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CHAPTER 1

Introduction

1.0.1. Some historical references. These lecture notes concern the study
of the asymptotics of large systems of particles in very strong mean field inter-
action and in particular the study of their fluctuations. Examples are given by
the distributions of eigenvalues of Gaussian random matrices, S-ensembles, random
tilings and discrete S-ensembles, or several random matrices. These models display
a much stronger interaction between the particles than the underlying randomness
so that classical tools from probability theory fail. Fortunately, these model have
in common that their correlators (basically moments of a large class of test func-
tions) obey an infinite system of equations that we will call the Dyson-Schwinger
equations. They are also called loop equations, Master equations or Ward identi-
ties. Dyson-Schwinger equations are usually derived from some invariance or some
symmetry of the model, for instance by some integration by parts formula. We
shall argue in these notes that even though these equations are not closed, they are
often asymptotically closed (in the limit where the dimension goes to infinity) so
that we can asymptotically solve them and deduce asymptotic expansions for the
correlators. This in turn allows to retrieve the global fluctuations of the system,
and eventually even more local information such as rigidity.

This strategy has been developed at the formal level in physics [2] for a long
time. In particular in the work of Eynard and collaborators [48, 47, 46, 15], it was
shown that if one assumes that correlators expand formally in the dimension NNV,
then the coefficients of these expansions obey the so-called topological recursion.
For instance, in [26, 27|, it was shown that assuming a formal expansion holds,
Dyson-Schwinger equations induce recurrence relations on the terms in the expan-
sion which can be solved by algebraic geometry means. These recurrence relations
can even be interpreted as topological recursion, so that the coefficients of these
expansions can be given combinatorial interpretations. In fact, it was realized in
the seminal works of t'Hooft [86] and Brézin-Parisi-Itzykson-Zuber [40] that mo-
ments of Gaussian matrices and matrix models can be interpreted as the generating
functions for maps. One way to retrieve this result is by using Dyson-Schwinger
equations and checking that asymptotically they are similar to the topological re-
cursion formulas obeyed by the enumeration of maps, as found by Tutte [90]. In
this case, one first need to analyze the limiting behavior of the system, given by
the so-called equilibrium measure or spectral curve, and then the Dyson-Schwinger
equations, that is the topological recursion, will provide the large dimension expan-
sion of the observables.

The study of the asymptotics of our large system of particles also starts with
the analysis of its limiting behaviour. I usually derive this limiting behaviour as
the minimizer of an energy functional appearing as a large deviation rate functional
[7], or in concentration of measure estimates [71], but, according to fields, people
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2 1. INTRODUCTION

can prefer to see it as the optimizer of Fekete points [79], or as the solution of
a Riemann-Hilbert problem [34]. This study often amounts to the analysis of
some equation. The same type of analysis appears in combinatorics when one
counts for example triangulations of the sphere. Indeed, it can be seen, thanks to
Tutte surgery [90], that the generating function for this enumeration satisfies some
equation. Sometimes, one can solve explicitly this equation, for instance thanks
to the quadratic method and catalytic variables [21, 24| or [53, Section 2.9]. In
our models, we will also be able to derive equations for our equilibrium measure
thanks to Dyson-Schwinger equations. But sometimes, these equations may have
several solutions, for instance in the setting of a double well potential in S-models.
The absence of uniqueness of solutions to these equations prevents the analysis of
many interesting models, such as several matrix models at low temperature. In
good cases such as the S-models, we may still get uniqueness for instance if we add
the information that the equilibrium measure minimizes a strictly convex energy.
Dyson-Schwinger equation can then be regarded as the equations satisfied by the
critical points of this energy.

The Dyson-Schwinger equations will be our key to get precise informations
on the convergence to equilibrium, such as large dimension expansion of the free
energy or fluctuations. These types of questions were attacked also in the Riemann
Hilbert problems community based on a fine study of the asymptotics of orthogonal
polynomials [51, 32, 41, 10, 23, 33]. It seems to me however that such an approach
is more rigid as it requires more technical steps and assumptions and can not apply
in such a great generality than loop equations. Yet, when it can be used, it provides
eventually more detailed information. Moreover, in certain cases, such as the case
of potentials with Fisher Hartwig singularities, Riemann Hilbert techniques could
be used but not yet loop equations [62, 35].

To study the asymptotic properties of our models we need to get one step
further than the formal approach developped in the physics litterature. In other
words, we need to show that indeed correlators can expand in the dimension up
to some error which is quantified in the large N limit and shown to go to zero.
To do so, one needs in general a priori concentration bounds in order to expand
the equations around their limits. For [-models, such a priori concentration of
measure estimates can be derived thanks to a result of Boutet de Monvel, Pastur
and Shcherbina [22] or Maida and Maurel-Segala [71]. It is roughly based on the
fact that the logarithm of the density of such models is very close to a distance of the
empirical measure to its equilibrium measure, hence implying a priori estimates on
this distance. In more general situations where densities are unknown, for instance
when one considers the distributions of the traces of polynomials in several matrices,
one can rely on abstract concentration of measures estimates for instance in the case
where the density is strictly log-concave or the underlying space has a positive Ricci
curvature (e.g SU(N)) [57]. Dyson-Schwinger equations are then crucial to obtain
optimal concentration bounds and asymptotics.

This strategy was introduced by Johansson [63] to derive central limit theorems
for (-ensembles with convex potentials. It was further developped by Shcherbina
and collaborators [1, 82] and myself, together with Borot [52], to study global
fluctuations for S-ensembles when the potential is off-critical in the sense that the
equilibrium has a connected support and its density vanishes like a square root at
its boundary. These assumptions allow to linearize the Dyson-Schwinger equations
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around their limit and solve these linearizations by inverting the so-called Master
operator. The case where the support of the density has finitely many connected
component but the potential is off-critical was adressed in [80, 14]. It displays
the additional tunneling effect where eigenvalues may jump from one connected
support to the other, inducing discrete fluctuations. However, it can also be solved
asymptotically after a detailed analysis of the case where the number of particles
in each connected components is fixed, in which case Dyson-Schwinger equations
can be asymptotically solved. These articles assumed that the potentials are real
analytic in order to use Dyson-Schwinger equations for the Stieltjes functions. We
will see that these techniques generalize to sufficiently smooth potentials by using
more general Dyson-Schwinger equations. Global fluctuations, together with es-
timates of the Wasserstein distance, were obtained in [67] for off-critical, one-cut
smooth potentials. One can obtain by such considerations much more precise esti-
mates such as the expansion of the partition function up to any order for general
off-critical cases with fixed filling fractions, see [14]. Such expansion can also be
derived by using Riemann-Hilbert techniques, see [42] in a perturbative setting and
[28] in two cut cases and polynomial potential.

But S-models on the real line serve also as toy models for many other models.
Borot, Kozlowski and myself considered more general potentials depending on the
empirical measure in [16]. We studied also the case of more complicated interactions
(in particular sinh interactions) in [17] : the main problems are then due to the
non-linearity of the interaction which induces multi-scale phenomenon. The case
of critical potentials was tackled recently in [37]. Also Dyson-Schwinger (often
called Ward identities) equations are instrumental to study Coulomb gas systems
in higher dimension. One however has to deal with the fact that Ward identities
are not nice functions of the empirical measure anymore, so that an additional
term, the anisotropic term, has to be controlled. This could very nicely be done by
Leblé and Serfaty [68] by using local large deviations estimates. Recently we also
generalized this approach to study discrete S-ensembles and random tilings [12]
by analyzing the so-called Nekrasov’s equations in the spirit of Dyson-Schwinger
equations.

The same approach can be developed to study multi-matrix questions. Origi-
nally, I developed this approach to study fluctuations and large dimension expansion
of the free energy with E. Maurel Segala [54, 55| in the context of several random
matrices. In this case we restrict ourselves to perturbations of the quadratic po-
tential to insure convergence and stability of our equations. We could extend this
study to the case of unitary or orthogonal matrices following the Haar measure (or
perturbation of this case) in [29, 56]. This strategy was then applied in a closely
related setting by Chatterjee [25], see also [31].

Dyson-Schwinger equations are also central to derive more local results such
as rigidity and universality, showing that the eigenvalues are very close to their
deterministic locus and that their local fluctuations does not depend much on the
model. For instance, in the case of Wigner matrices with non Gaussian entries, a key
tool to prove rigidity is to show that the Stieltjes transform approximately satisfies
the same quadratic equation than in the Gaussian case up to the optimal scale
[44, 43, 4]. Recently, it was also realized that closely connected ideas could lead
to universality of local fluctuations, on one hand by using the local relaxation flow
[44, 69, 19], by using Lindenberg strategy [84, 85| or by constructing approximate
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transport maps [82, 5, 50]. Such ideas could be generalized in the discrete Beta
ensembles [61] where universality could be derived thanks to optimal rigidity (based
on the study of Nekrasov’s equations) and comparisons to the continuous setting.

Acknowledgments I would like to thank Columbia University, and in par-
ticular Ivan Corwin and Andrei Okounkov, for giving me the opportunity to give
these lectures. I thank as well Jonathan Husson and Felix Parraud for carefully
reading these lectures notes and giving me many constructive feedbacks.

1.0.2. A toy model. Let us give some heuristics for the type of analysis we
will do in these lectures thanks to a toy model. We will consider the distribution
of N real-valued variables Aq,..., Ay and denote by

1N
N;A

their empirical measure : for a test function f, A (f) = & 3 f(A;). Then, the
correlators are moments of the type

M(fla"'afp H

where f; are test functions, which can be chosen to be polynomials, Stieltjes func-
tionals or some more general set of smooth test functions. Dyson-Schwinger equa-
tions are usually retrieved from some underlying invariance or symmetries of the
model. Let us consider the continuous case where the law of the \;’s is absolutely
continuous with respect to [ d\; and given by

dPY (M, ..., AN) eXp{ ZZV Ais Aip)} [T dNi

11=11i2=1

where V' is some symmetric smooth function. Then a way to get equations for the
correlators is simply by integration by parts (which is a consequence of the invari-
ance of Lebesgue measure under translation) : Let fo, f1,..., fe be continuously
differentiable functions. Then

¢
[N (f5) H = E[(&Z@ufo(%))) HﬂN

Zfo Ak)O, (H d ))

= 2NE]| ( o(z1 ale(sr:l,xg)d,u x1)dpN (22 )H N
¢

1
= ——E
N

i=1
N(for)) TT 2N

i#]
where we noticed that since V' is symmetric 0,V (z, ) = 20,V (2, y)|y=. The case
£ = 0 refers to the case f1 = --- = f; = 1. We will call the above equations Dyson

-Schwinger equations. One would like to analyze the asymptotics of the correlators.
The idea is that if we can prove that 4V converges, then we can linearize the above
equations around this limit, and hopefully solve them asymptotically by showing
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that only few terms are relevant on some scale, solving these simplified equations
and then considering the equations at the next order of correction. Typically in the
case above, we see that if 4V converges towards p* almost surely (or in LP) then
by the previous equation (with £ = 0) we must have

(1.1) /fo(atl)ale(acl,arg)d,u*(xl)du*(xg) =0.
We can then linearize the equations around p* and we find that if we set Ay =
AN — u*, we can rewrite the above equation with £ = 0 as

(1.2) E[An(Efo)] = %E[ﬂN(fé)] - QE[/ fo(21)0z,V (21, 22)dAN (21)dAN (22)]

where = is the Master operator given by

=fo(z) = 2/o(x) / O, V(1) dpr* (1) + 2 / Jolws) B, V (@1, 2)dp (1)

Let us show heuristically how such an equation can be solved asymptotically. Let
us assume that we have some a priori estimates that tell us that Ay is of order
Sy almost surely (or in all L*’s)[ that is that for sufficiently smooth functions g,
An(9) = (N —p*)(g) is with high probability (i.e with probability greater than 1—
N~P for all D and N large enough) at most of order 6 C|, for some finite constant
Cyl. Then, the right hand side of (1.2) should be smaller than max{d%, N~'} for
sufficiently smooth test functions. Hence, if we can invert the master operator =, we
see that the expectation of Ay is of order at most max{d, N~'}. We would like
to bootstrap this estimate to show that §x is at most of order N~!. This requires
to estimate higher moments of Ay. Let us do a similar derivation from the Dyson-
Schwinger equations when ¢ = 1 to find that if Ax(f) = Ax(f) — E[AN(f)],

EANEf)An(A)] = —2E / fol1)2u, V (21, 22)dA N (1) dA N (22) Ay ( iy

(13) BN AN ()] + 5Bl (o).

Again if = is invertible, this allows to bound the covariance E[An(fo)An(f1)]
by max{d%;, /N, N~2}, which is a priori better than §2; unless dy is of order
1/N. Since Ax(f) — An(f) is at most of order 6%, by (1.2), we deduce that also
E[ANn(fo)An(f1)] is at most of order §%,. We can plug back this estimate into the
previous bound and show recursively (by considering higher moments) that dx can
be taken to be of order 1/N up to small corrections. We then deduce that

C(fo, [1) = A}gnoo N2E[(An —E[AN])(fo)(An — E[AN)D(f1)] = #*(E7" fofi)

and
m(fo) = lim NE[An(fo)] = 1 ((E7 fo)') .

We can consider higher order equations (with ¢ > 1) to deduce higher orders of
corrections, and the convergence of higher moments.

1.0.3. Rough plan of the lecture notes. We will apply these ideas in sev-
eral cases where V has a logarithmic singularity in which case the self-interaction
term in the potential has to be treated with more care. More precisely we will
examine the following models.
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(1) The law of the GUE. We consider the case where the \; are the eigenval-
ues of the GUE and we take polynomial test functions. In this case the
operator = is triangular and easy to invert. Convergence towards p* and
a priori estimates on Ay can also be proven from the Dyson-Schwinger
equations.

(2) The Beta ensembles. We take smooth test functions. Convergence of i’V
is proven by large deviation principle and quantitative estimates on 0y
are obtained by concentration of measure. The operator = is invertible if
©* has a single cut, with a smooth density which vanishes like a square
root at the boundary of the support. We then obtain full expansion of the
correlators. In the case where the equilibrium measure has p connected
components in its support, we can still follow the previous strategy if we
fix the number of eigenvalues in a small neighborhood of each connected
pieces (the so-called filing fractions). Summing over all possible choices of
filing fractions allows to estimate the partition functions as well as prove
a form of central limit theorem depending on the fluctuations of the filling
fractions.

(3) Discrete Beta ensembles. These distributions include the law of random
tilings and the \;’s are now discrete. Integration by parts does not give
nice equations a priori but Nekrasov found a way to write new equations
by showing that some observables are analytic. These equations can in
turn be analyzed in a spirit very similar to continuous Beta-ensembles.

