r

(a) Show that = & Uy + 55 Us.
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A descent (respectively, a rise) of a permutation 0 € G(N) is an integer i € [1, N — 1]
such that o(i) > o(i + 1) (respectively, such that o (i) < o(i + 1)). For instance, the set of
descents of o = 861734952 is D(o) = {1,2,4,7,8}.

(b) Show that for any permutation o, D(c) = R(c ™).

(c) For m € [0, N — 1], the Eulerian number Ay, is the number of permutations o €
S(N) with m rises. Show that Ay, is also the number of permutations with m
descents, or with m returns. Show the symmetry: Axm = AnvN-1-m-

We consider for m € [0, N — 1] the following regions of the hypercube [0, 1)":

My = {(z1,...,7x5) €[0,1)" | there are m indices i € [1, N — 1] such that z; < ;4 };
Hym={(z1,...,zn) € [0, )Y [m <z + a0+ -+ + 2y <m+1},

and the map

U0, — o, 1)Y

) Ti1 — X if w1 > a;,
Ti,...,on)— (Y1,...,yn), withy, = )
( ’ ’ ) ( ’ Y >7 ! 1+x1 —x; if i1 < Zj,

with by convention zy = 0. We do not define ¥ on the subset with zero Lebesgue measure
where some coordinates z; are equal.

AN,m

(d) Show that the Lebesgue volume of My, is =

(e) Show that W is inversed by the formula x; = 1+ |y1 4+ +y;] —y1 +- - - +y; (outside
a negligible subset of the hypercube). Show that W is a Lebesgue isomorphism of the
hypercube, and that ¥(My ,,) = Hy m. Deduce from this observation that:

ANm =NIPm < X; 4+ Xo+ -+ Xy <m+1],
where the X;’s are independent uniform variables on [0, 1).
Given N > 1,a > 2 and 0 € &(N), the a-shuffle of o is the random permutation 7 =

L@ (o) € &(N) computed as follows:

e We pick at random N independent and uniform points in [0, 1), and we denote 0 <
To(1) < To) < -+ < Ty < 1 their increasing reordering.
e We set y; = az; mod 1; the increasing reordering y,1) < yr2) < -+ < y-(w) of the
y;’s yields the permutation 7 € &(N).
For instance, if N = 4, a = 2 and 0 = 4312, a possible set of x;’s is {0.2,0.4,0.55,0.75},
and we set 74, = 0.2, 3 = 0.4, 1 = 0.55 and 75 = 0.75. The y;’s are y, = 0.4, y3 = 0.8,

y1 = 0.1 and yo = 0.5, and their increasing reodering is 11 < ys < y2 < Y3, SO We set in
this case 7 = 1423.

(f) Show that the sequence (y-(1), - - ., Y-(w)) used during the construction of 7 = L@ (o)
is independent from 7, and is uniformly distributed on the simplex

AN0,1) = {(z1,29,...,2n8) |0 <2y < -+~ < zy < 1}
endowed with the Lebesgue measure.

(g) Show that for any a > 2 and any o € &(NV), the two random variables (1i(” (¢) and
o o [W@(idp; n7) have the same distribution.
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(h) We denote (0,,)nen the random walk on &(N) with generator p. Show that the
transitions of this random walk are given by a 2-shuffle: conditionally to {0, = o},
the law of 0,,,; is the law of the random permutation 1i? (o).

(1) We denote V, the distribution of [0(®2?)(id; n7), viewed as an element of CS(N).
For instance, by the previous question,

Vo=p 2N§: (k+1)(k+2)---N).

Give a similar formula for V,, for any a > 2.

(j) Show that for any a,b > 2 and any 0 € G(N), we have the identity of distributions:

m@(@m® () = (law) m (o),
the a-shuflle and the b-shuffle in the left-hand side being performed independently.

(k) Show that the number of returns of (‘¥ (idp; n7) belongs to [0, a — 1], and that if &
is a permutation with 0 < r = card(R(0)) < a — 1, then

(N—i—a]\;r—l)

P (idp ) = o] = L

a

Deduce from this formula an expansion of V2 € CS(N) as a linear combination of
the classes U, r € [0, N — 1].
(1) Show that the distribution i, of o, is the following element of C&(N) :

N-1 (2“+N77~71

Mn:Z%Uw

r=0

(m) Show that the space BD(N) spanned linearly by the U,¢[o ny_17’s is a commutative
subalgebra of C&(N) (hint: perform a change of basis between the U,’s and the V,’s).
This algebra has been introduced by Bayer and Diaconis in order to compute the
mixing time of the riffle shuffle.

(n) Show that for any a > 2,

| Nl N-1
Va:mZa*l <Zel(N—1—7“,N—2—7",...,1—7“,—7”)Ur>.
=0 r=0

Forl € [0, N — 1], we set £, = Zr:O e(N—=1—-rN—-2—r...,1—r —r)U,.
Show that C[VQ] = Span(1, Vs, (V2)?, (V5)3,...) contains all the E}’s, and is equal to
BO(N).

(0) Show that (E;)icfo,nv—1] 1s a linear basis of BD(N), and that for [,m € [0, N — 1],
we have £y E,, = 1(=m) N!E; (hint: consider the matrix of the linear map = €
BO(N) — P(V3) - z, P being a polynomial).

(p) Prove that the map
BO(N) — CV

1
=N E x By = (20,21, ..., TNn-1)
T 1=0

is an isomorphism of algebras.
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(q) Show that

=

- AN,m
N!

2"+ N —1—m)!
(2" —1—m)l2nN

N[ —

drv(o,, Haar) =

| |

3
]

3/2 .
(r) We set n = loggé\éz 2 and we make the change of variables m = T+ (/& x; the

parameters ¢ € R’ and z € R are chosen so that n and m are integers. Estimate a
sum

=

AN,m

Wf(x)

3
Il

by using the central limit theorem, f being a bounded Lipschitz function. Show on

the other hand that

2"+ N —1—m)! x 1 L0 1
=exp|———=—-—=—+0,|—= ).
2 —1—mylzy ~ P AT 24 JN
We admit that we can use the estimate from the central limit theorem even though
the function above is not bounded Lipschitz. Show then that

[M]

x

1 IR T2
Nl—ig-loo drv (o, Haar) = §/R e oviz 212 — 1) i‘/%dx
1
—1-2F (- ,
( 4\/§C>

where F' is the cumulative distribution function of the standard normal distribution.

(s) Establish a cut-off for the riffle shuffle model, at time npixing = Sros

The image of the Bayer-Diaconis algebra BD(N) by the anti-isomorphism o — o7 is
included in another interesting subalgebra of C& (V) called the descent subalgebra; the
next questions detail the construction of this object. For i € [1, N — 1], we denote s; =
(4,7 + 1) the elementary transposition which exchanges i and i + 1; the s;c1, y_1 form a
generator subset of the group S(N).

(t) If o € &(N) and s; is fixed, show that 07 's;0c € {s1,52,...,sy_1} if and only if
D(o) # D(s;0).

(u) We fix integers iy, ..., € [1, N — 1], and two permutations 7 and s;, s;, _, = - 8;, T
with the same descent set. Show the following alternative:

e cither D(7) = D(s;,_, -+ 54,7) ;

e or, there exists j < ksuch thats;, ---s; | =55, - 5,.

Indication: if the first hypothesis is not satisfied, consider a which is for instance not in
D(sj, -+ - 8;,7) = D(7) and which isin D(s;, _, - - - s;,7) (the other case is symmetric),
and the first integer j > 1 such that a € D(s;, - - -5, 7).

(v) Consider o, 7 € G(N) two permutations with the same descent set. If s;, s;, | -+ - s;, =
707! is a decomposition with minimal length k, show that the permutations s;, o,
SiySiy Oy €tC.y Siy iy, +* + Siy0 = T have the same descent set (hint: prove it by induction
on k). This implies that the descent classes D4 = {0 € §(N), D(o) = A} with A C
[1, N — 1] are connex subsets of the left Cayley graph of (S(N), {s1,...,sn-1}).
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Given A, B C [1,N — 1] et p € &(N), we denote Ny g , the set of pairs (o, 7) such that
ot = p, D(6) = Aand D(7) = B. We fix in the following an elementary transposition
s; such that D(p) = D(s;p).

(w) For (0,7) € Ny g, prove the following alternative:
e cither D(s;0) = D(0),

e or, s,0 = 0s; for some s;, which satisfies then D(s;7) = D(7).

(x) \WesetNABp—NOI_IUN ' N;, with
No={(0,7) € Nap,|o 'sic & {s1,...,sn_1}};
N;={(0,7) € Nap,|o 'sic = s;}.
For j € [0, N — 1], we also set:
Ny ={(sio,7)[(0,7) € No};
N; ={(0,5;7)|(0,7) € N;}.
Show that Ny p.s,, = Nj U1, N}

(y) Deduce from the previous questions the following fact: if p and p’ have the same
descent set, then card(N4 5 ,) = card(N4 g ) forany A, B C [1, N — 1].

(z) For A C [1, N — 1], set

Za

c€BG(N)
D(o’):A

Show that the subspace of C& (V) spanned linearly by the 2V~ descent classes D 4 is
a (unitary) subalgebra. This is the Solomon descent algebra.
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Plancherel measures and their asymptotics

In Chapter 2, we observed that the Plancherel formula 1.17 yields in the setting of symmetric
groups the following combinatorial formula:

nl= Y (dim))?’= ) (cardST(}))".
A€ (n) A€ (n)
We shall now see that this formula can be proved directly, by exhibiting a bijection between the
set of permutations of size n and the set of pairs of standard tableaux (P, Q)) with the same shape
A € 9Y(n). On the other hand, the formula above yields a natural probability measure on integer
partitions of size n:

DerINITION 4.1 (Plancherel measure). Let G be a finite group. The Plancherel measure of G is the
probability measure PL¢ on G defined by:
(dim \)?
cardG
If G = &(n), this Plancherel measure is the probability measure on ) (n) given by
(card ST(N))?
n! '

PLa(A) =

PL,(\) =

Several computations of the previous chapters involve sums which can be rewritten as inte-
grals against the Plancherel measure of G(n). We shall see that the Young diagram of a random
integer partition A € 2)(n) chosen according to the Plancherel measure has a typical shape. This
observation leads to the Logan-Shepp-Kerov-Vershik law of large numbers (Theorem 4.28), and to
a solution of Ulam’s problem of the longest increasing subsequence of a random permutation.

1. The Robinson-Schensted correspondence

The Robinson-Schensted correspondence (later generalized by Knuth) associates to any permu-
tation of size n a pair of standard tableaux (P, Q) with the same shape A € 9 (n). It is actually a
special case of an algorithm which can be applied to any word, that is a sequence of integers possi-
bly with repetitions. In the sequel, we call tableau with shape A € 9)(n) an arbitrary numbering
of the cells of the Young diagram of A by numbers in N* (possibly with repetitions, and without
any condition of order). We say that a tableau is semi-standard if it is strictly increasing along the
columns and weakly increasing along the rows. The standard tableaux correspond to the particular

case where one has also strictly increasing rows, and where the numbers are chosen in [1, n], with
n =\l

Consider now an alphabet A = [1, N], and a word w = wyws - - - w,, with letters in A. We
construct inductively two tableaux P(w) and Q(w) according to the following rules.

(1) We start with Py = Qo = (), and we read the letters of the word w from left to right.
At the i-th step of the algorithm, P; will be a semi-standard tableau whose entries are the
letters wy, wo, . . ., w;, and Q; will be a standard tableau of size .

(2) Suppose that P;_; and Q;_; are already constructed. To obtain P, from P;_;, we insert w;
in P,_ as follows:

75
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o If w; is larger than all the entries of the first row of P,_;, we put it at the end of this
first row.

e Otherwise, there exists a first entry [ in the first row of P;_; which is strictly larger
than w;. We replace [ by w; in this first row, and we bump  to the next row, trying to
insert it according to the same rules. Namely, if [ is larger than all the entries of the
second row, we put it at the end of this second row, and otherwise, we replace I > [
by [ and we bump !’ to the next row.

e One might need to bump several letters to higher rows, but the process ends after a
finite number of steps (possibly, by adding a new row to P,_; if a letter of the last
row of P,_; has to be bumped to an higher row).

The shape of the new tableau P, differs from P,_; by one cell on the right-top border. We
construct @); from @Q;_; by adding the same cell and numbering it by i. By construction,
Qi 1s a standard tableau of size i for any i € [0, n]; we shall prove in a moment that P; is
semi-standard for any i € [0, n].

(3) We set P(w) = P, and Q(w) = Q. Thus, P(w) is a tableau whose entries are the letters
of w, and Q(w) 1s a standard tableau of size n.

This is better understood on a example. Suppose that w = 174723521846. The two first pairs of
tableaux obtained by the RS algorithm are:

po=[1],Qi=[1] ; P =[1]7], Q:=[1]2].

Indeed, since 7 > 1, we can insert it at the end of the first row when going from P, to P»; and
the tableaux @)1 and Q5 record the growing of the shape of the tableaux P, and P». Now, when
inserting ws = 4 in P,, we have to replace 7 by 4 in the first row, and to bump 7 to a second row:

7
= 4|’Q3: 1]2]

The next tableaux P; are the following:

= 7] 7] 7]
P4:14|7| 3 P5:4 ) P6:47 ) P7:47 )
1]2]7] 1[2]3] 1[2]3]5]
= 7 7
T B B
1SS ;o PBy=|3 ;o Puo=|3 ;
3|7
1{2]2]5] 2 217
1[1]2]5] 1[1]2]5]8]
7] 7]
4] 4]
P11:3 7 3 P12—3 7
2|5 2|5]8
1[1]2]4]8] 1[1]2]4]6]|
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The last tableau is Pj; = P(w). Since Q(w) records the growing of the shape of the tableaux P,

we have

11
6[12
24]7]10]

Q(w) =

TreorEM 4.2 (Robinson-Schensted). The Robinson-Schensted algorithm yields a bijection be-
tween the set of words with length n and letters in A = [1, N|, and the set of pairs (P, Q) of tableaux
with size n and same shape X € Y(n), P being semi-standard with entries in A and Q) being standard.
This bijection is such that the entries of P(w) are the letters of w, counting multiplicities.

The restriction of the algorithm to the set of words of the permutations in &(n) yields a bijection between
the symmetric group of order n, and the set of pairs (P, Q) of standard tableaux with size n and same

shape X € P(n).

Proor. We first prove that the insertion of a letter [ in a semi-standard tableau P yields a tableau
P’ which is still semi-standard. By construction, the letter [ is either inserted at the end of the first
row if it is larger than all the entries of the first row of P; or, it replaces the first letter m which is
strictly larger than [ in this first row. In these two cases, it is clear than the new first row of P’ is
still weakly increasing. Let us now check that if a letter m from the (i — 1)-th row of P is bumped
to the i-th row, then the following relations in P’ still hold:

i-th row b|<|m|<|c
V
(i — 1)-th row a

The relations b < m < ¢ follow from the same argument as before; actually, if ¢ exists (that is, if
we do not place m at the end of a row of P’), then by construction m < ¢. Therefore, the only
difficult thing to check is that a < m. If we had a > m, then m would be in P a letter of the
(i — 1)-th row which came before a, and which needed to be bumped during the construction of
P’. But in this case, we have the following configuration in P:

i-th row d
V
(i — 1)-th row m e a

When bumping m from the (i — 1)-th to the i-th row, we can insert m before d, because m < d. In
particular, we cannot insert it on top of a; whence a contradiction. So, P’ is still a semi-standard
tableau.

The remainder of the theorem comes from the following observation: given the two tableaux
P(w) and Q(w) with P semi-standard and @ standard, we can recursively uninsert the letters
Wy, Wp—1, - . ., W in order to reconstruct the word w. For instance, let us consider the previous ex-
ample and explain how to go from the pair (P2, Q12) to the pair (Py1, Q11) and the letter wyy = 6.
We observe that 12 is on the second row of ()12, so the corresponding entry 8 in P2 was in the first
row in P; and was bumped by the insertion of a letter, namely, the largest letter strictly smaller
than 8 in the first row of Pio; this is w1z = 6. So, Py is obtained from Py by moving the entry
8 from the end of the second row to the position occupied by 6 in the first row, and by removing
this 6; whereas (11 is obtained from @12 by deleting the entry 12. This algorithm is general: each
time, to go from Q; to Q);_1, we delete the entry 4, and to go from P, to P,_;, we slide the bumping
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route starting from the entry corresponding to 7 in (;; this bumping route ends on the first row of
P,, and the corresponding entry is w;, which we remove from P; to obtain P,_;.

Finally, for the statement on permutations, it suffice to observe that if w = ¢ is a permutation
word, then its tableau P (o) is semi-standard with n distinct entries in [1, n] (the letters of w): this
is equivalent to being a standard tableau. O

Given a word w, we denote A\(w) the common shape of the two tableaux P(w) and Q(w)
associated to w. The parts of this integer partition can be related to the lengths of the longest
increasing subwords of w:

ProrostTioN 4.3 (Longest increasing subword). Given a word w = wyws - - - w,, the first part
A1 (w) is equal to the maximal length ((w) of a weakly increasing subword w;, w;, - - - w;, with

I1<ii<ig<--<iy<n and w,; <w;, < - <w,,.

Proor. We reproduce here the original proof of this statement, due to Schensted. In the sequel,
if a letter [ appears several time in a word w, we index its consecutive occurrences [y, la, . . ., L5, SO
for instance w = 174723521846 becomes w = 1,7;4,75213529158456. We can apply the Robinson-
Schensted algorithm to this modified word w, and forget at the end the indices in order to recover

the tableaux P(w) and Q(w).

Call basic j-th subword of w the list B;(w) of the indiced letters of w which are inserted in the
j-th position of the first row of the P-tableaux during the Robinson-Schensted algorithm (these
letters can then be bumped to higher rows). For instance, the basic subwords of w = 174723521846
are:

B(w) =1, ; By(w) = 7141211, ; Bs(w) = 7232,
B, (w) = b4y ; B;(w) = 86.

By construction, the words B;(w) form a partition of w into disjoint subwords. Moreover, the
unindiced version B;(w) of each basic j-th subword B;(w) is strictly decreasing: each time one
inserts a new letter [ in the j-th position of the first row of the P-tableau, it bumps the previous
entry m of Bj(w) to a higher row, so m > I. Now, observe that if m = wj appears in B;(w) with
j > 2,then one can findl = w, in B; ;(w) such that | < m and a < b. Indeed, when m is inserted
in P,(w), it is at the j-th position of the first row, so it is larger than the entry [ of the (j — 1)-th
position of the first row of P,(w). This entry [ belongs to B; ;(w) and is a letter w, with a < b.

If z = w;, ... w; is a weakly increasing subword of w, then its version z with indiced letters can
intersect each basic subword B;(w) only once, because these basic subwords are strictly decreasing.
Therefore, [ is smaller than the number of basic subwords, which is A\;(w). Moreover, by taking
an entry of B, (,(w) and finding smaller entries in By, (,,y_1(w), By, (1)—2(w), etc., we can indeed
construct a weakly increasing subword of w with length I = A\;(w). So, we have indeed proved the
identity £(w) = Ay (w). O

REMARK 4.4. The proof is easier to understand in the special case where all the letters of w are
distinct: we then do not need to introduce labels for the occurrences of the letters. This argument
is required in the general case, because we want the basic subwords B (w) to form a partition of w
in subwords.

REMARK 4.5 (Greene invariants). A generalisation of Proposition 4.3 due to Greene states that,
forany k € [1,6(N)], M (w) + Aa(w) + - - - + Mg (w) is the maximal sum of the lengths of £ disjoint
weakly increasing subwords of w. Let us highlight a small subtlety in this statement: for instance
with & = 2, A\j(w) + A2(w) is the maximal sum of the lengths I > m of two disjoint weakly
increasing subwords of w, but we do not have necessarily I = A\ (w) and m = A\o(w). The proof
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of this generalisation is much harder than the previous proof, and it is related to the theory of the
plactic monoid, which leads to other surprising results detailed in the two next remarks.

REMARK 4.6 (Robinson-Schensted correspondence and inversion of permutations). If o is a
permutation, then we have the following surprising relation between its P and () tableaux (this is
due to Schiitzenberger):

P(o) = Qo).

