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Abstract. The estimation of various matrix integrals as the size of the matrices go to infinity
is motivated by theoretical physics, geometry and free probability questions. On a rigorous
ground, only integrals of one matrix or of several matrices with simple quadratic interaction
(called AB interaction) could be evaluated so far (see e.g. [19], [17] or [9]). In this article,
we follow an idea widely developed in the physics literature, which is based on character
expansion, to study more complex interaction. In this context, we derive a large deviation
principle for the empirical measure of Young tableaux. We then use it to study a matrix model
defined in the spirit of the *dually weighted graph model’ introduced in [13], but with a cutoff
function such that the matrix integral and its character expansion converge. We prove that
the free energy of this model converges as the size of the matrices goes to infinity and study
the critical points of the limit.

1. Introduction

The evaluation of matrix integrals was first motivated by theoretical physics and
geometry since they can be related, via Feynman diagrams expansion (see [28] for a
nice introduction), to the enumeration of maps. Thanks to this relation, matrix inte-
grals can also be used to describe some models appearing in statistical mechanics,
such as the Ising model or the g-Potts model, on random graphs (instead of the usual
two-dimensional lattice). Using similar ideas, string theory models can be described
via matrix integrals around criticality (see the course [7] for various applications to
physics). Another motivation is the study of non-commutative entropies introduced
by D. Voiculescu [23] in the context of free probability. Let us roughly say that the
understanding of the asymptotic behaviour of all possible matrix integrals would
be equivalent to the understanding of the so-called microstates entropy.

So, what is a matrix integral ? If we let, forn € N, C(X1, - - - , X;,) be the set of
polynomial functions of n non-commutative variables and if we choose, for some
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m,peN, PeC(Xy, , Xntp)®" and ¢ := (¢i)1<i<ntp € C°(R)"TP, then a
matrix integral can be defined by

Zn(P.¢) = /eNz(N—'tr)W(P(m(A1>,~~,¢n+p(An+p)>dAl .. dA,,

where d A denotes the Lebesgue measure on the chosen state space of the matrices,
included into My (C), the space of square matrices of dimension N with complex
entries. In the following, the matrices will take their values in the set Hy (C) of
Hermitian matrices of dimension N. The first order asymptotics of Zy (P, ¢) can
easily be studied in the case where n = 1, when P is chosen going to infinity fast
enough to insure existence of Zy (P, ¢), since then the joint distribution of the
eigenvalues of the matrix A is known and described by the Coulomb gas law (see
[1] for instance). In this setting, all the correction terms have been recently studied
rigorously by N. Ercolani and K. McLaughlin in [6]. To this end, they use Riemann-
Hilbert techniques together with a good understanding of the asymptotic behaviour
of the spectral measure of the matrix with distribution given by the corresponding
Gibbs measure

NENTHDE (P @1 (AD), s p (Antp))

dul Ay, ..., Ay = dAy---dA,.
Zn(P.9)

There are much less complete results in the case where n > 2. On arigorous ground,
let us however mention the work of M. Mehta and al. (see e.g. [19] and [17]) who
considered symmetric models with AB interaction including the so-called Ising
model or matrices coupled in chain model,i.e m = 1, p =0 and

n n—1
P(AL, -+, A=Y P(A)+ Y AiAipi.
i=1 i=1

By orthogonal polynomial techniques, they could find the asymptotic behaviour
of the associated free energy when integration holds over Hermitian matrices. By
using completely different techniques based on large deviations, similar asympt-
otics could be derived in [10] and [9] for A B interaction models where the sym-
metry between the matrices can be broken (i.e. we can choose P(Ay, .-, A,) =
Y Pi(A l-)—i—Z;’;ll A; A1, possibly with different P;’s) and integration can also
hold over the orthogonal ensemble. These techniques have moreover the advantage
to allow the description of the asymptotic behaviour of the spectral measures of
the matrices (Ay, - - - , A,) with distribution p,ﬁ, key step to try to obtain the full
expansion of Zy (P).

On a less rigorous ground, a few other models have been studied. The main idea
to study most of them is based on character expansion, a technique which was
introduced by A. Migdal in [20] and by C. Itzykson and J.-B. Zuber in their famous
article on planar approximation [12], and then widely developed in the 90’s by
various physicists (see for example [5], [15] for the so-called ABAB model or
refer to [13] for a review). This technique allows to express the involved matrix
integrals in terms basically of a sum over characters which are simpler to deal with
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because the interaction is reduced to spherical integrals, whose asymptotics are
described in [10]. However, this sum is in general an infinite signed series (which
actually might diverge), point which is not addressed for instance in [13]. A formal
expansion was also obtained by B. Collins in [3] in a very general setting. He could
obtain a formula for the free energy of matrix integrals as formal series and study
the convergence of each terms of these series. However, he could not prove that the
series in fact converge.

In the present article, we show how the idea of character expansion can be used
to estimate rigorously the specific matrix integral in which, Ay and By being two
N x N given Hermitian matrices, the partition function is

Zn(D) = [dMe_%ter_tr@)trlog(1®1—BN®¢(M)AN)
N - k
= /dMefitrMquzlk " (B(@ (M) ANY) (1)

with the following notations :

— dM is the Lebesgue measure over the set Hy (C) of Hermitian matrices of size
N,

— tris the usual trace on M (C) and I is the identity in My (C),

— @ is a continuous function from R into R. & (M) is then uniquely defined by
®d(M) = Udiag(® (A1), -+, D(An))U* when
M = Udiag(Ay, -+, AN)U™ for some U € Uy (C).

This model was studied in the case where ® (x) = x in [14] where it was called the
“dually weighted graphs model", because N ~2log Zy (x) is a generating function
for planar maps (that is oriented connected graphs drawn on the sphere modulo
equivalent classes) having arbitrary coordination dependent weights for both ver-
tices and faces in the large N limit. Note that in fact, in the case where & (x) = x,
the expansion is diverging (see [14], (2.7)). In this work, we shall restrict ourselves
to functions @ satisfying appropriate boundness conditions to insure that the par-
tition function Zx () and its character expansion are well defined. We discuss in
section 6 the relation between our result, [14] and the enumeration of maps. Our
main results can be sketched as follows

Theorem 1. [. Under Hypotheses 2 and 3,
1
Fy(®) = —7 log Zy(®)

converges as N goes to infinity and a formula is derived (see Theorem 5 for
details).

2. Under the hypotheses of Proposition 1, we can give a weak characterization of
the limit points of the spectral measure of M under the Gibbs measure associ-
ated to Zn(®) (see Proposition 1)

The main advantage of this model is that its character expansion is not signed (i.e
is a sum of non-negative terms), allowing standard Laplace method techniques.
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But let us explain what we mean by ‘““character expansion”, i.e. expansion in terms
of Schur polynomials. For that, we recall the following notions (see for example
section 4.4. of the book [22] for more details):

Definition-Notation 1.

— a Young shape X\ is a finite sequence of non negative integers

(A1, A2, ..., A7) written in non-increasing order. One should think of it as a
diagram whose ith line is made of 1; empty boxes. We denote by |A| = Y ; A;
the total number of boxes of the shape A.
In the sequel, when we have a shape . = (A1, A2, ...) and an integer N greater
than the number of lines of A having a strictly positive length, we will define a
sequence £ associated to .. and N, which is an N -uple of integers £; = A; +N —i.
In particular we have that £1 > €y > ... >y =2 0and £; — L;41 > 1.

— forsomefixed N € N, aYoung tableauwill be any filling of the Young shape above
with integers from 1 to N which is non-decreasing on each line and (strictly)
increasing on each column. For each such filling, we define the content of a Young
tableau as the N-uple (11, . .. , un) where w; is the number of i’s written in the
tableau.

Notice that, for N € N, a Young shape can be filled with integers from 1 to N if
and only if \; = 0 fori > N.

— for a Young shape A and an integer N, the Schur polynomial s, is an element of

C(xt, ... ,xn) defined by

sk(xl,...,xN)=fo”...x1’f,N, 2)
T

where the sum is taken over all Young tableaux T of fixed shape ) and
(U1, ..., uN) is the content of T. Note that s, is positive whenever the x;’s
are and, although it is not obvious from this definition (cf for example [22] for a
proof), s, is a symmetric function of the x;’s.

If A is a matrix in My (C), then define s (A) = 5, (Ay, ..., AN), where the A;’s
are the eigenvalues of A.

Now the point is that we shall see in Theorem 3, whose derivation is the object
of section 2, that we can write Zy (®P) as

ZN(®) =cn Y s (AN)SL(BN)Zy (D, 2)
A

where the sum runs over Young tableaux A = (A1 > Ap--- > Ay) and Zy (P, 1)
is a positive function of the shape A which depends ‘almost continuously’ on the

empirical measure
N

1
AN . +
Wy = N EISA,-+A1/\H € P(R™)
=

where P(R™T) denotes the set of probability measures on R*. Therefore, to study
the asymptotic behaviour of Zy (®) we are lead to estimate the deviations of more
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general measures I1y which shall depend on a sequence (F, ¢, (An, Bn)n>0, @, b)
satisfying

Hypothesis 1. 1. F is a bounded continuous function from P(R™) equipped with
its usual weak topology into R.

2. ¢ : Rt — R is a continuous function such that liminf,_, y o x " 'c(x) > 0.

3. (AN, BN)n>o is a sequence of matrices with eigenvalues taking their values
in [e, 1] for some € > 0 and such that the spectral measures of Ay and By
converge towards [L4 and up respectively.