(4) Several matriz models. In this case, large deviations results are not
yet known despite candidates for the rate function were proposed by
Voiculescu [94] and a large deviation upper bound was derived [9]. How-
ever, we can still write the Dyson-Schwinger equations and prove that
limits exist provided we are in a perturbative setting (with respect to in-
dependent GUE matrices). Again in perturbative settings we can derive
the expansion of the correlators by showing that the Master operator is
invertible.

We will discuss also one idea related with our approach based on Dyson-Schwinger
to study more local questions, in particular universality of local fluctuations. The
first is based on the construction of approximate transport maps as introduced in
[5]. The point is that the construction of this transport maps goes through solving
a Poisson equation Lf = g where L is the generator of the Langevin dynamics
associated with our invariant measure. It is symmetric with respect to this in-
variant measure and therefore closely related with integration by parts. In fact,
solving this Poisson equation is at the large N limit closely related with inverting
the master operator = above, and in general follows the strategy we developed to
analyze Dyson-Schwinger equations. Another strategy to show universality of lo-
cal fluctuations is by analyzing the Dyson-Schwinger equations but for less smooth
test functions, that is prove local laws. We will not developp this approach here.
These ideas were developed in [61] for discrete beta-ensembles, based on a strat-
egy initiated in [20]. The argument is to show that optimal bounds on Stieltjes
functionals can be derived from Dyson-Schwinger equation away from the support
of the equilibrium measure, but at some distance. It is easy to get it at distance
of order 1/ VN, by straightforward concentration inequalities. To get estimates up
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to distance of order 1/N, the idea is to localize the measure. Rigidity follows from
this approach, as well as universality eventually.






CHAPTER 2

The example of the GUE

In this section, we show how to derive topological expansions from Dyson-
Schwinger equations for the simplest model : the GUE. The Gaussian Unitary
Ensemble is the sequence of N x N hermitian matrices Xy, N > 0 such that
(Xn(ij))i<; are independent centered Gaussian variables with variance 1/N that
are complex outside of the diagonal (with independent real and imaginary parts).
Then, we shall discuss the following expansion, true for all integer k

1 1
E[NTT(XJI%)} =y 2s Mo(k).
920
This expansion is called a topological expansion because Mg(k) is the number of
maps of genus g which can be build by matching the edges of a vertex with k
labelled half-edges. We remind here that a map is a connected graph properly
embedded into a surface (i.e so that edges do not cross). Its genus is the smallest
genus of a surface so that this can be done. This identity is well known [96] and
was the basis of several breakthroughs in enumerative geometry [60, 64]. It can be
proven by expanding the trace into products of Gaussian entries and using Wick
calculus to compute these moments. In this section, we show how to derive it by
using Dyson-Schwinger equations.

2.0.1. Combinatorics versus analysis. In order to calculate the electro-
magnetic momentum of an electron, Feynman used diagrams and Schwinger used
Green’s functions. Dyson unified these two approaches thanks to Dyson-Schwinger
equations. On one hand they can be thought as equations for the generating func-
tions of the graphs that are enumerated, on the other they can be seen as equations
for the invariance of the underlying measure. A baby version of this idea is the
combinatorial versus the analytical characterization of the Gaussian law A(0,1).
Let X be a random variable with law A/(0,1). On one hand it is the unique law
with moments given by the number of matchings :

(2.1) E[X"] = # {pair partitions of n points} =: P, .

On the other hand, it is also defined uniquely by the integration by parts formula
(2.2) E[Xf(X)] = E[f(X)

(2.3)

for all smooth functions f going to infinity at most polynomially. If one applies the
latter to f(x) = =™ one gets

Myt = E [X”H] = E [nX”fl} = NMy_1 .

9
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This last equality is the induction relation for the number P,.; of pair par-
titions of n + 1 points by thinking of the n ways to pair the first point. Since
Py =mg=1and P, = m; =0, we conclude that P, = m, for all n. Hence, the
integration by parts formula and the combinatorial interpretation of moments are
equivalent.

2.0.2. GUE : combinatorics versus analysis. When instead of consider-
ing a Gaussian variable we consider a matrix with Gaussian entries, namely the
GUE, it turns out that moments are as well described both by integration by parts
equations and combinatorics. In fact moments of GUE matrices can be seen as gen-
erating functions for the enumeration of interesting graphs, namely maps, which are
sorted by their genus. We shall describe the full expansion, the so-called topologi-
cal expansion, at the end of this section and consider more general colored cases in
section 7. In this section, we discuss the large dimension expansion of moments of
the GUE up to order 1/N? as well as central limit theorems for these moments, and
characterize these asymptotics both in terms of equations similar to the previous
integration by parts, and by the enumeration of combinatorial objects.

Let us be more precise. A matrix X = (X;;)i<ij<n from the GUE is the
random N x N Hermitian matrix so that for & < j, Xj; = X,Hfj + iX,iH}, with two
independent real centered Gaussian variables with covariance 1/2N (denoted later
N (0, 7i)) variables X%—,Xﬁf) and for k € {1,...,N}, Xy ~ N (0, 3 ). then, we
shall prove that

(24) B[ T(X¥)] = Mo(K) + 5 Ma(k) + o 575)

where

e My(k) = Cj /o denotes the Catalan number : it vanishes if £k is odd and
is the number of non-crossing pair partitions of 2k (ordered) points, that
is pair partitions so that any two blocks (a,b) and (c,d) is such that
a<b<c<dora<ec<d<b. Cp can also be seen to be the number
of rooted trees embedded into the plane and k edges, that is trees with a
distinguished edge and equipped with an exploration path of the vertices
v] — V9 — -+ — vy of length 2k so that (vi,v2) is the root and each
edge is visited twice (once in each direction). C} can also be seen as the
number of planar maps build over one vertex with valence k : namely take
a vertex with valence k, draw it on the plane as a point with k half-edges.
Choose a root, that is one of these half-edges. Then the set of half-edges
is in bijection with &k ordered points (as we drew them on the plane which
is oriented). A matching of the half-edges is equivalent to a pairing of
these points. Hence, we have a bijection between the graphs build over
one vertex of valence k by matching the end-points of the half-edges and
the pair partitions of k£ ordered points. The pairing is non-crossing iff the
matching gives a planar graph, that is a graph that is properly embedded
into the plane (recall that an embedding of a graph in a surface is proper
iff the edges of the graph do not cross on the surface). Hence, My (k) can
also be interpreted as the number of planar graphs build over a rooted
vertex with valence k. Recall that the genus g of a graph (that is the
minimal genus of a surface in which it can be properly embedded) is given
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by Euler formula :
2 —2g = #Vertices + #Faces — #Fdges,

where the faces are defined as the pieces of the surface in which the graph
is embedded which are separated by the edges of the graph. If the surface
as minimal genus, these faces are homeomorphic to discs.

e Mi(k) is the number of graphs of genus one build over a rooted vertex
with valence k. Equivalently, it is the number of rooted trees with k/2
edges and exactly one cycle.

Moreover, we shall prove that for any ki, ..., k, (Tr(X*) —E[Tr(X*7)]);1<;<, con-
verges in moments towards a centered Gaussian vector with covariance
Mo(k, ) = Jim_E [(Te(X*) ~ E[Tr(X*)])(Tr(X*) ~ E[Tr(X"))] .

My(k, £) is the number of connected planar rooted graphs build over a vertex with
valence k and one with valence £. Here, both vertices have labelled half-edges and
two graphs are counted as equal only if they correspond to matching half-edges
with the same labels (and this despite of symmetries). Equivalently My(k,¢) is the
number of rooted trees with (k + £)/2 edges and an exploration path with k + ¢
steps such that k consecutive steps are colored and at least an edge is explored both
by a colored and a non-colored step of the exploration path.

Recall here that convergence in moments means that all mixed moments con-
verge to the same mixed moments of the Gaussian vector with covariance M. We
shall use that the moments of a centered Gaussian vector are given by Wick formula

p
mky, ... kp) =E[[ [ Xe] = 1T M (ka, k)
i=1 ™ blocks (a,b) of =

which is in fact equivalent to the induction formula we will rely on :

P
m(ky,... kp) = ZM(klaki)m<k27 s kict ki, kp).

i=2

Convergence in moments towards a Gaussian vector implies of course the standard
weak convergence as convergence in moments implies that the second moments
of Zy := (Tr(X%) — E[Tr(X*7)])1<j<, are uniformly bounded, hence the law of
Zn is tight. Moreover, any limit point has the same moments than the Gauss-
ian vector. Since these moments do not blow too fast, there is a unique such
limit point, and hence the law of Zy converges towards the law of the Gaussian
vector with covariance M. We will discuss at the end of this section how to gen-
eralize the central limit theorem to differentiable test functions, that is show that
ZN(f) =Trf(X) — E[Trf(X)] converges towards a centered Gaussian variable for
any bounded differentiable function. This requires more subtle uniform estimates
on the covariance of Zy(f) for which we will use Poincaré’s inequality.

The asymptotic expansion (2.4) as well as the central limit theorem can be
derived using combinatorial arguments and Wick calculus to compute Gaussian
moments. This can also be obtained from the Dyson -Schwinger (DS) equation,
which we do below.
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2.0.2.1. Dyson-Schwinger Equations. Let :
Yy, == TrX* — ETrX*

We wish to compute for all integer numbers ky,. .., k, the correlators :

p
E |TeX* ] Ve,

=2

By integration by parts, one gets the following Dyson-Schwinger equations

LEMMA 2.1. For any integer numbers ki, ..., ky,, we have
k - 1= ¢ ky—2 -
E TernYki =E ﬁZTrX TrX™ pHY,ﬂ
=2 =0 =2
P g - P
L +ki—2
(2.5) +E ZNTrX L | H Vi,
=2 j=2,j#1
PRrROOF. Indeed, we have
p N p
E|Tex [[Ye| = Y E|[X;xX™ ][
i=2 ij=1 i=2
1 & L
= N Z E ani, ((Xkll)ji]:[yk’i>
ij=1 i=2

where we noticed that since the entries are Gaussian independent complex variables,
for any smooth test function f,

1
(2.6) E[Xij f(Xue, kb < 0] = FE[Ox,, f(Xke, k < 0]
But, for any 4,5,k, £ € {1,...,N} and r € N
r—1
Ox,, (X ke = D (X )i (X7 1)
s=0

where (X°);; = 1,—;. As a consequence
Ox,,(V2) =rX] "
The Dyson-Schwinger equations follow readily. o

EXERCISE 2.2. Show that

(1) If X is a GUE matrix, (2.6) holds. Deduce (2.1).

(2) take X to be a GOE matrix, that is a symmetric matrix with real inde-
pendent Gaussian entries Ng (0, ) above the diagonal, and Ng(0, %) on
the diagonal. Show that

E[X; f(Xee, k < 0)] = %E[axﬁ F(Xeork < 0)] + %E[&XU F(Xperk < 0)].

Deduce that a formula analogous to (2.1) holds provided we have an ad-
ditional term N~'E [k TrX* [TV, V3, ].
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2.0.2.2. Dyson-Schwinger equation implies genus expansion. We will show that
the DS equation (2.1) can be used to show that :

1

E [;Ter} = My(k) + %Ml(k) + o(ﬁ)

Next orders can be derived similarly. Let :
1
N k
=E|=TrX

By the DS equation (with no Y terms), we have that :

k—2 1 1
—Tr X —TrXFk02] |
;)N e T

We now assume that we have the self-averaging property that for all £ € N :

E [(;{TTX‘Z ~-E HTrXZDQ] =o(1)

as N — oo as well as the boundedness property

(2.7) my =&

Supmfgv < 00.
N

We will show both properties are true in Lemma 2.3. If this is true, then the above
expansion (2.7) gives us :

k—2

my =Y mi'miy+o(1)
=0

As {m}’,¢ < k} are uniformly bounded, they are tight and so any limit point
{my, £ < k} satisfies
k—2
my = ngmk,g,g,mo =1,m;y =0.
£=0
This equation has clearly a unique solution.
On the other hand, let My (k) be the number of maps of genus 0 with one vertex
with valence k. These satisfy the Catalan recurrence :
k—2
Mo(k) = Mo(£)Mo(k — £ - 2)
£=0
This recurrence is shown by a Catalan-like recursion argument, which can be
seen as a toy model for topological recursion, which goes by considering the match-
ing of the first half edge with the ¢th half-edge, dividing each map of genus 0 into
two sub-maps (both still of genus 0) of size £ and k — ¢ — 2, for £ € {0,...,k — 2}.
Since m and M, both satisfy the same recurrence (and My(0) = m) =
1, Mo(1) = mY¥ = 0), we deduce that m = M, and therefore we proved by in-
duction (assuming the self-averaging works) that :

my = My(k) + o(1) as N — oo

It remains to prove the self-averaging and boundedness properties.
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LEMMA 2.3. There exists finite constants Dy and Ey, k € N, independent of
N, so that for integer number £, every integer numbers ki, ...,k then :

14

[1Yi.

i=1

a) N(k1,... k) =E satisfies | (ki, ..., ky)| < Dy,

1
b) mi\i =K l:NTI‘Xk1:| satisfies |m£i| < E, .

PROOF. The proof is by induction on k = > k;. It is clearly true for k = 0,1
where Fy = 1, F; = 0 and Dy = 0. Suppose the induction hypothesis holds for
k — 1. To see that b) holds, by the DS equation, we first observe that :

k
1 ) el k—£—2
E {NTrX ] = LZ—: N IX ST
k—2 1
= Sl s+ N k- 2))
£=0
Hence, by the induction hypothesis we deduce that
1 k—2
‘E [NTer] <> (EtBx_a ¢+ Di_3) := Ey.
£=0
To see that a) holds, we use the DS equation as follows
P P
E Ve, [[Ye,| = E|[TXy, [[W%, | - EMTX,]E | [] Vs,
j=2 j=2 j=2
1 k—2
= +E > X Text QHYk
£=0 j=2
& k k1 +ki—2
1 JF —
+E ZNTer H Vi,
L= Jj=2,j#1
1 k—2 D
“E |5 2 TeX XM B T w,
£=0 j=2

We next substract the last term to the first and observe that

TeX‘TrXk =62 _ E[TrX‘TrXx*—¢-2

=NYmp o 4+ NYy—omomy +YeYi oo — N (ky —2—0)
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to deduce
kl 2

p
Yleij —QZm ]4;1—2 fkg,...,k‘)

P
+Z kimi\hkﬁzcl\](/ﬁ, wkict, ki1, kp)

=2
=
N [Nk —2—0)cN (koo kp) — Nk —2— Lk, .. k)]
=0
p
(2.8) Z k‘l + k; — 2,k2,..,/€i_1,ki+1,.,kp)
=2
which is bounded uniformly by our induction hypothesis. o

As a consequence, we deduce

COROLLARY 2.4. For all k € N, +Tr(X*) converges almost surely towards
My(k).