REMARK 4.7 (Jeu de taquin). Given a word w, there is a way to compute P(w) which relies
on sliding numbered cells as in the jex de taquin. We associate to w the ribbon R(w), which is the
diagram obtained by reading the word w from left to right, and, when reading two consecutive
letters a and b:

o by adding a cell [ b | to the right of the cell [a]if a < b;

o by adding a cell [ b | below the cell [a]if a > b (descent).
For instance, the ribbon associated to the word w = 174723521846 is

[1]7
417

118
416

Starting from this ribbon, let us slide its numbered cells towards the bottom left corner, while
still keeping the rows weakly increasing and the columns strictly increasing. For instance, one can

slide the left-most cell | 1 | one step down, and then the cell | 7 | of the first row to the left, thereby

obtaining:

147

18
416

If one completes the bottom left border of the ribbon R(w) by inner empty cells so as to have a
Young diagram, then the two sliding operations described above have reduced by one the number
of inner empty cells. We continue the sliding of cells towards the left or the bottom until all the
inner empty cells have disappeared; the order chosen for the slidings is arbitrary. Let us give a few
intermediary steps of this algorithm:

7] 7] 7] 7]
1]4]7 1]4]7 417 417
2[3]5 ; 235 ; [1]2]3]5 ;[1]2]3
2]8 2|8 2]8 2|5]8
114]6] 11416 11416 1146
7] 7] 7] 7]
4[7 4[7 4] 4]
1]3 ; [1]3 ;137 ;1317
2[2[5]8 258 1[2]5]8 258
114[6 1[2]4]6| 1]2]4]6] [1]1]2]4]6]
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We recognise at the end the tableau P(w), and it turns out that this is a general phenomenon: for
any choice of slidings, starting from the ribbon R(w) and deleting the inner empty cells, one always
obtain in the end P(w). This deep result is due to Lascoux and Schiitzenberger.

Proposition 4.3 is the starting point of the solution of an important combinatorial problem
studied during the second part of the twentieth century. Consider a random permutation o,, chosen
uniformly in &(n): Plo, = 0] = & for any 0 € &(n). We are interested in the random variable:

l,, = l(0,) = length of the longest increasing subsequence of a random permutation.

We shall prove that 25\/”5

study the rescaled fluctuations

converges in probability to the constant 1, and in Chapter 5, we shall also

s
X, =n3 —1].
w0 (2\/5 )

ProroSITION 4.8. The law of the random variable U, is the law of the first part of an integer partition
A chosen according to the Plancherel measure PL,, on )(n).

Proor. We have

1 1
P, = k] =P\ (0,) = k] = ] E L=k = o g (card ST(A))? = PL, [\, = k]
" (P,Q) standard tableaux " Ae(n)
with same shape A in 2)(n) A=k

by using Proposition 4.3 for the first identity, the Robinson-Schensted correspondence for the
second identity. O

As a consequence, if we can describe the shape of a large random Young diagram chosen accord-
ing to the Plancherel measure, then we shall be able to solve the problem of the longest increasing
subsequence of a random permutation. These limiting results will be stated at the end of this chap-
ter, see Theorem 4.28 and Corollary 4.29. As a first consequence of the previous observation, let
us prove the following non trivial estimate:

ProrosrTioN 4.9 (Upper bound on the expectation of the longest increasing subsequence). For
anyn > 1, E[(,] < 2¢/n.

1

-, because this entails:

Proor. It suffices to prove that E[¢,, — ¢,,_;] <

B

3

E[ﬁn]SZ%g/o %dsz\/ﬁ.

Consider a random permutation o, uniformly chosen in &(n). By the previous discussion, A (07,)
has the law of 4,,. Moreover, it is easy to see that conditionally to the value o,,(n), the subword
Onn—1 0f 0, which consists in its n— 1 first letters is uniformly distributed among the permutations
of the set [1,n] \ {on(n)}. As a consequence:

)\1 (O_n,n—l) —law gn—l .

Indeed, this is true conditionally to the value of ¢,(n), and we obtain the same law for every
possible value. We conclude that

]E[gn — En—l] = ]E[Al (O'n) — )\1 (On,n—1>]-

However, we increase the length of the first row when going from 0,,,,_; to 0, if and only if n is
placed on the first row of the recording tableau Q(c,,). So,

E[Ai(0,) — A1(0nn-1)] = P[n is in the first row of Q(0,)].
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We now remark that n is at the end of the first rows of both tableaux P(0) and Q(0) if and only if
o(n) = n; this happens with probability & if o = o, is chosen uniformly in &(n). Then:

% = IP[n is in the first rows of P(0,,) and Q(0,)]
= Z PL,[A] P[n is in the first rows of P(0,,) and Q(0,,) | A(0,) = ]
AeY(n)
= Z PL,[\] (P[n is in the first row of Q(a,,) | M) = A])>.
A€Y(n)
Indeed, conditionnally to the shape A(o,,), the two tableaux P(c,,) and Q(0,,) are independent, and

they are both uniformly distributed in ST(A(¢,)). Finally, by the Cauchy-Schwarz inequality, the
last line of the equations above is greater than the square of

Z PL,[A] P[n is in the first row of Q(0,,) | AM(0,) = A] = P[n is in the first row of Q(o,,)].
A€Y(n)
This ends the proof. O

2. Asymptotics of the random character values

We have drawn above the Young diagram of a random integer partition with size n = 1000
chosen according to the Plancherel measure PL1ggo. Although the result is random, it seems that
the upper-right boundary of this Young diagram stays close to some smooth curve if one rescales
the cells in an appropriate way. In order to prove this geometric law of large numbers, we shall first
study algebraic observables of the random partitions \,, ~ PL,, which are related to the associated
irreducible characters of &(n).
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DEerINITION 4.10 (Rescaled character value). Fix an integer partition = (pua, . . . , je) with size
k, and denote

op =12, o)+ 1t pe) (ot e+ 1 )

this is a permutation in S(k) with cycle-type . If n > k, we can consider o,, as an element of S(n)
thanks to the natural inclusion S(k) C &(n) coming from [1, k] C [1,n]. The rescaled character value
X, is the function ) — R defined by:

C)\O'H .
2.0\ = n“f% z.f|/\|:nZk;:|u|’
0 lf|/\|=n<k;:|lu|.

The notation n** is the falling factorial n(n — 1)(n — 2) -+ - (n — k + 1).

The functions X, are observables of the integer partition A, and given A = A, ~ PL,, they
yield a family of random variables whose joint distribution will enable us to understand the typical
geometry of the Young diagram of \,,. The method that we shall use in the sequel works in theory
for any probability measure on )(n) which is the spectral measure of a representation.

DErINITION 4.11 (Spectral measure). Let G be a finite group, and V' be a non-zero representation
of G. The spectral measure of the representation V. is the probability measure Py on G defined by
my (dim \)
dimV ’
where the my’s are the multiplicities of the irreducible representations of G as components of V: V =
@ re@ my VA.

Py [N =

PROPOSITION 4.12. The Plancherel measure of a finite group G is the spectral measure of its regular
representation on CG. On the other hand, for any representation V' of G and any element g € G, if we
consider the normalised character

A
Aoy ¢ch (9)
X'(9) = dim A
as a random variable with \ ~ Py, then
hY(9)
Eo _e 9 v
v 9l = o =) )

is the value of the normalised character of the representation V' on the element g.

Proor. We have seen in Chapter 1 that the decomposition of CG in irreducible representations
is CG = @, g(dim A)V*; ¢f. the proof of Theorem 1.15. Consequently,
~ (dimA)?  (dim\)*
PealVl = dimCG ~ cardG PLalV]
This proves the first part of the proposition, and the second part is an easy computation: if V' =
@D .amrV?, then

Ev[x*(9)] = Z]P’vN XMg) = dilev me ch’(g) = iﬁm(";)- 0

CoRrOLLARY 4.13. If i € Y(k), then for any n > k, the random partition X, chosen according to
the Plancherel measure PL,, of &(n) satisfies:

o ifp = 1%,

0 otherwise.

En[2u(An)] = {
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ProoF. The normalised character of the regular representation of a finite group G is x ¢ (g) =
L(g=ce,)- Indeed, by taking the linear basis (h)se of CG in order to compute the traces, we obtain:

1 . d 'f =
ch®(g) =) "[coefficient of A in gh] = card GG g =eq,

Asa consequence,

En[Zu (M) = 0 Eulx* (0,)] = n* x5 (0,) = n#* 1 = 1" 1umin). O

op=id[i np)

If we want to understand the distribution of the random variables X, (),,), then we need to
compute more generally their (joint) moments. It turns out that the functions ¥, form a graded
algebra of functions on ) with explicit structure coefficients. The construction of this algebra
is due to Kerov and Olshanski, and it can be performed thanks to the following extremely nice
argument. Call partial permutation a pair (o, A), where A C N* is a finite subset (possibly empty),
and o € &(A). The cycle-type of a partial permutation (7, A) is the cycle-type of o viewed as
an element of G(A); hence, it is an integer partition with size |A|. The product of two partial
permutations (o, A) and (7, B) is defined by:

(0,A) x (1,B) =(c o1, AU B).

If deg(o, A) = card A, then the product above makes the space of formal linear combinations of
partial permutations into a graded algebra. We can even allow formal linear combinations with
an infinite number of terms, as long as the degree of a sum stays bounded: indeed, given a partial
permutation (p, C'), there is a finite number of ways of decomposing it as a product (o0 o7, AU B)
with 0 € 6(A) and 7 € &(B). Thus, the algebra of partial permutations is the algebra &7 whose
elements are the formal series

Y o (0, 4),

(o,A)EP

where the coefficients c(,, 1) are complex numbers, and P is a possibly infinite set of partial permu-
tations with sup {deg(o, A) | (0, A) € P} < +00. The algebra &7 is graded by

deg Z Clo,n) (0, A) | =sup{deg(o,A)|(0,A) € Pand c(, a) # 0},

(o,A)eP

and deg(fg) < deg(f) + deg(g) for any f,g € 2. In the following, we shall be interested in
a commutative subalgebra of &7 which will turn out to be related to the functions X,. Let us
introduce the infinite symmetric group &(oo) = J—, T &(n), which consists in the permutations
of the integers which fix every integer except the elements of a finite subset of N*. The group &(c0)
acts by conjugation on the partial permutations:

7-(0,A) = (ror 1, 7(A)).

This action is compatible with the products and with the gradation; therefore, the elements of &
which are invariant by conjugation by any permutation 0 € &(00) form a graded subalgebra of
Z. We denote

O =% ={fec P|Voc&(x),o-f=f}
and we call it the algebra of observables (of Young diagrams). This terminology will be explained
in a moment. In the sequel, given an integer partition 4 of size k and an arrangement of integers

a=(ay # ay # -+ # a;), we denote

U#(a) = ((ah s 7a#1)(a#1+1> e 7a#1+#2) T (au1+-~~+u271+1’ ag), {ar, .. 7ak});

this partial permutation has cycle-type s.

THEOREM 4.14 (Algebra of observables). The algebras &7 and O have the following properties:
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(1) The algebra O is commutative, and a graded linear basis of it consists in the symbols X, with

nweQ:
X, = Z ou(a).
a:[ L]l —N*
armngement

(2) For any n > 1, we have a surjective morphism of algebras:
T P — CS(n)

(a,A)H{U if A c[1,n],

0 otherwise.

This morphism restricts to a surjective morphism of commutative algebras from O to the center

Z(CS(n)).

(3) Fix an integer partition \ € Q) (n) with arbitrary size n > 1, and consider the linear map on
O defined by
Z/J = EH()\)7
the image being the rescaled character value from Definition 4.10. This map is a morphism of
algebras from O to C.

Proor. Consider the linear map 7, defined in the second item of the theorem. It is indeed a
morphism of algebras, because we have in C&(n):

T((0,A) x (1,B) = mp(c o7, AUB) = Laupcpn) (0 07)
= ((1Ac[[1,n}]) 0') ((1BC[[17H}]) 7') = m, (0, A) m, (7, B).

It is not true that the collection of maps (7, ),>1 separate the elements of Z: for instance, the two
partial permutations (id o, [1,2]) and (idyzy, {2}) have the same image by all the maps ,, but
they are distinct. However, the collection of maps (7,,),,>1 separate the elements of &. To prove
this, let us first determine a linear basis of the graded subalgebra €. If a partial permutation (o, A)
with cycle-type p appears with a coeflicient cin f € €, then by invariance by conjugation by &(c0),
the partial permutation o, (a) also appears with the same coeflicient in f for any arrangement a
of size k = card A. Moreover, the symbols X, are linearly independent, since they involve partial
permutations in disjoint sets. Thus, we have shown that

O = Span({X, | 1 € Un>0D(n)}),

and that the symbols X, form a linear basis of €. We obviously have deg X, = || for any integer
partition 4. Let us now determine the image of X, by m,. Notice that

To(T - (0, A)) = 7(mp (0, A)) 77

for any permutation 7 € &(n). Therefore, if f € O, then 7,(f) is invariant by conjugation in
CG&(n), so it belongs to the center of the group algebra C&(n). This center is spanned by the

conjugacy classes C,, with v € 9(n). Denote k, = Car%”cy. We have in fact:
o mee ifn >k
" ) = pl ] = v
(L) {O ifn <k,

if k = |p| = deg X,,. Indeed, the image by m, of a partial permutation (o, A) with cycle-type p
is either 0 if A ¢ [1,n], or a permutation with completed cycle-type p LI ((n — k) fixed points) if
A C [1,n]. The formula above is then a consequence of the following facts:

e there are n'* arrangements a with size k and values in [1, n];

e the image of 7, (X,) belongs to the center of C&(n), hence is a multiple of the conjugacy
class C;jn—x whenn > k.
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This implies that an element f € & is entirely determined by its images 7,,(f), n > 1. Indeed,
consider an integer partition ; without parts of size 1, and all the completed versions pl1, . . ., pul1¢
whose symbols appear with a non-zero coeflicient in f. There are only a finite number of them
since f is of finite degree. So,

d

f= Z cr 2,1k + other terms (not of the form X, 15).
k=0

When looking at 7, (f) with n > |u| + d, we obtain:
d
T(f) = (Z r nin—k—u) K,1n-lul 1 linear combination of other conjugacy classes.
k=0

So, from the knowledge of the m,(f)’s, we deduce the polynomials 3"¢_, ¢, nt*~*~I# whence all
the coeflicients cy; this proves our claim. It implies that & is a commutative algebra: indeed, given

f and g in 0, since 7Tn(fg) - 7Tn(f) 7T-n(g) = 71—n(g) ﬂ-n(f) - ﬂ-n(gf) for any m, fg = gf

Let us finally establish the third item of the proposition. It follows from a rewriting of the
rescaled character value: if |[\| = n, then

Zu) = xMma(Z)),
where X/\(ZUEG(n) Co0) =D pee(n) Co x*(0). However, 7, is a morphism of algebras from & to
Z(C&(n)), and the normalised character value x* is a morphism of algebras from Z(C&(n)) to C.
For this second claim, notice that any element x of Z(C&(n)) is sent by the Fourier transform to
a linear combination of identity matrices idgx (this is because Z(End(S*)) = Cidgx); and x*(z) is
the coeflicient of the matrix idgx in Z. Therefore,
xMxy) = coefficient of idgx in Ty = 27
= (coefficient of idg» in 7)(coefficient of idgx in §) = X () x*(v)

forany z, y in the center of the group algebra. Now, by composition, we conclude that &, — X, ()
is indeed a morphism of algebras from & to C.

The last part of Theorem 4.14 enables us to compute products of observables by using the
formalism of partial permutations, and then to use these products in order to evaluate the moments
of X,,(\,) with A, ~ PL,,. This method leads to the following important result:

THEOREM 4.15 (Kerov’s central limit theorem). For k > 2, denote ¢, = (1,2, ..., k). Under the
Plancherel measures PL,,, the vandom character values
An
X (ck)

Vi

converge in law towards independent standard normal variables with law Ng (0, 1).

E
n2

The end of this section is devoted to a proof of this central limit theorem. Let us start by
explaining how to compute a general product X, X,. In the following, we fix two integer partitions
wand v with respective sizes m and n, and we shall consider a disjoint copy N of N, whose elements
will be denoted 0', 1/, etc. A partial pairing between [1,m] and [1’,n] is a (possibly empty) set
P of disjoint pairs (z,y’) with z € [1,m] and v/ € [1’,n']. For instance, P = {(1,3),(3,2')}
is a partial pairing between [1, 3] and [1’,4’]. We denote (m, n) the finite set of partial pairings
between [1,m] and [1’,n']. This is a finite set with cardinality

min(m,n) min(m,n)
m\ (n m!n!
k! = :
— (k) (k) Z (m— k) (n— k) k!

k= k=0
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Given two cycle-types 1 € 9(m) and v € Y(n) and P € P(m,n), we denote p(u, v, P) the
cycle-type with size || 4+ |v]| — | P| of the partial permutation

0,(1,2,...,n) x 0,(d),
where @ is the arrangement obtained from 1',2',... n’ by replacing each element y’ of a pair
(z,y') € P by x. For instance, if p = (3), v = (2,2) and P = {(1,3'),(3,2")}, then p(u, v, P) is
the cycle-type of

(1,2,3) x (1,3)(1,4') = (1,4, 2,3, 1)

viewed as a permutation of {1,2,3,1’,4’}, hence (5).

ProrosITION 4.16 (Product of symbols X,). For any integer partitions y and v with respective
sizes m and n,

Eﬂ X, = Z Ep(muP)‘
PeRB(m,n)

Proor. Given two arrangements a : [1,m] — N* and b : [1,n] — N*, we associate to them a
partial pairing P(a,b) whose pairs are the (z,y’) with a(z) = b(y). Then, it is easily seen that the
cycle-type of 5, (a) 0, (b) only depends on P(a, b), and is p(y, v, P(a, b)). Moreover, if P € B(m, n)
is fixed, then there is a natural bijection between

{pairs of arrangements (a, b) with |a| = m, |b| = n, P(a,b) = P}
and {arrangements ¢ with |¢| = m + n — |P|},

such that o,(a)0,(b) = 0puu,pap)(c). This natural bijection correspond to the rewriting as
m+1,m+2,...,m+n—|P| of those elements 3/ in [1’,n'] which are not in a pair (z,y’) €
P(a,b). Then, ¢(x) = a(x) for x € [1,m], and ¢(z) = b(y) for x € [m + 1,m + n — |P|] corre-
sponding to a ¢’ € [1',n'] as described above. Now, thanks to these bijections, we get:

5,5, = > ou(a)o,(b) = > >, ou(a)a,(b)

a arrangement with size m PePB(m,n) | aarrangement with size m
b arrangement with size n b arrangement with size n
P(a,b)=P

= Z Z Tp(up,P) (€) | = Z 2 o(u.P)- O

PeP(m,n) \ carrangement with size m+n—|P)| PePB(m,n)

ExampLE 4.17. Proposition 4.16 is probably better understood with an example. If we take
A = (3) and p = (2), then we need to consider the following partial pairings:

e the empty partial pairing: a product of a 3-cycle with a 2-cycle with disjoint support is a
partial permutation with cycle-type (3, 2), whence a term X3 5) in the product X5 Y.

e the 6 partial pairings with size 1: if a 3-cycle and a 2-cycle have their support that meet
at exactly one point, then their product is a 4-cycle; whence a term 6 X, in the product

X3 2.

e finally, the 6 partial pairings with size 2: it is easy to check that the corresponding cycle-
type is always the same, and is the cycle-type of the partial permutation o3(1, 2, 3)02(1,2) =
((1,3),{1,2,3}), that is (2,1). Beware that since we are working with partial permuta-
tions, we have to take into account the fixed points of the permutation on its support. So,
these pairings give a contribution 6 £, 1) to the product.

We conclude that
23 22 - 2(372) + 6 24 + 6 E(Q,l)-
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REMARK 4.18. Since deg X, p) = || + |v| — | P], the leading term of a product X, ¥, with
respect to the degree corresponds to the empty partial pairing:

X, X, = X, + terms with strictly lower degree.

Some analogues of this factorisation property with respect to other gradations on & will play an
important role in the sequel.

Lemma 4.19 (Counting twice the fixed points). We introduce another gradation rank on O:
rank(X,) = |p| + myi(p), where my(p) is the number of parts of size 1 in p1. Then, rank is a gra-
dation of algebras: rank(fg) < rank(f) + rank(g) forany f,g € O.

ProoF. The gradation rank is the restriction to & of the following gradation on partial permu-
tations:

rank(o, A) = card A + number of fixed points of o in A.

Let us then prove that we always have rank(o7m, A U B) < rank(o, A) + rank(r, B). Given a
permutation o and a set A, we denote Fix(o, A) the set of fixed points of o in A. We decompose
Fix(o7, AU B) in three parts:

e the set of points of B\ A which are fixed by 7;

e the set of points of A\ B which are fixed by o;
e the set of points of AN B which are fixed by o7.