4. a, b are two non-negative real numbers.

We then consider the non-negative measure [TV on P(R*) given, for any measur-
able subset M € P(R™), by

V(M) = 3 1w oy (An) 55 (B eV PN [edif ) 3)
A

where the sum runs over Young tableaux A. Note that when FF = 0,a = b = 1,
Ay = By and c(x) = ax we get the Schur measure (cf. [21], section 4) evaluated
at bounded Hermitian matrices Ay = By. We shall obtain large deviation bounds
for (ITN) y ey with rate function described as follows.

Definition-Notation 2.

— Let L be the subset of P(R") given by

L= {v e PRT) : dv(x) < dx, % < 1} 4

— Let, for u € P(R), X be the non-commutative entropy

X(u) = // log |x — yldp(x)du(y).
- S(w) = // log (s(x, y)) du(x)dp(y), with

1
s(x,y) = /0 s, (ax + (1 — ot)y)fldot ifx #y, s, x)=x"1 (35

— For u € P(R) and any measurable function f : R — R, we denote by fyu
the probability measure such that, for any bounded measurable function g on R,

fen(g) = /g(f(x))du(x)-
— We then define H : P(RT) — R infinite-valued on L and otherwise given by
H(v) = /c(x)dv(x) - #2(\;) — F(v)

a b
—al(logy pa,v) —bl(logy g, v) — ES(MA) - ES(MB),

where I is the limit of spherical integrals in a sense that will be properly settled
in Lemma 1.
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One of our main results is the following :

Theorem 2. Let (F, c, (An, BN)N>0, a, b) satisfying Hypothesis 1. (HN)NZ() sa-
tisfies large deviation bounds with rate function H defined in 2. More precisely,

1. H has compactly supported level sets, i.e {v € P(RT) : H(v) < M} is compact
forall M < oo.
2. For any closed set F € P(R™)

1
lim sup m1og nY(F) < —inf{HWw), v € F}

N—o00

3. For any open set O € P(R™)
1
1iNnLi;10f e log IV (0) > —inf{H (v), v € O}

In particular,

. 1 N + .
ngnoo V2 log IT" (P(R™)) = —inf{H (v)}
and the infimum is achieved.

Theorem 5 would be a direct consequence of Theorem 2 according to (8) (with
a=b=1andlog Zy(®,1) = N2F(iY) — N? [ c(x)dy (x)) if Zy (P, ) was
indeed a continuous function of ;liv and decayed sufficiently fast as the size of the
tableau goes to infinity. Although it is not exactly the case, most of the technicalities
are already contained in the proof of Theorem 2, which, as we shall see in section
6, is of independent interest. The proof of Theorem 2 relies on techniques devel-
oped in [1] in a continuous setting, the relation of Schur functions with spherical
integrals (see section 2) and on [10] where the asymptotics of such integrals were
obtained. However, the proof remains rather technical for various reasons, the most
severe being that we need to define the spherical integrals in a broader set than what
was studied in [10]. In section 3, we prove Theorem 2 in details. We precise the
strategy used to show Theorem 2 at the beginning of section 3, just after the precise
statement of the theorem. We outline how to adapt the proofs to obtain Theorem 5
in section 4. Section 5 is devoted to the study of the minimizers of the rate function
associated with the asymptotics of Zy (®). They are reminiscent of [14] since they
are described in terms of an additional measure describing the optimal shape of the
Young tableau. They involve also, following [9] and [16], the solutions of an Euler

. . . . . 2
equation for isentropic flow with negative pressure p(p) = —%- 0.
Finally, we comment our result, give other applications of our techniques, and their
relations with the problem of the enumeration of maps in section 6.

2. Formulation of the matrix model as a sum over characters

Before going into the details of the large deviation principles we have announced in
the introduction, we devote this section to show the character expansion for Zy (®)
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(see Theorem 3). This will be useful in section 4 and can also be seen as a justifi-
cation for the definition of ITV we introduced above and therefore as a motivation
to prove such a result like Theorem 2.

Since we shall later also be interested by the Gibbs measure associated with
such a model we more generally define, after (1), if X is a measurable subset of

PR)

Zn(®)(X) = / dMe™ FirMP-ir®irlogI®I-By@O(NAN) (6
my€X

where, for an Hermitian matrix M € Hy(C) with eigenvalues (My, --- , My)
€ RV, we shall denote ,&ﬁv,, the spectral measure of M given by

1 N
AN _
My = A{z{:SA@.
i=1
~N

ity is an element of the space P(R) of probability measures on the real line. We
endow P(R) with its usual weak topology (i.e u, € P(R) converges towards u
iff u,(f) = f fdu, converges to w(f) for all f in the space Cp(R) of bounded
continuous functions).

We shall assume that

Hypothesis 2.

1. If |l.lIn denotes the operator norm in Mpy(C), supyey |ANIIN and
supyen By v are finite and ® is bounded. Without loss of generality, we
will assume hereafter that

sup [Aylin <1, sup [[Byln <1

NeN NeN
which amounts to multiply ® by supycy |ANI|IN-SUpyen I BN IIN-
Forall N € N, Ay and By are non-negative and ® takes its value in RT.
3. Ifwe define pg := —log ||®||c0, we assume that

N

e PP =Pl < 1. )

Note that this assumption insures that foreach N, I @ [ — By ® ®(M) Ay has
positive eigenvalues, so that its logarithm is well defined and tr ® trlog(/ ® I —
By ® ©(M)Ap) is bounded so that the partition function itself is well defined.

The goal of this section is to express the partition function Zy (®)(X) in terms
of spherical integrals, where a spherical integral Iy over the unitary group is given,
for two real diagonal matrices Dy, Ey, by

IN(Dy, EN) = /eXP{Ntr(UDNU*EN)}dmN(U),

where my denotes the probability Haar measure on the unitary group Uy. In the
sequel, we will denote A the VanderMonde determinant given, for any diagonal
matrix Ay = diag(ay, -, an), by A(An) = A(a) =[], lai —ajl.

The main result of this section is

i<j
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Theorem 3. When Hypothesis 2 is satisfied, we have that

ZN(@)(X) =cn Y s (AN)si(BN)Zy (@, 1)(X) ®)
2

where :

Uy is the unitary group of dimension N,
the sum holds over all Young shapes with at most N lines,
Sy, is the Schur polynomial corresponding to a Young shape A,

Zn(®.0)(X) = f IN( ¢ ) Adlog 2(a))
Ay €X

log ® (M), N A@OD)

N
NN 12
X A(M)2e™ 7 Zimt M T TdM;,
i=1
where £ is the sequence associated to A and N,
NN+

QrN)~ 2
Nl

cn is a constant which only depends on N, equal to

Denoting || = )_; Ai, we can rewrite (8) into

ZN(®P)(X) =cp ZSK(AN)S)\.(BN)ZN(W, M (X) 6‘_'0@')\' )
A

where W = (|| ®||o0) "1 .

Proof. 1. Expansion along Young tableaux

By definition, if (By,;)1<igny and (P (M)AN);)1<ign are respectively the
eigenvalues of By and ® (M)A y, we can rewrite :
N 1
e—tr®trlog(1®1—BN®<I>(M)AN) — 1_[
=1 1 — By i(P(M)Ay);

(10)

where condition (7) ensures the existence of the right hand side.
The Cauchy formula (for a reference and a proof, see for example formula 4.8.4
in the book of Sagan [22]) gives us that

N

1
= B D(M)AN), 11
1 1 — By i(®(M)An); ;Sx( NIsu(P(M)An) (an

i,j=1
where A is the shape of a Young tableau and s;, is the Schur polynomial corre-
sponding to this shape.
Note that s3(By) > 0 since By > 0 as well as s (®(M)Ay)
1 1

= s (A?VCD(M)AIQV) > (. Hence, we can use Fubini’s theorem to write the
above series converges absolutely and our partition function

N
Mex

Zn(@)(X) = 3 s1(Bw) / e TG (@ (M) Ay)dM.  (12)
A 23
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2. Formulating Zn(®)(X) in terms of Schur polynomials
It is useful to recall now the result of Weyl which establishes that s, coincides
with the character of the unitary group associated to the shape A (this is con-
tained in theorem 7.5.B of [24]). Since s, ’s are characters of Uy, we can apply
the following property of orthogonality. If V and W are two unitary matrices
of size N, this property reads, for any shape A,

1
/SA(UVU*W)dmN(U) = asx(V)s;h(W), (13)

where dm y is the probability Haar measure on the unitary group Uy and dj =
s, (1, 1, -+, 1). Its explicit form is

A(L)
[Tt
with ¢ = diag(€y, ..., £y) where we recall that ¢; = X; + N —i.

A proof of formula (13) can be easily deduced from proposition 1.4.2 of [2]

(see also exercise 3 p.84 therein) whereas the explicit expression of d; given in
(14) appears in [24].

d, = , (14)

As a consequence, with the notations introduced above,
1
/SA(UCD(M)U*AN)dmN(U) = d_sk(Q(M))sk(AN)- (15)
2

Combining equations (12) and (15), since d M is invariant under the action of
the unitary group, we can rewrite our partition function

1
ZN(@)(X) =cy Y o SHANS(BN)
s

N

/AN s (@) T AMP [[dM;. (16)
RueX i=1

where HzN:1 dM; is the product Lebesgue measure on RY and ¢y some nor-
malizing constant, only depending on N.