PRrOOF. Indeed by Borel Cantelli Lemma it is enough to notice that it follows
from the summability of

N
k k e (k, k) Doy,
P (|Tr(X fE(Tr(X )) | > Ns) < 22 < 2NT
o
2.0.3. Central limit theorem. The above self averaging properties prove
that mj = My (k) +o(1). To get the next order correction we analyze the limiting
covariance ¢ (k,¢). We will show that

LEMMA 2.5. For all k,¢ € N, ¢ (k, ) converges as N goes to infinity towards
the unique solution My(k,?) of the equation
=2
Mo(k,0) = 23 Mo(p)Mo(k — 2 — p,£) + LMo (k + £ — 2)
p=0
so that My(k,0) =0 if k+ £ < 1.

As a consequence we will show that

COROLLARY 2.6. N%(mL — My(k)) = m}. + o(1) where the numbers (m})r>0
are defined recursively by :

k—2 k—2
my =2 miMo(k—£—2)+ Y My(l,k—£—2)
£=0 £=0

PRrOOF. (Of Lemma 2.5) Observe that ¢V (k,¢) converges for K = k+ ¢ < 1
(as it vanishes uniformly). Assume you have proven convergence towards My(k, )
up to K. Take ki + ko = K + 1 and use (2.8) with p = 1 to deduce that ¢V (ki, k)
satisfies
ki—2
N(ky, ko) =2 Z my N (ky —0—2, ko) +komipy 4y, 2+NZC (U —0—2,ks).
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Lemma 2.3 implies that the last term is at most of order 1/N and hence we deduce
by our induction hypothesis that c(ki,ks) converges towards My(k1, ko) which is
given by the induction relation

k1
Mo(kl, k‘g) = 2 ZMO(E)MO(ICI 24, k‘2) + k‘QMQ(kl + ko — 2) .
=0

Moreover clearly My(k1,k2) = 0 if k; + ko < 1. There is a unique solution to this
equation. o

EXERCISE 2.7. Show by induction that
My(k, £) = # {planar maps with 1 vertex of degree £ and one vertex of degree k}

PRrROOF. (of Corollary 2.6) Again we prove the result by induction over k. It is
fine for k = 0,1 where ¢; = 0. By (2.8) with p = 0 we have :

N2(my — My(k)) = 2 My(O)N? (mp_,_y — Mo(k —2 — ()
+ > N (mp = My(0)) (mg—g—2 — Mo(k — 2 — £))
+> Nk —1-2)

from which the result follows by taking the large IV limit on the right hand side. ¢

EXERCISE 2.8. Show that ¢}, = mq (k) is the number of planar maps with genus
1 build on a vertex of valence k.(The proof goes again by showing that m; (k)
satisfies the same type of recurrence relations as c}c by considering the matching of
the root : either it cuts the map of genus 1 into a map of genus 1 and a map of
genus 0, or there remains a (connected) planar maps.)

THEOREM 2.9. For any polynomial function P = > M\pa®, Zn(P) = TrP —
E[TrP] converges in moments towards a centered Gaussian variable Z(P) with co-
variance given by

E[Z(P)Z(P)] =Y AxAw Mo(k, k') .
PROOF. It is enough to prove the convergence of the moments of the Y;’s. Let

CN(kl,...,k‘p) =E [Ykl "'Ykp] .

Then we claim that, as N — oo, ¢V (ki,...,k,) converges to G(ki,...k,) given by
k ~
(2.9) Glhy,... kp) =Y Mo(ky, ki)Glka, ... ki, Ky)
i=2

where " is the absentee hat.

This type of moment convergence is equivalent to a Wick formula and is enough
to prove (by the moment method) that Y% ,..., Y%, are jointly Gaussian. Again,
we will prove this by induction by using the DS equations. Now assume that (2.9)
holds for any ki,...,k, such that > 7, k; < k. (induction hypothesis) We use
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(2.8). Notice by the a priori bound on correlators of Lemma 2.3(a) that the terms
with a 1/N are negligible in the right hand side and m} is close to My(k), yielding

D k1—2

H _2ZM0 Nky =2 —0,kg, ..., kp)

/4

1
Z k1+k _2) (k25-~7ki—1aki+1a'akp)+O(N)

i=2
By using the induction hypothesis, this gives rise to :

p
E H Yy,
=1

= 2) My(O)G(ky — £ —2,ky, ..., kp)

+ 3 kiMy(ki + kj — 2)G(k, ... ki, .. kp) + o(1)
It follows that
Gk, ky) = 2 Mo(O)G(ky — € —2,ka,... k)
+> " kiMo(ki + kj — 2)G(ka, . ki hy).

But using the induction hypothesis, we get
Gk, ... kp Z > Mo(0)M (ky —0—2, ki) +hi Mo (ki+k;=2))G ko, . .. ki k)
=2

which yields the claim since
Mo(ky, ki) =2 Mo(6)M(ky — € — 2,k;) + ki Mo (k1 + k; — 2) .
<&

2.0.4. Generalization. One can generalize the previous results to smooth
test functions rather than polynomials. We have

LEMMA 2.10. Let o be the semi-circle law given by

= %\/4—1‘20&.

(1) For any bounded continuous function [ with polynomial growth at infinity

N
) 1
A}gnoo i ;f()\,) = /f(x)do(x) a.s.
(2) For any C? function f with polynomial growth at infinity
=D fON—EQ_f(
converges in law towards a centered Gaussian variable.

Our proof will only show convergence : the covariance is well known and can
be found for instance in [77, (3.2.2)].

EXERCISE 2.11. Show that for all n € N, [2"do(x) = My(n).
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PROOF. The convergence of & Zf\il f(X;) follows since polynomials are dense
in the set of continuous functions on compact sets by Weierstrass theorem. Indeed,
our bounds on moments imply that we can restrict ourselves to a neighborhood of
[—2,2] :

N
%ZAl?pll/\i‘zj\/f < ﬁ% Z)\ngﬂp

i=1
has moments asymptotically bounded by o(x2k+2P)/M?k < 22P(2/M)2k. This al-
lows to approximate moments by truncated moments and then use Weierstrass
theorem.

To derive the central limit theorem, one can use concentration of measure

inequalities such as Poincaré inequality. Indeed, Poincaré inequalities for Gaussian
variables read : for any C' real valued function F' on CNWV—1/2 y RN

2 2
E [(F(Xke,kvl) - ]E[F(Xke,kal)})z} < yE > |0x, F(Xpe, k, 1)
2%
Taking ' = Trf(X) we find that Ox,, F'(Xge, k,1) = f'(X)ji. Indeed, we proved
this point for polynomial functions f so that we deduce

E [(1r(/(X) ~ B X)) < 28 [1(f(X))]

Hence, if we take a C'! function f, whose derivative is approximated by a polynomial
P. on [-M, M] (with M > 2) up to an error £ > 0, and whose derivative grows at
most like 22K for |z| > M, we find

E[(Tef(X) — E[Tef (X)] - (TrP.(X) — E[TeP.(X))))?]

< 4E [(52 + % > _(P2N) + /\?K)anM)]

where the right hand side goes to zero as N goes to infinity and then & goes to zero.
This shows the convergence of the covariance of Z(f). We then proceed similarly
to show that the approximation is good in any L?, hence deriving the convergence
in moments.

o

2.0.5. GUE topological expansion . The “topological expansion” reads

1 1

HEPS S

920
where M (k) is the number of rooted maps of genus g build over a vertex of degree
k. Here, a “map” is a connected graph properly embedded in a surface and a “root”
is a distinguished oriented edge. A map is assigned a genus, given by the smallest
genus of a surface in which it can be properly embedded. This complete expansion
(not that the above series is in fact finite) can be derived as well either by Wick
calculus or by Dyson-Schwinger equations : we leave it as an exercise to the reader.
We will see later that cumulants of traces of moments of the GUE are related with
the enumeration of maps with several vertices.



CHAPTER 3

Wigner random matrices

In this section, we investigate random matrices with non-Gaussian entries. It
turns out that the study of such matrices requires often additional tools from linear
algebra, such as Schur complement formula, which provide other types of equations.
These equations are interesting in their own right but quite different from Dyson-
Schwinger equations and therefore we shall not investigate them in details in these
notes. However, because we believe that heavy tails matrices still cary a lot of
exciting open problems, we take a few pages to describe a few techniques which
were developed to study them, and in particular the new type of equations to
which they are related. We restrict ourselves to symmetric matrices for simplicity.

3.1. Law of large numbers : light tails

We first consider the case where the entries (x;;)i<; are independent, cen-
tered, with variance one and all moments finite. Then, the spectral measure of the
symmetric N x N matrix X with entries X; ; = 2; ;/V/N converges towards the
semi-circle law as proved by Wigner [95]. We first present a proof of the conver-
gence of moments very similar to the one we gave in the Gaussian case and then
turn to the weaker convergence of the Stieltjes transforms.

3.1.1. Convergence in moments.

THEOREM 3.1. For all integer numbers k

k] —
Jim E[CTH(X4)] = Mo (k).

PRrROOF. We shall first generalize the previous proof to this setting thanks to
the generalized integration by parts formula, see e.g [70, Proposition 3.1] :

LEMMA 3.2. Let & be a random variable such that E[|£[PT?] < oo for some
integer number p. Then for any CP*! function ¢ we have

=Y THRER'S(O)] + <y

=1

hS]

where the k’s are the cumulant of £ and there exists a finite constant C, only
depending on p such that

lep| < Cpuaﬁlﬂs”oo

We deduce the approximate Dyson-Schwinger equation
1 1
N _ml| L e _ L —k—2 N
m} ._E[Nﬂx] ZNﬂ Lrvx ]+ m
k=0
19
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where since we assumed the entries have all moments finite

N
1 K
N _ r+1 - =1y .
e = N2 ;>2: N E : E[GE(N(X )’LJ]'

P ig=1

Note here that since we deal with polynomials the above sum is finite. To check
that 7}’ goes to zero as N goes to infinity, it is enough to show that E[@}}j inJ_.l] is

bounded uniformly in ¢, j for all £. To prove this we bound uniformly by induction
over n =y ._, ns the more general quantity

T

N r
. 1 Ko+1 ni— ns
EIT(X™)is] = Elg Do e, (X [T X05)
. s=2

s=1 k=1¢>1

Indeed, this term is clearly bounded when n = 1, and the above relation gives
moments for a given n in terms of moments with lower total degree, so that the in-
duction hypothesis holds. We conclude that 5} = O(N~'/2). To conclude following
the previous arguments we need to show that we have self averaging :

E ;Tr(Xeo)jl_[l (;VTI«(X@J') - E[ZlvTr(ij)O

goes to zero when p > 1 for all integer numbers £y, 1, ..., £¢,. This can be done again
by induction over K = Z?:o ¢; by simultaneously showing that mév is bounded for
¢ < K. Indeed, we observe that

£o—2
N, by b)) = Qng_r_QcN(r,ﬁl,...,ﬁp)
r=0

P
+> lie(lo+ 4 =201 oy L, L) + e,
j=1
where ( is the term containing derivatives of order greater or equal to two. But, as
for 7, it can be written as a sum of bounded terms of the form E[[];_, X;"; | with
such a renormalization that it is at most of order N~/2. We can then proceed as
in the previous proof. o

Following [70], the central limit theorem can be deduced in the same spirit by
Lindenberg strategy as soon as the entries have the same fourth moment than the
Gaussian variable. To remove the hypothesis that all moments are finite, we must
however consider other test functions than polynomials. We next introduce another
approach to the convergence of the spectral measure based on Stieltjes transform
and a different type of equation based on linear algebra, more precisely the Schur
complement formula. This approach generalizes to heavy tails matrices.

3.1.2. Convergence of the Stieltjes transform. We begin by recalling
some classical results concerning the Stieltjes transform of a probability measure.

DEFINITION 3.3. Let p be a positive, finite measure on the real line. The
Stieltjes transform of p is the function

Gu(2) ;:/R“(d”“") e C\R.
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Note that for 2 € C\ R, both the real and imaginary parts of 1/(xz — 2) are
continuous bounded functions of € R, and further |G,(z)| < u(R)/|Sz|. These
crucial observations are used repeatedly in what follows.

REMARK 3.4. The generating function 7(z) of moments is closely related to
the Stieltjes transform of the semicircle distribution o : for |z| < 1/4,
o0

ﬁ(Z) _ sz/kaO’(I)dm/<z (sz)k> Cr(x)dl'
1

k=0 k=0

= /ma(x)dx

1 -1
/ ma(x)dw = ﬁGa(l/\/E) .

where the third equality uses that the support of o is the interval [—2,2], and the
fourth uses the symmetry of o. Using the fact that [2?*do(z) = My(k) is the
Catalan number (see Exercise 2.11) which satisfies the induction relation

k—1
Mo(k) = Mo(£)Mo(k — £ — 1)
=0
it is not hard to deduce from the above that
1 1
3.1 Go(2) — = = —Gy(2)?
(3.1) () = - = Gol2)

Stieltjes transforms can be inverted. In particular, one has

THEOREM 3.5. For any open interval I with neither endpoint on an atom of u,
1 A+ ie) — A—i
w(I) = lim 7/ GuAtie) = Gu(A=ie) )
I

e—=0 T 21
1
T Y N ‘
(3.2) = ll_r)r(l) = SG, (A + te)dA.

PrRoOOF. Note first that because
. 1
SG,.(i) = / s uld),

we have that G, = 0 implies ¢ = 0. So assume next that G, does not vanish
identically. Then, since
2

(dz) = u(R)

by bounded convergence, we may and will assume that p(R) = 1, i.e. that pis a
probability measure.

Let = be distributed according to w, and denote by c. a random variable,
independent of z, Cauchy distributed with parameter €, i.e. the law of ¢, has
density

li SGu(iy) = 1 —
ml_f_nooy\s u (1Y) yTl—{noo x2+y2’u

edx
m(z2 4 €2)
Then, 3G, (A+1i€) /7 is nothing but the density (with respect to Lebesgue measure)

of the law of = + ¢, evaluated at A € R. The convergence in (3.2) is then just a
rewriting of the weak convergence of the law of z + ¢, to that of x, as e — 0. o

(3.3)
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We will study the Stieltjes transform of Wigner matrices thanks to the following
Schur complement formula.