This decomposition yields:

|Fix(om, AU B)| = |Fix
< |Fix
|Fix(o1, AU B)| + |AU B| < |Fix
< |Fix

o, A\ B)| + |Fix(r, B\ A)| + |Fix(o1, AN B)|
o, A\ B)| + |Fix(, B\ A)| + |AN Bj;

o, A\ B)|+ |A| + |Fix(r, B\ A)| + | B|

o, A)| + |A| + |Fix(1, B)| + | B|,

o~ o~ o~ —~

whence the result. U

Lemma 4.20. Let j1and v be two integer partitions without part in common: if my(u) > 0 for some
k > 1, then my(v) = 0. Note that under this hypothesis, if Ll v is the integer partition whose multiset
of parts is the disjoint union of the multiset of the parts of 11 and of the multiset of the parts of v, then we
have rank(X,) + rank(X,) = rank(X,,,). We have in O:

X, X, = X + terms of strictly lower rank.

ProOE. Let us examine under which conditions we have rank(c7, A U B) = rank(c, A) +
rank(7, B). We need all the inequalities of the previous proof to be identities. Therefore:

e any point in A N B has to be fixed by o7;
e there are no fixed point of o or of 7in AN B.

This can only happen if o and 7 leave A N B invariant and if 0405 = (714n5) . However, o and
7 do not have cycles with the same length, so the only possibility is that AN B = (). We conclude
that the term of higher rank in the product X, X, corresponds to the empty partial pairing P, and
is indeed X, ... O

REMARK 4.21. As a consequence of this lemma, we see that a linear basis of & which is graded
with respect to the rank consists in the products X, (X)) with m;(u) = 0 and k£ € N. Indeed,
given an arbitrary integer partition v, we can always write it v = p U 1% with m;(u) = 0 and
my(v) = k, and the lemma states that X, and ¥, ¥} differ by terms of strictly lower rank. On
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the other hand, one has also
Sk = (21)F + terms of strictly lower rank.

Indeed, the subalgebra C[X}] of & spanned by X is an algebra of polynomials in one variable, and
it is spanned by the symbols X'}« with &£ > 0. This claim follows from the identity

Se(A) = n¥ i A = n,

which holds for any A € 9 and any £ > 0. As a consequence, the two families (X)), ey and
(X (Z1)F) i (=0, k>0 differ by a matrix which is triangular with respect to the rank. So, they are
both graded linear bases of & with respect to the rank. The rank of an observable ¥, (X)) with
ma(u) = 0is |u| + 2k.

Lemma 4.22. If k > 2 and m > 1, then
Xk Dgm = Dpmr + km Xym—1 Xy + terms of strictly lower rank.

Proor. The main terms of the formula are of rank k(m+1), so we need again to examine under
which conditions we have rank(o7, AU B) = rank(c, A) + rank(7, B) when (0, A) has cycle-type
k and (7, B) has cycle-type k™. Again, this can only happen if o and 7 leave A N B invariant and
if 0jang = (T)anB)~". Now, there are two possibilities:

(1) AN B = (). This corresponds to the empty partial pairing in Proposition 4.16, and the
corresponding contribution in Xy Xgm is Zym1.

(2) AN B = A has size k, and the restriction of 7 to A is the inverse of the cycle . There are
km corresponding partial pairings in B(k, £™):

(a) we choose one of the interval [(j — 1)k + 1/, j&'] with j € [1,m].

(b) we choose t € [1, k] and we pair 1 with (j — 1)k +t/,2 with (j — 1)k +¢ — 1/, etc., t
with (j — 1)k + 1, t + 1 with j&/, etc., and k with (j — 1)k + ¢t + 1".

The second item comes from the fact that there are k ways to write in cyclic order the ele-
ments of a k-cycle. Now, for any of these pairings, the cycle-type of the product of partial
permutations (o, A)(r, B) = (o7, B) is k™ 1™, whence a contribution km Xjm-1 1k in
the product Xy Xym.

Finally we can replace Xym-11 by Xjm-1 X1« by the previous remark. O

The renormalisation of the random character values in Kerov’s central limit theorem 4.15 makes
it natural to extend a bit the algebra of observables @, by adding the (possibly negative) half-powers
of the observable X;. Indeed, since ¥, (\) = n if |A\| = n, and since n** = n* + O(n*~1), we have

LEXNe) TV
VE o VE(E():
so it is natural to work with the extended observable

)
VE(2)?

which belongs to the commutative & @¢(z,] C[(X)2, (21)2]. Denote & this extended algebra;
a linear basis of &'t consists in the products

(1+0(n™),

Xk: ;

k
2

EM (21) with ml(u) =0andk € Z,
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and the rank gradation extends to 0 by setting rank(X), (£1)2) = || + k if my () = 0. Given
an integer partition p without parts of size 1, we set

v 1 2,

1 /—Hl D (Zl)%;

it is an extended observable with rank 0.

PROPOSITION 4.23. For any integer partition p with my(u) = 0, we have the following relation in
the extended algebra O :

X, = H Hop, () (X)) + terms with negative rank,
k>2
where (H ) m>o 1s the family of orthogonal polynomials associated to the standard Gaussian distribution
(2m)"z e~ T du.

ProoF. The family of Hermite polynomials is obtained by Gram-Schmidt orthogonalisation of

the family (2™)50 in Z2(R, (27) 2 e dr). Thus, Hy = 1, and H,, 1 is characterised by the
following relations:

e H,i1(x) = 2™ + polynomial with degree smaller than m.

o (Hpi1| Hi<m) = 0, the scalar product being taken with respect to the Gaussian distribu-
tion.

It is easily seen that a solution of this recurrence is provided by the Rodrigues’ formula:

Hoz) = (—1)™ 5 dcf; ().

The first item is trivial by recurrence on m, and for the second item, we use an integration by parts:

-1 m—+1 dm+1 »2 ﬁ dm+1
(o | o) = =0 [0 (%) miloyde = = [ (%) L (o) o =0,

indeed, we derivate (m + 1) times a polynomial with degree I < m. As a consequence of the
2

Rodrigues’ formula and of the Taylor expansion at 7 of the entire function z — e~ 7, we get:

e e P N AT
¢ _Z ml d:cm< >_e D Hunlw)

m=0 m=0

/2
ext77 — Z Hm(ﬂf) R
m=0

If we derivate the last formula with respect to the variable ¢, we get on the left-hand side

2 "
(x —1) = Z (x Hp(x) — m Hppq(2)) puk
and on the right-hand side "7 | H,,41(2) &;. This proves the recurrence relation H,,41(z) =

x Hp(x) —m Hy,—1(x) for any m 2 1. Let us now prove the formula for the extended observable
X,,. It follows from Lemma 4.20 that

X, = H X oms(u + terms with strictly lower rank;
s>2

X, = H X mow) + terms with negative rank.
s>2
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Therefore, it suffices to prove that Xym = H,,(X}) + terms with negative rank for any £ > 2 and
any m > 1. Suppose the result true up to order m > 1. Then, by Lemma 4.22,

X Ekm+1 Ek Ek'm Ekm 1

km+1 = m m = m - m m— m—
(D) R <21>’“< SR (o)
= Xk ka — kam—l + -

= Xy Hp(Xy) — mHm—l(Xk) + e

m+1

where on each line the dots indicate terms with negative rank. By the previous discussion, the
combination of Hermite polynomials is H,,.1(X}), whence the result at order m + 1. O

ProOF OF THEOREM 4.15. Note that for any extended observable f € &, we have

En[f(A)] = O<n%> )

with a constant in the O(-) which depends on f. Indeed, it suffices to prove it for the linear basis
k

S, ()2 o # 0, then B [X,(0) (Z1(A))2] = n2 E,[X,(\,)] = 0 by Corollary 4.13; and
if 4 = 0, then X is the constant function equal to n on 2)(n), so E,[(£1(A\,))2] = n? and the
estimate is also true in this case.

We now compute the joint moments of a collection of renormalised character values. We denote
Yi>2., the random variables involved in the statement of Theorem 4.15, and we consider a non-zero
integer partition p = 2™23™s - .. g™, Note that we have

1 Hon (Vi) = H Hyoy, (X (M) (1 +O(n71)))

_HHmk Xk +ZP _1 Q1<X27X37--‘7X)7

el

where the P;’s are polynomials without constant term, and the Q;(X2(\,), X5(A\n), -+, Xs(An))
are polynomials in the extended observables X ()), and therefore have rank smaller than or equal
to 0. Taking expectations, we get:

B, | [] Hon (Vi) +0(n™)
k=2

E, ﬁHmk(Xk(/\
= E[X,(\)] +0(n8) =0(n?)

by using on the second line the content of Proposition 4.23, and the fact E,, [, ()\,)] = 0 if p has
parts of size greater than 2. On the other hand, if (Y})x>1 is a family of independent standard
Gaussian variables, then

H H,, (Y2)

_ H (Ho, 1), (Ren 2 ¥ @)

k=2

=0 ifpu#0.

Since the Hermite polynomials form a linear basis of the space of polynomials, we conclude that the
joint moments of the variables Y}, ,, all converge towards those of a family of independent standard
Gaussian variables. The distribution of these limiting variables is characterised by its joint moments
(because we have convergent joint Laplace transforms), and it is well known that this implies the
convergence in law. O
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3. From character values to geometric observables

The previous section enabled us to understand the behavior of the observables X, (\,) when
An ~ PL,,. However, we were initially interested in the geometry of the random integer partitions
An, s0 we now need to explain how the character values can be related to the geometry of Young
diagrams. As a preliminary step, let us construct a functional space which is convenient in order
to speak of convergence of the shape of a sequence of Young diagrams.

DerINITION 4.24 (Continuous Young diagram). A continuous Young diagram w is a function
w : R — Ry which is Lipschitz with constant 1, and such that w(s) = |s| for |s| large enough. The area
of a continuous Young diagram w is defined as

1 w(s) —|s|
§p2(w):/RTds'

ExampLE 4.25 (Continuous Young diagram of an integer partition). Given an integer partition
A, we can associate to it a continuous Young diagram w, with area % pa(wy) = |A|. Let us draw
the cells of the Young diagram of A as squares with area 2, and rotate this Young diagram by 45
degrees. The upper boundary of this drawing can be considered as an affine by parts function wy on
[—€(X), A1], and we extend this function to R by setting wy(s) = |s| outside the interval [—£(\), Aq].
By construction, the function wy, is then a continuous Young diagram with area |\|. For instance,
if A = (5, 3,2), then we obtain the following continuous Young diagram:

%)

T T T T

3-2-10 1 2 3 4

Ul — == == = == = — = — =

|
|
!
!
|
|
|
]
T

ExampLE 4.26 (Rescaling of continuous Young diagrams). For ¢t > 0, the space % of all the
continuous Young diagrams is stable by the operation of rescaling w — w), where

win(s) = Viw (%) :

This operation scales both axes by a factor /%, so it multiplies the areas by t: 1 pa(w(y)) = £ pa(w).
By rescaling the continuous Young diagrams of integer partitions, we can define a notion of con-
vergence of shape for a sequence of integer partitions (A, )neny with |A,| = n for every n. Thus, we
shall say that the shapes of these integer partitions converge if the sequence of rescaled continuous
Young diagrams
Wy = (wAn)(%)

converges uniformly on R to some limit shape w., € %'. We shall see in a moment that the shapes
of the random integer partitions A\, ~ PL,, converge in probability towards some explicit limit
shape Q.

ExampLE 4.27 (Logan-Shepp-Kerov-Vershik curve). The Logan-Shepp-Kerov-Vershik curve is
the continuous Young diagram €2 defined by
O(s) = {%(3 arcsin § + v4 — s%) if [s| < 2,

|s| if [s] > 2.
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Its area is equal to 1, and more generally, we can compute the moments

ﬁk(Q):k(kﬁ—l)/RQ(s)_‘S’ sk—2$24(w)1/ & s

2
for k > 2 (in the second integral, the second derivative might have to be considered as a distribu-
tion). Indeed, by integration by parts on [-2, 2],

- ko[? (2
k() = —5/ (— arcsing - sgn(s)> sF1ds

_o \ T

vanishes if & is odd (by parity), and it writes otherwise as

2 2 S , A 2 20 _
P2;(2) = / (1 — — arcsin —) d(s¥) = 22J+1j/ (1 — —) (sin@)*~! cos O df
0 T 2 0 T

92j+1 5 ) 27
= / (sin )% do = ( ])
™ 0 J

Here we have used the classical recurrence relation I»; = 2]2—;1 I5;_5 satisfied by the Wallis integrals

Ir; = ;7 (sin6)* df in order to compute these integrals.

We are now ready to state the main result of this chapter, which is the law of large numbers
satisfied by the Plancherel measures:

THeOREM 4.28 (Logan-Shepp, Kerov-Vershik). Let (A, )nen be a sequence of random integer par-
titions distributed according to the Plancherel measures PL,, of the symmetric groups. We denote (wy,)nen
the corresponding sequence of (random) rescaled continuons Young diagrams: w, = (w,) . The se-

quence (wy,)nen converges in probability to the LSKV curve Q: for any ¢ > 0,

lim P [sup |w,(s) — Q(s)| > | = 0.

n—oo sER

Thus, the shapes of the random integer partitions \,, converge in probability to the LSK'V curve.

We have drawn below a random integer partition A ~ PLyg (in red), and its limit shape ©
(in blue); the Logan-Shepp-Kerov-Vershik law of large numbers states that the boundary of the
Young diagram A is close to the LSKV curve with high probability.
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COROLLARY 4.29 (Solution of Ulam’s problem). The length (,, of a random permutation o,, chosen
uniformly in S(n) satisfies the following law of large numbers:
ln
—p 1
2y/n

the arrow —p meaning that we have convergence in probability.

PrOOF. Fix ¢ > 0, and let us evaluate the probability P[£, > 2(1 — &)y/n + 1]. By Proposition
4.8, this probability is also the probability under PL, that the first part A,,; of a random integer
partition is larger than 2(1 — €)y/n + 1. In terms of continuous Young dlagrams this implies that

wor (21— )i > 21— )i + 2.
wn(21—¢)) >2(1—¢)+ i

NG
However, at s = 2(1 — ), Q(s) > s, so for n large enough, Q(2(1 —¢)) > 2(1 —¢) + \/lﬁ + n for

some 7) > 0 (the LSKV curve §(s) is strictly larger than |s| on (=2, 2)). Then, if ||w, — Q|cc < 7,
we obtain
2
(21 =) 2 A1 = 2) =0 2 A1 =€)+
We conclude that
P, > 2(1 — )v/n+ 1] > P[[lwn — Qe < 1)

for n large enough. By Theorem 4.28, the probability on the right-hand side goes to 1, so the same
is true for the probability on the left-hand side. In order to prove the convergence in probability,
it remains to see that we also have

P[¢, <2(1+¢)v/n] — 1.

To this purpose, we use the upper bound on the expectation of ¢,, (Proposition 4.9):
E[¢,] l, € l, €
> _ =
2 n_(1+6) [2\/_ }Jr(l t)P[H ~2yn t]
1 l, €
(- g9 el

for any parameter ¢ > 1. Taking the limsup of the right-hand side and using the first part of the
proof, we obtain after rearrangement of the terms:

b > lim P bn
1= P\ oym
for any ¢ > 1. Hence, P[¢,, > 2(1 + €)+/n] goes to 0, and this ends the proof. O

1>

The end of this chapter is devoted to the proof of the LSKV law of large numbers 4.28. We start
by giving a criterion for the uniform convergence of a sequence of continuous Young diagrams.

Lemma 4.30 (Convergence of the geometric observables). Let (wy,)nen and we, a sequence of

continuous Young diagrams with a common support: there exists C' > 0 such that w,(s) = weo(s) = ||
forany |s| > C and any n € N. We suppose that

Pr(wn) = k(k —1) /R M 2 g

converges to Dy (wso) for any k > 2. Then, ||w, — wao || goes to 0.
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Proor. Obviously, it suffices to prove the uniform convergence on [—C,C]. Set o,(s) =

= (S) 15l this is a Lipschitz function with constant 1. Its derivative o’,(s) gives a signed measure
( )ds on [—C, C]. For any polynomial P € C[s], we have

N

indeed, by integration by parts, [, o/,( — Ja on(s) P'(s) ds is a linear combination of
the observables py(w,), so by hypothe51s 1t converges to the same observable of the continuous
Young diagram w,,. Consider now a continuous function F on [—C, C|. By the Stone-Weierstrass
theorem, ||F' — P||o—c,c] < € for some polynomial P, therefore,

lim sup ( /R o' (s) F(s) ds) < 2C¢ + limsup ( /R o' (s) P(s) ds) — 20 + /R o'_(s) P(s)ds

n—oo n—oo

<4Ce + /RU(;O(S) F(s)ds

since the derivatives o7,(s) and o ( ) are bounded in absolute value by 1. As this is true for any
e, we obtain that hm supn s fR ' ( s) ( ) ) < Jpoi(s) F(s)ds, and we prove similarly that
lim inf,, o ( fR o ) > fR L(s)F ds So,

[ o P ds > [ o) Fls)as

R

for any continuous function F on [—C, C].

Givenz € (—C,C)ande > 0, let F : [-C,C] — [0, 1] be a continuous test function equal to
1 before x — ¢, and to 0 after z. We have the following estimates:

[oer@az [ oawma- [ 1zae-0-c2 0@ -2

—C

Tr—E& X
/O';L(S) F(s)ds < / ol (s)ds —l—/ lds < ou(x—¢)+e < o,(x)+ 2.
R -C T—€
As a consequence, limsup,,_,. 0,(x) — 4e < 0u(z) < liminf, o 0,(x) + 4e, and since € is
arbitrary, we conclude that 0,,(z) — 0o(z). Thus, (0,)nen converges everywhere to oo, and
(wn)nen converges everywhere on [—C, C] to ws. Finally, it is well known that for Lipschitz
functions with a uniform constant, the convergence everywhere implies the uniform convergence
on compact sets (this is for instance a particular case of the Arzela-Ascoli theorem). O

CoRrOLLARY 4.31 (Criterion of convergence of the shapes of a random sequence of partitions).
Let (An)nen be a sequence of random integer partitions with |\,| = n for every n € N, and such that

the following holds:
(1) There exists a constant C such that P\, 1 < C/n] — Land P[{(\,) < Cy/n] — 1.
(2) The observables py.(w., ) satisfy:

vk > 2, pk(w,jn) —op ()
nz

for some shape w € ¥

Then, the shapes of the random integer partitions (A, )nen converge in probability to w (in the same sense
as in Theorem 4.28).
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Prook. Note that by a change of variables, if w,, = (w,\n)( L, then

n

Pr(wn) = B (wkn) .

[SIE

Let us recall the classical link between convergence in probability and almost sure convergence:
given a sequence of random variables (w,,),en in some metric space %, (wy,)nen converges in prob-
ability to an element w if and only if, for any subsequence (wy,, )xen, there is a further subsequence
(wny, Jien Which converges almost surely to w. As a consequence, it suffices to prove the following
criterion: if (wy,)nen 1s a sequence of random continuous Young diagrams defined on a common
probability space and such that

(1) wn(s) = |s| outside [-C, C| with probability 1;
(2’) for any k > 2, pr(w,) converges almost surely to py(w);

then (wy,)nen converges almost surely to w in the space of continuous Young diagram. However,
this follows immediately from the deterministic statement of Lemma 4.30. O

Let us check that the first assumption of the previous corollary is satisfied by the random inte-
ger partitions chosen under the Plancherel measures. Note first that the Plancherel measure gives
the same weight to an integer partition A and to its conjugate \'; this follows immediately from
the hook-length formula for dim . As a consequence, the length ¢(),,) and the first part A,,; of
a random integer partition ), chosen according to the Plancherel measure PL,, have the same dis-
tribution. So, it suffices to prove that A\, ; < Cy/n with very high probability for some constant
C. By Proposition 4.8, this is equivalent to the following statement: given o,, random uniform
permutation in &(n), the length /4, of a longest increasing subsequence in o, is smaller than C\/n
with very high probability for some constant C. Let C' = 2e. Note that given [ > 1, we always

have
P, =] < %(7)2(71—0! - gl'(?)

Indeed, in order to construct a permutation o € S(n) with (o) = [, one can first choose the

elements of a longest increasing subsequence with length [ and their positions in the word of o ((7)

possibilities), and then distribute the other elements (less than (n — [)! possibilities). Therefore,

n

1/n ~
Ple, > 2ev/m] < ﬁ(l>§ 2.

I=[2evn] I=[2ey/n]
< - (2rl ne? l< 2mn) u 1 < 4mn
= Z ml) 12 < (2mn Z ol = H[2ev/n)
1=|2¢y/7) I=|2e/7]

by using Stirling’s estimate. The last upper bound clearly goes to 0, whence the result.

In the sequel, given an integer partition A, we denote pi(\) = pr(wy). The end of the proof of
Theorem 4.28 relies on the following deep result:

THEOREM 4.32 (Geometric and algebraic observables correspond). We endow the algebra & with
the weight grading: wt(X,,) = |u| + ().