3. Relation between Schur polynomials and spherical integrals
‘We can now recall the following determinantal formula for s, , that can be found
for example in corollary 4.6.2 of [22]:

Z.
det(xij)i,j

Ax) an

s(x) =

where A is the VanderMonde determinant, x = (x;)1g;<n and £ is the tableau
associated to A (thatistosay £; =A; + N — jforl < j < N).
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‘We then use a formula due to Harish-Chandra (see [18]): if Cy and Dy are two
N x N matrices whose eigenvalues C (i) and Dy (j) are distinct, we have that

det(exp NCn (i) Dn ()i, j
A(CN)A(Dy)

This last equation together with the determinantal formula (17) allows us to
rewrite for any M € Hy (C) with non-negative distinct eigenvalues:

My =1y (togm. L) a (L) 2002 M) 19
su(M) = N(Og ’N) <N)W’ (19)

INn(Cn, Dy) =

(18)

Note that under the measure e’%trM 2a’ M, the eigenvalues of the matrix M are
almost surely distinct, and therefore so are the eigenvalues of the two matrices
® (M) and log (M) by Hypothesis 2.3. Note however that (19) extends readily
to any non-negative matrix by extending by continuity the definition

AlogM) 5 st
AM) ’

with s as defined in (5).
From (19), we conclude that there exists a constant cy depending only on N
such that,

14
Zy(@)(X) = ey ) s (AN)si(BN) x f L In (1og<1>(M),ﬁ)
A

€

BAOOWN) o 40 [
awany SO0 T

i=1

which completes the proof of Theorem 3 except from formula (9) which is
easily obtained by dividing ® by its norm before beginning the expansion.

It is also easy to deduce from equations (14), (16) and (19) above and from

Selberg formula (see for example (25) in [1]) that we have indeed cy =
N(N+1)

2rN) 7
N!

O

3. Large deviations estimates for the empirical distribution
of Young tableaux following the distribution IT"V

The object of this section is to prove Theorem 2.

Throughout this section, we fix (F, ¢, (Ay, Bn)n>0, a, D) satisfying Hypothesis 1.
From the definition (3) and following (19), we get that ITV is the positive

measure given, for any measurable subset M of P(R™), by :

. R . ¢ a+b ¢
HN(M) _ e§N2sN(uﬁ()+§N2sN(M2’) Z A (ﬁ) In <log A, ﬁ)
raNeM

b
x Iy (10g By, %) eNzF(‘liv)szf"(x)d’lﬁv(x)

a
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where
eNTZSN(IlZ) — A(log(An)) .
A(Ay)

Let us denote, for any measurable subset M of PERY), 1Y the non-negative mea-
sure

. ¢ a+b ¢ a
fiv (M) = ; Lo eur (ﬁ) In <log v, N)
¢ b
e <log By —) (N E@Y)=N? [ el o)
. .

We shall prove in this section a large deviation principle for (IT"V)ycn with rate
function H which, using the notations of Definition 2, is infinite on £¢ and otherwise
given by

~ b
H(v):/c(x)dv(x) — %2(\)) — F(v) —al(logy wa,v) —bl(logy wg, v),

(20)

I being in fact the limit of N =2 log Iy whose existence and description is discussed
in Lemma 1.

Theorem 4. (I1V) N>0 satisfies large deviation bounds with rate function H . More
precisely,
1. {ve PRY) : HWw) < M} is compact for all M < oo.
2. For any closed set F € P(RY),
1 - -
lim sup — log [TV (F) < —inf{H (v), v € F}
N—o00 N

3. For any open set O € P(R™),
1 - ~
l}vnl)iglof ) log HN(O) > —inf{H(v),v € O}
Theorem 2 is easily deduced from Theorem 4 since, with s defined in (5),
. 2
SN(R) = ~3 D S(Ai A)). @1)
i<j

Hence, since s is a bounded continuous function on [, 112, we deduce (see Lemma
7.3.12 in [4]) that, as /SLX converges to it 4,

lim Sy(i)) = S(ia)
N—o00

and similarly for By.

The proof of Theorem 4 is heuristically simple since it amounts to perform a
Laplace method and notice that the uniform measure on Young shape will not pro-
duce any entropy on the scale N2 (see Lemma 4). On a rigorous ground, it becomes
a bit technical, for mainly the two following reasons :
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— The distribution of ﬂiv is discrete so that the arguments developed in [1] to obtain
large deviation principles in similar scales and potentials have to be adapted. In
particular, the discrete nature of the Young tableaux implies that H is infinite on
L€ (with £ as defined in Definition-Notation 2).

— More cumbersome is the fact that the natural space where the empirical mea-
sure of the Young tableaux lives is Pj(R") := {v € P(R™) : [ xdv(x) < oo}.
Hence, all the limiting spherical integrals appearing are of the type I (i, v) with
in the set P (R) of compactly supported probability measures but v € Py (R™).
Such limits were not proved to exist in [10] (where v(x?) < oo was assumed),
the formula obtained in [10] is not valid, and continuity statements for / are
lacking a priori.

The proof nevertheless follows the usual scheme :

1. In subsection 3.1 we study the rate function and prove that its level sets are
compact.

2. In subsection 3.2 we show that the family of measures (IT"V) vy is exponen-
tially tight. More precisely, if we let K be the compact subset

K = {v e PRY): /xdv(x) < L}

we prove that

1 -

lim sup lim sup V2 log TTV (K$) = —o0.
L—-oo N—oo

3. In subsection 3.3 we prove the upper bound for arbitrarily small balls, i.e if d

is a metric on P(R) compatible with the weak topology such as the Dudley’s

metric d given by
[ ran~ [ rav

where the supremum is taken over all Lipschitz functions f with Lipschitz
norm less than 1 (note that this distance is compatible with the weak topology),
and if we set

d(u,v) = sup

3

B(v,8) = {u € P(R):d(u.v) < 8}
we show that for any v € U .nKp,
1 - -
lim sup lim sup v log [TV (B(v, 8)) < —H(v).
§—00 N—o00

4. In subsection 3.4 we prove the lower bound for arbitrarily small balls, i.e that
forany v € Uy NKp,

U T )
ll(sn_l)gfl}vnl)lgofmlogl'[ (B(v,8)) > —H(v).

By Theorem 4.1.11 in [4], the above results prove Theorem 4.
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3.1. Study of H

We begin this section by describing more precisely the function / as the limit of
spherical integrals. Then, we show that H has compact level sets.

3.1.1. Definition and properties of I

Let us remind that it was proved in Theorem 1.1 of [10] that

1
1 = lim —logIn(Dy, E 22
(wp. pp) = lim 2 log N(Dn, En) (22)

exists for all sequences of diagonal matrices (Dy, En)nen With spectral mea-
sures converging towards wup and pup respectively and such that
supy |[Dn||nv and supy /12-] (x2) are finite. A formula for / is given in [10] when
either X (ug) or X (u p) are finite. If they are not, the limit still exists since spherical
integrals are uniformly continuous (see Lemma 1.4 below) and the measures with
finite X are dense, but its formula is far from being clear (see a discussion in [11]).
However, let us remark that since the spherical integrals under consideration are
always bounded, the rate function H (v) is infinite unless v has finite entropy X (see
(33)) so that we can always use the formula given in [10] when f x2dv(x) < oo.

Since H (v) is infinite if fxdv(x) = 400 (see (32)) and 4 and up are sup-
posed to be supported on [e, 1], it is enough to extend the definition of 7 (u, v) to
compactly supported measures p with support in R~ but v € P;(RT). We shall
prove

Lemma 1. Let R € R" and p be a probability measure on [—R,0] and v €
P1(RT). Then

1. Let pp(x) = x ANM. The sequence I (i, (¢p)#Vv) is well defined and decreases
towards a limit

I(p,v) == lim I(w, (pm)#v).
M—o00
Moreover, for any M > 0,
I(, (Pm)#v) — Rv(x — dm(x)) < I(w, v) < I (1, (Pm)#v).
2. Let PRR) = {u € PR) : u([—R, RI°) = 0} and PyRT) ={n e PR :
w(|x|9) < R}. Then there exists a function (8, R) such that for any R < oo,
k (8, R) goes to zero as § goes to zero and for any (u, u') € PR(R) any
(v, V) € Po(R), such that d(u, u') +dv,v') <,
(. v) = I, )| < k(8. R).
3. Forany u € P(R™) and v € P{(RT),

nx)v(x) < I(u,v) <0.
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4. For any sequence (Dy, En) of diagonal Hermitian matrices with Dy < 0 and
Ey >0, forany M € RY,

Iy(Dy, ¢M(EN))e_N||DNHNtr(EN_¢M(EN))
< IN(Dn, En) < IN(DN, ou(EN)). (23)
Moreover there exists a function g : [0, 1] x Rt — RT, depending on the

limiting measures (L g, up only, such that g(5, M) goes to zero as § does for
any M € R, and so that

1 1 In(Dy, ¢M(EN))

— S, M 24
N2 " T D puEny | = £ .

for any N € N and any diagonal matrices (Dy, Ey, f)N, EN) such that
Ey, En are non-negative and

d(py. A3 ) +dGg,. iy ) <8, @ (%) +af @) <M.