LEMMA 3.6. Let X be a symmetric matriz, and let X; denote the i-th column
of X with the entry X (i,i) removed (i.e., X; is an N — 1-dimensional vector). Let
X denote the matriz obtained by erasing the i-th column and row from X . Then,
for every z € C\ R,

1
X(Z,Z) — 2 — X:((X('L) — ZINfl)ilXi ’

(3.4) (X —20)"Y(i,i) =

Proof of Lemma 3.6 Note first that from Cramer’s rule,

o det(X(z) — ZIN—I)

) X — 2In) Y3, 0) =
(3 5) ( z N) (277/) det(szI)
Write next .
o X N _ZIN—I XN
X_ZIN_< X5 X(N,N)—z )~

and use the matrix identity

A B A 0 1 AB
det(c D) = det((c D—CAlB>(O 1 ))

(3.6) = det Adet(D — CA™'B)
with A = X&) — zIn_1, B=Xn, C = X} and D = X(N,N) — z to conclude
that

det(X — zIy) =

det(XN) — 2Iy_1)det [ X(N,N) —z — X5 (XN — 2l 1)1 Xy

The last formula holds in the same manner with X X; and X (i,7) replacing
XN Xy and X(N, N) respectively. Substituting in (3.5) completes the proof of
Lemma 3.6. o
We shall deduce from Schur formula the convergence of the Stieltjes transform

THEOREM 3.7. Assume that X;; are centered, with variance 1/N and so that
sup y sup;; E[(VN|Xy5)*T¢] < oo for some e > 0. Let X be the N x N Hermitian
matriz with independent entries (X;;)i>; above the diagonal. Then

Gn(z) = iTr(z -XxX)!

N
converges almost surely when N goes to infinity towards the unique solution of
1
G —
(2) z—G(z)

going to zero at infinity

PROOF. The first point in the proof is that G (z), if it converges in expecta-
tion, will converge almost surely by concentration of measure. We give a concentra-
tion result due to C. Bordenave, P. Caputo and D. Chafai [11] which holds for the
eigenvalues A1, ..., Ay of any self-adjoint random matrix X provided the column
vectors {(X;;)i<j,1 < j < N} are independent. It is based on Azuma’s-Hoeffding
inequality.
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LEMMA 3.8. Let ||f|lrv be the total variation norm,
Iflrv = sup D 1f (@) = flaimd)
w1 < <wn S5

Then, for any 6 > 0 and any function f with finite total variation norm so that

EllE SN, fOun] < 0o

d

REMARK 3.9. Note that the above speed is not optimal for laws u, v which
have sufficiently fast decaying tails, in which case Zfil f) — E[Zfil f(\)] is
of order one. However it is the optimal rate for instance for heavy tails matrices
where the central limit theorem holds for N=V/2(3N | f(\) — B[, f(A))).

N N

T3 FO0) Bl Y FOu)

i=1 i=1

2
> 5||f||Tv> < 2%

REMARK 3.10. Note that we only required independence of the vectors, rather
than the entries.

Proof of Lemma 3.8. Let us first recall Azuma-Hoeffding’s inequality.

LEMMA 3.11. (Azuma-Hoeffding’s inequality) Suppose My, k > 0 is a martin-
gale for the filtration Fy, and |My — My_1| < cx. Then for allt >0

2
23 i

We finally prove Lemma 3.8 for a continuously differentiable function f, the
generalization to all functions with finite variation norm then holds by density. We
then have || f|lrv = [ |f/(z)|dz. We apply Azuma-Hoeffding ’s inequality to

Zf ) F]

where Fj is the filtration generated by {Xn(i,7),1 < i < j < k} for Wigner
matrices. My, is a martingale obviously and

P(M,, — My > t) < exp{— }.

N
My = My = 37 FO0) Bl 3" FO0)

i=1 i=1

Therefore we need to bound for each k € {1,--- ,N}

N N
1 N
My — M1 = E[NZJC(A Z FN)|Fw].-
i=1 =

where in the above expectation \; and \; are the eigenvalues of the N x N matrix
Xn and Zy respectively, where Zy has the same entries than Xy except for the
kth vector where we take independent copies. Hence the eigenvalues A and \ are
the eigenvalues of two operators which differ at most by a rank one perturbation.
This implies that their spectral measures are close by the following lemma :
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LEMMA 3.12. let X,Y be two N X N Hermitian matrices so that Y — X has
rank one. Let \y < Ag-+- < Ay (resp. M1 < Ag--- < An) be the ordered eigenvalues
of X and Y respectively. Then, for any C' function g on the real line

Zg(&) - Zg(ﬂi) <2|lgllrv -

PROOF. Since the two matrices differ only by a rank one matrix, the eigenvalues
A; and \; are interlaced by Weyl interlacing property, see e.g [3, Theorem A.7] :

Nic1 <X < g1

If g is increasing we deduce that

N-2 N-1 N
g(h) <D g <> g(h)
=1 =2 =3
which implies
N N
(3.7) 1> ) =D g < 2llgll
1=1 1=1

Decomposing f(z) — f(0) as the difference of two increasing functions

1@ = 10) = [ PO psads = [ 0010 <0
proves the claim since
Ifllrv = II/0 F' W)y =0ty + II/0 (=)W1 (y)<0dylloe
o

To complete the proof of Lemma 3.8 notice that a consequence of the previous
lemma gives that

2
| My, — My 1| < N||f||Tv

which allows to conclude by Azuma-Hoeffding’s inequality that for all § > 0

! N 1 al __82N
P <N Zf()\z) - ]E[N Z f()\z)} > 5) <e SHENS
i=1 =
The other bound is obtained by changing f into —f. .

We therefore can prove the convergence of E[G (%) instead of Gn(%).

The main idea in the proof is that the convergence and fluctuations of the term
XF (X —2Iny_1)7'X; in terms of Gy will provide the convergence and fluctuations
of Gn(z). To this end let us write

XTXY —2D)7'X = Y XXX - 2D+ ) X PO — 20
Jj#k J
=: O(z)+ D(2)

We first observe that the off diagonal terms O(z) will always be negligible
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LEMMA 3.13. Under the assumptions of Theorem 3.7, for all € > 0, for any
matriz C such that N~'Tr(CCT) is bounded independently of N

N—o0
i#k
PRrROOF. Chebyshev’s inequality and independence yields
1 1 C
P(| ZXiniijk| >0) < 52 Z]EHXMF]QC;%@ = Wﬁ(CCT) S 3N
J#k J.k
which proves the claim. o

We hence need only to focus on the diagonal term D(z) and consider the equa-
tion
(38) (== X)7 = :
| ) 2= S Xyl — XO) 4 e (2)
with some ¥ (2) going to zero in probability with N going to infinity. We treat the
case of Wigner matrices so that v N X;; belongs to L2%¢ (recall X (*) is independent

from X;;,1 < j < N. In this case, the law of large numbers (conditionally to X))
insures that

N —oc0

. i _ 1 i _
lim }]&may_mﬁ_ﬁzxmkw%;:m a.s.
J J

Hence, we see that

1
_x) = .
(z )ii Y %Tr(Z_X(l))—l _|_5£V(z)/

where £'(z)’ goes to zero in probability. Finally, Lemma 3.12 we get

1 . 1 2

_ _ (’L) —1 _ _ —1 <

|NTr(z XW) NTr(z X)) < NS
Therefore, we conclude that for all 2 € C\R, all i € {1,---, N}, there exists eV (2)
going to zero in probability such that

1
—_ X\l = .
=X = e a0
We deduce that
1 1
AN AN=(y—Xx)1_ =~  _(p_x) 1 __— N

goes to zero in probability since (z — X);;' and m are bounded by 1/|3z|.
Since it is also uniformly bounded for the same reason, we deduce that AN (z) goes
to zero in L'. As a consequence
1 1
Eliv(e) =B g ] o0 =
where we used Lemma 3.8 as well as the fact that |z — Gn(2)] > |Sz|. Solving
this quadratic equation, since we know that E[Gx(z)] goes to zero as Sz goes to

infinity, implies that

+o(1)

E[Gn(2)] = Z-Vz" -4
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3.2. Law of large numbers : heavy tails

For heavy tails matrices, the spectral measure still converges but we have a
different limit than the semi-circle law. Here are the models we would like to study

DEFINITION 3.14 (Models of symmetric heavy tailed matrices with i.i.d. sub—
diagonal entries).
Let A = (a;;)ij=1<n be a random symmetric matrix with ii.d. sub-diagonal
entries (ai,j)igj.
1. We say that A is a Lévy matrix of parameter « in |0, 2] when A = X/ay
where the entries x;; of X have absolute values in the domain of attraction
of an a-stable distribution, more precisely for all u > 0
L(u)

(3.9) P (lzi] 2 u) = =2
with a slowly varying function L, and
1
any =inf{u: P (|z;;| > u) < =}
N
(ay = L(N)N'/* with L(-) a slowly varying function).

2. We say that A is a Wigner matrix with exploding moments with
parameter (Cy)r>1 whenever the entries of A are centered, and for any
k>1

(3.10) lim NE[(a;;)**] = Cy,

N—o00

with (Cr+1)k>0 the sequence of moments of a unique measure m.

A particular case of matrices with exploding moments is the case of the the
adjacency matrix of an Erdés-Rényi graph, i.e. of a matrix A such that A;; =1
with probability p/N and 0 with probability 1 — p/N. It is an exploding moments
Wigner matrix, with C = p for all kK > 1 (and m = pdy).

The main assumption we will make on the matrices we shall consider is a bit
more general than these two types of models and reads as follows.

ASSUMPTION 3.15. Let pn be the law of a;;,¢ < j. Assume that uniformly on
t in compacts of C~

lim N [ (e — duy () = B(t)

N—o0

with @ such that there exists g on R* bounded by Cy* for some x > —1 such that
fort e C—,

(3.11) o) = [ gy,

Furthermore assume that X with law puy can be decomposed into the law of A+ B
where

P(A#40)< N™' E[B} < N~1/2
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Note that these hypotheses are fulfiled by our examples.
-In the case of Lévy matrices, ®(\) = —o(i\)*/? and the expression

+oo Ly
—o(iN)*/? = / Coy? le'Xdy
y=0

51,

shows the existence of g satisfying (3.11) : g(y) = Cuy
satisfied with for some a € (0,1/2(2 — «))

The last point is

Tij Lij
A= 1|mj|>N‘1aN77 B = 1|a:ij\§N“aN7
an an

- In the case of Wigner matrices with exploding moment, one first needs to use
the following formula, for £ € C with positive real part :

(3.12) 1—e €= /m ‘]1(\2/;/%)6”5(175,

0

where J; the Bessel function of the first kind defined by Ji(s) = 5> ;50 k,(kﬁ))):.
It follows that

N(gy(N)—1) = NE(e ™ -1

)
(2\/7?) v T e iy
—NIE/O i ————~e ira dt—/0 gn(y)e'>dy

with

gn () :——NE““J%@'“”——NE[ 4 W 1= [ Hadmy e

for fy(z) == — DV and myy the measure with kth moment given by NE[(a;;)

Ve
As my converges weakly to m and f, is continuous and bounded, we have

h@vEy) o
/\@ dm(z)

THEOREM 3.16. Under Assumption 3.15, G converges almost surely towards
G given , for z € CT, by

2k].

gn(y)— — =9(y).

G(z) = z/ etzer=Mqt
0

where p, : RY¥—={x + iy;x < 0} is the unique solution analytic in z € CT of the
fixed point equation

oo .
p=(t) =/ g(y)e =Dy
0

PRrROOF. Again, because of Lemma 3.8, it is enough to prove that Gy con-
verges in L'. We wish to use again the Schur complement formula (3.8). The new
difficulty is that the diagonal elements of the resolvent are not approximately de-
terministic anymore, but rather behave like independent random variables. Indeed
> 1Xij (2 — X@) 7! remains random in the limit N—oco as can be seen if we
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compute for instance its Fourier transform for ¢t € Rt :

[~
Ble= 55 XuPE-X O o | T] B [t Xal (X 4203
Li=1
N ) 1
- E H1+ — (¢ X}V’));jl)Jro(N))

_ E[eﬁzj L2t E=X) 5 Ho(1)

where in the second line we used Assumption 3.15. To prove the convergence of
Gy it is thus natural to study the order parameter

1 N
= > otz — Xn)j;) -

First, we can show that p% (¢) self-averages as in Lemma 3.8 thanks to the fact
that ® is smooth on C~. Indeed, we can use also Azuma-Hoefding inequality and
the same martingale decomposition to reduce the problem to bound uniformly

Z@ (z—X (J) Zq> (J+1)) D)

where XU) — X(U=1) has rank one. But, following Lemma C.3 in [52], we notice
that if XY are two Hermitian matrices so that X — Y has rank one, then for any
function f with finite total variation norm, we have

N
BED I

But M := (2 — X)~!—(2—Y)~! has rank one and is uniformly bounded by 2/|3z/,
hence M = +£||M||ee* for some unit vector v. It follows that

N
POF((CEPIFREDFI(CEbrD

which is the desired bound.
To get an equation for the order parameter p¥, notice that by Schur comple-
ment formula and symmetry that

N
| S W llzv D1 = %) = (= ¥) 7,

9 2
< anw@Zjlmz = Iflrv g7
=1

E[pN (t)] = E [@ (t (z ~X(1,1) + XT (2] - X(”)—lxl)lﬂ .

Again, we may neglect the off diagonal terms as in Lemma 3.13 (note that the A;’s
may be assumed to vanish with high probability and then the L? norm argument
holds), and therefore deduce that since ® is smooth by continuous by assumption

N

E[pY (t)] =E | @ t(Z—ZXmQ(ZI—X(l))Ekl) +o(1).

k=2
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Therefore we deduce from Assumption (3.11) that

E[pY (1) = / g(y)E[e! X2 IXGFEXD5 014y 4 o(1)
0

(%= = X7);;)dy + o(1)

I
s
8
)
S
m@,
nl\\:d
— =
-
_|_
=
A

(3.13) _ / a(y)e =X 00y 4 o(1)
0

It is not hard to see that p¥ is sequentially tight as a continuous function on R¥,
for instance by Arzela-Ascoli theorem. By (3.13), any limit point p, satisfies

p-(t) =/ g(y)e'i7er=W/dy .
0

We also note that by definition, pY¥ takes its values in {z + iy, < 0}. We claim
that there exists at most one solution with values with non positive real part for
Sz big enough Indeed if we had two such solutions p and p, and we denote
A(t) = |p2(t) — p»(t)| their difference, then as |g(y)| < Cy*,k > —1

) < C/ A(y/t) A le S/ qy = CtFt! /y A(y) Ale”S#dy

where we used that p, 5 have non positive real parts. Integrating under t“e~S#tdt
on both sides yields

I:= /y”A(y)e*SZydy < C/tz'”lefsztdt X /y“A(y) Ale”S#dy

Since fy"”"A(y) A 1le=S#Ydy is finite and smaller than I, we deduce for Iz large
enough so that

¢ [erte i<

that I = 0. But we claim that for each given t, N — p¥ () is analytic away from
the real axis. Indeed, ® is analytic on {z + iy,y < 0} by (3.11) and (2 — X);;!
is analytic on &z > 0, with image in {z + iy,y < 0}. We have also seen it is
uniformly bounded. Hence any limit point must be analytic on {Sz > 0} by
Montel’s theorem. We conclude that p.(t) is uniquely determined by its values
for 3z large and therefore uniquely defined by our equation. To conclude, p (¢)
converges almost surely and in L' towards p, ().