(1) The weight is a gradation of algebra: wt(fg) < wt(f) + wt(g) forany f,g € O.

(2) For any k > 2, the function py, on Q) can be written as a linear combination of the functions
X, (renormalised character values).
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(3) More precisely, py. is an observable with total weight k, and its leading term is
_ L)

e Z T (i)

[+

X, + terms with strictly lower weight.

We admit this result, which is due to Ivanov and Olshanski; see the references at the end of the
chapter for a sketch of proof. The only part which is easy is the first item; its proof is analogous to
the proof of Lemma 4.19. Indeed, we can extend the weight to the algebra of partial permutations
2 by setting

wt(o, A) = |A| + number of cycles of o in A.
Then, it suffices to prove that wt(o7, AU B) < wt(o, A) + wt(7, B) for any partial permutations
(0, A) and (7, B). We decompose the set of cycles Cyc(o7, AU B) in three parts:
e the cycles of o which are entirely contained in A \ B;
e the cycles of 7 which are entirely contained in B\ A4;
e the other cycles, which are not contained in A\ B orin B\ A.

Denote a, b, ¢ the cardinalities of these three sets, so that |Cyc(or,AU B)| = a + b+ ¢. The
inequality comes from the following claim: given a cycle of o7 which is counted by ¢, its support
intersects A N B. Indeed, such a cycle p meets by definition both A and B, so there exists an
element z € AN (support of p) such that o7(x) € BN (support of p). If z € AN B, we are done,
and otherwise, © ¢ B, so o7(z) = o(x) belongs to A N B. As a consequence of this discussion,
¢ < |AN B|, and therefore,

|Cyc(or,AUB)|+|AUB|=a+b+c+|AUB|<a+|A|l+b+|B]
< |Cyc(o, A)| + A + |Cyc(r, B)| + |B|.
Let us examine the case where one has equality. We then need that:

e ¢ = |AN Bj: this implies that each cycle of o7 which is not contained in A\ Borin B\ A
is a cycle of length 1, hence a fixed point of o7 in AN B.
e a = |Cyc(o, A)| and b = |Cyc(7, B)|; this is only possible if AN B = ).
So, wt(o1, AN B) = wt(o, A) + wt(7, B) if and only if the supports A and B are disjoint. This
leads to the following property for the symbols X, analogous to Lemma 4.20:
X, X, = X, + terms with strictly lower weight.

Indeed, by the previous discussion, the leading term of the product with respect to the weight
corresponds to the empty partial pairing.

ProoF OF THEOREM 4.28. We can now use arguments analogous to those used during the proof
of Kerov’s central limit theorem. Note first that for any observable f € 0,

E,[f] = o@%”).

Indeed, it suffices to prove this estimate for an observable f = X: this is trivial if 4 # 1%, and
if 4 = 1%, then wt(2}x) = 2k and E,[2}x] = n** = O(n*). We now take the expectation of the
expansion of py, provided by Theorem 4.32. We get:

;{;U(u

pl lpl+e(p)=k

If k is odd, there is no term Xj; in the r1ght—hand side, so all the remaining expectations vanish.

Thus,
k=1

E,[pe( )] = O(n ) if K is odd.
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If k = 2 is even, the only non-zero expectation is E,,[X;] = n¥, so

E,[5; (An)] = (2;) n¥ 4+ 0<nﬂ'—%> = (2]‘7> n + O(nj—%) .

If w, is the scaled continuous Young diagram obtained from A, then py(w,) = n
previous estimates become:

VS

Pr(An), so the

o(n—%) if k is odd,

E,[pr(wy)] = . |
()] (2]7) + O(n’i> if k = 2j 1s even.

We now remark that these limiting values are the observables p (2), where €2 is the LSKV curve (see
Example 4.27). To end the proof of the theorem, we have to prove the convergence in probability
De(wn) —p Dr(€2), which is stronger than the convergence in expectation. By the Bienaymé-
Chebyshev inequality with the variances, it suffices to prove that we also have E,[(p(w,))?] —
(pr(€2))?. This follows readily from the fact that the weight is a gradation of algebra, with ¥, ¥, =
X + terms with strictly lower weight. Indeed, we have

L, JoH(p) [4e(wv)
B = ) i (ma(p))! (ma(v))!

| | +E()=k
v| [v]+(v)=k

X, + terms with weight smaller than 2k — 1,

from which it follows that

B [(Dr(wn))?] = 1(k=2; is even) (2;> +O(n_§> = (Pr(Q))? +o(

-
l\.’)\»—A

)

The criterion explained in Corollary 4.31 ends then the proof of the law of large numbers. O
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partition A, ~ PL,, and where  is the LSKV curve. Thus, it can be shown that
& . ( s
n (wp(8) — Q(s)) —nseo Lse(— —— sin k:arccos(—)),
\/—( (s) (s)) N 6(2,2);\/E 5
where the ;> are independent standard Gaussian variables, and where the random series converges

in the sense of distributions.

Let us sketch briefly the proof of Theorem 4.32, which we admitted in our discussion. By using
the Frobenius-Schur formula for the irreducible characters of the symmetric groups (Theorem
2.23), we can relate the symbols Xy () to the so-called Frobenius moments py()), and prove the
Wassermann formula:

P39

Here, the p;j(\) = >_7_,(a;)? — (—b;)’ are the moments of the Frobenius coordinates

F\=(ay,...,a5;=by,...,—bs)

of the Young diagram of \; see the beginning of the next chapter for the definition of these co-
ordinates. These Frobenius moments p; are themselves related to the moments p; by a triangular
change of basis:

1252

=2 (jS1) pHQ]—;al(A)

J=0

This relation comes mostly from the combinatorial relation between Frobenius and descent coor-
dinates (see again the beginning of Chapter 5), and from the manipulation of the generating series
of these coordinates. The case k& = 2 of this formula is essentially explained in Chapter 3, Exercise
2. By combining the two formulas above, we can express each symbol X, in terms of the functions
D;» and conversely. Finally, we can use the weight grading on ¢ and the formula from Proposition
4.16 in order to obtain the expansion of pj, stated in Theorem 4.32. A complete proof appears in
[IO02]; see Proposition 3.7 in loc. cit.

Exercises

(1) Longest decreasing subsequences. Given a semistandard tableau S, we denote S < z the
semistandard tableau obtained after insertion of = according to the rules of the Robinson-
Schensted algorithm. Suppose that the entries of S are all distinct, and that = is not an
entry of S. The reverse Robinson-Schensted insertion x — S is the same algorithm, but
where one inserts the letter  column by column instead of row by row.

(a) Suppose given S with distinct entries, and © # y letters which are not in S. Show
that
r— (S+y) =(x—=29) +uy.

To this purpose, it will be convenient to distinguish three cases: (1) x is larger than y
and than all the entries of S; (i1) y is larger than z and than all all the entries of S; (ii1)
the largest entry M of S is greater than = and y. In the third case, one can compare
x — (S + y)and (x — S) + y with the tableaux

r— (8 +vy) and (z—9) <y,

where S” = S\ {M}; and use an induction on the size of S.
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(b) Given a permutatlon o =o0(1)o(2)---0(N) in &(N), we introduce the reversed
permutation o’ = o(N)o(N — 1) -- ( ). Show by induction on N that the two
standard tableaux P( ) 0+ o1 ) + 0(2) « -+ < o(N)and P(c') = 0 +

(1) < d'(2) « - o'(N) are conjugated (obtained from one another by sym-

metry with respect to the diagonal).

(c) Deduce from the previous question that the number of rows of P(o) is equal to the
length of the longest decreasing subsequence in o.

(d) Extend the result of the previous question to the tableaux associated to words: given
a word w, the number of rows of P(w) is equal to the length of the longest strictly
decreasing subword of w.

(2) The Schur-Weyl measures. Denote SST(A, N) the set of semistandard tableaux with
shape A and letters in [1, N].

(a) Prove the identity:
N"= )" card(SST(), N)) card(ST()))
A€Y(n)
forany N,n > 1.

(b) Consider a vector space U = C" with dimension N, and its n-th tensor power V =
(CN)®": it is the complex vector space which has dimension N™ and which is spanned
linearly by the tensors u1 ® ug @ - -+ ® u,, with uy, ..., u, € U. It is a representation
of &(n) for the action

- (U @U@ -+ @ Up) = Up-1(1) @ Ug—1(2) @+ * @ Ug—1(yy).

We admit that the decomposition in irreducibles of this representation is:

V= > card(SST(\, N)) S*,
A€Y(n)
Reprove the identity of the first question by using this representation theoretic argu-
ment.

It is then natural to consider the spectral measure of the representation V = (CV)®"
this is the so-called Schur- Weyl measure with parameters N and n, and we shall denote it
SWx . Thus,

card(SST(A, NV)) card(ST()))

SWnlA] = -

(c) Prove that the character of the representation V is given by:
ch"(o,) = N‘®

for any 1 € Y(n). Deduce from this the following formula for the expectation of the
algebraic observables X,

Ev[X.(\)] = el A=l
for any 1 € 9.

(3) Asymptotic behavior of the Schur-Weyl measures. We use the same notations as in the

previous exercise, and we suppose that N = ‘/TE with ¢ > 0. Then, the asymptotic behavior
of A, ~ SWy, is close to the one observed for random partitions under the Plancherel
measures; the main difference is that the limiting shape is not anymore the Logan-Shepp-

Kerov-Vershik curve. In the sequel, we admit that under SWy ,, with N = \/Tﬁ, there exists
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a constant C' = C'(c) such that P,,[\,1 < Cy/n] — 1 and such that P[¢((\,) < Cv/n] — 1
when n grows to infinity (the proof is similar to the one given for Plancherel measures,
by replacing permutation words in &(n) by words in [1, N]").
(a) Show that with the normalisation N = \/Tﬁ, we have E,[f(\)] = O(n g
observable f € 0.

) for any

(b) Prove that the rescaled Young diagrams w,, = (wy, )1 satisfy:

L)

Balpin)] oo D, e

pl |l +e(n)=k

(c) We fix s > [ > 1. Prove that:

ll=s Hiz1(mi(ﬂ)>! l—1)

L(p)=l
(Hint: count the number of compositions s = s; + sg + - -+ + s, with length [ and
with the s; positive integers). Deduce from this combinatorial formula the following

expression for the limits of the expected geometric moments:

H L2

ditn B [pe(eon)] = Zl EDRIE

(d) Suppose that there exists a continuous Young diagram €. such that py(€2.) is given
by the formula above. Show then that the rescaled Young diagram w,, obtained from
a random integer partition \,, ~ SWy ,, converges in probability to (...

(e) Suppose ¢ € (0,1). Show that the unique continuous Young diagram 2.(s) equal to
|s| outside [c — 2, ¢ + 2], and such that

Q(s) = 2 arcsin | ———C
‘ @ V1+sc

on [c — 2, ¢ + 2], satisfies the hypothesis of the previous question.

Thus, the random partitions chosen under the Schur-Weyl measures SW -1 /; ,, admit a
limiting shape €. at least for ¢ < 1. The Schur-Weyl measures with parameters ¢ > 1 also
admit limiting shapes, but the exact formula for €. is then a bit more complicated.

(f) Deduce from the previous result an analogue of the law of large numbers ¢(0,,) ~ 2v/n
when the permutation o, is replaced by a random uniform word w,, chosen in [1, N]".

(g) What happens when ¢ goes to 0? Explain intuitively this result.



CHAPTER 5

Schur measures and the Tracy-Widom distribution

In this last chapter, we examine the random integer partitions \,, ~ PL,, with another view-
point: we are now interested in their local aspect, and in the correlations between the sizes of their
parts. This problem is better understood by associating to each integer partition a system of particles
on the real line. Given A € 9), we denote M) = (\; — i + %)izl, with by convention A\, = 0 if
r > ((\). This is a decreasing sequence of half-integers in Z/ = Z + 3, such that

MyNZ, and Z'"\(M\NZ._) areboth finite sets with the same cardinality.

Graphically, the system of particles M) corresponds to the descents of the continuous Young dia-
gram of A\: when drawing w), we can consider it as the union of segments \ and /* with endpoints
in Z x N, and the descent coordinates are the abscissa of the centers of the descending segments.

-12 -10 -8 -6 —4 -2 0 2 4 6 8§ 10 12

We have drawn above the continuous Young diagram of A = (10,6,5,5,3,1) and its associated
system of particles M. The Frobenius coordinates of A are the half-integers in

Fyx=(Z_\ (MyNZ.))U(MyNZ,).

Graphically, they are obtained by measuring the sizes of the rows and columns of X starting from
the diagonal, see the drawing below.

< negative Frobenius coordinates
+ positive Frobenius coordinates

101
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This interpretation explains in particular why My N Z' | = |Z"_\ (M\NZ")|. With A =

(10,6,5,5,3,1), we obtain
( 1 7 5 1359 19)
Fyv= (-5, -2, —2 =m0 22 ).
2 22 2222 2

If A is random, then the two random sets M) and F) are random configurations of elements of
Z', also called random point processes. It turns out that these random point processes have a special
structure when the law of X is a Plancherel measure (actually, we shall need to consider Plancherel
measures with a Poissonised size n, but this is a small technical detail): we get determinantal point
processes, whose asymptotic properties when n goes to infinity can be studied by using classical
analytical tools (mostly, the saddle-point analysis of certain path integrals in the complex plane).
This structure is actually shared by many other probability measures on Q) = | |, .y (n): the
so-called Schur measures, which are closely related to the representation theory of the infinite sym-
metric group. In the particular case of the Plancherel measures, this theory allows one to recover
the Logan-Shepp-Kerov-Vershik law of large numbers, and to make more precise the estimate
C,, ~ 2+/n of the length of a longest increasing subsequence of a random uniform permutation.
Thus, we shall prove that ¢, — 2/n ~ n'/°X, where X is a random variable which follows the
so-called Tracy- Widom distribution; this limiting law also appears when studying the largest eigen-
values of large random Hermitian matrices

1. An introduction to determinantal point processes

We start by giving a brief survey of the theory of random point processes, which will be the
right framework in order to study the local aspects of certain models of random partitions. We shall
skip most of the proofs of the results, but give precise references for them at the end of the chapter.
Some results around large integer partitions will be stated as the convergence of a rescaled version
of the random point process M) in Z' towards a random point process with points in R; therefore,
it is convenient to study right away the random point processes with values in a general space X.
In the following, we thus fix a locally compact, separable, complete metrisable space X; in all the
applications, X will be a subset of R?. We denote %, (X) the set of positive continuous functions
on X with a compact support. We endow X with its Borel o-field #(X), and we consider the set
A (X) of locally finite positive measures on X: they are the measures  : Z(X) — R, U {400}
with 1(B) < +oo for any relatively compact Borel subset B. A natural topology on the set .# (%)
is the smallest topology which makes continuous the maps

M(X) = Ry
i u(f) = / £(x) pu(d)

with f € %..(X). Then, the corresponding o-field of Borel subsets of .#(X) happens to be
the same as the smallest o-field which makes measurable the maps p — p(B) with B relatively
compact Borel subset of X. A random measure on X is a random variable with values in .Z (X);
$0, it is a measurable map M from a probability space (2, .#,P) to #*°™(X). By definition, all
the quantities M (B) with B € Z(X) are then random variables with values in Ry U {+00}. A
sequence of random measures (M,,),en converges in distribution to a random measure M if and
only if one of the following equivalent assertions is true:

(1) For any f € 6. (X), M,(f) converges in law towards M (f).
(2) For any f € €. (%), ]E[ean(f)] e E[efM(f)]'

(3) For any relatively compact Borel subsets By, . . ., By suchthat M(0B) = - - = M(9By) =
0 almost surely, the random vectors (M,,(By), ..., M,(Bx)) converge in distribution to-
wards (M (By), ..., M(By)).
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In the sequel, we shall only work with atomic measures on X, which are the elements of .Z(X)
which take integer values. If 1 is an atomic measure on X, there exists a countable family (z;);e;
of points in X such that

e

iel

and such that for any compact subset K, {i|x; € K} is finite. We denote .Z**°™(X) the set of
atomic measures on X; it is a closed subset of .Z(X). Then, a random point process on X is a
random element in .Z**°™(X), so a random measure with values in .Z?*°™(X) C .#(X). The
aforementioned criteria of convergence in distribution stay true for a sequence of random point
processes, and moreover, if M is a simple point process (i.e., M ({z}) € {0, 1} almost surely for any
z € X), then one can replace the third item by:

(3’) For any relatively compact Borel subsets B such that M (0B) = 0 almost surely, the
random variables M, (B) converge in distribution towards M (B).

ExampLE 5.1 (Poisson point processes). Consider a space X and a measure y € Z(X). A
Poisson point process with intensity ;o on X is a random point process P, such that, for any family
(Ba)aca of disjoint Borel subsets of X, (P,(B,))aca is a family of independent Poisson variables
with parameters 1(B,). Any locally finite positive Borel measure on X gives rise to a Poisson point
process, which is unique in law in .Z*°™(X).

In order to study a random point process M on a space X, it is natural to consider the joint
moments of the associated positive random variables M (B): they describe how many points fall
in a given Borel subset B, and the correlations of these cardinalities for distinct Borel subsets
By, By, ..., By,. The factorial moment measures of M will enable one to encode all these joint
moments in a convenient way. For n > 1, we first define the n-th factorial power M*" of the point
process M. Although this is not trivial, given a random point process M : (Q, 7, P) — .#*°™(X)
on a locally compact polish space, we can actually define on the same probability space some ran-
dom variables X; : (2,.%#,P) — X LU {7} fori > 1, such that:

e X; =tifand only if M(X) < +ooand i > M(X);
o M= Zz]\i(lﬂ 5Xi'
We then define M+" as the random point process on X" given by

M*™ = Z O(Xi, Xy Xi )

iy ia o in

1<ia <M ()
This random point process count the sequences (X;,, X, . .., X;, ) of length n consisting in distinct
points of the random point process M. Here the word "distinct” is a bit misleading, because if
X; = X, fori # j (so, if M is not a simple random point process), then the pair (X;, X;) is allowed
to appear in a sequence (X;,, X;,, ..., X;,) counted by the factorial power M+". It is obvious by
construction that for any permutation o € &(n), M¥" = M¥" o o, where &(n) acts on X" by
permutation of the coordinates. The terminology of factorial power is justified by the following
computation: if B is a (relatively) compact subset of X, then M (B) is almost surely finite, and

M*"*(B™) = number of n-sequences of distinct points in B
= M(B)(M(B) = 1)+ (M(B) = n+1) = (M(B))*".
The n-th factorial moment measure of M is the positive Borel measure 5 on X" defined by:

piH(By X By X -+ x By) = E[M¥(By x By x -+ x B,)] .
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In particular, for n = 1, 4} = gy is the intensity of the point process M, defined by 1, (B) =
E[M(B)).

ExampLE 5.2 (Factorial moment measures of a Poisson point process). Consider a Poisson point
process P on X with intensity 1, and some locally compact subsets By, ..., B, in X. A way to
construct the restriction of the Poisson point process P to B = |J_, B, is as follows: we first take
a Poisson random variable N with parameter ;(B), and we then set

N
-P|B - Z 5Xi7
=1
p()

where the X;’s are independent random variables in B with law .77, and are independent of V.

Let us then compute the n-th factorial moment measure of P. By invariance by action of &(n) and
by additivity, it suffices to compute p7'(B; X - -- X B,) when

By X By X -+- X B, = (Cy)" x -+« x (Cg)"™,
with n = ny + - - - + ny, and with the C; disjoint. Suppose first that £ = 1. We then have:
e P (u(B)Y

pp'(B") = E[P"(B")] =E[N"] =) i (u(B))".
j=n '
In the general case, we have P¥"((C)™ X - -+ x (C)™) = P¥™((C)™) X - - - x P¥((Cy)™), and
the random point processes Pc,, . . ., P¢, are independent, so
k
pp (Byx By x -+ x By) =E|[[ P ((C;)™)
=1
k k n
= [TE[P" (Cy)™)] =[] =] n(Ba)-
=1 =1 a=1

We conclude that p1" = . This identity encodes the independence of the restrictions of the
Poisson point process P to disjoint subsets.

The factorial powers and the factorial moment measures are related to the computation of (the
expectation of) products
iel
where f : X — C is some bounded measurable function with compact support, and the random
point process M is given by M = >"._, 0x,, I being a random interval [1, M (X)] C N. Indeed,
since f is supported by a compact, we can assume without loss of generality that M(X) is finite
almost surely, and then,

[e.9] n o0

[T+ sy =1+ SRS | (5] ERES SES TEITE0)

el n=1 \1<i1<ip<-<in<M(X) a=1 n=1

In many cases, given a random point process M on a locally compact polish space X, there exists
a reference Radon measure (locally finite Borel positive measure) A on X such that for any n > 1,
the factorial moment measure 17 is absolutely continuous with respect to A*™. In this situation,
the density




1. AN INTRODUCTION TO DETERMINANTAL POINT PROCESSES 105

is called the n-th correlation function of the random point process. In particular, if X = Z? or
X = RY, we shall take for reference measure A the counting measure or the standard Lebesgue
measure.