Proof. e We first prove the last point. If we denote Dy = diag(dy, - -- , dy) and
Ey = diag(ey, -, en),

In(Dy, Ey) = / eNUPNUENUD gy (U)
Z/ VR el g ()

< /eNZ{Yj:]d[¢M(e_/)|uij‘zdmN(U)

where we used that d; < 0. The opposite inequality of (23) is also trivial since

In(Dy. Ex) > eNIPNlI Zyzl(e,-—m(e,-))/eszY,-ZId,-qu(ej)wi,-\zdmN(U)
— e_N||DN||Ntr(EN—¢M(EN))IN(DN’ du(EN))

The continuity statement (24) is a direct consequence of Lemma 5.1 in [10] since
¢m(Ey) is uniformly bounded by M and d((¢pp)am, (da)sp’) < d(u, u') for
any u, u' € P(R).

e We can now prove the first point. From (23), we deduce that forany M € R™,
any Ey > 0 with spectral measure converging towards pg and any sequence
of bounded non-positive diagonal matrices Dy with spectral measure converging
towards wp

lim sup log INn(Dy, Exy) < lim sup log INn(Dy, ¢p(EN))

N—o0 N—oo

= I(up, (¢M)#ME): (25)
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where the last equality comes from the observation that (¢ (Dy), En) are uni-
formly bounded by hypothesis so that the convergence holds by Theorem 1.1 in
[10]. With wg = (¢p)4v for some L > M and Ey chosen so that /lgN(lx| >
L) = 0, the left hand side of (25) converges towards I (up, (¢1)#v) showing that
M — I(up, (pum)#1E) is non-increasing. Hence, it converges towards some limit
(maybe infinite at this stage). Now, we choose a special sequence (Ey)yeN such
that

1
ngnoo Ntr(EN —¢m(EN)) = nE(x — dp(X)).

We can construct it as follows ; assume first that p g has no atoms and set

1
Ei N = inf {X / ne((=o0, x]) = N——I—l}

E; = inf > E; Ein, = .
i+1,N {X iN /| MEW(E;N,x]) Nt 1}

E ~N 1 N
Then it is not hard to see that i, = & > ;1 0E, , converges towards ug. More-
over,

Ay (6 = $u(x) Y. (Eiy—=M)

iWN=M

1
N E
N +1

s— 2 Eiv—Mue(Eiy, Eivin

Ein>M
N+1
N

IA

me((x = M)li=p).

If ;g has atoms, we consider a finite collection of atoms {ay, - - - , ax} such that
each of the remaining atoms has mass smaller than (N + 1)~!. Then, Ey has
INug({a;})] eigenvalues equal to a; for 1 < i < K. The remaining eigenvalues
are chosen as above.

Inequality (23) yields with this choice

1 i
~2 o2 In(Dy, Ex) = In(Dw, du (En))e NNFDsupn 1Dy pr (=M Lezpr)

and therefore

1
lim inf — log Iy (Dy, E
iminf 5 log Iy (Dy., E)

> —sup||DnlInpwe((x — M)1y>m) + I (up, (Pa)sie)  (26)
N
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(25) and (26) shows that for such a sequence

—sup||Dn|Inpue((x — M)1y>p) + 1 (p, (dm)#mE)
N

<l 'fll IN(Dn, En)
iminf —

_N—>ooN20gN N, EN
. 1

< hmsupmlogIN(DN, Eyn)
N—o0

<I1(up, LE) 27

This completes the proof of the first point.
e The second point is a direct consequence of the fourth too. Indeed, let
(i, 1, v, V') be such that

d(m, 1)y +dw,v') < 8.

Then, we choose a sequence (Dy, Ey) (resp. (b N E ~)) of matrices with spectral
measure converging towards (i, v) (resp. (u’, v')) such that

max{d(fy, . 1) d(@y . u), d(@g,. v).d(ig v} <3

which implies
AN AN AN AN
d(uDN,,u[)N) < 28, d(MEN’MEN) < 26

so that 4. implies, by taking the limit as N goes to infinity (here M = R), that
[ (e, v) — 11,V < (28, R).

e In point 3., the upper bound on ! is trivial and the lower bound comes from
Jensen’s inequality which yields

In(Dy, En)

f N Xijo eidluij ‘zdmN(U)

= NN ioied; [uijlPdmyU)

N 24N AN
— ezi.j:l eidj :eN MEN(X)MDN(X)

The result is then obtained by letting N go to infinity. O

3.1.2. H has compact level sets

In this section, we prove Theorem 4.1 by proving first that H is lower semi-conti-
nuous and then that its level sets are compact.

e H is lower semi-continuous, i.e {v € P(R") : H(v) < M} is closed for any
M € R™. We recall that £ is the set of probability measures which are absolutely
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continuous with respect to Lebesgue measure and with density bounded by one. If
we introduce the function H given by

N b
H() ::/c(x)dv(x)—%E(u)—F(v)—al(log#uA,v)—bl(log#ug,v),

forallv e P(RT) (I:I coincides with H on £ but is not necessarily infinite outside
L), then we have that {H < M} = EO{I:I < M}. We first check that £ is closed and
then show that H is lower semi-continuous, these two points proving that {H < M}
is closed.
To show that £ is closed, take a sequence (v,),cN of measures in £ converging
weakly to a measure v. For any ¢ and d, the function 1;. 4 is upper semi-continuous
so that
|d — c¢| = limsup v, ([c, d]) = v([c, d]).
n—oo

so that v isin L.

We now show that H is a supremum of continuous functions which we define
as follows: we let, with ¢y (x) = x A M for M > 0 as in Lemma 1, and for
v e PR,

HM(v) := —al (logy jua, (par)#v) — bl (logy g, (dar)sv)

+ //g(x, y) A Mdv(x)dv(y) — F(v)
with

. a+b ) _1 1 1 28
glx,y) = 5 oglx — yl +§c(x)+§c(y) (28)

We claim that for any finite M, HM is continuous on P(R™). Indeed, by Lemma
1.2,for C = Aor B,v € P(R") > I(logy iac, (¢m)#v) € R is continuous since
logy puc is compactly supported by Hypothesis 2.1. Moreover, one checks that g is
bounded below and continuous except when on the diagonal {x = y} where it goes
to infinity. Consequently, g A M is a bounded continuous function on R%. Thus
w— [[gx,y) A Mdu(x)du(x) is bounded continuous.

This last argument finishes to prove that HM is a continuous function on P(R™).
To deduce that H is lower semi-continuous, it is therefore enough to prove that

H(®) = sup {HM (v)}. (29)
M=>0

But this is straightforward since monotone convergence theorem asserts that for
any f bounded below

Alllgo// fO, ) AMdu(x)du(y) =/ S, ydux)du(y)

and by Lemma 1.1, I (i, (¢ar)#v) decreases towards its limit 7 (i, v).
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e As a consequence of the last point, forany M > 0, {v € P(RT) : H(v) < M)
is closed. We now check that it is compact by showing that it is contained in a com-
pact set. In fact, by Lemma 1.3,

HQ) = // g(x, y)dv(x)dv(y) — sup F(v) (30)
veP(RT)

and one checks that, by Hypothesis 1.2, there exists a finite constant C and p > 0
such that for any (x, y) € (RT)?

gy = x4+ 2yt c 31)
27 T2
yielding with (30) that forany M € RY,if C' = C — sup,epr+ F ),
(ve P®RY): Hv) < M)}

C {\J e P(RM) : /xdv(x) < %(M— C’)} =Kum,p. (32)

Since Ky, is a compact subset of P(R™), the proof is complete.

Note that since [ g(x, y)dv(x)dv(y) = [ c(x)dv(x) — Z(v) and ¢ is bounded
below, we also see from (30) that there exists a finite constant L such that for all
M >0

weP®RNH:HW) <M)Cc{veP®R"):Z(w)>-M+L}). (33
3.2. TIV is exponentially tight

The goal of this section is to prove that

Lemma 2. 11V is exponentially tight, and more precisely if we set

Kr = {v e P(RM) : /xdv(x) < L},

then

1 ~ .
lim sup lim sup V2 log IV (K$) = —o0.
L—oo N—oo

Proof. Since the spherical integrals under consideration are uniformly bounded
above by one and F is uniformly bounded by a constant || F|| o,

Y (x) < eVIIFll 3 oV Lipy 8RGO ()
raaNex

Choosing X = K¢, we get by (31) that

a+b
SN e N2||F||w+N%C —N2p [xdpN ¢
Y (K5) < N IFll szlﬁﬁzeqe p [ xdii; () A (ﬁ) (34)
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It remains to consider the sums over Young shapes. Let us recall that

LN LAV
AN _ o P -2
wy (x) = N2 ;_] L= N E <_N _N> +1 <Ny +1

i=1
where |A|y = ZisN A;. Therefore, for any L > 0,

‘)Ll E a+b Ml E a+b
z (i) E, ()

i (D=L AAIN=NA(L-1)

1 N2 1 AN
< e 1PN?(L-D) Z e 2PMA [ = )
- N

MMy N2(L=1)

For any j,

[

j<i

therefore, for any shape,

AL . o1 b 2
A (ﬁ) e 2PIA < e<a+b)2_,~(N71)10gW7Npﬁ < eN°C

"

)

where C” = sup, {(a + b)logx — A—I‘px} — %_

Now the number of Young shapes A such that |A|y = m is bounded by CN so that
we conclude

¢ a+b
Ze—ﬁl)u\A <ﬁ) 35)

MIAINZNZ(L—1)

1
SeNzcef%pNz(Lfl)m Zm(m— 1)...(m_N+1)e*%pm’

" m=N2(L-1)
N2C 7le2(L71)L Nlogm ,—pm
<e e 2 | Ze e
m>N2(L—1)
< ¢~ 2PN (L-1) (36)

where in the last line § is any positive number and the inequality holds as soon as
N and L are big enough. Equations (34) and (36) give Lemma 2. O
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3.3. (1Y) N>0 satisfies a weak large deviation upper bound