This characterizes also the limit of G. Indeed, by concentration inequalities

we have almost surely that
Gn(2) E[Gn(2)] +o(1)

1
= E[ X 2 X(l) —
- 21Xl (= - )jj

— Z'/OO dtE [G”(Z*Z|in|2(Z*X(1));jl)} +o(1)
0

= z/ dte’=r=(1) 1 o(1).
0

As Gy is tight on Q. = {Sz > ¢} for all € > 0 by Arzela-Ascoli theorem, and its
limit points are analytic by Montel’s theorem (as G is uniformly bounded on £2.),
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this implies the convergence of Gx on CT to the unique analytic function on C*
given by the above formula for 3z large enough. o

3.3. CLT

The goal of this section is to prove the CLT for heavy tail random matrices.
We shall use martingale technology. This strategy was used by Bai and Silverstein
(see [83]) in the context of Wigner matrices. We shall prove

THEOREM 3.17. Under the assumptions of Theorem 3.16 and if we assume
additionally that we can write

it

P(x+y) = / e= TV dr(t, s)
R+ xR+

with a measure dr(t,s) = 0r—odp(s) + ds—odp(t) + f(t, s)dsdt with |f(t,s)| < Ct" +
Cs", k> =2, then for all z1, ..., z, € C\R,

(2wt o= 7 (T = 207 = B[T(Gs - X)) 1 < %)

converges in law towards a centered Gaussian vector.

As an exercise, you can check that the new assumption is verified for Erdos-
Renyi matrices and for Lévy except for the bound on f (some argument then needs
to be adapted). Notice that the scaling of the fluctuations is N ~2 as for independent
variables, but differently from light tails matrices.

We let E; be the conditional expectation with respect to the k x k left upper
corner of X (this means we integrate over X;;, ¢ or j being greater than k, and
keep the other variables fixed), and we write

k
M = %N ;)am —EQ)[Tr(z — X))

My, is a martingale and My_1 = Zn(z). We leave the following as an exercise :

EXERCISE 3.18. Let €)Y (2) := (E; — Eg41)(Tr(z — X)~1) and assume that for
any z € C\R, there exists a deterministic constant ey (z) going to zero with N such
that

eV (2)] < en(2) a.s.

whereas there exists a deterministic function C/(z, 2’) such that

(3.14) i ZE@[E?(Z)E?(%)} =C(z,7) as.
=1
Then show that for any z1,...,z, € C\R,
(200 = (s = )7) = BTG = ) D1 <0 <)

converges in law towards a centered Gaussian vector with covariance C(z, 2’).

Let us show that the hypotheses of the exercise are fulfilled. First we need
another formula from linear algebra, namely, see [83, Lemma A.5] :

1 1+X5Gk(z)2Xk :|

N(z) = —(Ey — Ex_
(%) \/N( » k1) z— Xpp — XTGr(2)Xx
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where Gi(2) = (z — X*®))~1 is the resolvent of the matrix X where the kth line
and column were removed. Now

Xk,ul 1
IXTGr(2)2X,| < Z pwei @%(X,{Gk(z)xk)

from which it follows that

2
N
e () < Wi
so that our first hypothesis is fulfilled. Hence the main point is to check the con-
vergence of the covariance (3.14).
We first observe we can again remove the off-diagonal terms in €} (2) as there
are small with high probability. Hence we consider

_ 1 14+ 37, 1 Xkl [Gr(2) s
5N (z) = ﬁ<Ek —E1) |[— 5 ;'MP G’“k BP

and observe that it is also bounded by C(2)/VN as [32]|G?(2);;] < SG(2);;-
We are going to show that as k/N goes to u

(3.15) Jim NEL[6) (2)0N (2)] = Cu(z, 7)) a.s.
—00
which will give (3.14) with

1
C(z,2") :/ Cu(z,2")du
0

Let us denote by ¢, (X) the function on N x N self-adjoint matrices X given by :
T4+ 30 | Xha? (2 — X9) 22
Z - Zi;ﬁk | Xkil* (2 — Xk)z‘_il

wz(X) =

Then, we can write
By = NE[5; (2)87 ()]
= EzBzE[v.(X(W,u, Z))¢.(X (W, u, Z"))]
—Ezu[x(X(W,u, 2))|Ez o= (X (W, u, Z))]
where the matrix X (W, u, Z) has k — 1 x k — 1 first square upper left corner given
by W (kept fixed here), the kth vector given by u € C*, and the last N — k columns

(Xij)i<j, § = k+1, given by Z. Ey means that we integrate over Y. To estimate
this expectation we pass to Fourier transform again, and use the fact that

LY X (2 = X9)52 = 0.2 = ) 1 XaP (2 = X9)51)
i#k i

so that
V(X)) = O.In(z = | Xpl(z— X*);1)

% dt itz—it Y, | Xpi|2(z—X )71
= S 0. | W dt
0

where we used the representation Inz = fooo t=1(e'* — 1)dt. Here the integral
is not singular at t = 0 as the derivative brings a term linear in ¢t. Also, we
assumed that the imaginary part of z is positive so that the integral converges.
Otherwise we would have chosen ¢ in (—o00,0). To simplify the notations hereafter,
we take z,z’ with positive imaginary part, the general case simply requires to
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change the integration over ¢, s below from R™ to R™) Up to cut the integrals to
make everything well defined we can use the above representation to compute Fj,
and permute integration and derivatives. Then, we have

Ey = Er1 — Ep2(2)Er2(2)
with

dt L
Ek 1 7/ / 78 a itz+isz

xE[e‘” >, X(W,u,Z)M(z—X(W,u,Z)(k));.l—is >, X(W,u,Z/)ii(z'—X(W,u,Z’)Uc));.l]
Bja(z) = / ﬂazeitzE[e—it >, X(W,u,Z)ii(z—X(W,u,Z)(k));1]
’ t
0

where we first expectation holds on Z, Z’, u and the second on Z, u. For the second
term we recognize

E[e—itziX(W,u,Z)ii(z—X(W7u,Z)(k))i—il] — PN (1) — pp=(t) +0(1)
so that we get
*dt .,
Ey2(2) 2/ ?32«6”24”)2“)
0

The first term is not so easy. Indeed, X (W, u, Z)g; = X(W,u, Z'); = u; for i < k
but are independent X (W, u, Z)y; = Zyi, X(W,u, Z' ), = Z,, for i > k+ 1. Hence,
taking the expectation we now get :

(316) Ek 1 _/ dt/ ds zterzsz eul) N(t $)+(1—u)(px(t)+p,/(s))
where
k
o 5) = 0@ (1 — X0V, ) 4 5~ X(Wou, 7)) )

g:

and we noticed that

2 (@t = X(Wou, 2)O)7h) + 0(s(z' = X(Wou, 2)P) 1) = pu () +par(5)
r=k+1

Hence, we have a new parameter coming in, namely pivz/% (t,s). Again we can
show that this order parameter self-averages. We can derive an equation for this
parameter thanks to our additional assumption on ® as well as Schur complement
formula. For the latter we notice that for £ < k& we have

1

(z = X(W,u, 2)®)),; ~ 2= Y (X(Wou, 2) 0P (2 — X (W, 2)09) !

2

where
k) _ f We,i<k—1
XW,u, Z)g;” = { Zoiv1,t 2k

We can write (up to admit that reduction by one dimension does not change the
parameter, which can be verified by Weyl interlacing, and that we can remove again
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off diagonal terms) thanks to our hypothesis on ®,
_N,E N, &
pz,zf\] (ta 5) = E[pz,zf\’ (tv 5)]
— [ [ e e { =i Y XV 2P - X0, 2)00);
o Jo 7

s k _
i Y X Wou, 2P (2 = X (W, 2)50) dr (v, o)

o0 o0 [ 7N’£ v o
:/ / it ) =00 (D400 ) g1 (4 /) 4 o(1)

It is not hard to see as before that this order parameter is tight as a continuous
function of two variables. We can then verify that our assumption guarantees that
there exists a unique solution for Sz, $z2’ large enough to the equation

Pt 5) / / (it Guel (35 + (A=W (0= (1) 402 () 7 (o, o)
0

such that when 2’ goes to infinity or s goes to zero (resp. z—o0,t—0), Py (t,s)
goes to p.(t) (resp. p.(s)). Note here that p? , has also a non positive real part
(as p.). Indeed, if we have two solutions p¥ ,, 5% , then

At = t9) = ot <C [ [ e 0 AL o) v
Hence, integrating both sides with respect to (t* + s )tse*%t’gzlsdtds yields
I:= /A(t7 $)(t" + s%)e” S s gt ds < C’/(t“ + 5%)2tse S S S dtds T
Since I is obviously finit, we deduce that it vanishes as soon as
C/(t’“ + 5%) 257 S dtds < 1.
Hence, pf ., is uniquely defined for 3z or $2’ large enough. Its analytic extension

k
is thus also uniquely defined. And hence [)iv’zf" converges towards py ,, for all z, b4

in (CT)2. This guarantees the announced convergence (3.15) with

(2, ) / dt / 78 0t Hise! (P Lo (1) =p=(D=p=(5)) _ 1)gos(0)+pur(s)






CHAPTER 4

Beta-ensembles

Closely related to random matrices are the so-called Beta-ensembles. Their
distribution is the probability measure on R given by

N
1
APy (M, .y AN) = v AN NPRVODTT N
N i=1

where A(A) = [[,; [\ — Ajl.

REMARK 4.1. In the case V(X) = 427 and 8 = 2, P]%’m2/4 is exactly the law
of the eigenvalues for a matrix taken in the GUE as we were considering in the
previous chapter (the case § = 1 corresponds to GOE and § = 4 to GSE). This is
left as a (complicated) exercise, see e.g. [3].

5 ensembles also represent strongly interacting particle systems. It turns out
that both global and local statistics could be analyzed in some details. In these
lectures, we will discuss global asymptotics in the spirit of the previous chapter.
This section is strongly inspired from [13]. However, in that paper, only Stieltjes
functions were considered, so that closed equations for correlators were only re-
trieved under the assumption that V is analytic. In this section, we consider more
general correlators, allowing sufficiently smooth (but not analytic) potentials. We
did not try to optimize the smoothness assumption.

4.1. Law of large numbers and large deviation principles

Notice that we can rewrite the density of S-ensembles as :

aryV 1 1
= —pep{SAY |\ =N - BNY V(L)
dA Zy 2 oy

1
"= o exp {—BNZE (i)}
Zy

where /iy is the empirical measure (total mass 1), and for any probability measure
1 on the real line, we denote by & the energy

e = [ [GVie)+5Ve) - 3 nls - slldutz)duty

(the “=" is in quotes because we have thrown out the fact that In |z — y| is not
well defined for a Dirac mass on the “self-interaction” diagonal terms)

ASSUMPTION 4.2. Assume that liminf |, % > 1 (i.e. V(x) goes to in-
finity fast enough to dominate the log term at infinity) and V' is continuous.

35
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THEOREM 4.3. If Assumption 4.2 holds, the empirical measure converges al-
most surely for the weak topology
AN = pyt s a.s
where pi is the equilibrium measure for V., namely the minimizer of E(p).
One can derive this convergence from a related large deviation principle [8]

that we now state. Below, the set P(R) of probability measures on the real line is
endowed with its weak topology.

THEOREM 4.4. If Assumption 4.2 holds, the law of iy under Pff’v satisfies a
large deviation principle with speed N? and good rate function

I(p) = BE(n) — inf £(v).
(u) = BE(u) - B in L w)
In other words, I has compact level sets and for any closed set F of P(R),
1 v
limsup—lnPﬁ’ iy € F) < —infl
whereas for any open set O of P(R),
N | BV~ .
l}ggofmlnPN (in € O) Z*lIolfI
To deduce the convergence of the empirical measure, we first prove the existence
and uniqueness of the minimizers of £.

LEMMA 4.5. Suppose Assumption 4.2 holds, then :

o There exists a unique minimizer puy to E. It is characterized by the fact
that there exists a finite constant Cy such that the effective potential

Ve (z) == V() - / In [z — y| dus3(y) — Cy

vanishes on the support of 3 and is non negative everywhere.
o For any probability measure u, we have the decomposition

@y =+ | o \ [ et - i@ 4 [ Veaa)duta).

PROOF. We notice that with f(z,y) = 3V (z)+ 3V (y) — 3 In|z —y],
E(p) = /f(x,y)du(x)du(y) = Eu%/f(w,y) A Mdp(x)dp(y)
by monotone convergence theorem. Observe also that the growth assumption we
made on V insures that there exists v > 0 and C' > —oo such that
(4.2) flz,y) = y(n(lz| + 1) +In(jy| + 1)) + C,

so that f A M is a bounded continuous function. Hence, £ is the supremum of the
bounded continuous functions Enr (1) := [ [ f(z,y) A Mdu(z)du(y), defined on the
set P(R) of probability measures on R, equipped with the weak topology. Hence &£
is lower semi-continuous. Moreover, the lower bound (4.2) on f yields

(43) Lus o= (we PR) s €0 <y < { [ el + Do) < X} = Ky
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where K is compact. Hence, since L, is closed by lower semi-continuity of £ we
conclude that Lj; is compact for any real number M. This implies that £ achieves
its minimal value. Let p( be a minimizer. Writing that &(uj + ev) > E(uj?) for
any measure v with zero mass so that uj;' 4 ev is positive for € small enough gives
the announced characterization in terms of the effective potential Vg.

For the second point, take p with £(u) < oo and write

V= Veff+/ln|- —yldpy'(y) + Cv
so that
£ =€) ~ 5 [ [ ke~ yldtu — D @dn - w2)0) + [ Via@)duo).
On the other hand, we have the following equality for all z,y € R

| 1 oyl
ln|x—y|:/ (e‘?t—e‘ %t )dt.
o 2t

One can then argue [7] that for all probability measure p with £(u) < oo(in par-
ticular with no atoms), we can apply Fubini’s theorem and the fact that p — i is
massless, to show that

S = [ [l -yl w0 @0 - 1))
= - 5[ [ i@ i

2
[ ePdtn = w2y axas

= - [T e e i

This term is concave non-positive in the measure p as it is quadratic in y, and in
fact non degenerate as it vanishes only when all Fourier transforms of u equal those
of uy, implying that p = pi. Therefore £ is as well strictly convex as it differs
from this function only by a linear term. Its minimizer is thus unique. o

REMARK 4.6. Note that the characterization of u{! implies that it is compactly
supported as Vg goes to infinity at infinity.

REMARK 4.7. It can be shown that the equilibrium measure has a bounded
density with respect to Lebesgue measure if V is C2. Indeed, if f is C! from
R — R and € small enough so that ¢.(z) = 4+ ef(z) is a bijection, we know that

Ipettuy') = I(py?)
where we denoted by ¢#pu the pushforward of p by ¢ given, for any test function
g, by :

/ o) dotuly) = / o(p(@))du(z).