THEOREM 5.3 (Lenard). Let M be a random point process on a locally compact polish space X. We

suppose that there exists a reference Radon measure X on X such that the correlation functions p, with
respect to M and \ are all well-defined. Then:

(1) The correlation functions are symmetric: for any o € S(n),
pn(xla <. wrn) = pn($a(1)7 v al‘a(n))'

(2) The correlation functions are positive, in the following sense: for any set (¢o, 41, ..., ¢n) of
compactly supported measurable functions ¢y, : X¥ — R such that

N
G+ > dlwi,..mi,) 20,

k=1 i1 £ig iy,
1<ia <N

we also have

do+ > | du(xr, o w) el w) A (day - dg) > 0.

Conwversely, given a family of locally integrable positive functions (py,)nen which satisfy the two con-
ditions above, one can define a random point process M on X with these correlation functions. This
random point process M is unigue in law if and only if the random variables M (B) with B € #(X)
are determined by their moments.

The determinantal point processes are the random point processes whose correlation functions

write as
P21+ n) = det(K (i, 7)) 1<ij<n

for some adequate kernel K which does not depend on n. Although we could work in a more
general setting, we shall only consider in the sequel the point processes associated to locally trace
class Hermitian kernels. We consider as before a locally compact separable complete metric space
X endowed with a Radon measure A, We denote .£?(X, \) the Hilbert space of square-integrable
functions on X, which is separable. We recall that a trace class operator on a separable Hilbert space
H is a bounded linear operator A : H — H such that, given an orthonormal basis (e;);c; of H, we

have

Z <67; | (A*A)1/2(62)>H < 400

el
the index set I being finite if H is finite-dimensional, and infinite countable if H is infinite-dimen-
sional. The trace of the operator A is then defined by the aboslutely convergent series

tr(A) = (el Alen)y:
iel
this does not depend on the choice of the orthonormal basis. In the same setting, a bounded linear
operator A : H — H is called Hilbert-Schmidt if A* A is a trace class operator; equivalently,

(IAflus)® = tr(A*A) = > " (A(er) | Ales))yy < +00
el
for any orthonormal basis (e;);c; of H. We have the following inclusions of ideals of the Banach

algebra of bounded linear operators on H:

{finite rank} C {trace class} C {Hilbert-Schmidt} C {compact}.
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If 2 22X, \) — ZL%(X,)\) is a Hilbert-Schmidt operator, then one can show that there exists
a unique kernel K € #?(X% \*?) such that

/ny ) Aldy).

The map K + ¢ isan isometry between -£%(X?, A*?) and the space of Hilbert-Schmidt operators
HS(Z%(X, \)). Moreover, if X = R%, X is the Lebesgue measure, ¥ is a trace class operator and if
K is continuous at (z, x) for )\—almost any z, then

:AK@@AM

Given a trace class operator A on a separable Hilbert space H, we can also define the Fredholm de-

terminant det(I+ A). Denote \" H the k-th exterior power of H, which is the Hilbert completion
of the algebraic k-th exterior power for the scalar product

(Ui Av2 Ao Avg [wr Awa A Awg) gk g = det({ui | wy) ) 1<ij<n-

It is again a separable Hilbert space, and if (e;);cs is an orthonormal basis of H with I C N, then

(€iy A €iy A v+ A€y )iy<is<<iper 1s an orthonormal basis of /\k H. Now, the k-th exterior power
of A defined by extension of the rule

(A@OOHAWA~~A%):AwQAA@ﬂA~~AA@Q

is again a trace class operator. Indeed, given A of trace class, consider an orthonormal basis (e;);er
of diagonalisation of the compact self-adjoint operator |A| = (A*A)'/2, with |A|(e;) = \; e;. Each
A; 1s a non-negative real number, and || A|[; = tr(JA|) = >_,.; Ai. We then have:

Z <6i1/\612/\"'/\€ik ‘/\kA

(61‘1 A\ €is FANCIEIRIVAN elk)>

11 <t <---<ig /\kH
= > eaMen A Aey | Al(en) AlAI(en) A AAI(e)) gk 1
11 <ta<--<ip
1 1 .
= Z AigAig = Ay, = k' Z AiyAig =+ Ay, < E(trﬂAD) )
11 <t < ik 113£i27£"'7éik
so N\ A is of trace class, with H A AH HAH * . The Fredholm determinant is defined by:

<muI+Ay:1+§iu<A%Q;

by the previous calculation, the series is convergent and |det(I + A)| < el4llh, We recover the

traditional determinant when H is finite-dimensional. On the other hand, if % is a trace class
operator on .Z?(X, \) associated to a kernel K € £?(X?% \?), then its Fredholm determinant is
given by:

oo oo 1
(mﬂf+¢%)—lf%§:U<Ah%j——I+§:Z§/‘d%UT@hxﬂhgagAQnﬂ.”A@&Q.
k=1 k=1 /X
This is the Fredholm formula.

In the following, we consider a linear operator % : Z?%(X, \) — £*(X, \) which is:

(1) Hermitian and non-negative: for f, g € L*(X,\), (f | H(9)) 20y = (K ()] ) 220
and (f | 2 (f )>$2 @) 2 0.

(2) locally of trace class: for any relatively compact subset B C X, #p = 15.% 15 is a trace
class operator on .Z*(B, \jp).
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This implies the existence of a unique measurable function K : ¥* — C such that:
o K(z,y) = K(y, ).
o det(K(z;,xj))h

<ij<n > 0 for A®"-almost any family of points x1, . .., ;.
o [ |K(z,y)> \dx) ( y) < +oo for any relatively compact subset B C X.

THEOREM 5.4 (Determinantal point process associated to a Hermitian kernel). Suppose that K
is the kernel of a Hermitian non-negative locally trace class operator & on L?(X, \).

(1) The spectrum of ¥  (set of complex numbers such that 21 — & is not invertible) is included
in [0, 1] if and only if, for any relatively compact subset B C X, the spectrum of the restricted
operator Kp is included in |0, 1].

(2) If the condition Spec(#") C (0, 1] is satisfied, then there exists a random point process M on
X whose correlation functions with respect to \ are given by:

Pu(T1s - Tn) = det(K (i, 5) )1<ij<n

This random point process is unique in law; equivalently, all the random variables M (B) with
B relatively compact are determined by their moments (actually, they have subexponential

tails).

(3) Conwversely, suppose given a determinantal point process M whose correlations are associated to
the kernel K of a Hermitian non-negative locally trace class operator & on L*(X, \). Then,
Spec(.£") C [0, 1].

This result is due to Soshnikov. The determinantal point processes can be defined under weaker
assumptions (for instance, with non-Hermitian kernels), but in the sequel we shall stick to the
setting of Theorem 5.4. Note that in the first item of the theorem, a restricted operator .#5 is trace
class hence compact, so

Spec(#5) U {0} = {eigenvalues of #5} U {0}.

The non-zero eigenvalues of # are involved in a precise description of the law of the random
variable M(B), M being a determinantal point process with kernel K. More generally, let us

consider a family By, ..., B, of disjoint relatively compact subsets in X, and let us compute the
joint generating function of the random variables M (By), ..., M(B,,). We have:
n n M(Bg)
) (R B | B o G I
a=1 a=1 mg=0

:1+i > E

m=1mi+-+mp=m

ICEUEN EE

a=1 a=1

The convergence of these series is ensured by the following identity: for any composition m =
my + - -+ + my, setting B =| |'_, B,, we have

n

[T(A(B.)) ™

a=1

E = E[MY((B))™ X -+ x (B,)"™)]

= / det(K(xi, xj))1§z',j§m )\(dxl) T /\<d$m)
(B1)™1 X=X (Bp)™n

=mltr (1 15,)"™ A (1 15,)" "2 A--- A (154 15,)"")
< (tr(Ap))".
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If @ = a; is the index of the set B, corresponding to the variable z;, then the same computation
shows that

n

fieme]

a=1

=1 + Z / det 1B .T,L a» 1) K(l’l’,l’j) 1Ba]~ (xj))lgi,jgm

mi+-- +m =m

E

Adry) - - Mdm)
(ma)!- - (ma)!

— 1+ Zl % /m det (2 Lp(w:) (24, — 1) K (24, 25) 1p,, (xj)) Adzy) - A(dzp).

1<ij<m

The quantity that one obtains is a Fredholm determinant:

ﬁ(za)M Ba] det <I+ZlB —1)(%/13(1) .

a=1 a=1

E

Let us consider in particular the case where n = 1 and the trace class self-adjoint non-negative
operator %5 has a countable family of eigenvalues (Ap;)icr with 0 < Ap; < 1 for any i. The
Fredholm determinant is then given by:

E[zMP)] = det(I + (z — 1)) = [ [(1+ (2 = 1)Asy).
iel
This is precisely the generating series of the random variable X' = ;. Ber(Ap,;), where all the
Bernoulli variables are assumed to be independent. This random series converges almost surely by
the two-series Kolmogorov criterion, since tr(J#g) = Y ..; Ap; < 400 by hypothesis. We thus
have:

ProrosITION 5.5 (Marginales of a determinantal point process). Consider a determinantal point
process M associated to a Hermitian non-negative locally trace class operator with kernel K. For any
relatively compact subset B C X, if (Ap;)ier is the collection of eigenvalues of g, then the law of
M (B) is the law of a random series of independent Bernoulli variables with parameter \g ;.

The following remarks give further details on the connection between a determinantal point
process M and the spectral properties of its associated locally trace class Hermitian kernel K.

ReMARK 5.6 (Density of particles). The case n = 1 of Proposition 5.5 gives for any relatively
compact subset B:

EDM(B) = Y Ani = ti(H5).

If X C R? and the Hermitian kernel K is a continuous function, then this trace is given by

- /B K (z, z) A(dz)

ReMARK 5.7 (Total number of particles). If # : £?(X,\) — £?(X, \) is the operator associ-
ated to K, then one can define the trace of the whole operator .#" by taking the supremum of the
traces of the restricted operators #5:

_ (/xz((x,x)wx)) € R, Ll {+o00).

Then, it is easy to deduce from Proposition 5.5 that M (X) = +oo with probability 0 if tr(.7) <
+00, and with probability 1 if tr(.#") = 4o0. In the first case, we have:
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e P[M(X) < n] = 1if and only if rank(2#") < n. If rank(#") = n, then there exists a
family of n orthonormal functions 11, . .., 1, in £%(X, \) and eigenvalues Ay, ..., \, in

(0, 1] such that
i=1

A®? almost everywhere.

e P[M(X) = n] = 1 if and only if rank(.#") = n and J# is the orthogonal projection on
a vector space with rank n. Then, in the decomposition above, all the A;’s are equal to 1.
Thus, the determinantal point processes with a fixed number of points are naturally asso-
ciated to orthogonal projections, and in the applications this usually leads to computations
with certain families of orthogonal polynomials.

REMARK 5.8 (Gap probabilities). A particular case of the Fredholm formula for the generating

series E[2M(P)] is with z = 0. We are then evaluating the gap probability to not having any point of
M in B:

P[M(B) = 0] = det([ — %) =1 + i <_77i!)m / det(K(QEi,ij))lgiJém /\(d.fl) s )\(dxm)

The formula extends readily to any subset B C X such that 73 is still a trace class operator. This
formula will play an essential role in the study of extremal points of determinantal point processes.
On the other hand, it implies the following elementary fact: if the reference measure A has no atom,
then a determinantal point process M with Hermitian locally trace class operator associated to a
kernel K is always a simple random point process (atomic measure which is almost surely without
multiple point). Indeed, consider a relatively compact subset B, and let us evaluate the expected
number X (B, ¢) of ordered pairs of points of M that fall in B and are at distance smaller than e.
This is given by:

BN (B2 = [ dot (552 K02 o< M) M)

As ¢ goes to zero, the locally integrable correlation function ps(z, y) yields an integral which goes
to 0. Since E[X (B, ¢)] > P[X(B ) > 0] > P[M has a multiple point in B], we can conclude that
M is a simple random point process.

To close this section, let us state and prove a limiting result regarding sequences of determinantal
point processes.

ProrosITION 5.9 (Convergence of determinantal point processes). Suppose that M is a determi-
nantal point process on (X, \) with a locally bounded Hermitian kernel K (x,y), and that (My ) nen is
a sequence of determinantal point processes with Hermitian kernels Ky (x,y). If Kn(z,y) — K(x,y)
locally uniformly, then My converges in law to M as N goes to infinity.

Proor. By the discussion at the beginning of this section, we have to prove that for any family
of locally compact measurable subsets By, ..., By C X with p(0By) = -+ = pu(9By) = 0 almost
surely, we have the convergence in law

(MN(Bl), ey MN<Bk)) — N—oo (M(Bl), ey M(Bk))

The convergence of the kernels implies the local uniform convergence of all the correlations func-
tions. However, if the correlation functions converge locally uniformly, then by dominated con-
vergence the joint moments of the vectors (My(By),..., My(B,)) converge towards the joint
moments of the vector (M(By),..., M(B,)). As the law of this random vector is determined by
its moments, this implies the convergence in law. O
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2. The Thoma simplex

We are now going to describe a large family of probability measures on Q) = | |y, D (V) such
that the associated random point processes M) and Fy on Z' are determinantal point processes
with explicit kernels. This family of Schur measures was identified by Okounkov in the 90’s, and
its definition is related to an older result of classification of the extremal characters of the infinite
symmetric group &(o0). In this section, we present this classification result (Theorem 5.22) and
we give a partial proof of it. We start by extending a bit our Definition 4.11 of spectral measure.
Suppose given a finite group G, and a function f : G — C which is invariant by conjugation:
f(hgh™) = f(g) for any g, h € G? (equivalently, f(gh) = f(hg)). Then, viewed as an element of
CG@, f is central, so it is a linear combination of the irreducible characters of G:

Y
f= Z exx”,  with x*(+) = %, and the ¢y in C.

XeG

LemMa 5.10. The coefficients ¢y of the expansion above form a probability measure on G if and only
if the following conditions are satisfied:

(1) We have f(eq) = 1.

(2) For any finite family (g1, . . . , gn) of elements of G, the matrix (f(9ig; ")) 1<i,j<n is Hermitian
and non-negative definite.

We then say that f is a normalised trace on G, and that (cy) ¢ s its spectral measure. We shall then
rewrite cy = Py[A].

Proor. The first condition is equivalent to the fact that the sum of the coefficients ¢, is equal
to one: indeed,
G) = Z C)\ — 1.

We claim that the second condition is equivalent to the fact that the coefhicients ¢, are real and
non-negative. If the c, are real, then any matrix M = M(g1, 92, ..9x) = (f(9i9; )< j<n is
Hermitian, because

Flgig) = axMaig) = axxMaig; ) = flaig; ).

XeG Ae@G

Conversely, if all these matrices are Hermitian, then by taking n = 2, g1 = eg and g2 = ¢, we see

that f(g) = f(g9~!) forany g € G. This is only possible if the coefficients of f in the basis (x*), g
of Z(CQ) are real.

It remains to prove that all the matrices M(gi, ..., g,) are non-negative definite if and only if
all the coeflicients ¢, are non-negative. However, a Hermitian matrix with size n is non-negative
definite if and only if, for any vector v € C", vMv* > 0. Given v = (vy, ..., v,), one has

* _— A -1
vMvt = > v f(9:90) T T A( > v te(pN(gig; )))

1<i,j<n eG 1<i,j<n

where v = " ,v;,g; € CG. Since n and v are arbitrary, by using the isomorphism CG =

D, End(V’\) we get that for any A € G and any matrix P € End(V?), =& 25 tr(PP*) > 0. Ob-
viously, since tr(PP*) > 0, this happens if and only if all the coeflicients ¢, are non-negative. [J
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Exampre 5.11. If f = xV is the normalised character of a finite-dimensional representation V/
of G, then it is a non-negative normalised trace on G, with spectral measure Py, given by Definition
4.11. The set of normalised traces on a finite group G is actually the closure of the set of normalised
characters in the finite-dimensional space CG. Indeed, given a normalised trace f = Y, _acx x™,
we can approximate the coeflicients ¢, by rational numbers of the form

ny dim A
> peanp dimp’

C)\ approx —

and then, f is approximated by the normalised character of the representation V = @, g n\ V.

If G is an infinite group, then its representation theory is usually much more complicated than
the finite case of Chapter 1. However, we can still consider the normalised traces on G: they are
the functions f : G — C such that f(gh) = f(hg) and such that the two conditions from Lemma
5.10 are satisfied. In this more general setting, the role of the irreducible characters is played by
the so-called extremal characters: they are the normalised traces 7 that cannot be written as a linear
combination t 77 + (1 — ¢) 7o with ¢ € (0,1) and 7 # 72 normalised traces.

DEerINITION 5.12 (Extremal characters and central measures). Let x be an extremal character
of the infinite symmetric group &(c0). The family of central measures associated to it is the family of
spectral measure (Py, . . Jnen. Thus, foranyn € N and any o € &(n),

Z ]P)Xn )a

A€Y(n)
with Py, = Py -
ExamMPLE 5.13 (Plancherel measures are central). Consider the map 7 : 0 € &(00) = 1ir—idy.)-
We have 7(gh) = 1(y=p-1) = 7(hg), and 7(idy+) = 1. Moreover, for any finite permutations
91,92, - - -, gn, the assoc1ated matrix is M (g1, ..., 9n) = (1(g,=g,))1<i,j<n> 50 it is conjugated by a

permutation matrix to a block diagonal matrix whose blocks are of the form

1 --- 1
Jp =
|

These blocks are obviously non-negative definite (the spectrum of J, is {0, r!}), so 7 is a nor-
malised trace on G(00). We shall prove in a moment that 7 is an extremal character. The associated
central measures are the Plancherel measures PL,, of the symmetric groups; indeed, the restriction

of 7 to &(n) is the normalised character of its regular representation, see the proof of Corollary
4.13.

Given a family (P,,),en of probability measures on the sets 9)(n), there is a simple criterion
in order to know if they come from a normalised trace of &(c0) (by taking the spectral measures
of the restrictions to the finite symmetric groups &(n)). Suppose that x is a normalised trace on
S(00), and consider its spectral measures P, = P For any n € N and any permutation
o € &(n), we have:

X|&(n)"

ST BN = Y Paa[AlxMo).

AeY(n) AEY(n+1)
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However, by the branching rule 2.31, (ChA)|G(n) =>\ A ch?, so:
dim A

A _ A
> RPN = D PunlAl X (0).
xeQ(n) A€Y(n)
AeY(n+1)
XA

Since the irreducible characters form a linear basis of the space of conjugacy-invariant functions on
S(n), we conclude that for any n € N and any integer partition A € 2 (n),

PulAl Pri1[A]
dim A 2 dimA
INEV'Y
The equation above can be restated as follows. Consider the Young graph Q) = | |, .2 (n), with
a directed edge A — A for each pair of integer partitions (A  A). A function m : 2 — R is said
harmonic if m(A) = 3, |\ -, m(A) for any integer partition A. Then:

PrOPOSITION 5.14 (Spectral measures and harmonic functions). The spectral measures of nor-
malised traces on &(00) are in bijection with the non-negative harmonic functions on the Young graph
normalised with m(0) = 1. The bijection is provided by the following formula:

Vn e N, VA € 9(n), P,[\ = (dim A) m(A).