In this section, we shall prove the following

Lemma 3. 1:1111 satisfies a weak large deviation upper bound in the scale N* with
rate function H i.e for any v € P(R™),

1
lim sup lim sup — log Y BWw,8) < —H®). 37
§—~0 N—oo

Proof. e We first prove that for any € > 0, if v is such that there exists two positive
real numbers o and 8 (@ < B) such that v([e, B]) = (1 4+ €)(B — @), then,

1
lim sup lim sup — log VB, 8) = — (38)
§—0 N—oo N?
which implies that for all v € L€,
1
lim sup lim sup — log Y (B(v, 8)) = (39
§—-0 N—oo N2

The main remark is that, for any shape A, as the ¢; are (strictly) decreasing we have
that, for any ¢ < d,

N ([e d])—iu i‘ﬁe[c d] <1<LN(d—c)J+1>
MACAV=N N Y =N
=(1+5)@-o, (40)
- 2

where the last inequality holds for N large enough.
Let be n > 0 and consider the function f : R — R such that

0, ifx<a—norx >pB+n,
ifa <x <8,

nlx—a+n), fa—n<x<a,

i —x+B+n),ifB<x<p+n.

fx) =

Note that the Lipschitz norm of f is bounded by n~! v 1. We have, for any shape

A,
[ o= [ rany = [ anf(dv—dﬂ’v)

B+n B
+/ f(dv—dﬁﬁ“H/ fdv—dpl).
B o

Using (40), we get that, for any shape A and N large enough,

1 o
/ fdv—dpyz— / fdm———f A (=, x)dx z—<1+ )ﬁ
1 Jun 2)72
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(and the same thing for 8) and that

B B
/ Fdv — / Fap = vl B) — A (. D) 2 S8 — ),

so that, if we choose n = %(,3 — a), we get that

_ AN _\E¢s

[ rav— [ rai = (1-5) - .

Thus, since [ fdv — [ fd/ljkv < n_ld(,&iv, v), we conclude that, if we take § <
1-3% [%(,B — oc)]z, the set B(v,8) = {A : d(,&ﬁhv, v) < &} is empty for N large

enough, which gives (38).
e We now take v € £. By lemma 1.4, forany M € RT,

. £\\* AN
(B, &) < Y 1<AN,¢M (ﬁ)) 1<BN,¢M (ﬁ»

rd(pd v)<s

£\t 2 AN 25 (AN
A <N) o= N2 [ e ()+N?FaY)

Observe that with g defined in (28), since [A| = Y A; =Y £; — Y (N — j) =
Yo, —27IN(N -1,

a+b
A ( ¢ ) N2 WY ) _ (=N [y 2y e DAY )Y 01N [ et )

we obtain

a b
nY(B,.8) <> 1 <AN, bum <£)) I (BN, du (%))

)»:d(;lﬁ\v,v)<8

Xe—zv2 Jyrzy 8O WAMARY (MR (V)N F (@) =N [ e()dfiy) (x)

o ¢ a ¢ b
<e IlA — IB —
5 o)) (o)
x ¢~ N[ 80 DAMAY (VAR ON+N2F@)=N [ ediy’ () (41
Now, following section 3.1.2, we know that all the functions appearing above are

continuous for any finite M so that for each such M we find a (8, M) going to
zero as § goes to zero so that

ﬁN(B(V, 5)) S e—Nz([—}M(U)+K<5,M))eN(M+C) Z e*pryd,&;\V(y) (42)

A:d(/lgv,v)<8

where we used again (31). By Lemma 4 stated below, the last entropy term will not
contribute in the scale N2.
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By (42), and lemma 4 we conclude that, for all M > 0,

. 1 - N

lim sup v log [TV (B(v, 8)) < —HM (v) 4+ (8, M).
N—o00

Letting § going to zero and then M going to infinity (since we saw in section 3.1.2

that HM converges towards H) gives (37) in the case where v € L. This together

with (39) finishes the proof of Lemma 3. O

As announced above, we have now to prove :

Lemma 4.

1
N log]j{)\/d(/uc)\ ,V) <8} > Nooo 0,

Proof. We first show a lower bound for the number of tableaux A whose emplrlcal
measure is such that, for a given € > 0 and a given v € P(R"), d (% Z j=1 8¢ W’ V)
<e.

As this number is an integer, we just need to show that this set is non-empty. This is
true thanks to two facts : first the set {v} is tight so that we choose a convex compact
K such that v(K) > 1 — % and then the set P(K) of all probability measures on
K endowed with the weak topology is a compact in the locally convex space of
measures with mass less than 1, so that the Krein-Milman theorem tells us that
P(K) is the closure of the convex envelope of its extremal points, which are the
Dirac measures. We have the approximation announced above : for € > 0, there
exists an integer N (¢) and some real number that we order aj ye) > a2, n(e) > - ..
such that d (% Z?/:] Sajn» V) < §. Then for each j between 1 and N, we choose

for £; the integer for which %’ is the closest from a; y. This gives us that, for N
large enough

rd 25,1 <ep > 1.

N

For the upper bound, we first find a compactly supported measure v’ (with support
K = [0, M]) such that d(v, v") < 5. This gives us that

(/@) ) < ey < {r/d@ vy <35}
Let us consider the function f> given by

0, ifx <M
hx)y=3{x—-—M,ifM <x <M+ 2Ne
2Ne ifx > M +2Ne.

J2 is abounded Lipschitz function whose Lipschitz norm is bounded by 1 and such
that [ fodv’ = 0. But, if there exists an ¢; greater or equal 2N 2¢ + NM then

% ZZN=1 f (%’) > 2e > 35, so that we have the inclusion

Jd(@l,v) < e} C {r/V], £; <2N%*e + NM)
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and we get the upper bound as we know that
#{a/¥], £j <2N%*e + NM} < 2N%e + NM)V.

Upper and lower bound together give the result announced in Lemma 4. O
34. (l:IN )N>0 satisfies a large deviation lower bound

In this part we show that

Lemma 5. TV satisfies a large deviation lower bound, i.e for any v € P(R™),
1 . ~
lim inf lim inf — log IV (B(v, 8)) = —H (v).
gt inf 7 log 1Y (B0.9) 2 A

Proof. To prove this lower bound, we follow [1] and consider discrete approxima-
tions of the probability measures v € {H < oo} as follows. First note that H < oo
implies that for any o < B, v([a, B]) < (B — @).

Recall from (33) and (32) that H(v) < M implies that for some universal constant
C and p > 0,

p/xdv(x)fM—}—Cand XWw)>-M-—-C. 43)
The last condition in particular implies that v have no atoms. We now construct the

following approximations.
Recall that ¢; (x) = x A L and set vl = (¢ )#v. By Chebychev inequality,

dv,vh) < / dv<p 'L7'\M+0),
x>L

and if v is in £, so is vL.

‘We then consider

an.N
N

mf{ >ain [ vE(ain. X)) > %}, ifaiy < L
L+ + N, otherwise.

o s/ 00> |
inf {x / v=([0,x]) > —

ai—1,N

It is easy to check that since v has no atoms, for N > N(7),

N
1
d(v, NZSQI’N> <n+p'L7'M +0). (44)

i=1
Now, for N, L large enough so that the right hand sides of (44) is smaller that 27!,

<Shefalar g o) <3 e <o)

N

al

i=1

¢
2w
N i,N
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Therefore
Y (B, 8) > ¥ (ﬂ{ S| < é})
i N 2
(A (1
> 11 <Q{N_ai’]v <6}>

for any € € (0, %]. We now show that for any fixed L,

N

al

i=1

£
4
N N

el N—oo

1 - s
lim inf lim inf e log 1TV ( < e}) > —HOWh). (45)

Observe first that % Z,N: 1 84i.v is supported in [—L — 1, L + 1] so that all the sphe-
rical integrals are well defined and uniformly continuous by Lemma 1. Therefore,
we find a « (¢), going to zero with € such that for N sufficiently large,

(0l

¢
N — ai,N

< 6}) > N (@l (logy A ") +b1 (logg g v5)+F (v)—k (€))

¢ a+b N2 JaN
x Y A(ﬁ> e N Wi (46)

‘ %’ —ai N ‘<€
Notice that

a+b
YA (ﬁ) o—N? [ ctdit ()
l N

Wi—a,‘_}v‘<€

-y V2452 fly o lx—yidia (s ()= e )

4
|3 —ai.N|<€

N a+b 72 AN AN
S ¢ VISP yisd OGN [frpy log =y (AR 0)
where A is a Young shape defined by ¢; := [ Na; n].
Note that such a tableau exists, since according to the definition of the a; x’s, we

have that 1

L

N <v-(ai+1,n,aiN]) < aiN —ai+1,N,
so that

N(ain —ai+1,8) > 1,
which insures that £; — £;4; > 1 and so A; > A;4 for all i € N. Note that
|Z—A", —ainN| < % is smaller than € for N large enough.
Furthermore, we also get the estimate

¢
aji+1,N = N <a;N-
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Therefore, for i, j such thati < j — 1, we have the lower bound
Zi £

N N _}atN_a] 1,N

so that

£ \a+b N2 dnN 2 1 al
ZA<N> N e () 5 CXP(N <_ﬁ ;(c(aj,zv) +C(L,$))
|*—ai,N‘<5 -

l+1 i

a+b 1
e T i+ G T

where C (L, §) is going to zero as § goes to infinity for any given L. With our choice
of the aj n’s, we have that

N
.1 L
]=
and
| N
N2 > loglain —ajyinl+ 55 N2 Zlog lai,n — ai+1,N]

i<j
L :
Z log lai n — aj1.n IV @ vi(ain < x <aipin: ajn <y <ajiiw)
1<I<j<N-1

> log |x — yldv* (x)dv" () 47

/tll,N<X<}’<dN,N

Let’s turn our attention to the last term : for any choice of the ¢;’s, as the ¢; are
distinct integers, the difference of a pair of them is at least 1, so that we have

[\ N-1
z | = ,
()

z+1 Ki

N—1

[T

i=1

N N

biyi i

which gives

lim 1nf — log Z log =0.