As a consequence, we deduce by arguing that the term linear in € must vanish that

% / / wdu?(x)duevq(y) - / V' (z) f(2)dpsd(z) .
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By linearity, we may now take f to be complex valued and given by f(z) = (z—z) .
We deduce that the Stieltjes transform Seq(z) = [(z — z)~'dui/(z) satisfies

- / YD (@) = Suale) V'R + 1)

/V’ O )

f is bounded on compacts if V is C2. Moreover we deduce that

S(z) = —VV'(R(2))2 +2f(2).
But we can now let z going to the real axis and we deduce from Theorem 3.5 that

py has bounded density /V'(x)? — 4f(x).

Note also that it follows, since V’(x)? —4f(x) is smooth that when the density
of pj vanishes at a it vanishes like |z — a|Q/ 2 for some integer number g > 1.

with

Because the proof of the large deviation principle will be roughly the same in
the discrete case, we detail it here.
Proof of Theorem 4.4 We first consider the non-normalized measure

QY 1
D = e iﬁglnp\i—)\ﬂ—ﬂNZV()\
1#]

and prove that it satisfies a weak large deviation principle, that is that for any
probability measure u,

—BE(n) = 1imsup1imsup—an’BV( d(fin, p) <9)

5—0 N—o0

= hmlnfl}\l}nmfN—anB (d(fin, 1) < 9)

6—0
where d is a distance compatible with the weak topology, such as the Vasershtein
distance.
To prove the upper bound observe that for any M > 0

Q%Y (djin ) < 8) < / eIV Loy SN MAEN @Y W) TT =PV ) gy,
d(pN,p)<é

—  PNM e BN? [ F(zy)AMdp™ (2)di™ (y) [Te#"an,
(AN 1) <8

where in the first line we used that the A; are almost surely distinct. Now, using
that for any finite M, £y is continuous, we get

QN (v, p) < 8) < PNMemANTEM () ENTo(0)( / e VAN

Taking first the limit N going to infinity, then § going to zero and finally M going
to infinity yields

L Q%Y (d(ju, 1) < 6) < —BE(w).

lim sup lim sup —
550 Nooo V2
To get the lower bound, we may choose p with no atoms as otherwise £(u) =
+00. We can also assume p compactly supported, as we can approximate it by
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par(dx) = 15 <prdp/ (=M, M]) and it is not hard to see that £(uar) goes to £(u)
as M goes to infinity. Let x; be the i*" classical location of the particles given
by u((—o0,2;]) = i/N. x; < x;y1 and we have for N large enough and p > 0, if
U; = )\1 — Xy,

Q=nNi{luwil < N7Pu; <wuipr} C{d(fin, p) <0}
so that we get the lower bound

N
Q%V(d(ﬂN,,u) <d) > H |z; —x; +u; — uj|5 HeXp (=NBV (z; + u;)) du;

q i>i i=1

Observe that by our ordering of x and u, we have |z; — ; + u; — u;| > max{|z; —
xj|, |u; — uj|} and therefore

[Tz — 2 +wi—ul” > I i — 250 H|zz+1—xz|‘” H\uﬂ—uv*/

i>7 1>7+1

where for ¢ > j+1

TP T4
In|z, —x;| > / / In |z — yldu(z)du(y)
Ti—1 Y Tj
whereas

o= o] 22 [ [ Lyl -yl @) ).
Ti—1 Y Ti—1

We deduce that
1 L 1 > N? 1 dpsH(z)dusd
_;1 H|Ii*$j|+§z 0w — x| > > n |z — ylduy' (z)dpy (y) -
i>j )

Moreover, V is continuous and p compactly supported, so that

(4.4) —Zsz—i—ul = ZVxZ )+ o(1
Hence, we conclude that
Q%Y i) <) = exp{-68°€(0} | TTlussr il L

(4.5) > exp{~AN?E(n) + o(N?)}

which gives the lower bound. To conclude, it is enough to prove exponential tight-
ness. But with K as in (4.3) we have by (4.2)

QY (K5, < / o2/ N(N=1) [ In(|z|+1)d™ ()~ O N> Hd/\ < NF(C=290)
Ky

with some finite constant C’ independent of M. Hence, exponential tightness fol-

lows :

lim sup lim sup — In QB vV (K§;) = —o0

M—oo N—yoo N2
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from which we deduce a full large deviation principle for Q?V’V and taking F' = O
be the whole set of probability measures, we get in particular that

1
lim —anﬁ,’V = —finf .

N—oo N2
o
We also have large deviations from the support : the probability that some
eigenvalue is away from the support of the equilibrium measure decays exponentially
fast if Vog is positive there. This was proven for the quadratic potential in [6], then
in [3] but with the implicit assumption that there is convergence of the support
of the eigenvalues towards the support of the limiting equilibrium measure. In
[52, 16], it was proved that large deviations estimate for the support hold in great
generality. Hence, if the effective potential is positive outside of the support .S of the
equilibrium measure, there is no eigenvalue at positive distance of the support with
exponentially large probability. It was shown in [49] that if the effective potential
is not strictly positive outside of the support of the limiting measure, eigenvalues
may deviate towards the points where it vanishes. For completeness, we summarize
the proof of this large deviation principle below.

THEOREM 4.8. Let S be the support of puit. Assume Assumption 4.2 and that V
is C2. Then, Vog is a good rate function and we have the following large deviations
from the support estimates. Then, for any closed set F' in S¢

1
lim sup mPyY(Fie{l,N}: \eF)< —inf Vegr,

N—o0

whereas for any open set O C S°¢

o1 BV /- .
l}wgofﬁlnPN (Fie{l,N}: X\, €0)> —1r01fVeﬁ~.
PROOF. Observe first that Veg is continuous as V is and 2 — [ In |z —y|dui (y)
is continuous by Remark 4.7. Hence, as Veg goes to infinity at infinity, it is a good
rate function.
We shall use the representation

TV (F TV(F
Ni()gpﬁ’v[ai X €FJ< N X ®

o TV (R) TRV (R)

where, for any measurable set X :

NV —NBV N-— "din—1(N\) In [E—=X
X

We shall hereafter estimate 3 In T2V (X). We first prove a lower bound for T (X)
with X open. For any z € X we can find € > 0 such that (z — e,z +¢) C X. Let
0:(V) = sup{|V(z) = V(y)|, |z — y| < e}. Using twice Jensen inequality, we lower
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14
bound 15" (X) by

8, A% V”E {—NBV(£)+(N—1)6fdﬂN1(71)1n£—71}]

v
Z“U

d€e

—€

Y

, NV Tte { N—1)g [dan_1(N\)In 7,\}
e—N,B(V(l)-‘rtSs(V)) Pf]’fol [/ dée ( )B [diin—1(A) In|E=A] ]
x

C—¢&

l'}NV

> 9z o~ NB(V@+s.(1)) e{(NA)ﬁ Pyt [f djiy-1(3) H“m]}

NV

48) > 20 VO(V@+a() e{‘N‘”" P s |

where we have set :

T+te d&

(49) Hoe)= [ 5 mle=A

r—E& €
and ¢, k is a continuous function which vanishes outside of a large compact K
including the support of 47, is equal to one on a ball around z with radius 1 + ¢
(note that H is non-negative outside [x — (14 ¢), z + 1 + ¢] resulting with the lower
bound (4.8)) and on the support of xj?, and takes values in [0,1]. For any fixed
€ >0, ¢z xkHy e is bounded continuous, so we have by Theorem 4.4 (note that it
applies as well when the potential depends on N as soon as it converges uniformly
on compacts) that :

(4.10) T%V(X) > 9 67¥(v(m)ws(\/))e{(N—l)ﬁf dut(X) da, i () Hz,s(A)+NR(87N)}

with limy_,00 R(e,N) = 0 for all ¢ > 0. Letting N — oo, we deduce since
[ dut(N) ok (N) Hy e (N) = [duSt(N) Hy o (X) that :

(4.11) 1iminf% T3 (X) > —B6.(V) — 5(V(z) - / A (N) HW(A))

N—oc0

Exchanging the integration over ¢ and z, observing that & — [ duj*(A) In|€ — A is
continuous by Remark 4.7 and then letting ¢ — 0, we conclude that for all x € X,

1
(4.12) lim inf = In TV (X) > =B Ve () -

We finally optimize over x € X to get the desired lower bound. To prove the upper
bound, we note that for any M > 0,

—NBV N— din_1(N) Inmax(|6—=X\],M ! }
l/dfe{ BV(E)+(N—=1)8 [ din—1(A) In max (j6—A|, M) 1 |
X

NV
B, N1
1

TRV (X) < Py
Observe that there exists Cp and ¢ > 0 and d finite such that for || larger than
C() :
W, (&) =V(¢) — /du()\)lnmaxﬂf A, M) >clnf¢|+d

by the confinement Hypothesis (4.2), and this for all probability measures p on R.
As a consequence, if X C [—C, C]¢ for some C large enough, we deduce that :

(4.13) ‘r]ﬁ\;v(x) g/d&e—(N—l)g(CIn\fH-d) < e~NicnC
X
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where the last bound holds for N large enough. Combining (4.12), (4.13) and (4.6)
shows that
1
lim sup lim sup i In Pﬁ,’v [Fi [N|>C)=-—.

C—oo N

Hence, we may restrict ourselves to X bounded. Moreover, the same bound ex-
NV

tends to PN’_Nli‘1 so that we can restrict the expectation over fiy_; to probabil-
ity measures supported on [—~C,C] up to an arbitrary small error e~V (@) pro-
vided C' is large enough and where e(C') goes to infinity with C. Recall also that
V(€) — 2 [dfiy—1(N\) Inmax(]§ — A|, M~!) is uniformly bounded from below by a
constant D. As A—1In max(\f — AL, M _1) is bounded continuous on compacts, we
can use the large deviation principles of Theorem 4.4 to deduce that for any ¢ > 0,

any c > CO?
@1)T5Y(X) < NRENC) 4 o~N(E(@)-5D)

—NBV N-1 dpSd(N) Inmax (|E—A[,M ™)+ NM }
N /dge{ BV(E)+(N-1)B [ dus?(N) (le=ALM ")+ NMe
X

with limsupy_, . R(e, N,C) equals to

: 1 B8 (s A e
hjfvn_fup vz O (G- (20,6 = 10 {d(pn—1, i) > €}) < 0.

Moreover, & — V(§) — [ duy*(A) Inmax (| — A[, M~!) is bounded continuous so
that a standard Laplace method yields,

1
lim sup i In T%V (X)

N—oc0

< max{ — inf [B(V(é) - /du‘f/q()\) In max (|€ — )\|’M—1)>} ,—(e(C) — gD)} .

£ex

We finally choose C' large enough so that the first term is larger than the second,
and conclude by monotone convergence theorem that [ duj(\) In max(|{—A|, M 1)
decreases as M goes to infinity towards [ duj(A)In|{—A|. This completes the proof
of the large deviation.

o

Hereafter we shall assume that
ASSUMPTION 4.9. Vs is positive outside S.

REMARK 4.10. As a consequence of Theorem 4.8, we see that up to exponen-
tially small probabilities, we can modify the potential at a distance € of the support.
Later on, we will assume we did so in order that Ve’f 7 does not vanish outside S.

In these notes we will also use that particles stay smaller than M for some M
large enough with exponentially large probability.

THEOREM 4.11. Assume Assumption 4.2 holds. Then, there exists M finite so
that

1
limsupﬁlnP]@’v(ﬂi e{l,...,N}:|\| > M) <0.

N —o0
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Here, we do not need to assume that the effective potential is positive every-
where, we only use it is large at infinity. The above shows that latter on, we can
always change test functions outside of a large compact [—M, M] and hence that
L? norms are comparable to L> norms.

4.2. Concentration of measure

We next define a distance on the set of probability measures on R which is well
suited for our problem.

DEFINITION 4.12. For u, p/ probability measures on R, we set

Do) = ( / N \ [ et - i@ 2 dj) .

It is easy to check that D defines a distance on P(R) (taking eventually the
value 400, for instance on measure with Dirac masses). Moreover, we have the
following property

PROPERTY 4.13. Let f € L'(dx) such that f belongs to L'(dt), and set
519\ 12
1fllye = ([t fol2at)
e Assume also f continuous. Then for any probability measures p, u’
[ H@dtn = (@) <2052l

e Assume moreover f, f’ € L?. Then
(4.15) £z < 200 lez + 1 1z2) -

PrOOF. For the first point we just use inverse Fourier transform and Fubini to
write that

| / f@)d(p— i) @) = | / foit |

< 2/ 2 folt =2 = gy |dt < 2D (p, )| £1l1 2
0

where we finally used Cauchy-Schwarz inequality. For the second point, we observe
that

[e’s} . 1 . .
1= [ ddar < 5[ Viae+ [ 1efiPan = SO + 171

from which the result follows. o

We are going to show that fiy = ﬁ vazl J0y, satisfies concentration inequalities
for the D-distance. However, the distance between fiy and pi is infinite as fiy
has atoms. Hence, we are going to regularize iy so that it has finite energy,
following an idea of Maurel-Segala and Maida [71]. First define Aby A1 = A\; and
X = \i_1 +max {on, i — Ai—1} where oy will be chosen to be like N~P. Remark
that \;—\;_1 > on whereas |)\i—/~\i| < Noy. Define iy = Ey [% 255\7;+Ui] where
U; are independent and equi-distributed random variables uniformly distributed on
[0, N79] (i.e. we smooth the measure by putting little rectangles instead of Dirac
masses and make sure that the eigenvalues are at least distance N7 apart). For
further use, observe that we have uniformly |5\Z +U; — X\i| < NP4 N79. In the
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sequel we will take ¢ = p+ 1 so that the first error term dominates. Then we claim
that

LEMMA 4.14. Assume V is C'. For 3 < p+ 1 < q there exists Cp, finite and
c > 0 such that

PEY (D (in, pS0) > 1) < eCraNInN=BN*Z | o—eN
REMARK 4.15. Using that the logarithm is a Coulomb interaction, Serfaty et
al could improve the above bounds to get the exact exponent in the term in N In NV,
as well as the term in N. This allows to prove central limit theorems under weaker

conditions. Our approach seems however more robust and extends to more general
interactions [16].

COROLLARY 4.16. Assume V is C!. For all ¢ > 2 there exists C finite and

¢, co > 0 such that
> 1) <e N

/sOd (AN — p3)

1
P | sup
(sa N=12|lp|lL + coN~/2VIn Nllel|y

Moreover
PT) — oY) oa e N e 1
(4.16) ‘/(m)_y()d(uN — ) (@)d (" —uvq)(y)‘ <O mN|glc
with probability greater than 1 — e™N. Here [j¢llr = sup,, % and

loller = e 199 ]|o- Note that we can modify ¢ outside a large set [—M.M]
up to modify the constant c.