Proor. We have proved above that a family of spectral measures associated to a normalised
trace of G(0o) gives rise to a (non-negative, normalised) harmonic function on the Young graph.
Conversely, suppose given such a harmonic function m. Then, the formula

X(@)= > m(\)ch o) Vo€ &(n)C &(oo)
AEY(n)

defines a function on &(c0), and the definition above does not depend on the choice of n, because
of the property of harmonicity. In particular, given a family (o4, ..., 0,) of finite permutations,
we can compute the matrix (x(0,0;"))1<ij<, by placing ourselves in a sufficiently large finite sym-
metric group &(n), and the result is a non-negative definite Hermitian matrix, because x|g(,) 1s a
positive linear combination of irreducible characters (Lemma 5.10). The property x(o7) = x(70)
follows from the same argument, since it is true in any finite symmetric group S(n). Finally, since
m(0) = 1, x(idy+) = 1. So, from a non-negative harmonic function on 2), we can indeed recover
a normalised trace on &(o0). O

Among the harmonic functions on 9), a particular role is played by the specialisations of the ring
of symmetric functions. Consider any morphism of rings ¢ : Sym — R; note that ¢(c) = ¢ for
any constant ¢ € R. Instead of denoting the images ¢(f), it is convenient to think of ¢ as a virtual
alphabet of variables X, and to write ¢)(f) = f(X). As a particular case, consider a summable
family X = {21, 22, ...} of real numbers. Then,

pr(X) = Z(xz)k
i=1

converges for any k > 1, so pA(X) = [, (pe(X ))™ ) is well defined for any integer partition

A. As (px)aey is a linear basis of Sym, this enables us to define f(X) for any f € Sym, thereby
obtaining a morphism of rings from Sym to R. Note that all the specialisations f € Sym —
f(X) € R are not obtained by this way. Indeed, for any choice of real numbers (ay)x>1, if we set
pe(X) = ax, then there is a unique morphism of rings from Sym to R which extends this definition:

it suffices to set
pa(X) = [T (@)™,

k>1
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and to extend this definition by linearity to the whole ring Sym. Consider for instance the expo-
nential alphabet E, which is the specialisation of Sym defined by p;(E) = 1 and pi(E) = 0 for any
k > 2. This morphism of rings does not come from a summable family {z1, z, .. .}: if it were the

case, we would have
o0

0= pQ(E) = Z(-Ti)Qa
i=1
so z; = 0 for any index ¢, and then py(E) = Y7, z; = 0.

A specialisation f +— f(X) of Sym is called non-negative normalised if p; (X) = 1 and s,(X) >
0 for any A € 2). Note then that m()\) = s,(X) is a normalised non-negative harmonic function
on the Young graph: indeed, by the Pieri rule,

m(A) =m\)m(D) = (sxs1)(X) = Y sa(X)= Y m(A).

A|XSA INEY

It turns out that the specialisations of the ring of symmetric functions are precisely the extremal
harmonic functions.

THEOREM 5.15 (Kerov-Vershik ring theorem). A harmonic function m : ) — R which is non-
negative and normalised is extremal in the convex set of such functions if and only if m(\) = s (X)
for some non-negative normalised specialisation X of the ring of symmetric functions.

COROLLARY 5.16. The extremal characters of &(o0) are in bijection with the non-negative nor-
malised specialisations of the ring of symmetric functions.

Proor. Any function m : 2 — R gives rise to a linear function ¢ : Sym — R, by setting
V(D aem €2 82) = Drep Am(A). The function m is normalised non-negative harmonic if and
only if: ’

() ¥(1)=1

(2) ¥(sx) > 0 for any Schur function s,;

(3) ¥(f 1) = &(f) for any f € Sym.

The ring theorem states that m is extremal if and only if /(fg) = ¥ (f)¥(g) for any symmetric
functions f and g (morphism of rings). Because of the third item above, if m is harmonic and v
is the associated linear function, it is convenient to consider ¢ as a linear map from the quotient
ring A = Sym/(s; — 1) to R. Then, the second item can be restated more abstractly as follows: if
J is the cone in Sym spanned by the positive linear combinations of Schur functions, and K is its
image by the projection map 74 : Sym — A, then ¢ is non-negative on the cone K. In order to
prove the theorem, we shall use the two following properties of the cone K C A:

(C1) The cone K is stable by multiplication. It suffices to prove that J is stable by multipli-
cation, since K = m4(J) and 74 is a morphism of rings. Equivalently, we have to prove
that a product of two Schur functions is a positive linear combination of Schur functions.
However, by the Frobenius-Schur theorem, this is equivalent to the fact that in R(&), the
product of two irreducible representations S* of &(m) and S” of &(n) is a positive linear
combination of irreducible representations of &(m + n): this is obvious, since S* x S” is
a (reducible) representation of this group.

(C2) For any b € K, there exists € > 0 such that 14 — b belongs to K. Notice first that the set
K’ of elements b with this property is a subcone of K. Indeed, it is obviously stable by
multiplication by a positive scalar, and if 14 — 10 € K and 14 — 302 € K, then we can
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assume without generality 1 > £; in this case,

€1 — &2

3 1 1
1A—?2(b1+b2):5(1A—€1b1)+§(1A—82b2)+ b1
belongs to K, so by +bs € K'. As a consequence, in order to prove that K’ = K, it suffices
to establish that for any Schur function s,, b = 7w (s,) belongs to K'. However, if n = ||,
then we saw during the proof of Proposition 2.28 that (s1)" = (p1)" = >_ ey, (dim 1) s,
so by taking the image by 74, we obtain:

1a= Z (dimp) wa(s,) = b+ ma(j) forsomej € J.
HEY(n)

This ends the proof of this second property. In terms of the partial order on A defined
by the cone K, it can be restated as follows: for any b € K, there exists ¢ > 0 such that
1 A t K € b.

Consider an extremal non-negative normalised harmonic function m, and the associated linear map
¥ : A — R. We want to prove that ¥(ab) = ¥(a)1(b) for any a,b € A. As J spans linearly Sym,
K = m(J) spans linearly A, and we can assume without loss of generality that a,b € K, and by
(C2),that 14 — b € K. Then,

(a) = ¢(ab) +¢P(a(la — b)),

and by Property (C1), the right-hand side is the sum of the images by ¢ of two elements of K.
Suppose first that ¢ (b)1(14 — b) # 0. Then, we rewrite the decomposition above as:

Y(a) = P(b) Yu(a) + ¥(1a — D) ¥1,-0(a),
$alla=b) Thege

where vy, and ¢, , _; are the two linear maps defined by ¢, (a) = 7’21(('1;;) and ¢ (a) = £ LT
two linear maps correspond to normalised non-negative harmonic functions, so by extremality of
m, ¥ = ¥, = 1, The identity ¥ = 1), amounts to ¥(ab) = 1(a)1(b). It remains to treat
the case where ¥(b) = 0 or /(14 — b) = 0. Let us suppose for instance that ¢(b) = 0; then,
a =g €14 for some e > 0, so ab <k b for some £ > 0. It follows that ¢(ab) < e (b) = 0, and
that ¢ (ab) = 0. In particular, we have again ¢(ab) = 9 (a) 1(b). We conclude that v is indeed a

morphism of rings when m is extremal.

To establish the converse implication, we shall use a form of the Choquet theorem: any non-
negative normalised harmonic function m can be written as an integral

= [neta

where & is the set of extremal harmonic functions, and p,, is a probability measure on this set
(in general, y,, is not unique). The measure y,, is a Borel measure with respect to the (compact,
metrisable) topology on the set H of non-negative normalised harmonic functions which comes
from the embedding

m e H > (m(\)rey € [0,1]2.

The inequality m(\) < 1 for any A € Q) comes from the fact that m4(s)) <x 14 for any integer
partition. We are going to prove that when m is a specialisation of Sym, the probability measure
Lm 1s concentrated on a unique extremal point n. In the following, we write ¢,,,(s)) = m()\), and
similarly for ¢, and n. Given A € 2) and m harmonic function associated to a specialisation 1,,,
we consider the random variable X, € [0, 1] whose law is the image of the law p,,, by the map

ne&—n(A)elo,1].
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By construction, E[X)] = [, n(A)pm(dn) = m(X) (this is true for any harmonic function m).
Now, if m comes from a specialisation and if we write (sx)? = 3, ¢, 5y, then

B = [ () () = [ (7)) = o [ nt50) )

since extremal harmonic functions are multiplicative. Reworking the right-hand side of this for-
mula, we get:

e [ o)) = 3B = 3 eum() = () = (o) = (V)

We conclude that the variance of X, is equal to 0, and therefore that X is the random variable
almost surely equal to m(\). As this is true for any A, the random variable n chosen under i, is a
constant function in &, so the law /i, is concentrated on one point and m belongs to £. O

By the previous discussion, the classification of the extremal characters of the infinite symmetric
group is equivalent to the classification of all the non-negative specialisations of the ring of sym-
metric functions. This classification was obtained separately by Edrei and by Thoma in the 50’s.
To describe these non-negative specialisations, it is convenient to introduce the Miwa parameters of
a specialisation f € Sym — f(X) € R: they are the real numbers

pr(X)
0

and the collection (t;)x>1 entirely determines the specialisation X.

ty =

LeMMA 5.17. If (X ) >1 and (X )51 are two families of Miwa parameters associated to non-negative
specialisations X and X', then the family of sums (X + ;X k1 is also associated to a non-negative
specialisation of Sym.

Proor. This is a clever application of the Cauchy identity 2.16. Given two alphabets X =
{z1,29,...} and Y = {y1, 1o, ...}, we have:

> (X)) = [] = = ex (Z ~log(1 - %yﬁ)

—x
pYS)) ij>1 iY;j ij>1

_exp(z %)exp(zpk )

i,5,k>1 k>1

As a consequence, if (X );>1 is the family of Miwa parameters associated to a specialisation X of
Sym, then

(X is non-negative) <= (the expansion of exp (Z iy pk(Y)> is Schur non—negative) :

k>1

In this equivalence, the exponential of the right-hand side lives in an algebra slightly larger than
Sym[Y]: it belongs to the algebra of symmetric functions with possibly an infinite degree (formal
infinite linear combinations of functions py(Y") or s,(Y") without restriction on the degree). We
can nonetheless consider products of such elements, because the product of symmetric functions is
graded, and because for every degree d, the dimension of the space of symmetric functions homo-
geneous with degree d is finite. Now, suppose that (£ )z>1 and (£ )x>1 are Miwa parameters of
non-negative specialisations. Then, the specialisation associated to the family (¥ + ¢ )x>1, which
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we shall denote X + X', gives a generalised symmetric function

exp (Z(ti( +1 ) p(Y) ) = exp (Z tx il ) exp (Zti('pk(Y)>

k>1 E>1 k>1

which is a product of Schur non-negative series. But the product of two Schur functions is a positive
linear combination of Schur functions, so the left-hand side is again a Schur non-negative series.
Thus, X + X’ is again a non-negative specialisation of Sym. O

Let us now describe three natural families of non-negative specialisations of Sym.

ExampPLE 5.18 (Specialisations with non-negative variables). Suppose that X = {z1,2,,...}
is a speaallsatlon of Sym associated to a summable family of non-negative real numbers; up to
permutatlon, we can assume r; > g > ---, and set z, = 0 for n large enough if the sequence
only contains a finite number of positive terms. Then, X yields a non-negative specialisation of
Sym. Indeed, since non-negative specialisations are stable by addition of Miwa parameters, and also

obviously by taking limits of sequences of Miwa parameters, it suffices to prove the result when

(z1)*
k

exp (Z tX pk(Y)> = exp (Z 1@ (xl)k’) - Z hi(Y) (71)F,
k=1 k=0

k>1

, and

X = {x,} consists of a single positive real number. However, in this case, t; =

as seen during the proof of Lemma 2.5. Since 7t (Y) = s(Y), the right-hand side is a Schur non-
negative series, so the specialisation X is non-negative. So, any non-increasing, non-negative and
summable sequence (x,,),>1 yields a non-negative specialisation of Sym; it is normalised if and only

ExampLE 5.19 (Conjugates of non-negative specialisations). In the exercises of Chapter 2, we
introduced an involutive isomorphism of Sym related via the Frobenius-Schur isomorphism to
the operation

6:5e€R(6(n))—e, @85 €R(S(n)),
£,, being the sign representation of &(n), and the tensor product being the internal tensor product

of representations of &(n). A consequence of the dual Jacobi-Trudy formula is the following
explicit description of this map:

e The linear map 0 : R(&) — R(S) sends an irreducible representation S* to the irreducible
representation S, \ being the integer partition conjugate of \.

e By using the Frobenius-Schur isomorphism, we transport 6 to an involution of the algebra
of symmetric functions. Then, 6 is an isomorphism of algebras, and:

0(sx) = sy ; O(pp) = (=) 1p, Vk> 1.

If X is a non-negative specialisation of Sym, then the specialisation X defined by f(X) = (6(f))(X)
is again non-negative: s)(X) = sy/(X) > 0. The Miwa parameters of this new specialisation are
related to the Miwa parameters of X by:

tk _ pk(kX) _ (_1)k—1 pk(kX) _ (_l)k—l ti('

In particular, given a non-increasing, non-negative and summable sequence (x,),>1, we can define
a non-negative specialisation X of Sym by setting:

o

pe(X) = (—=1)"! Z(:L’n)k for any k > 1.

n=1
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ExampLE 5.20 (Exponential alphabet). Consider the exponential alphabet E, which is the spe-
cialisation given by pr(E) = 1(4=1). It is a non-negative specialisation: by the Frobenius formula,

if A € Y(n), then

Z pu chA _ phin (E) Chk(ln) _ dim A > 0.

Zn n!
wEY(n)
The associated extremal character of G(c0) admits for spectral measures:
dim \)?
P, [\] = (dim \) s, (E) = g = PL, [\
n!

Hence, the Plancherel measures are indeed central measures; they are associated to the extremal
character of &(00) given by x(0) = 1(,=idy.)-

DerintTION 5.21 (Thoma simplex). The Thoma simplex is the (compact) set 2 of pairs (A, B) =
((@n)n>1, (Bn)n>1) of non-increasing sequences of non-negative real numbers, such that

n=1 n=1

To any element (A, B) € €, we can associate a normalised non-negative specialisation of Sym, by
considering the sum of specialisations (in the sense of Lemma 5.17) A + B + yE. We have:

pi(A+ B +~E) = pi(A) + pi1(B) + vpu(E ZanJrZﬁnJrv—l
and for k > 2,
pr(A+ B +7E) = pp(A) + pi(B) + 1pe(E) = > _(an)" + (=1 (B,).
n=1 n=1

THEOREM 5.22 (Edrei, Thoma). The only normalised non-negative specialisations of the algebra
Sym are those associated to pairs (A, B) in the Thoma simplex. Moreover, two distinct pairs (A, B) and
(A, B') give rise to distinct specialisations.

COROLLARY 5.23. The set of extremal characters of &(00) is parametrised bijectively by the Thoma
simplex.

We admit this classification; a proof of it is presented in the exercises at the end of the Chapter,
and it relies on the analogue of Theorem 4.32 with respect to the degree gradation of the algebra of
observables & from Chapter 4 (instead of the weight gradation).

3. The Schur measures

We can now define the Schur measures, which are probability measures on the Young graph
Y =12, Y(n). Let us remark that if X is a non-negative specialisation of Sym, then:

e cither p;(X) = 0, in which case the specialisation is the projection from Sym to the sub-
algebra of degree 0 symmetric function (constants). Indeed, for any n > 1, 0 = p1»(X) =
> re(m (dim A) 5 (X); since s, (X) > 0, we get s5(X) = 0 for any A with [A\[ =n > 1.

e or, p;(X) > 0. We can then renormalise the specialisation by setting
s\(X)

(p1 (X))

Xyorm 18 then a non-negative normalised specialisation of Sym.

Sx (Xnorm) =
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It follows readily from this and from the Thoma classification theorem 5.22 that a non-negative
specialisation of Sym can be parametrised bijectively by a triple

((an)n217 (Bn)nzlv 7)

with (a;,)n>1 and (8,)n>1 non-negative non-increasing summable sequences, and 7 non-negative
real number. The corresponding specialisation is

=Y an+ D Bt
n=1 n=1

Pr>2(X) = Z(@n)k + (=1 Z(ﬁn)k

Now, consider two non-negative specialisations X and Y of the algebra of symmetric functions
Sym. We assume that the series >, ’% is absolutely convergent: beware that this is not

always the case (for instance, if X =Y = {1} are the specialisations associated to a single variable
=y = 1, then we get Y, % =3, % = +00).

DErINITION 5.24 (Schur measure). The Schur measure associated to two non-negative specialisa-
tions X and 'Y of Sym is the probability measure on ) given by

S)\(X) 8)\<Y)

exp ( ZO:1 Pk(X)kpk(Y)) ’

assuming that the denominator involves an absolutely convergent series.

Sxy[A =

The fact that one obtains a probability measure is an immediate consequence of the Cauchy
identity, as already used during the proof of Lemma 5.17. Let us denote tX the non-negative
specialisation with pg(tX) = t* p(X). It is easy to see that Sx y[\] = S;x -1y[}] for any positive
real number ¢; thus, there is always a choice of normalisation when defining a Schur measure. In
many cases, it is convenient to choose the renormalisation of the virtual alphabets X and Y so that

pi(X) =pu(Y).

ExampLE 5.25 (Poissonised Plancherel measures). Suppose that X = Y = /0 E, where E is
the exponential alphabet and 6 is an arbitrary positive real number. Then,

(WVOE)? g (dimA)' _ e ?0N
~exp(d) ’ < Al ) T

A random integer partition chosen under this Schur measure can be obtained as follows: we first
choose a random integer n according to the Poisson law P () with parameter 0, and we then choose
a random integer partition according to the Plancherel measure PL,,. This fact provides us with
a new way to study large Plancherel-distributed integer partitions. If n is a large integer, then the
Poisson law P(n) is concentrated around its mean n (with a standard deviation equal to \/n), so
for many asymptotic equations, the study of A ~ PL, is equivalent to the study of A ~ S 75 mp.
The latter distribution on 9) turns out to give rise to determinantal point processes with explicit
kernels, by considering the descent or Frobenius coordinates M), or F).

S =

PLy[A]-

THEOREM 5.26 (Okounkov). Consider the descent coordinates M) of a random integer partition \

pkch) and 1Y = Pxl Y)

chosen according to a Schur measure Sx.y. We denote t;¥ = the Miwa parameters

of the non-negative specialisations X andY , and we set

Ixy(z) =exp (Z thk - t{z_k> )
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Then, M, C 7' is a determinantal point process. Its kernel (K x y (,Y))zyez 1s encoded by the double
generating series Hxy(z,w) = >, 7 2" w™Y Kx y(,y), which is given by the following explicit
Jformula:

;%};y(z,uﬂ ZZ};{%fi :ﬁzj;{zg.

REMARK 5.27. It can also be shown that the Frobenius coordinates F of a random integer
partition A chosen according to a Schur measure Sy y form a determinantal point process; this
follows directly from the set-theoretic relations between F and M), and from a manipulation of
the determinants involved in the correlation functions.

The remainder of this section is devoted to a proof of Okounkov’s theorem. In the sequel, we
shall deal with formal series in the Miwa parameters ¢~ and #* and the variables z and w; we leave
the reader check that each time one can replace these formal series by absolutely convergent series
(at least for adequate values of the parameters z and w).

To begin with, notice that in the discrete setting, a determinantal point process with kernel K
on Z' is a random subset M C Z' such that, for any finite family of points A = {ay,...,a,}, we
have:

P[A C M] = E[M*""({a1} x {as} x -+ x {an})] = pnlay, ..., a,) = det(K (a;, a;))1<i j<n.-

The appearance of a determinant in the setting of Schur measures is related to the combinatorics
of the so-called infinite wedge space (also called fermionic Fock space). This space A\ is the Hilbert
space spanned by the orthonormal basis of vectors

Uy =g Ny AN~ NTp A-ee |

M = {xy >z > -+ >z, > -} running over the set of infinite decreasing sequences in Z’' which
contain all the sufliciently large negative half-integers. Among these vectors, the vacuum state is
L A\ 5 A > A\
v = —— - - — PR
T T ’

it corresponds to the empty integer partition, and more generally, we shall denote vy, = vy,. A
basis vector vy, corresponds to an integer partition A (M = M,) if and only if the number of
positive coordinates x; in vy, is equal to the number of negative coordinates x; which are not in
vps. The half-integers © € Z' act on A\ by the free fermion operators 1, and 1’

rAvy ifxé M
0 fxeM

€x,M UM\ {z} freM

Yolon) = { 0 ifog¢ M

; Y (om) = {
with the usual rules of anticommutation for the A symbols (in order to replace x inside a decreasing
sequence), and where ¢, 5/ is the parity of the position of x in the decreasing sequence M. The
operator 9} is the adjoint of v/, and we have the anticommutation formula 1,1} 4 131, = idpee;
all the other anticommutators vanish. The free fermions enable us to define the charge operator and

the energy operator:
C = vty =Y it

>0 <0
H=Y w;—) v
>0 <0

Lemma 5.28. We have C(vy) = 0 and H(vy) = |\ vy for any integer partition N. The kernel of C
is the span of the vectors vy with \ € ).
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Proor. We remark that %w (var) = L(zenn var, and that Y20, (var) = 1zgaryva. Therefore,
C(var) is equal to ¢ vy, where ¢ is the difference |[M NZ!, | —|Z'\ (M NZ')|. This quantity vanishes
if and only if M is the set of descent coordinates of an integer partition, whence the results on the
charge operator. For the energy operator, we get H(vy) = u vy, with

Z T — Z xzzm

zeMNZ!, z€Z' \(MNZ'") xEF)

if M = M,. It is then clear from the drawing at the beginning of this chapter that the sum of the
absolute values of the Frobenius coordinates of a Young diagram A is equal to the area || of this

diagram. H

Because of the lemma above, we can embed isometrically the vector space of symmetric func-
tions Sym (endowed with the Hall scalar product) in the subspace of A spanned by the vectors vy,
with charge 0, by sending the Schur function s, to the vector vy. The boson-fermion correspondence
relates the multiplication by pj, in Sym to some explicit linear operators on A™. For k € Z \ {0},
we set a = » . ), . Note that o, = a_; one can also show that the operators oy, satisty
the Heisenberg commutation relations [, &, = m 1(n=—p). Besides, if k& > 0, then aj(vy) = 0:
indeed, if [ € Z' is such that ¢}, (vp) does not vanish, then i + %k € Z' ,sol € Z_ and ¢,(¢}, ,(vp))
vanishes.