N—oo

Putting everything together, we can conclude,

1 ¢ a+b V2 JaN

lim inf lim inf — log E A (_> o~ N [e)d g (x)

€l0 N—ooo N2 N
\*—ai,N|<6

> 272 er byl — f c(x)dvl (x)
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(47) and (46) prove (45). To finish the proof , we take the supremum over L to
obtain the lower bound thanks to Lemma 1.2 and monotone convergence theorem.
O

4. Laplace method for Zy (®)(X)

Let ,ug be the measure on P(R) given, for any measurable set X of P(R), by

oo Za(@)(X)
to ) =7 @)

The goal of this section is to prove a large deviation theorem for ug .
We first need some definitions.

Definition 1. With £ and ¥ as defined in Definition 2 and pg given by (7), we let

_I(IOg# MA, U) - I(IOg# “B, U) - E(U) + Pd- f'XdU(x)7 lf]) € L’
+00 otherwise,

Go(v) = {

and if W = |||},

—1(log Wypt, v) — 3S(Wsp) — B(w) + 5 [ x*dp(x), if v € L,

Jo(v, u) == {—i—oo otherwise,

with I as defined in Lemma 1. The rate function governing our large deviation
principle is then given, for u € P(R), by

lo(n) == inf (Go(v) + Jo(v,n))— inf inf  (Go(V) + Jo(V', 1))
veP(R+) WePR) v'eP(R+)

To prove the large deviation principle, we shall make the following additional
hypothesis

Hypothesis 3.
The cut-off function ® is bounded below :

de >0s.1r.VxeR, d(x)>e. (48)

The two sequences of matrices (AN)NeN and (By) yeN and their spectral measures
WAy and ), are such that

o there exists an o > 0 so that for all N, Ay and By are bounded below by 1.
Hence, with K the compact set [a, 1], supp fia, C K and supp fig, C K.

o [y and [LBN converge weakly respectively to L4 and (Lp.

We shall then prove that
Theorem 5. Under Hypotheses 2 and 3,

1. I is a good rate function on P(R), i.e. I¢ is non-negative and forany M € R,
{vePR): Io(v) < M} is compact.
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2. (,ug YveN satisfies a large deviation principle in the scale N* with good rate
function Iy, i.e
e For any closed subset F of P(R),

1

lim sup—logMN(F) < —inf Iy,
N—o00 N? @ F

e For any open subset O of P(R),
li 'f11 N0) > —inf I
minf — lo —inf Ip.
}V—}oo N2 Eho - 10 @

3. Under Hypothesis 3, S(ﬂ%N) (resp. S(;lg]N)) converges towards S(p4) (resp.
S(up)), and

. 1 Zn (D) . .
1 — 1 = — f f J s
Ngnoo N2 o8 Zn(0) MEI%(R) vE713n(R+) Go() + Jo v, 1)

1 1 1
+ ES(IJ«A) + ES(MB) + E,Ofb-

The proof of this theorem is deduced from a large deviation principle obtained for
the law of the couple (Y, A%, given by the Gibbs measure defined, for X =
(X1, X2) C P(RY) x P(R), by

nyx) =

Y s ANS(BNZN (W, W) (Xp)e M (49)

Zn(®) &
ALy €X

that we can formulate as follows :

Theorem 6.

1. For (v, n) € P(RT) x P(R), we set

+o00 ifv ¢ Lor [x*dp(x) = +o0,
Zo, pn) == Jo, u) + Go(v)
—inf nep®yxP®{Jo (V. 1) + Go (V')} otherwise.

Then Ly is a good rate function.
2. (Hg)NeN satisfies a full large deviation principle in the scale N* with rate
function L.

Theorem 5.1 and .2 are direct consequences of Theorem 6 and the contraction
principle since the application (v, u) € PRT) x P(R) — v € P(R) is clearly
continuous.

Proof of Theorem 6: This proof follows rather closely that of Theorem 4. Let us
briefly outline it.
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1. To prove that Zy is a good rate function, we note first that it is clearly non-
negative. To show that its level sets are compact, we proceed exactly as in
section 3.1 ; Gg has compact level sets by direct application of Theorem 4.1
whereas for Jp we can proceed similarly once we notice that © — S(Wgup) is
continuous since W is bounded below by a positive constant and

1
S(Wyp) = // log (/0 (a¥(x)+ (1 - a)‘If(y))_lda> dp(x)dpu(y)

and introducing the function

1 1
j,y) =loglx —y~' + sz + Zyz,

we can treat it as g (that was introduced in (28)) to show that
n = // Jx, y)du(x)du(y) is lower semicontinuous on P(R) and infi-

nite unless fxzdu(x) and X () are finite.
Thus, we see that Zg (v, @) is infinite unless

veL, /xdv(x) < 00, X(v) > —00, /xzdu(x) < 00, %(u) > —o0.

This in particular shows that we can apply the formula for the spherical integral
obtained in [10] when f x2dv(x) < oo and hence the formula for Z¢ is explicit.
2. To prove that Hg is exponentially tight, we consider the compact set

K = {v e PRY): /xdv(x) < L} X {M e PR) : /xzdu(x) < L}.

It is not hard to bound below Z g by some estimate of order e *c (for instance
by proving the lower bound estimate as below). Then, using the fact that S(Wgu)
as well as the spherical integrals are bounded uniformly, we find a finite constant
C’ such that

N
My (K§) < eV (ﬁN<lcz>+ f AR dei).
Y xi=NL im1

Following [1] (or the arguments of section 3.2) we easily see that for sufficiently
large L

N—o0

N
. 1 _NSYN 2 1
lim supmlog/2x2>NL A(x)’e 2 D1 X | |dxi < _ZL
i= i=1

so that we can conclude again by section 3.2.

3. To prove the weak large deviation upper bound, we proceed as in section 3.3
by considering the functions g (with c¢(x) = ppx anda = b = 1) and j. We
then impose a cutoff on both functions and on the spherical integrals as in (41)
to obtain a large deviation upper bound estimate, and then proceed again by
optimizing over the cutoff.



Character expansion method for a matrix integral 567

4. For the large deviation lower bound, we restrict the sum and the integral
also to configurations contained in small neighborhoods of well chosen va-
lues (a;, n)1<i<n and (x; n)1<i<n and show convergence. This strategy works
as well in the continuous setting as can be seen in [1].

5. Study of the minimizers of Z¢

In this section, we wish to give some weak description of the minimizers of Z¢. We
have not been able to prove uniqueness of such minimizers. In [9], uniqueness of
the minimizers of the rate function was deduced from convexity arguments which
were actually lacking for instance for the g-Potts model. In fact, the spherical inte-
grals are expressed as the sum of a convex complicated function and the entropies
> which are concave. Hence, if the full rate function does not contain some term
to kill these X terms, the convexity of the full rate function becomes unclear. The
same phenomenon appears here and despite our efforts we could not overcome this
difficulty. It is unclear here whether the minimizer should be unique or not. We here
meet the additional difficulty that the formula obtained in [10] for the limit of the
spherical integral concerned the case where both probability measures had finite
covariance, which is not the case here (one of the argument has only a first moment
which is finite, even if the other one is compactly supported). In this section, we
show that the minimizers of Z¢ are compactly supported. We then characterize the
minimizers.

Proposition 1. Assume that ¥ (logy ta) > —oo, X(logy up) > —oo. Then

1. There exists a real number M > 0 such that any minimizer (v, i) € P(RT) x
P(R) of Lo satisfies supp(v) C [0, M].

2. If we additionally assume that there exists A < B in R such that for L large
enough ® satisfies

0] < inf & 50
max ®(x) < el[I:X,B] (x) (50)

[x|=L x

then there exists a real number M such that for any minimizer (v, u) € P(R*) x
P(R) of Lo, 1 satisfies supp(u) C [—M, M].