PrOOF. We take ¢ = p + 1. The triangle inequality yields :

[ in - | = ’/@d(ﬂw—ﬁNH/wd(ﬁN—ue&)

IN

& D Eule(n) - ¢(hi+ V)]

+ [ o)y = mH O
< N2 4 2, D (G, )
where we noticed that |\; — A;| is bounded by N~7*! and U by N~ and used

Cauchy-Schwartz inequality. We finally use (4.15) to see that on {|\;| < M} we
have by the previous lemma that for all ¢

/ od (in — py)

with probability greater than 1 —eCr.a¥1n N=ZN** We next choose t = con/In N/N

with ¢2 = 4|C,,,,|/8 so that this probability is greater than 1—e~%/2¥ N Theorem
4.11 completes the proof of the first point since it shows that the probability that
one eigenvalue is greater than M decays exponentially fast.

We next consider

L(@) = [ PI= A - g yaa - i)

< NP ol +tlell
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on {max|\;] < M}. Hence we can replace ¢ by ¢xn where xas is a smooth
function, equal to one on [—M, M| and vanishing outside [-M — 1, M + 1]. Hence
assume that ¢ is compactly supported. If we denote by Ly (¢) the quantity defined
as Ly (¢) but with fiy instead of iV we have that

]EN(@ - LN(¢>)] < 2)¢ || N TIT2.
We can now replace ¢ by its Fourier representation to find that

x(o) = [ aritdte) [ do [ ety = i) [ O i - ).

We can then use Cauchy-Schwartz inequality to deduce that

L@ < [l /1da| [ et - i) @)
/dt\tqb |/ |/ e d(fiy — pyt)(z)]?

/dt\tgb(t)lD(/lz\r,/qu)2
(4.17) < CD(jin, 15?9l 2

where we noticed that

A

IN

X 1/2 1/2
/dt|t¢>(t) < (/dt|t¢ )) (/dt(1+t2)1>
< C16P 22 + [1¢']|22) < Cll ]2
as we compactified ¢. The conclusion follows from Theorem 4.11. o

We next prove Lemma 4.14. We first show that :
Z]’%’VZexp( N2BE(us ")+ CNInN)

The proof is exactly as in the proof of the large deviation lower bound of Theorem
4.4 except we take = pi! and V is C', so that

NZV x4 u) = NZV T +O( )
This allows to improve the lower bound (4.5) into

25"z QY (A, i) < 9)
(4.18) > exp{—BN?*E(uy') + CNIn N}
zyveyY

Now consider the unnormalized density of Qjﬁv’v = on the set where

|A\i| < M for all ¢
B,V
oy (V) _ [T1h — A\l exp (—NB > V(Ai))

dA 1<j
TI% =5 e (-8 Vi)

1<j

IN
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because the A only increased the differences. Observe that for |\;| < M,

V) =Vi+T)| < sup  [V/(@)|(N'P + N79).
o] <M+1

Moreover for each j > i

In 5\i+ui—5\j—uj +O(N7q+p).

S\i —S\j‘ =Eln

Hence, we deduce that on |\;] < M for all i, there exists a finite constant C' such
that

arPsV
dr

As we chose ¢ = p+ 1, p > 2, the error is at most of order N In N. We now use
the fact that

E(7in) — E(E) = D(fiy, 1S2)? + / (Ver) @) — p9)(2)

where the last term is non-negative, and Theorem 4.11, to conclude

<exp (—N?B(E(fin) — E(uyY)) + CNIn N + CN?*~ TP  CN37P)

N
PEY ({Din . i > £ 0 {max || < M) < OV NN (/ ewwmdw)

where the last integral is bounded by a constant as Veg is non-negative and goes to
infinity at infinity faster than logarithmically. We finally remove the cutoff by M
thanks to Theorem 4.11.

4.3. The Dyson-Schwinger equations

4.3.1. Goal and strategy. We want to show that for sufficiently smooth
functions f that

1 «a S| 1
B |y S 000] =0+ 3 ents) +ol )

o > f(N) —E[D f(\)] converges to a centered Gaussian.

We will provide two approaches, one which deals with general functions and
a second one, closer to what we will do for discrete 8 ensembles, where we will
restrict ourselves to Stieltjes transform f(z) = (z — x)~! for 2 € C\R, which in
fact gives these results for all analytic function f by Cauchy formula. The present
approach allows to consider sufficiently smooth functions but we will not try to
get the optimal smoothness. We will as well restrict ourselves to K = 2, but the
strategy is similar to get higher order expansion. The strategy is similar to the case
of the GUE :

e We derive a set of equations, the Dyson-Schwinger equations, for our ob-
servables (the correlation functions, that are moments of the empirical
measure, or the moments of Stieltjes transform) : it is an infinite system
of equations, a priori not closed. However, it will turn out that asymptot-
ically it can be closed.
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e We linearize the equations around the limit. It takes the form of a lin-
earized operator acting on our observables being equal to observables of
smaller magnitudes. Inverting this linear operator is then the key to im-
prove the concentration bounds, starting from the already known concen-
tration bounds of Corollary 4.16.

e Using optimal bounds on our observables and the inversion of the master
operator, we recursively obtain their large N expansion.

e As a consequence, we derive the central limit theorem.

4.3.2. Dyson-Schwinger Equation. Hereafter we set My = N(in — py)-
We let = be defined on the set of C} (R) functions by

=/) = V(@) @) - [ L g,

= will be called the master operator. The Dyson —Schwmger equations are given in
the following lemma.

LEMMA 4.17. Let fi : R — R be C} functions, 0 <i < K. Then,

K K
]E[MN(EfO)HNﬂN(fi)] = (B_i)E[ﬂN(fé)HNﬂN(fi)}

i=1 i=1

K
+ %Z i (fofe) HNuN £l
i#£L

+ 2N /f() f(] ( dMN HN,UzN fz

PrOOF. This lemma is a direct consequence of integration by parts which im-
plies that for all j

K K
sO) [T NN ()] = BE [ fo(x) [ NV( o | LIV
i=1

i=1 k]
K
= > _ElfoO) i) [T Naw (£)]
(=1 £l
Summing over j € {1,..., N} and dividing by N yields

(MN V' fo) — // fole N(iﬂ)dﬂN(y)) f[lNﬂN(fi)]

N(f5) HNuN )] Z L (fofo) T N (£)]

=1 il

BNE

= (1-=

M\Q

where we used that (x —y)~1(f(x) — f(y)) goes to f'(x) when y goes to x. We first
take fy =1 for £ € {1,..., K} and fp with compact support and deduce that as
N goes to uy almost surely as NV goes to infinity, we have

(4.19) () - 5 [ PO g @y ) <o,
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This implies that uy has compact support and hence the formula is valid for all f.
We then linearize around py to get the announced lemma. o

The central point is therefore to invert the master operator =. We follow a
lemma from [5]. For a function & : R — R, we recall that ||| csm) == >0 _o |7 o m).
where k(") denotes the r-th derivative of h.

LEMMA 4.18. Given V : R — R, assume that i has support given by [a,b]
and that

dp
T;(x) =S(@)V(z —a)(b—2)

with S(x) > ¢ >0 a.e. on [a,b)].
Let g : R=R be a C* function and assume that V is of class CP. Then there
exists a unique constant cq such that the equation

=f(x) = 9(x) + ¢
has a solution of class C*=27P=3) " More precisely, for j < (k—2) A (p—3) there
is a finite constant C; such that

(4.20) I fllci@®) < Cjllgllcitzmys

where, for a function h, ||h||cim) = i:o AT Los Ry
This solution will be denoted by 2~ 1g. It is C* if g is C¥*2 andp >k +1. It
decreases at infinity like |V'(z)z| ™!

REMARK 4.19. The inverse of the operator = can be computed, see [5]. For
x € [a, b] we have that E_lg( ) equals

Xi~tg(x) = (/ y- byt =0@ 4,

y—x

-7 (sc — a—2|—b> (9(z) +¢q) +02),

where ¢, and co are chosen so that =~'g converges to finite constants at a and b.
We find that for z € S

1 b 1
= lg(zx) = ———PV d
9% = 35w /ag(y)w—w TEDED

1 1
= 350 [, W ) ety
and outside of S f is given by (see Remark 4.10).

= (Vo - [ aiw) [ I g

REMARK 4.20. Observe that by Remark 4.7, the density of u{? has to vanish
at the boundary like |2 — a|%/? for some ¢ € N. Hence the only case when we can
invert this operator is when ¢ = 1. Moreover, by the same remark,

S@)V(@ = a)(b—x) = /V'(x) :V’<x>*PV/<xfy>*1duev"(y>

so that S extends to the whole real line. Assuming that S is positive in [a,b]
we see that it is positive in a open neighborhood of [a,b] since it is smooth. We
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can assume without loss of generality that it is smooth everywhere by the large
deviation principle for the support.

We will therefore assume hereafter that V' is off-critical in the following sense.

ASSUMPTION 4.21. V : R — R is of class C? and pj has support given by
[a, b] and that
dpy
WY (1) = S(2)y/ o = )b~ 2)
with S(x) > ¢ > 0 a.e. on [a,b]. Moreover, we assume that (|V'(z)z| + 1)1
integrable.

The first condition is necessary to invert = on all test functions (in critical
cases, Z is may not be surjective). The second implies that for Z=! f decays fast
enough at infinity so that it belongs to L! (for f smooth enough) so that we can
use the Fourier inversion theorem.

We then deduce from Lemma 4.17 the following :

COROLLARY 4.22. Assume that 4.21 with p > 4. Take fo C*, k > 3 and f; C'.
Let g = 271 fo be the C*~2 function such that there exists a constant c, such that
Zfo =g+ cg. Then

K L1 K
E(J] Mn(f)] = (B — S)E[aN((E™ fo) )HMN(fz)}
zl—OK i=1
*3 > Elin(E " fof) [ [ M (£:)]
=1 iA

1 = fo(z) = E" " foly)
+ﬁE[/ — My ()d My (y HMN £2)]

4.3.3. Improving concentration inequalities. We are now ready to im-
prove the concentration estimates we obtained in the previous section. We could
do that by using the Dyson-Schwinger equations (this is what we will do in the
discrete case) but in fact there is a quicker way to proceed by infinitesimal change
of variables in the continuous case :

LEMMA 4.23. Take g € C* and assume p > 4. Then there exists universal
finite constants Cy and ¢ > 0 such that for all M > 0

PEY (N1 [ o)™ = i2)(@)| = Culgllos ¥ + M ) < e 4 v

PRrROOF. Take f compactly supported on a compact set K. Making the change
of variable A; = X; + & f(\}), we see that Zﬁ,’v equals

@2 [TI =+ 00 = FOI [TV Ot 0D @ L),

Observe that by Taylor’s expansion there are 6;; € [0, 1] such that

TTI 2 + (7)) — 7))
)‘J )‘j 2
R B e e D B e e

l<] 1<J
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where the last term is bounded by ||f'||2,. Similarly there exists 6; € [0,1] such
that

VO + 5 FO0) = VO + 3OOV ) + 37/ 0V O+ 3 70)

where the last term is bounded for N large enough by Cx (V)| f||2, with Cx =
SUPg(z,k)<1 |V (2)|. We deduce by expanding the right hand side of (4.21) that

/exp{ Z‘ZC)\T ,BZV’ i) YdPyY

< exp{BOK | fII2 + BIF % + 1[I}
Using Chebychev inequality we deduce that if f is C! and compactly supported
(4.22)

, 1 f(Az)ff(/\) / / -
Py ﬁ;ﬁ—ZV(MH(/\O >MInN | < N-MefD

with C(f) = Ck || fII5 + (B+ (1 + ||f/||oo)2' But

7Zf)\,/\ ZV

N - wEN+ 5N [ [HEZI D iy wa - i)

where if f is C? the last term is bounded by C|| f||c2 In N with probability greater
than 1 — e~V by Corollary 4.16. Hence, we deduce from (4.23) that

P

and inverting f by putting g = = f concludes the proof for f with compact support.
Again using Theorem 4.11 allows to extend the result for f with full support. ¢

(N —M)(Ef)‘ > MlnN) < NCIfllc2=M ClIflIga 4 g=eN

EXERCISE 4.24. Concentration estimates could as well be improved by using
Dyson-Schwinger equations. However, using the Dyson-Schwinger equations neces-
sitates to loose in regularity at each time, since it requires to invert the master
operator. Hence, it requires stronger regularity conditions. Prove that if Assump-
tion 4.21 holds with p > 12, for any f be C* with k > 11. Then for £ = 1,2, there
exists Cp such that

BN (i — 159 ()] < Call fllgovse | £l in N)F

Hint : Use the DS equations, concentration, invert the master operator and boot-
strap if you do not get the best estimates at once.

THEOREM 4.25. Suppose that Assumption 4.21 holds with p > 10. Let f be C*
with k >9. Then

my(f) = Jim BN G = (D] = (5

Let fo, f1 be C* with k> 9 and p > 12. Then

Cv(fo, [1) = A}LIHOOE[MN(]CO)MN(]CQ] =my (fo)mv(f1) +

~ SFIET ).

1 15
Bﬂv( 1f0)
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REMARK 4.26. Notice that as C' is symmetric, we can deduce that for any fo, fi
in C* with k > 9,

I (FIE o) = m (FoE ) -
PRrROOF. To prove the first convergence observe that
1 1

(423) EMx()] = (5 - 3)Elin(E o))
=1t (x) = =71
ol [ SR R0 oy @yany).

The first term converges to the desired limit as soon as (271 f)’ is continuous.
For the second term we can use the previous Lemma and the basic concentration
estimate 4.16 to show that it is neglectable. The arguments are very similar to those
used in the proof of Corollary 4.16 but we detail them for the last time. First, not
that if yps is the indicator function that all eigenvalues are bounded by M, we have
by Theorem 4.11 that

‘E[(l _ XM)/ E_lfo(l') — E_lfo(y)

r—y
We therefore concentrate on the other term, up to modify =~ fy outside [— M, M]
so that it decays to zero as fast as wished and is as smooth as the original function
(it is enough to multiply it by a smooth cutoff function). In particular we may
assume it belongs to L? and write its decomposition in terms of Fourier transform.

dM (2)dMy ()]| < IE7 follor N2 .