TueEOREM 5.29 (Pieri rules and boson-fermion correspondence). If py. sy = Z‘ pl=I Atk Chpke S

in Sym, then a_j, vy = ZM:W% Co ke Upe

PrOOF OF THEOREM 5.29 IN THE CASE k = 1. We prove the case k = 1; the general case follows
from a generalisation of Proposition 2.17, which is essentially the Murnaghan-Nakayama rule.
When k = 1, we know that p; s, = ", 13 SA- In terms of descent coordinates, the adjunction of
a box to a Young diagram corresponds to the shift x; — x; + 1 of one descent coordinate z; € M,
assuming that z; + 1 is not in M,. So, if we denote o : Sym — A the isometric embedding
described above, then

T(P153) = D Likery, (k1)gMa) UM\ (k) Ufk+1) = (Z wkﬂ%) (vx) = a_i(o(sy)).

kez! kez!

We can therefore represent the multiplication by p; in Sym by the operator a_; on the infinite
wedge space. O

As a corollary of Theorem 5.29, we can now write a Schur measure Sy y as a scalar product in
A\”°. Given an infinite sequence of formal parameters ¢ = (1, t2, . . .), we set

t) = exp (Z L ozik> )
k=1

The operators I'y (t) and I'_(¢) are adjoint. We denote as above o the embedding Sym — A
and we consider the symmetric functions in Sym as formal series in the variables in an alphabet Y.

Notice that if X is the specialisation of Sym with Miwa parameters ¢;, = © ’“(X , then

['_(t)(vy) = exp <Ztka k) vp) —U<€XP <Ztkpk )>>

= a<z sx(X) SA(Y)> = sa(X)wy,

AEY A€
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by using as before the Cauchy formula. On the other hand, as a (vy) = Ofork > 1, T, (t)(vg) = vy.
Consider now two positive specialisations X and Y of the algebra Sym, and the associated sequences
of Miwa parameters tx and ty. We have, for any finite set A = {ay,as,...,a,} C 7'

Sxy[AC M =exp| =D ki ey | Y sa(X)sa(Y)

AJAC M)
(H Yat) ) - (U@)>

(Hwa ) (ty) Tt )(v@>>
I_(—ty) Ty (ty) (H% ) (ty) Ty (—t )(u@)>.

acA

= exp —Zktft{ <
k=1

=exp| — Y Kty t) <F (tx) Ty (—
k=1

= exp (— Zk‘t? ty <U@
k=1

LemMa 5.30. We have the commutation relation

D (tx)T_(=ty) =T_(—ty) Dy (tx) exp( Zktﬂ”)

Proor. On a finite dimensional vector space, given two linear operators U, V' such that [U, V]
commutes with U and with V', we have:

UV — oV ol lUv]

Indeed, consider the matrix-valued map M : ¢t — e " eV e'V. Its derivative with respect to ¢ is
M'(t) = [M(t),V] = e [V, V]e'. However,

U VU AT
U _ _ - n—k k n—k—1 k+1
[e,V]—Z—n! _Zn! (Urkv Ut — yrkty gk
n=1 n=1 k=0
e 1 n—1 o9 1 n—1
_ n—k—1 k n—1
_ZE Uk, vy —ZHZU [U,V]
n=1 k=0 n=1 k=0
OO yn—1
— Z —— U, V] =" [U,V].
“— (n—1)!
Therefore, M'(t) = etV eV [U V]etY = M(t) [U, V], and the solution of this differential equation

is M(t) = M(0)e'lVV] = ¢V ellU:Vl, The value at t = 1 yields the claimed formula. Now, it is not
difficult to see that one can extend in certain cases the formula to an infinite-dimensional setting;
in particular, this works with the operators U = >"7 ¢t a, and V. = — 3777 |t} a_, acting on
A", whence the claimed formula, at least with formal Miwa parameters. O

Consequently, given a Schur measure Sy y, we obtain the following representation formula in
the infinite wedge space:

SX7y[A C MA] = <U@ I ( (H wa ) tY F-I—( )(U@)>

acA
= <v@ (H \I!\If) (v@)>

where U, = G, G, V¥ = G¢* G, and G = ', (tx) ' _(—ty) (beware that since G is not
unitary, W/ is not the adjoint of ¥,).
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Lemma 5.31. The operators W, (respectively, V' ) are (infinite) linear combinations of the operators
1y, (respectively, of the operators %), with coefficients depending on the two specialisations X and Y.

PrOOF. Con:sider the generating series ¢(2) = >, ., ¥n 2" and ¢¥*(w) = ZnEZ’ w k. We
start by computing the commutators of the free bosons a;, with the free fermions 1,,,. Note that
if m # [ + k, then 1,,, anticommutes with ¢; and with ¢ ;, so

¢l¢f+k¢m = _@Z}ld]md]l*-&-k = @ijdjlwl*—&-k ; [¢l¢;+k7 wm] =0
Therefore,

[alm ¢m] = Wmfkiﬁfm 2/}m] = ¢m7k¢:ﬂ/}m - ¢m¢m7kw:<n = Q/}mfk(w;zwm =+ ¢m¢:n> = wmfk-

We can encode these commutation relations by the generating series:

[k, 0(2)] = D 2" s = 2 0(2).

meZ

Similarly, [ag, ¥*(w)] = —w”* 1*(w). Now, the elements a; belong to an infinite-dimensional Lie
algebra, and the " (¢) are group-like elements of a corresponding infinite-dimensional Lie group.
The commutation relations established above lead to:

a(t) (o) Pa(t) = cxp (Ztkzﬂ> 0
Ci(t) ™ (w) Te(— —exp(Z —tw* ) o* (w).

Therefore,

G(2) G =exp (Ztk Zty _k>
Gy (w) G —exp( Ztkw —i—ZtY > *(w).

By taking the coefhicient of 2™ or of w™" of these expressions, we obtain on the left-hand side ¥,

or U/, and on the right-hand side a linear combination of operators 1, or ¢} O
We now want to show that, for any finite part A = {a4,...,a,}, we have
(o] (T2 ) 00} =t (] s ) )
J 1<i,j<n
Denote [[U, V]] = UV +VU the anticommutator of two operators. The anticommutation relations

[k, ¥f]] = Lk=yy and [[Yg, ¥i]] = [[¥%, ¥/]] = 0 also hold for the G-conjugated operators ¥, and
). Therefore,

W U, W U Wy W, = Wy Wy oo Wy W o U
Denote ¥, = >, cla, k) and ¥, = > . c(a, k) ), the coeficients c(a, k) and ¢(a, k)

coming from (the proof of) Lemma 5.31. By multilinearity,

<U® (H \Ilazlple) (U@)> = <U@ ‘ Vo, W, - - \Ijan\p;n T \11512\11511(00»
=1
= Z clar, ky) - clan, ky) < (ar, 1) -+ & (an, 1) (vo | Yry - i, 05, - 05, (vg)) -
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We then see that it suffices to prove:

<v@ ‘ Vi, - - 'wkn¢7n e wl*l (v@)> = det (<<U@ ‘ wkﬂ/fl*j (U®)>)1§i,j§n>

for any 2n-tuple of half-integers (ki, ..., kn, 1, ..., 1,) (note that the k;’s and the I,’s are not nec-
essarily distinct). Indeed, resumming over the 2n-tuples this relation, we shall obtain the formula
with the operators ¥, and ¥ . Now, this last determinantal formula is an instance of Wick’s the-
orem for anticommutating operators; here it can be given an elementary proof. Let us first analyse
the left-hand side, which can be rewritten as

Wk, - Ur, (o) [ r, -7, (w0)) -

If o ---9f # 0, then all the I;’s are distinct. Moreover, if ¢} - - -4} (vg) # 0, then all the [;’s are
in Z'_. So,

wl*n e Tﬁl (U@) = :tl(the 1;’s are distinct negative half-integers) UZ’\{h,...,ln} .

The scalar product (¥f, -5, (vg) } Y} -1 (vp)) does not vanish if the two terms do not vanish
and are colinear vectors. This happens if and only if {ky,...,k,} = {l1,...,1,} is the same set of
distinct negative half-integers. So,

<¢Zn e wzl (UV)) ‘ wl*n T %*1 (U@>> = :l:l({kl,...,kn}:{ll,...,ln}) 1(the 1;’s are distinct negative half-integers) -

The sign + is the signature of the permutation ¢ of [1, n] such that k; = I,(;) for any i: indeed,
we can first check that the sign is +1 when ¢ = idp ;) (by using the classical anticommutation
relations with the A symbol), and the other cases follow by using the anticommutation relations
satisfied by the operators )y,. Now, by using the formula above in the case n = 1, we get:

<v@ ‘ Vi, (vw)> = Lri=1) Lsezr)-

So, the determinant on the right-hand side of the claimed formula is:

: : 8(0->1(k1:la(1)7---7kn:la(n)) 1(l1 ,...,lnGZ/_) :

c€BG(n)
If the two multisets {k1,...,k,} and {l1,...,1,} are distinct, then no permutation o is such that
ki = l,(), and the determinant vanishes. Suppose now that the two multisets {1, ..., k,} are
{ly,...,1,} are equal, but that there are multiple occurrences of one element: for instance, k; = k.

Then, the involution o — o o (1,2) reverses the signatures ¢(o), but leaves invariant the set of
permutations o such that k; = [, for ¢ € [1,n]. So, there are as many such permutations o with
signature +1 and with signature —1, and the determinant vanishes again. We conclude that

det = Z E(J) 1(k1 =lg(1)sskn=ls(n)) 1(l;he 1;’s are distinct negative half-integers) -
oe6(n)
Now, with two equal sets {k1,...,k,} = {l1,...,l,} of distinct half-integers, there is only one
permutation o such that k; = [,(;), so we conclude that the determinant is again equal to the

signature of this permutation, assuming the condition

L(kpyokn}={11,1n}) L(the 1, are distinct negative half-integers) = 1-

This ends the proof of the determinantal formula for Sxy[A C M,]: for any finite subset A =
{ar,...,an} of Z/,

Sxy[A C My] = det (<<v@

) )
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PrOOF OF THEOREM 5.26. It remains to see that the kernel Kxy(z,y) of our determinantal
point process can be related to the generating series _#x vy (z) as explained in the statement of the
theorem. By the discussion above,

Kxy(z,y) = <U® | ‘I’xq’;(%» .

If one forms the generating series of this kernel, one gets:

Hxy(z,w) = Z 2"w " Kxy(n,m)

n,mez’

= D (w] G (") (w ™) G vg))
= (vg | GY(2) " (w) G (vy))
Ixy(z)

= L (o | 012) 07 ) (w).

by using on the last line the formulas for the conjugation action of G on 9(z) and ¢*(w), which
have already been used during the proof of Lemma 5.31. Finally,

V(W) (vp) = Y (1) 2w vy gy

il v e @)= ¥ (2) =2 e - L2 0

REMARK 5.32. Suppose that X = Y = v/# E (Poissonised Plancherel measures). Then, the
group-like elements I'y. (t*) and '+ (¢¥) only involve the bosons a1, for which the boson-fermion
correspondance (Theorem 5.29) has been proved. So, if we are only interested in this case, then
there is no gap in our discussion.

4. Asymptotics of the Plancherel kernel in the bulk and at the edge

To close this chapter, we explain how to use the determinantal structure of the random point
process My with A ~ S 5., 55 in order to understand the asymptotic behavior of large Plancherel
random partitions. Theorem 5.26 reads in this setting as follows. If PPL, is the Poissonised
Plancherel measure with parameter 6 and if A ~ PPLg, then My, = M, is a determinantal point
process on Z' with kernel Ky(z,y), with

Z 2w Kgy(z,y) = Z\/_Z_Ifu exp <\/§((z — 2z = (w— w’l))> :

z,yeZ!

We recover the value of Kgy(x,y) by taking a double contour integral along two arbitrary non-
crossing paths circling around 0:

Kion(o) = oz 9 s o0 (VG = ) = (0= w7)) s~ e

with the contours 7,, and v, chosen so that 7, is in the interior of the domain determined by .,
(this ensures that the series ., (£)" considered at the very end of the proof of Theorem 5.26

converges absolutely). This is the so-called discrete Bessel kernel. The terminology comes from the
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following link with the Bessel functions of the first kind J,,(x), which are the entire functions on
the complex plane defined by:

o0 (_1)m T\ 2m+n 1 s 1 dz
Jn = (—) —_ 2(2 z ) .
(%) mzzo m!T'(m+n+1) \2 oir | © Zntl

ProrosiTioN 5.33 (Discrete Bessel kernel). We have

1(2v0) 1 (2V0) = 1 (2V0) J,

r—y

1(2V0)

K{9}($?y) Vo =

Proor. The following argument is due to Okounkov; the appearance of a ratio as above is
a classical phenomenon in the theory of determinantal point processes, and it is related to the
Christoffel-Darboux formula for orthogonal polynomials. Note that:

1 1 0 n 0 1 1
_— = 2— +w— _
szr% wfy+% xr — 0z ow szr% w*er%

Suppose given two analytic functions f and g, defined in a neighborhood of the circle {z | |z] = r}.
An integration by parts yields:

j{f(z) (Z%) g(z)dz = f(re®)yrey’ (re'?) rie'? do

0=0

= [f(reie)reieg(reie)](2)7r —/ ' (f'(re”)r?ie®® + f(re) rie?) g(re'®) do

== $U+ SN g = = f I o) i

In other words, the adjoint operator of 22 (-)is =2 (z-) = =1 — 22 (-). It follows that the adjoint
operator of U = 2 & + w2 + 1is —U. Therefore,
S S
K{g}((E y 217T 7{% x+2w vty i

\f( —(w—w™")) 1
= U - - | dzdw
217‘(’ (13 — zZ — 2Tt Y ts
—27 )= (w—w™")) 1
e
= U dz dw.
(217r)2(x —9) 7{?{ ( Z—w ) e T A =

Finally,
VO(z—z~ 1) —(w—w™?! -1 e |
U € (« )=( ) _ zZ+z w w \/ge\/é((ziz—l)i(wiw—l))
Z—w z—w
_ (1 L) eVt ww)
2w ’
and the formula follows now from the definition of J, 1 (2v/0) as a path integral. O

In the following, we shall be interested in the asymptotics of Mgy in several regions:

e in the bulk: with xy € (—2,2), denote M;Zial " the random point process on Z’ defined as
the translation of Mg by — |20V

Mgt = {m e Z' | |xgV0] + m € Mgy}
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Assuming that 2oV € Z, M)>" is a determinantal point process on Z’ with kernel
K™ (2,y) = Kigy(10V0 + 2, 20V0 + ).
We shall prove that this translated kernel admits a universal limit when 6 goes to +o0c: the
so-called discrete sine kernel, see Theorem 5.34.
e outside the bulk: with o € R\ [—2, 2], we shall see that the kernel of the translated point

process M?;ial’zo converges exponentially fast to 0 if 2y > 2, and to 1(,—) if zg < —2.

e at the edge: in the neighborhood of the edge +2v/0 of our random Young diagram \ ~
PPLy, a limiting phenomenon for the random descent coordinates can be observed if we
translate and rescale the random point process. Thus, it is convenient to introduce the
random point process on R defined by:

Mg = {z € RI2V0 + 26" € Mgy}

We shall see that the corresponding renormalisation of the kernel Ko admits a limit,
which is the so-called Airy kernel; see Theorem 5.36. This limiting result implies a sur-
prising link between large random integer partitions chosen according to the Plancherel
measure, and the eigenvalues of large random Hermitian matrices; see Theorem 5.38.

Let us start by analysing the behavior of Mg, in the bulk (—2v/0,2v/0). We consider two half-
integers x4 and yy in the neighborhood of z V6:

CL’@:I'()\/E—FCC ) ygzxox/a—l—y.

We can rewrite the translated kernel K i%ial’xo (x,y) as follows:
K‘l{(();c}al Pz,y) = K{e} o, Yo)
o fj[ exp (\/5((2 —z ) —(w— w_l))> 27" wY dz dw
i) (z —

- (2i7r)2 f% (2 —w)\/ﬁ exp (\/5 <F<Z %) - F(w, %))) dz dw

with F(z,t) = 2 — 27! — tlog z, and where the double contour integral is taken for instance over
two circles with radii |z| > |w|. This double contour integral will be estimated by a saddle point

analysis. We start by finding the critical points of F(-, z), where aFaﬂ = 0. They are given by

14_%:{ ; Z:aij:i\/4—$2:e:ti¢7
z z 2

with ¢ = arccos(§). Moreover, on the circle with radii 1, Re(F'(z,2)) = 0, and the gradient of
Re(F(z,z)) is given by

V(Re F(-, 7)) (") = 2 (cos § — cos ¢) uy,
where wy is the unit vector el (perpendicular to the unit circle at z = e!%).

Consider first a holomorphic function in two variables g(z, w) defined in neighborhoods of the
two circles |z| = 1 (path 7,) and |w| = 1 — € (path v,,). If we want to evaluate

7%2,%, g(z,w) exp (\/5 (F (z %) - F(w, %))) dz duw,

then we can deform the path ~,, into the blue path v drawn below:



4. ASYMPTOTICS OF THE PLANCHEREL KERNEL IN THE BULK AND AT THE EDGE 127

In this drawing, the black circle is the unit circle 7.; the blue circle v crosses 7, at ¢'® and e7¢, with
¢ = arccos(;%); and the black arrows represent the gradient of F'(-, %%). Because of this gradient,

Re(F(w, %)) > 0forany w € v\ {e*?}. Tt follows that the integral

fl

goes to 0 as 0 goes to infinity. Indeed, we can use the Laplace method to evaluate this integral:

the main contribution to the integral is provided by the neighborhoods of the two critical points,
y ) S

where one can replace F'(w, %) by its second order Taylor approximation:

Yo\ oo Y0\ (e o) (w—e?)?
F(w’\/é)_F(e’\/@> F< \/5) 2

w 2

~ 2i(sin¢p — ¢ cos ¢) +isin ¢ (eT¢—1> ;

Re (F(w %)) ~ —(sin¢) Im ((e% - 1>2> .

We have drawn below the aspect of 25 — 1 and of (%% — 1)® when  crosses 7. at w = €.
wo_q

elt

VO F(w, %)

(&-1)°

VBF(w. 7 | dw corresponding to the parameters

It follows that the contribution to the integral §. e~
w in the neighborhood of €' behaves as

/e“@CSQ ds = 0(9*%) 90 0

and the contribution of the neighborhood of €7 is of the same order of magnitude. As a conse-

quence,
A oo ((e(= ) (o 75)) e
W;@z oo oo (B (s 75) =r(e 7)) ) oo

fF(7€

wey
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since | exp(v0(F(z, Z))| =1onn, and since the holomorphic function g(z, w) is bounded on
Yo X Y.

Now, this is not what happens for the kernels K ?;ial’xo (x,y), because of the singularity of the

ratio —— when z = w (we do not have a holomorphic function). We can still use the invariance
of contour integrals by deformation, but when we deform the path ~,, into 7, we pick up a residue
equal to
1
(2im) zo—y+1
We then have to integrate this residue over the part of the path +, which is crossed by v during the
deformation 7y,, — «y (the part in red in the figure below).

V= _— Yz e

e~i¢

Notice that as 6 goes to infinity, ¢ converges to ¢y = arccos(%2). So, we conclude that

1 1 i —
lim Kgy (2o, yp) = —j{ dz = sin(@o(@ y))
0—00 Yred:€TIP0 — ei®0

2im Zo—y+l m(z —y)

By applying Proposition 5.9, we obtain the following result due to Borodin-Okounkov-Olshanski:

THEOREM 5.34 (Convergence in the bulk towards the discrete sine kernel). For zg € (-2, 2), we
denote ¢y = arccos(%) € (0,). As 6 goes to infinity, Mi‘;ial’“”o converges towards the determinantal
point process with discrete sine kernel

sin ¢o(z — y)

deinc,xo (ZL’, y) — ﬂ-(x ~ y)

Y
the reference measure being the counting measure on 7.