3. Lo achieves its minimal value (which is zero). Let (v, j1) be a minimizer. Then,
there exists 3 flows (pi, ui)1§i53 such that
° /Lﬁ(dx) = ,0," (x)dx is a probability measure for allt € (0,1).t € [0, 1] —
uf € P(R) is continuous.

lim M,l =logy s, lim /L,Z = logy up, lim u? = log Wupu,
t—0 t—0 t—0
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o Fori € {1,2,3}, (p',u') satisfies the Euler equation for isentropic flow
described by the equations, fort € (0, 1),

3ol (x) = =3 (o (x)ul (x)) (51)

. . . . 2 .
3 (py (X)uy (x)) = —0 <,0; ()l (x)* — %pﬁ (x)3) (52)

in the sense of distributions that for all f € Co>"°°(R x [0, 1]),

1 1
/ /a,f(t,x)duﬁ(x)dwr/ /axf(z,x)u;'(x)duﬁ(x)dz =0
0 0

and, for any f € C2>°°(Q) with Q; = {(x,1) e R x [0, 1] : pf(x) > 0},

1
f / (2u;(x)a,f(x, 1+ (u;(x)2 —p! (x)z) 3, f(x, t)) dxdt =0,
0
(53)
where CZ™°°(A) is the space of functions which are infinitely differentiable on
both variables on the open set A and compactly supported.
(p', u') are smooth in the interior of 2, which guarantees that (51) and (52)
hold everywhere in the interior_of Q. Moreover, Q; is bounded in R x [0, 1].
e Let p be the density of v and 2 = {x : p(x) > 0} Then, for any continuously
differentiable test function ¢ which is supported in the interior of L,

3
/ <,0q>x — %xz + / log |x — y|d\7(y)> 0P (x)dx = §/¢(x)u"1(x)dx.

e For any ¢ € C'(Im(log W)¢ N supp(j1)),

/ ) ze —2 f log |x - yldﬂ(y)> dx =0

To simplify, we shall assume that log W is one to one from R into its image
Im(log W). Then, ina veryweak sense of distribution, forany ¢ € C'(Im(log ¥)N
supp(fr))

_l 2 l —1 2 -1 _ -
9e(— 32+ 5 log )™ (02 =2 [ log|log W) (¥) — yldi(y)
+ [ 1ogle" ~ W] di)ar = - [ oo

If i has a density with respect to Lebesgue measure, we obtain the usual sense
of distribution in the interior of Im(log W) N supp(i1).

Note that the additional assumption X (logy ;ta) > —oo and X (logy up) > —00
allows us to use an alternative formula for / obtained in [9].
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Proof. e We first prove that for any minimizer (v, u) € P(RT) x P(R) of Zg, v is
compactly supported. In [9], such a result was obtained by going back to the matrix
model. We shall here provide a new and more elegant proof based on the idea that
if a minimizer would put mass far away from the origin, we can construct another
measure with smaller entropy Z¢ by transporting back this mass in a neighborhood
of the origin.

To do so, the only property of the spherical integral we shall use is the following :
Let v and v* in P(R™) be such that there exists a coupling 7 € P(RT x R*) of
(v,v*)suchthatr(x € ) =v(x €.), w(y €.) =v*(y €.),and

Tx <y)=1. 54)
Then, for any u € P(R™) which is compactly supported,
1O, ) < 1(v, ). (55)

This is a direct consequence of the definition of the spherical integral ; indeed,

by the above, we can construct discrete approximations (¢;,1 < i < N) and

(£f,1 <i < N) such that N1 Z,N=1 8¢ (resp. N1 vazl 8¢+ ) converges towards
v *

v (resp. v*) and ¢; < £7. Therefore, if NI Z,N=1 85, approximates u with A; <0,

it is clear that
£ £
Iy N’ Ai ) = Iy ok A

yielding (55) at the limit N — oo.
Letnow (v*, 1*) be aminimizer and v satisfying (54) belonging to £. By definition,
Zo(v, u*) = Zo(v*, u*),

and therefore by (55), since logy 14, logy up and log Wy are supported in R™,

—Z(V)+p<1>/de(X) > —E(V*)-F,ch/xdv*(X)- (56)

We shall use this inequality for a well chosen v which is a modification of v*.
We construct it as follows : recall that v* € £ implies that v*(dx) = p*(x)dx with
p* < 1. We assume that v*([0, M]) < 1 and are going to show a contradiction for
M large enough. Observe that A := f03 1 dx > 1since [;° p*(x)dx = 1.
Set for M > 3,

{rp*(x)<3}

x , OM
V=yvy = 1[O,M]"' 4+ Tl{p*gé,xe[o,ﬂ}dx’

with apr = v¥*([M, 00)).
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‘We have on one side that

—ZO*) = =Z(p.mv") + 2/ N log |x — y|~tdv*(x)dv*(y)

y>M

+/ , Joglx — v dv* () dv*(y)

y>M
> _E(I[O,M]V*)+2/ My log |.X |71dv*(x)dv*(y)
lx— )\>]
15 % "
[ oy Jog =y TNV (0)dv(y)
[x—y|>1

Using that for all @ € (0, 1] there exists a finite constant C,, such that for all x > 0,

log(1 + x) < Cyx*

we deduce
~30%) 2 ~E(owm™) —2C, [ (k= ¥l = Dyt @)dv* ()
[x=y[>1
“Ca [y 31— DY 0 0)
|x— v\>l
> =2 (ljo,av™) — 2+ OéM)Ca/ yidv*(y)
y>M
> —X(ljo,mv™) — (2 +05M)CaMa_1/ ydv*(y) (57)
y>M

where we used in the last line Chebyshev inequality.
On the other side,

—X(vy) = —E(loM]v*)-i-Z— / ()< log Ix — y| " tdydv*(x)
x<M

oM\ 2 3
+<7) /O 10"@)5%/{; 1p (y)<110g lx —y|~ ldydx

< _E(I[O,M]U*)
M 3 ]
—_ - *
/KM/O Lyey<g lx—yiztlog lx =y dyp™ (x)dx

o2 3 3 —1
+(7) fo 1p*(x)§%/0 eyt Heyizt log v — y|~dydx

< —X(ljo,mv")

OtM 1
(2—+< )/ / Lx—yj<1log|x — y|” dydx
x<4

2
< —S(ou*) +4 (z7 + (“1’;’) ) (58)
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Observe now that vy, is in £ for M large enough so that A~ ap; < 27!, Fur-
thermore, vy satisfies (54) since we have been transporting large values of the /;’s
to smaller one. Hence, we can apply (56) and together with (57), (58), it gives that

3
ay |[°
oo ([0 = 5 [ o1esen)

o o2
< (2 —i—otM)CaMa_lf ydv*(y) +4 <2_M + (_M) ) ,
y>M A

showing that for any a € (0, 1), for M large enough,

15 15
(po — (2 +an)C. M”_l)/ xdvi(x) < —ay < —— xdv*(x).
¢ x>M A AM Jiom
(9

Hence, fx>dev*(x) has to be null for M large enough so that pp — (2 +
apm)CaM™t — 12> 0.

e We now pass to the proof of the second point of the proposition. Let, with
Bu = p*([—M, M]°), for B > A,

Bm
B—A

um(dx) = 1—p mp*(dx) + Ija,Bydx

Because of our assumption, we see that if M is large enough and [A, B] chosen so
that

inf &> sup P
[A,B] [-M,M]¢

for any v € P(R™),
I(log Wypp, v) > I(log Wyu™, v).

Hence, when (u*, v*) minimize Zg, we obtain

1 1
=T+ f x%dpt(x) — 5 S (st

1 1
< =T + 3 / x2dpy (x) — 5S(Wsitn)  (60)

Arguing as above, we find that, for any a € (0, 2), there exists a finite constant C,
such that

T(u*) — S(y) < CoM*™? f x%dpt(x) (61)

—S(Wypm) + S(Wyp™) < CBu (62)
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where we observed in the last line that W was bounded uniformly above and below.
Hence, we get

1
(E — CaM“2> / x2dp*(x) < C'Bu < C/M*2/ x2dpt(x)  (63)
x>M x>M

where C’ = C + B?. This is again a contradiction for sufficiently large M.

e We finally study the characterization of the minimizers. In [9], the character-
ization was done by going back to the matrix model description. We shall here tackle
this problem by a direct study of the rate function. Note that by point 1., any mini-
mizers (v, 1) is such that v is compactly supported. Moreover log Wi i, logy 114
and logy up are also compactly supported by our hypotheses so that we can apply
Property 2.2 in [9] which says that if 1, v are two probability measures with finite
covariance and such that X (u) > —oo, X (v) > —o0,

1 . 1 2 2
o ==3 il (S(0w) - (B +20) = n6?) = v(?) + ¢
(64)

where

1 2 1
S(p,u) = / / u,(x)zp,(x)dxdt—i—% / f i (x)3dxdt,
0 0

Clu, v) = {,0_ e L'(dxd), / pr(x)dx =1 Vi € [0, 1], lim py(x)dx = w,
th—r>nl Pr(x)dx = v, 8 pr(x) + 35 (pr (X)uts (x)) = 0},

where the last equality is to be understood in the sense of distributions. It was shown
in [9] that the infimum defining [ is achieved at a unique (u*, p*) € C(u, v) which
is described by an isentropic Euler equation with negative pressure p(p) = — ”72 0.
In (64), c is some universal constant. Since Zg (1, v) < oo implies that X (u) >
—00, £(v) > —oo and pu(x2) < oo, for any v € P(R™) such that v(x2) < 00, we
can apply (64) to obtain

Touv) = inf 1%3«' N4 IR0 - DG + S
o(u,v) =  inf = phou') + =2 () — () + = (Wyu
(o' ,ul)eC (i ,v))1<i<3 2 — 2 2

1 2 2 3 2
+§M(—10g‘I’(X) +x°) — EV(x )+pq>V(x)+K(MA,MB)}

= inf E((pi,u")lgga,v,u), (65)
((p",u)eC(p!,v))1<i<3
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where ! = logy 14, u? = logy g, w = log Wyt and K (iea, ;p) is a constant
depending only on 14 and up .

‘We now consider a minimizer ((ﬁi, ﬁi)15i53, w,V)of EinQ:={vel,uc
PR), (5',it')1<i<3 € C(logy wa, v) x C(logy jp, v) x C(log Weu, v)}. We can
follow the ideas of [9], Property 2.9, to perturbe this minimizer with respect to the
source to see that (i', p')1<;<3 satisfies for any test functions ¢ such that

2
L(¢) = Z/ /(|3t;15((tl a2l )d dt+Z sup

i=1 tE(O 1)

3@’ (t, x)
pi(t, x)

‘ e¢]

/ (p¢x — %ﬁ) 3 (1, x)dx — %fx23x¢)3(0, x)dx + %/xzaxw(x)dx
+// log [x — y|dv(y)3x¢ (1, x)dx — 2[/ log [x — ylda(y)dx ¥ (x)dx

+ / / log |e* — €| d log Wi (y)dx¢> (0, x)dx (66)

3 1
+%; f fo [—28,¢" (¢, x)it' (¢, x) — (@' (1, x))*x @' (¢, x) (67)

+72(p (1, x))*0,¢' (¢, x)|dxdt = 0.

Applying this result with ¢ (0, x) = ¢’ (1, x) = 0 shows that (it’, p')1<; <3 satisfies
the Euler equation for isentropic flow described in the proposition.

We now turn to the boundary conditions expressed in the last two points of
Proposition 1. We obtain a stronger result than in [9] where similar equations were
obtained only under a differential form (i.e equations were obtained for the Hilbert
transform rather than for its primitive). To characterize these equations, we will
try to regularize the densities p’ (z, .). We remark that by Property 2.8 in [9], since
v and [t are compactly supported under our hypothesis, we can find sequences of
potentials (€', e > 0,1 <i <3)in C (R x [0, 1]) such that if we set

ol(t, x) := = (max{d,;h (1, x) + 471 (8 hS (1, X)), 0?2

then for any € > 0,

€,i 2
/(ﬁi(t’x)_axw> Bl (1, x)dxdt
22 [l ‘ _ ., |
+?/0 f('al(t’x)—Pé(f,X)) (ﬁl(t,x)—kpé([,x))dxdt

1
+n2/ /|8,h5”(t,x)+4_1(8xh€”(t,x))2 w2 pl(t, x)?|p' (¢, x)dxdt < e.
0
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From this result, we deduce that

1
/ / (=200 (1, XV (1, ) — (@ (1, 3))0:0 (2, x)
0

sup
1<i<3

+72(5 (1, x)) 09! (¢, x)dxdt
1
- / f [0 1,0 1,30 = Z@ehST (1,000 0, )
0

+ 2 (pk(t, x))?0,¢" (¢, x)|dxdt| < Cppyv/e

with C(L(¢)) < oo when L(¢) < oo. Moreover, since 2"¢ € C11 (R x [0, 1]), we
can integrate by part so that

1
‘ / / [0, (1, )3 (1, x) — 4~ (@eh® (1, X)) 20, (1, )
0

1

+ 7 (0L (1, X)) * 0’ (1, x)]dxdt — 2 [ / he”‘axqs"dx} < C'(L($)Ve

0

‘We now can define in the sense of distribution

/Hiaxd)idx = —/uﬁd)idx

and by letting € going to zero we get that

/ [—28,¢" (1, )" (t, x)— (@1 (t, x))*0xp' (¢, x) +72(p' (¢, x))* B, @' (¢, x)|dxdt

1
=2 [/ H§8x¢idx:| :
0

Thus, we have proved that we can rewrite (66) under the form

/ (,Oq>x — §x2> 3 (1, x)dx — %/x28x¢3(0, x)dx + %/xzaxl//(x)dx
+// log [x — y|dv(y)dx¢ (1, x)dx — 2[/ log [x — ylda(y)dx ¥ (x)dx

+// log [W(x) — W(y)|din(y)dsy (x)dx
3

+Z (/ 8, (1, x)dx — / H68x¢i(0,x)dx> =0 (68)
i=1

From that we can deduce the boundary conditions we are seeking for.
As the equality (68) holds for any function d,¢ (1, x) such that L(¢) is finite, we
find that
3
- 35 - i
A(x,9) = pox — x + [ loglx = yldb(y) + 3 T (x) (69)
i=1

is constant in the sense of distribution.
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Furthermore, it is not hard to deduce from the representation of pf as a free
Brownian motion given in [9] that for ¢ close enough to one {x : ,o,i (x) =€} C{x:
po(x) > 2¢} with p the density of v with respect to Lebesgue measure. Therefore,
for any C,i function ¢ with compact support in the interior of {x : p(x) > 0},

/axd)(x)A(x, v)dx = 0.

Now only the last point of our proposition is left to establish.
The statement of the result is more obscure when dealing with i since we do not
a priori know if & has a density with respect to Lebesgue measure. What we get
from (68) is that :

For any ¢ € Cg (Im(log W)€ N supp(ir))

/hﬂmm<§ﬁ—2/kgu—yuﬂogdx=o

ie %xz —2 [log|x — yldi(y) is constant outside of the image Im(log ¥) of log W.
Inside Im(log W), if we assume that log W is one to one from R onto its image,
we have that

1 1
B(x, i) = —Ex2 + 5 (log v )? - 2/10g |(log W) ™! (x) — yld/2(y)
+/mga—wwwmw—%u>

is constant in the weak sense of distribution that is its integral with respect to
9,93 (x, 0) vanishes. If /i has a density with respect to Lebesgue measure, we find
that B(x, i) is constant in the sense of distribution inside {x : ‘;—’; # 0} as above,
but it is not clear that a ¢> # 0 indeed exists in general ! O

6. Conclusion and remarks

In this paper, we studied the asymptotics of the model given by the partition func-
tion (1). In the course of doing so, we adapted the techniques of [1] to study large
deviations of the profiles of Young tableaux with a density given by a Vandermonde
determinant and Schur polynomial functions (see Theorem 2). We believe that these
techniques might be useful to study other problems since these kinds of distribu-
tions appear in different contexts due to their combinatorial nature. For instance,
following Migdal-Witten formula [26, 25], the partition function of two-dimen-
sional Yang Mills theory on a cylinder with gauge group U (N) is given by the
central heat kernel defined, at time t = TN !, by

T
ZN (UI, Ua; N) = Z);sk(Ul)sA(UﬁeJVCZOL)
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where Uy, U, € U(N), the sum runs over Young tableaux A and

N N N N
Cx0) =) Mhi+1=204N)=> LF=(N=D> Li+Y (N=i)i—1)

i=1

with £; = A; + N — i (see for example [8]).

S. Zelditch [27] asked us if we could study the asymptotics of
ZN(Uy, Uy; TN~YY when U, U, are not unitary but real diagonal matrices with
converging spectral distributions. Our techniques apply readily to this context and
we find

Theorem 7. Let Ay, By be two sequences of uniformly bounded matrices bounded
below by €l for some € > 0 with spectral measures converging towards |L4, ILB.
Then for any time T > 0

1 T
lim —logZy (AN, By, — | =Z , , T
Jim 5 log N( N> Bn N) (A, ug, T)
with

Z(uas wg; T) = sup| I (logy 114, v) + 1 (logy pi5, v) + Z(v)
vel

T [ L[ xa -5 Ls d
_E/X v(x)+5/)€ v(x)}+ (pa) + = (MB)_E

This theorem is a direct consequence of Theorem 2 witha = b = 1 and c(x) =
x? —x.

In addition to giving a rigorous basis to the study of such natural asymptotics,
we gave a firm ground to begin the study of other matrix models where additional
problems due for instance to signed series might appear. This step seems neces-
sary since the proofs are already rather involved. Furthermore, we developed new
arguments to study the critical points of our model based on transport of mass.

One of the weakness of our result is apparently the cut-off function @, since
the matrix integral (1) is then hard to relate with the enumeration of maps as in
[14]. Let us comment heuristically this point. Observe first that the matrix integral
(1) with @ (x) = x considered in [14] is always infinite. Indeed, for instance in the
case A = 1, we are integrating

ZN(Id)=/ RA(x)z ]_[ T VI i [1ax;
Xi € J

which is clearly infinite for all N € N*. Hence, everything should be understood
formally. The same problem a priori also arises when one considers random trian-
gulations generated by the one matrix integrals

Zn(h) = /e’\Ntr(MS)_gtr(Mz)dM
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which is clearly infinite when XA 5 0 is real. One way to bypass this problem is for
instance to consider

ZN () = /e—nNtr(M4)+ANtr(M3)—%tr(Mz)dM
which is well defined for > 0. Recall that planar maps are enumerated by
Cm) = lim & % log Zy ()l = lim_ af% 1og Zy (+. 1) 3=0,7=0-
In the physics literature, these quantities are implicitely supposed to be given by
Cn) =9} lim_ % log Zy (A, 1)15.=0,y=0-

This is fine for rather general one matrix models according to Theorem 1.1 of [6],
but this point is open in general.

Similarly, one could try to regularize the dually weighted graphs model by
considering Zy (®, g) with

Qe r(x) = +R

1+ ex?

with € > 0 and R > «/Z_l. For ||A|| and ||B]|| small enough (which we can
always assume since again only derivatives at the origin should be of interest), we
obtain by our result a limit for N~2log Zy (®, ). Assuming that the limit can
be extended analytically to R, ¢ small, we should be able to enumerate, modulo
the above ansatz of interchanging derivation and limit, the enumeration of dually
weighted graphs.

There is still a long way toward the rigorous understanding of the use of matrix
integrals for the enumeration of maps in physics but we hope that this paper provides
some useful steps in this direction.
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