The limiting point process M which we obtained is translation-invariant on Z': for any k € Z,
and any finite set of half-integers A C Z', P[A € M®™] = P[A + k C M?]. The parameter
¢o = arccos(%) drives the expected density

Plz C M®™] = Koo (g 7)) = % € (0,1)
of the points in this point process. This allows us to recover formally Theorem 4.28 as a corollary
of Theorem 5.34. Indeed, the formula above ensures that in the vicinity of x V0, each possible
descent coordinate is a point of M), with probability close to 1 arccos(%). Let us assume that
the result translates to non-Poissonised random integer partitions: if A\, = A ~ PL,, then the
random point process M) has almost the same properties as if we had A ~ PPL,,. An adequate
dePoissonisation procedure actually enables such a transfer of results. Then, in terms of the random
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scaled diagram w,, = (wy, ) 1, the previous estimate of density of descents implies:

2 2 2
(@Wn)'(70) psoe 1 — 20 _2 (E — arccos<@)> =— arcsin(%) ;

U m™\2 2 0
which is exactly the derivative Q' (), where € is the LSKV curve.

In order to complete this approach to the Logan-Shepp-Kerov-Vershik law of large numbers,
we also need to prove that the localised point process M;gial’xo converges to a trivial limit if zy ¢
[—2,2]. Let us explain what differs in this case from the previous discussion. We suppose first that
x > 2. The two critical points of F(z, z) are now:

r+Vx?—4

z="""" " —¢e*"  with h = arccosh (£> .
2 2

Moreover, on the circle v, with radii 1, Re(F(z,x)) = 0, and the gradient of Re(F(z, z)) is given
by

V(Re F(-,2))(e") = (2cos§ — x) uy,
so it is always oriented towards the interior of the unit circle. Consequently, and as can be checked

by a direct computation, Re F'(-, %) is bounded from below by a strictly positive constant on the

path v, = {w € C||w| =e™"}. As Wﬁ is bounded uniformly on 7, X ~,, this implies that

K?gﬁal’zo (SU, y) = K{g} (:E97 y@)

converges exponentially fast to 0, and that M ;gial’wo converges to the empty point process.

For x < —2, the critical points are z = —e*", with h = arccosh(—%); and on the circle 7,

with radii 1, we have the same formule as above, whence a real part Re(F'(z, z)) which vanishes
and which has a gradient oriented towards the exterior of the unit circle. In order to make appear
an integral going exponentially fast to 0, we then have to exchange the position of v, and ~,, so
that 7, is the circle with radius e” (exterior of ~.). This exchange of position corresponds to a
deformation of paths for ~,,, which picks up the residue

) 1 1
91520 K{e}(ZL‘G’yG) - ﬂ }éz W dz = 1(:c:y)-

local,xq

This limiting kernel corresponds to the full point process Z': for any A C Z/, P[A C M y"*"] —
det(id) = 1.

ProrosiTION 5.35 (Trivial limit outside the bulk). For xy > 2, M;‘;;al’xo converges towards the
empty point process, and for xy < —2, M %Zial’xo converges towards the full point process 7.

Again, this is formally related to the formulas ' (z) = 1 for xy > 2 and Q'(z¢) = —1forzy < —2,
so it agrees with the LSKV theorem 4.28.

We now focus on the behavior of My at the edge, that is to say in the vicinity of 2v/0 (by
symmetry of the Plancherel-distributed random integer partitions, it suffices to study the right edge,
the left edge in the vicinity of —2v/6 exhibiting a symmetric behavior). The goal is to understand
the asymptotics of the kernel Kg(2v/0 + tz,2v/0 + ty) when 6 goes to infinity, and ¢ is a suitable
rescaling parameter, which later will be taken equal to /6. We remark that the critical points of
the action F'(z,x(), which are complex conjugate numbers when |z¢| < 2, and which sit on the
real line when |z¢| > 2, coalesce when zy = £2, and yield a double critical point at z = 1 for
zo = 2 (respectively, at z = —1 for xy = —2). In the neighborhood of z = 1, we therefore have:

F(1,2) (z—1)°

F(2,2) = F(1,2) + —¢ :

(z—1*+0(z— 1" = +O(|z — 1]%).
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We have drawn below the adequate contours of integration 7, and 7, when x¢ € (—2,2) and when
T > 2:

Yz ei¢0 Yz
Vw
Yw
o—ho
e_i¢0
—2 <1y <2 2 < xg

By adequate we mean that they yield integrals which converge exponentially fast to 0, by means of
the Laplace method. For each case, Re(F'(z, x¢)) vanishes on 7., whereas Re(F(w, x¢)) attains its
maximum along 7, at the critical point(s). In the first case, we had to perform a deformation of
the initial path ~,, which led to the appearance of a non-trivial residue, whence a non-trivial limit
for the localised kernel. Now, it is clear that when zq = 2, an adequate pair of paths of integration
will be the geometric middle point between the two previous drawings, that is:

Vz

Yw

More precisely, let us make the following choices. The path 7, is a circle with radius 1 + ¢, except
in a small neighborhood of 1, where it follows the lines 1 + set3 . s > 0; whereas the path 7, is a
circle with radius 1 — ¢, except in a small neighborhood of 1, where it follows the lines 1 + set %
s > 0. Thus, if we zoom in on the neighborhood of 1, then we have the following configuration:

,)/71) ’YZ

>

For zy = 2, the gradient of Re(F(z, z)) on the unit circle is still oriented towards the interior,
except at z = 1 where it vanishes. Therefore, one can show that on the part of v, which coincices
with the circle with radius 1+¢ (respectively, on the part of v,, which coincides with the circle with
radius 1 —¢), Re(F(z,2)) is bounded from above by a negative constant (respectively, Re(F(w, 2))
is bounded from below by a positive constant). It is also not difficult to prove that the same phe-
nomenon occurs when replacing = = 2 respectively by 2+ f/—% and by 2+ f/—%, if t < /6. Therefore,

the corresponding contributions to the double path integral will converge exponentially fast to 0.
So, the main contribution comes from the parts of the paths which are lines stemming from z = 1
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orw =1, and

Koy (2V0 + o, 2V0 + ty) ~ ]{7{ o e*/‘;(F(”*tf) "24%)) @z dw.

fw=1+t"w andt = 05 then

t —yw + 2
F(w, 2+ _y) =w—w = (2+yo ) logw = A 0073 (w” + w'™))

Vo Vo

Making the same change of variables z = 14¢~'2/, and assuming that 2v/0 +26"/¢ and 2v/0 + y6'/¢
belong to Z', we get:

_1/6 / wlg ’ 2/3
Ky (2V0 + 26Y5,2V/0 + y6'/%) ~ f{?{ M T T Y dw

. . . . . . . im 217r
where the two paths of integration now meet at 0 and go to infinity with directions e*3, e* 5. At

this point, it is convenient to introduce the Airy function, which is the entire function deﬁned by

3
Al(x) = ﬂ/}@xy_y?’ dy,

the path of integration being the union of the two half-lines which meet at 0 and which have

directions =" . This special function satisfies the differential equation Ai”(z) — 2 Ai(z) = 0, and

its graph as a function of a real parameter x is drawn below.

-0.4

It can also be redefined as the real semi-convergent integral Ai(z) = X [ cos(zy + % ) dy, and its

Fourier transform is

Ai(§) =e 5.
The reader will find more details on this special function in the references at the end of the chapter.
Now, a small computation similar to the one performed in the proof of Proposition 5.33 and
mvolvmg the operator 3% + 52 enables one to transform the integral obtained above and rewrite
it as:

K{g}(Q\/é + 20" 230 4 y0/0) ~ 6716 KA (5 4)),
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where K% is the Airy kernel defined on real parameters by:
_ Ai(z) Ai'(y) — Ai'(x) Ai
— =

KAY () ) = /000 Ai(s + x) Ai(s + y) ds.

This leads to the following:

THEOREM 5.36 (Convergence at the edge towards the Airy kernel). Consider the random point
process M fgfe on R defined by

Mg = {z € R|2V0 + 26"/° € Mg},
where Mgy denotes the set of descent coordinates of a random integer partition X ~ PPLy. As 6 goes
to infinity, Mfgfe converges towards the determinantal point process whose kernel is the Airy kernel

KA (1, y), the reference measure being the Lebesgue measure on R.

Proor. In the sequel, we denote I(z, §) the indicator function of the condition 2v/8 + 6/¢ €

7!. Given finite intervals Ay, ..., A,, C R, we have:
E[(Mgr®)" (A1 x Ag x --- x Ay)]

— E[(Mg))*"(2V0 + 00 A, x --- x 2V0 + 0Y/54,)]
= > det ((Koy (ki, kj))1<ij<n)

k1€(2V0+601/6 ANZ/
kn€(2V0+01/6 AN/

= > @ 0) I, 0) det (K (20 + 26", 2v8 + 2,67 <150 )
~ Z (0T (x1,0))--- (671 (2,,0)) det ((KAiry(xi, ) )1<ij<n) -

On the last line, we use the fact that the approximation of kernels discussed above can be shown to
be locally uniform, so that we can sum the equivalences over points z; € Ay, ...,z, € A,. Now,
for each index i, we have the Riemann sum approximation

> 0 T 0)) = [ (o
Zl‘iEAi Ai
where (-) can be replaced by any continuous bounded function of z;. The same approximation

holds for the multiple sum and the corresponding multiple integral, therefore,

lim ]E[(Mf;i}ge)in(Al X A2 X e X An)} — / det ((KAiry(xi’ Ij))lgi,jgn) dl’l . de’n
f=o0 Ay XX An

Then, the same kind of argument as in the proof of Proposition 5.9 ensures the convergence of the
random point process M fgfe towards the Airy point process. O

To close this chapter, let us discuss an important consequence of Theorem 5.36 regarding the
largest rows of a random partition chosen according to the Plancherel measure. The density (first
correlation function) of the Airy point process is

put) = (AT (£))? — Ai(t) AT'(f) = (AV())? — t (AL(1))?,

and it is drawn below.



4. ASYMPTOTICS OF THE PLANCHEREL KERNEL IN THE BULK AND AT THE EDGE 133

T T T :\\ T T

-15 -10 -5 5 10

The asymptotics of the Airy function and its derivative as ¢ goes to 200 can be derived by a saddle
point analysis of the integral representation of Ai(t). Hence, one can show that

DJM>

3
” g

) oo ——.
p1(t) >~

pl(t) —t—+00 87t )
The exponential decay of p;(t) for ¢ positive leads one to guess that with high probability, there
are very few positive points of the Airy process (and in particular, only a finite number). On the
other hand, we admit in the sequel that by using a dePoissonisation procedure, one can transfer the
convergence result from Theorem 5.36 to the random integer partitions A ~ PL,, when n — oc.
Then, one expects that the largest part ¢, = \,; of a random integer partition A\, ~ PL, is
asymptotically of size

2\/% + n1/6xAiry7

where XA is the largest point of the Airy point process. This is a strong improvement over Corollary
4.29 for the size of the longest increasing subsequence in a random uniform permutation. Let us
make this a bit more precise. The operator # ¥ associated to the Airy kernel is trace class over
any set [t, +00), because of the representation K4 (x,y) = [~ Ai(z + s)Ai(y + s) ds. We can
therefore use the formula for gap probabilities in order to compute the cumulative distribution
function of XAY:

]P)[XAiry S t] _ P[MAiry(t7 _|_QQ) — 0] = det( E%/At*j_yoo )
+3 -
m=1

This distribution is known as the Tracy- Widom distribution, and it satisfies the following properties:

m

/ det(Al(ﬂfl, xj))lgi,jgm d.rl v d.fm
(t,400)

THEOREM 5.37 (Tracy-Widom). Let MY be a determinantal point process on R with kernel
KA, The largest point XMWY of MAYY exists almost surely, and it satisfies

PLXA™ < f] = Fy(t) = exp (— JRCEE dx) ,

where q is the unique solution of the Painlevé Il equation q"(x) = x q(x) + 2 (q(x))? such that q(x) ~
Ai(z) as x goes to +o00. The density of the Fy distribution is drawn below.
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We can finally state the following deep result, to be compared with Corollary 4.29:

THEOREM 5.38 (Baik-Deift-Johansson). Let ¢, be the length of a longest increasing subsequence in
a random permutation o, chosen uniformly in S(n). We have the convergence in law:

Un
n1/3 (2\/ﬁ - 1) —n—oc0 TW7

where TW denotes the Tracy-Widom Fy distribution.

It turns out that this Tracy-Widom distribution also describes the fluctuations of large random
Hermitian matrices. Consider a Hermitian matrix Hy of size N x N, with independent real
diagonal entries (Hy);; distributed according to the standard real normal distribution Ng(0, 1),

and with independent off-diagonal entries (Hy); ; = (Hy);; distributed according to the standard
complex normal distribution Nz = Ng(0, %) + iNR(0, %) We denote zy 1 > ano > -+ > an N
the real eigenvalues of the random matrix Hy; they form a random point process Ly on R, which
can be shown to be determinantal. Then, we have the following matrix analogues of Theorems

5.34 and 5.36:

THEOREM 5.39 (Gaudin-Mehta). For zy € (—2,2), we consider the rescaled point process

l’o\/ﬁ-f‘ 27-[_3: - LN} .
(4 = (20)?)N

Lyeebeo = {x eR

As N goes to infinity, Ly converges to the determinantal point process with sine kernel
sin(x — y)

m(z —y)
the reference measure being the Lebesgue measure on R.

Ko (2, ) =

THEOREM 5.40 (Tracy-Widom). We consider the rescaled point process of the largest eigenvalues of
H N~
LS = {z e R|2VN + NSz € Ly}.
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As N goes to infinity, L% converges towards the Airy determinantal point process. In particular, the
largest eigenvalue xx 1 of Hy satisfies the following analogue of Theorem 5.38:

N2/3 <% _ 1) v TW.
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Exercises

(1) Asymptotic independence of the localised point processes. Theorem 5.34 ensures the
convergence of the localised point process M?;ial’zo for xy € (—2,2). Adapt its proof in
order to show that, if o # yo are two points in (—2,2), then the corresponding point
processes M?;ial’xo and Mg;;al’yo are asymptotically independent when 6 goes to infinity.

(2) The probabilistic proof of the Thoma theorem. In this exercise, we follow the approach
of Kerov and Vershik in order to prove the Thoma classification of the extremal characters
of &(c0). We fix an extremal character y of &(c0), and we denote (P, ,,)nen the corre-
sponding family of central measures. Let 7 be the set of all infinite paths T = (0
MDD ANED) A AN A NEn=D) A ) which rise along the Young graph: for
any n € N, A" € 9)(n), and A= 7 A(="=1)_ The reason of the negative indices will
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appear later. A path T' € .7 can be considered as an infinite standard tableau, and it is
entirely determined by the maps:

DnZl T — N2,
T + coordinates (&, yn) of the bottom left corner of the cell \(="=1D \ A=),

In particular, there is a natural o-field F on .7, which is the smallest o-field making all the
maps 0,, measurable. A backward filtration (F,,),<o on 7 is provided by the o-subfields:

F o =00ns1,0n42, )

The information contained in F_,, is the position of the cellsn +1,n+2,n+3,...inan
infinite tableau 7', so in particular A(=™ is a F_,-measurable random variable with values
in Q) (n) (it is the complement of the aforementioned cells). What stays unknown at time
—n is the standard Young tableau Tjpi ,j € ST(AC™).

(a) We consider the Markov chain (A™),.<g on Q) = | |, . 2 (n) which is the descending
random walk with transition probabilities
dim A
" dimA
Recall why these formulas yield transition probabilities. Suppose that A=) is dis-

tributed according to P, . Show then that A= is distributed according to P, ,, for
any n < N.

p(A, ) =P = X[ AED = A

By standard arguments from measure theory (Kolmogorov theorem), we can therefore
construct for any extremal character (or more generally, for any normalised trace) x on
&(00) a probability measure on .7 such that the random process T = (A™),<; is a
Markov chain with transition probabilities p(A,\) = 24 and with marginal laws the
central measures P, ,,. In the following we fix this Markov chain indexed by the negative

integers, and we associate to it backward martingales.

(b) Given 1 integer partition with size k, we associate to it a permutation 0, € S(k) with
cycle-type y1, and we consider the random process (x*™ (0,,))n<_r» the x*’s being the
normalised irreducible characters of the symmetric groups. Show that it is a bounded

backward martingale with respect to the backward filtration (F,,)n<_s:
EDC (00| Fonca] =X (o).

(c) Recall that a bounded backward martingale (X,),,<_x converges almost surely and in
moments towards X _, = E[X_;| F_], where F_, = (Np<_i Fn- We denote in the

sequel

)\(_00) (

. (=n)
X o) = lm T (o).

We also introduce the non-negative normalised specialisation X of Sym associated by
Corollary 5.16 to the extremal character y. Prove that

EX ™ (0,)] = x(0,) = pu(X).

Recall from Chapter 4 the normalised character values: X, (A\) = n#l X a,) if n = |A[.
These observables belong to the graded algebra @, which is endowed with the degree
deg X, = |p|. We admit the following consequence of the Frobenius-Schur formula: if
(a1, ...,as;—b1,...,—bs) = F) are the Frobenius coordinates of )\, and if

V) = @) = (b,

=1 i=1
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then & = Rp1,pa, ..., Pk, - - .}, and Xy — py 1s an observable of degree smaller than & — 1
for any k > 1 (this follows from a two-page computation similar to the one of Chapter 3,
Exercise 2). In particular, deg p;, = deg X, = k. Notice that the Frobenius coordinates of
A write as:
At b= Nt s

a4 = A =i+ g ; ;= A\ 5
These relations are obvious if one draws the Young diagram of A rotated by 45 degrees, as
in the beginning of this chapter.

(d) Show that more generally, for any integer partition g, if p,(A) = [T'% p,.(A), then

X, (A) = pu(X) is an observable of A with degree strictly smaller than |u|. Deduce
from this observation that for any integer partition A € )(n),

u(A)
XA(O-M) = pnw‘

with a O(n™') which depends on 1 but not on A € 9(n).

+0(n™)

(e) We associate to any integer partition A with size larger than 1 a probability measure

vyon [—1,1]:
1 S
"= <; a; 0g; + bi 5@.) :

where (ay,...,as; —b1, ..., —bs) are the Frobenius coordinates of \. Given a sequence
of integer partitions (A("), <o with [\(™)| = n for any n, prove the equivalence
between the following statements:

e There exists limiting frequencies ;>1 and f;>1 such that Y o~ o + 5; < 1, and

(

such that ‘“(’\Tﬂ — «; and M — f; for any i > 1. The pair («, )

belongs then necessarily to the Thoma simplex €.

e The measures vy(—n) admit a weak limit v, which is a probability measure on
[—1,1].

e The observables pj, (A=) satisfy ’M —rn—oo Ck, fOr some parameters ¢y>1.

n

(f) Show that for the Markov chain (A(™), <o associated to an extremal character x and a
non-negative specialisation X of Sym, almost surely, the random observables pj, (A=)
satisty the third criterion above with ¢, = pi(X). Deduce from this that the special-
isation X is the one associated to the Thoma parameter (o, 3).

() Provealso that x*™ (¢') = x(0) almost surely, and that the largest rows and columns
of the random integer partitions (A(™), < satisfy the law of large numbers:

(), ),
n—o00,a.s. ¢ ; n— o0, a.s. B@
n n
for any i > 1.

(3) Schur-Weyl measures are central measures. We recall from Chapter 4, Exercises 2 and
3 the following definition: the Schur-Weyl measure with parameters N and n is the prob-
ability measure on 9)(n) given by

card(SST(\, N)) card(ST(X))

Nn '

This is also the spectral measure associated to the representation V' = (CV)®" of &(n),

which acts by permutation on the tensors.

SWx A =
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(a) By combining the Frobenius-Schur formula and the formula ch" (¢,,) = N*®), show
that for any integer partition A,

card(SST(\, N)) = sx(1,1,...,1) = s, (17).

N terms

(b) We consider the Poissonised version of the Schur-Weyl measures: PSWy 4 is the
probability measure on Q) given by:

e on
PSWagA] = < SWil
if [A| = n. Show that this Poissonised Schur-Weyl measure is the Schur measure for
the alphabets
A | VO VOV B=V0E.

NNCUN |

N terms

(c) We take N = \/Tg; this is the same normalisation as in Chapter 4, Exercise 3. Adapt
to this case the saddle point analysis of the kernels performed for the Poissonised
Plancherel measures, by replacing the function

F(z,t)=2z—2""—tlogz
by
F.(z,t) = —% log(l —cz) — 2z~ ' — tlog 2.
Prove in particular the analogues of Theorems 5.34 and 5.36 for the Poissonised
Schur-Weyl measures in the thermodynamic limit N = ‘/75, ) — +oo0.
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