With some abuse of notations, we still denote (21 fy), the Fourier transform of
this eventually modified function. Then, we have

o [ ERE=E0 0 iy @yanin o))

< /|t(5_1fo)t\/0 Elxar| My (€"")|?]dodt

To bound the right hand side under the weakest possible hypothesis over fj, observe
that by Corollary 4.16 applied on only one of the My we have

(4.24) E[xa | My (€' [?] < CV N In N |t|E[| My (e?*)|] + N2e<N

where again we used that even though e’* has infinite 1/2 norm, we can modify
this function outside [—M, M] into a function with 1/2 norm of order |¢t|. We next
use Lemma 4.23 to estimate the first term in (4.24) (with |e®®||c4 of order |at|*+1)
and deduce that :

IElxar [ E71f0($330 : ilfo(y)

< C(lnN)3/2m/|t(ﬁ))t\|t|5dt

dMy (x)dMny (y)]|

CIn N2V N2 fol|
C(hl-7\7)3/2\/N||f0||c9
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Hence, we deduce that

1 E 1 folx) — =71 -1
¥ [ S == ang yany)]| < conw VA les
goes to zero if fo is C°. This proves the first claim. Similarly, for the covariance,
we use Corollary 4.22 with p = 1 to find that for fo, f1C*,

Cn(fo, 1) = E[N@EY = py)(fo) Mn(f1)]
= (5~ PHEE ) EMN ()] + 5 o)

(4.25) +B]E[(ﬂN ) ET fof1)]

Jri]E[/ = fo(x) —E7 foly)
2N -y

The first line converges towards the desired limit. The second goes to zero as soon
as (E71fy)" is Cland f; is C*, as well as the third line. Finally, we can bound the
last term by using twice Lemma 4.23, Cauchy-Schwartz and the basic concentration
estimate once

dMy (z)dMy (y) My (f1)]

et E == g iy M)

< C(nNY/2VN / dt) (51 o), Ll |t

< CNPPYNIE follerlfle
which once plugged into (4.25) yields the result. o
4.3.4. Central limit theorem.

THEOREM 4.27. Suppose that Assumption 4.21 holds with p > 10. Let f be C*
with k > 9. Then My(f) = Zil F(\) = NuiA(f) converges in law under Pé\fv
towards a Gaussian variable with mean my (f) and covariance o(f) = pyt (f'E71f)

Observe that we have weaker assumptions on f than in Lemma 4.25. This is
because when we use the Dyson-Schwinger equations, we have to invert the operator
= several times, hence requiring more and more smoothness of the test function f.
Using the change of variable formula instead allows to invert it only once, hence
lowering our requirements on the test function.

PROOF. We can take f compactly supported by Theorem 4.11. We come back
to the proof of Lemma 4.23 but go one step further in Taylor expansion to see that
the function

w =y SRS e e () R

1<J

B

" 2 1 S !
—o 2V ) +N;f (A)
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satisfies )
3
< Ol fI

In / A Napy

where the constant C' may depend on the support of f. For any § > 0, with

probability greater than 1 —e~¢ (N * for some C' (8) > 0, the empirical measure /¥
is at Vasershtein distance smaller than § from p{?. On this set, for f C*

WZ( L) LSV a0ua) = ¢ + 0w

where
cth) =5 [ (P20 aip@ano + [ vi@seraio)
whereas

1 N
= D) = M(f) + (1), 1fM(f):/f/(x)dM31(x)
i=1

As An(f) is at most of order N, we deduce by letting N and then ¢ going to zero

that
N

Zn(f) = e O w =By V(N

ij=1
satisfies for any f C*!
lim [ eZvNgplV = e(5-DM(NH+5C()

N —o0

In the line above we took into account that we added a diagonal term to Zy(f)
which contributed to the mean. We can now replace f by tf for real numbers f
and conclude that Zy(f) converges in law towards a Gaussian variable with mean
(g — )M (f) and covariance BC(f). On the other hand we can rewrite Zy(f) as

ZN(f) = BMN(ESf) +en(f)

where ﬁN i

>R g — @i - i)
Now, we can use Lemma 4.23 to bound the probability that ey (f) is greater than
some small §. We again use the Fourier transform to write :

ﬂ /tht/ Nv)(1 a)t( /—\Ni/q)atdt.

We can bound the L' norm of e (f) by Cauchy-Schwartz inequality by
Bllew(9l) < 5 [ 17 / T 1 PTPEN Y — 50 2 dbdar.
Finally, Lemma 4.23 implies that
T In N _
B0 — B 11V < It + N €
from which we deduce that there exists a finite constant C'

In N2
Ellen (/)] < C / (Pl
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Thus, the convergence in law of Zy(f) implies the convergence in law of

My (Ef) towards a Gaussian variable with covariance C(f) and mean (3 — %)M (f)-

If f is C?, we can invert = and conclude that My (f) converges towards a Gauss-
ian variable with mean m(f) = (3 — %)M(E_l(f)) and covariance C(Z71(f)). To
identify the covariance, it is enough to show that C'(f) = u{?((Ef)'f). But on the
support of pu7f

(EN (x)=V"f(z)+ PV/WWT}(?/)

from which the result follows.

o
4.4. Expansion of the partition function
THEOREM 4.28. (1) For f C'" and V C?°,
B TNy e 1 e 1
Y] = B30 + mv () + g Kv () + ol 3ig)
with my (f) as in Theorem 4.25 and
1 1
Kv(f) = (5 = mvl(E o)) + 5 [ atae [ ET7) / daCy (¢, 100 ).

(2) Assume V C?°, then
InZy = CgNInN + CiInN + N?Fy(V) + NFy(V) + Fo (V) + o(1)

. 345/2+42
with Cg = g, Ch= 7+ﬁ/12+ B and

R(V) = ()
(1.26) AW =~ -0 [,
1
RY) = =8 [ Ku(V-Vilda+ f

where fi1, f2 only depends on b — a, the width of the support of pi?.

PROOF. The first order estimate comes from Theorem 4.25. To get the next
term, we notice that if Z~! f belongs to L' we can use the Fourier transform of
E1f (which goes to infinity to zero faster than (|t| +1)73 as 271 f is C°) so that

- E_lf@z - i—lf(y) dMy(z)dMy (y)]

—_— 1 —_— . —_— .
[ dtit= TR ) [ daBMy e ) B (e
0
—_— 1 . .
/ dtit==1 f(t) / daCy (e, 1=
0

We can therefore use (4.23) to conclude that

12
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NEMN (] =m(f) = (5= Hme((E1))
-I-%/dtit ﬁ(t)/o dac’v(eita.7eit(1_a)_)

which proves the first claim. We used that f is C'? so that (271f)" is C? and
Theorem 4.25 for the convergence of the first term. For the second we notice that
the covariance is uniformly bounded by C(|t|'? + 1), so we can apply monotone

convergence theorem when fdt|5/—?(t)|\t|l3 is finite, so f C16+.

To prove the second point, the idea is to proceed by interpolation from a case
where the partition function can be explicitly computed, that is where V' is qua-
dratic. We interpolate V with a potential Vo(z) = c(z — d)?/4 so that the limiting
equilibrium measure (i 4, which is a semi-circle law shifted by d and enlarged by a
factor \/c, has support [a,b] (so d = (a+b)/2 and ¢ = (b—a)?/16). The advantage
of keeping the same support is that the potential V,, = oV + (1 — «)V; has equi-
librium measure po = apy + (1 — a)puc,q since it satisfies the characterization of
Lemma 4.5. We then write

Z5y ' N
In Z/]g\;v /0 0o InZ5'y, da
» VO

1
N [ Bpy, (V= Vi)da

It is not hard to see that if (! satisfy hypotheses 4.2, so does ji, and that the pre-
vious expansion can be shown to be uniform in «. Hence, we obtain the expansion
from the first point if V is C?° with

1
R(V) = -8 /0 v (V = Vo) + fo
1
F(V) = -8 /O my (V — Vo)da + fu
1
F(V) = - / Kv.(V — Vo)da + fo
0

where fo, f1, fo are the coeflicients in the expansion of Selberg integrals given in
[75] :

Z‘]/V 5= N%N3+ﬂ/122+2/ﬁ eN2f0+Nf1+f0+O(1)
0s
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with fo, f1, fo only depending on b —a :

o = G- 2em(12Y)]

4
fo= - 8/2m (P1%) ~1/2- B4+ (8/2)In(8/2) + In(2m) ~ T (1 + B/2)
o= X280+ 220

The first formula of Theorem 4.28 is clear from the large deviation principle and
the last is just what we proved in the first point. Let us show that the first order
correction is given in terms of the relative entropy as stated in (4.34). Indeed, by
integration by part and Remark 4.26 we have

G- = wEy

B2
1 dpst
— [ 27 (51 d
/ =)
— Ay, o e
f/: 'f(in 5; ) dp

1, dpy
- [ =

To complete our proof, we will first prove that if g is C'10

(4.27) lim s~ (i, — i) (9) = ui (B9 ")
which implies the key estimate
1 1 — dus?
@28) (5 - ) tme(n) = - [ £27 ) i = Dy sy (1 ) .
To prove (4.27), we first show that my (f ff )dpy (z) is continuous in V in

the sense that

(4.29) D(pv,pw) < VIV = Wlo -

Indeed, by Lemma 4.5 applied to p1 = pw and since [ Vegd(pw — pv) > 0, we have
D(pw,pv)® < E(pw) — E(pv)
< inf{/ Wdp + %E(ﬂ)} - inf{/ Vdu + %Z(ﬂ)}
< W=Vl

As a consequence (uj’ ;- 1) (g) goes to zero like /s for g Lipschitz and f
bounded. We can in fact get a more accurate estimate by using the limiting Dyson-
Schwinger equation (4.19) to ueqfs 7 and puyt and take their difference to get :

(4.30) (uyiy; — my)(Evg) = . 1(gf)

+ ;/wd(ﬂV—Sf — ) (@)d(py—sp — 1) (y) -
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The last term is at most of order s if g is C? by (4.29) (see a similar argument in
(4.17)), and so is the first. Hence we deduce from (4.30) that (uy' ., — uy')(g) is
of order s if g € C* and f is C°. Plugging back this estimate into the last term in

(4.30) together with (4.29), we get (4.27) for g € C® and f € C°.
From (4.28), we deduce that
1
FV)~f = =B [ my,(V - 1o)da
0

1 d 1
_ <§_1)/ (v, )(In d )da—(§—1)/0 v (B 2 da

——1 / Oalpiv, ( ln

wich yields the result. Above in the second line the last term vanishes as p?}i (1)=1.

)]d

4.5. The Stieltjes transforms approach

Another common approach is to study the fluctuations of the Stieltjes trans-
form, namely moments of :

Y. = N(Gn(2) —E[GNn(2)]) = Z Zin —E lz 2 1)\11

i=1 i=1

for z € C\R. This requires that V is real analytic in order to get closed equations
for correlators of this functional. Namely, we will assume that

ASSUMPTION 4.29. -V is real analytic,
-py* has a connected support [a, ],
-Ver is strictly positive outside the support of i

Hereafter we will therefore assume that V is analytic in an open neighborhood
R of the real line. All our contours and complex numbers will be taken in this
neighborhood.

First notice that by integration by parts we have the so-called loop equations

LEMMA 4.30. Let Gn(z) = %27— and G(z) = [ 2= dul}(x) for z € C\R

zZ—T

#| (oo [ g] e o g f g I
(4.31) :—E{i&ac’w —Gnlz) HYZZ]

Z—Zj
J t£j

ProoOF. We start with

1 ardV L

N
d .
/ A;‘%l Z— N d)\
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(This follows by integration by parts formula ffooo Oz f(z)dx = 0 for functions f
vanishing at infinity) On the other hand, if we expand out this derivative we have :

N

BV 1 1 ,
/dPN {Z(z—w*z—& 5§A—A —ANVI%)

1
XY e I -
Jj o 7

We now use the fact that V is real analytic so that Cauchy formula implies
that

V(i) 1 V(¢ 1 V'(€)

_ = = ___ NG d
sz)\i 271 Zf )\ 2mi z—& n(§)de
where the contour encircles the \;’s. We have seen in theorem 4.11 that when V g

is positive outside the support of xi/, for any € > 0, there exists ¢(e) > 0 so that
Pﬁ,’v (Fi:hi€la—ebtel) <ec@N

This entitles us to change the probability measure to have support in [a — &, b + €]
up to exponentially small errors everywhere. We then can simply take a contour
around [a — &,b + ¢€]. o

4.5.1. Analysis of the Dyson-Schwinger equation : heuristics. We
know by Lemma 4.14 that G converges to G and hence (4.31) yields with p = 0
that

1 1 V(&)
4.32 ~G(2)* — —
(4.32) R =l Sy
We next guess the corrections to this limit.

e [irst order correction. Setting AGy := Gy — G, (4.31) yields with p =0

G(6)d¢ =0.

that
(4.33) E[]lvazGN(z) [—1 + g} + K[AGN](2) + g(AGN(z))Q —0
where
K1) =BG - 1 D plerae.

By Lemma 4.14, we know that E[(AGy(z))?] is smaller than (In N)/N.
Assume that K is invertible with bounded inverse. Then, we deduce from
(4.33) that E[AGxN] is at most of order In N/N. If we can prove that
E[(AGN(2))?] is o(N~1), then we deduce from (4.33) that

(4.34) Nlim NE[AGN(2)] = (1 - g)K‘l[azG](z) =:G1(z).
—00
e Limiting covariance. To get the limiting covariance, let us take p = 1.
Let ¢(z,2") = E[Y,Y,/]. The Dyson -Schwinger equation then reads

(4.35) K(c(.,2")(2) = —BTNE[(AGN(Z))ZYA

(& om0, m IO ED

z—2z

]
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The concentration estimates imply that
E[(AGN(2))*Y] = O((ln N)*?/V/N)

and E[Gx(2)Y,/] is of order In N, hence if K is reversible, we deduce that
c is of order O((In N)3/2y/N). As we have shown in the previous point
that E[AGx] is at most of order In N/N, we deduce that E[|AG N (2)|?] is
at most of order O((In N/N)3/2) which completes the proof of (4.34).

To improve our estimate on E[(AGy(2))?Y,/] we next use the concen-
tration estimates on Y., and our new bound on the covariance to obtain a
bound of order (In N/N)?/?2 x /NInN = (In N)?/N. This allows to im-
prove our estimate thanks to (4.35) and a bound on ¢ of order (In N)?. Pro-
ceeding once more, we deduce that the last term in (4.35) is neglectable.
Note also that E[Gn(2)Y./] = E[(Gn(2) — G(2))Y>2] goes also to zero. As
this is an analytic function, its derivative goes as well to zero. Then, we
deduce from (4.33) that

lim E[NGn(2)Yy] =K [0, W (2, 7).
N—o0

=
w

o
Il

=2
e Second order correction. Going back to (4.33) with p = 0 we have

K[E[N(NAGN —G1)]|(2) = —g(E[Yj] +E[NAGN(2)]?) — (g —1)0.E[NAGN(2)]

and we can go to the limit N — oo to deduce

Jim KEN(NAGx — G)IJ(2) = —5 (W(z,2) + Gr(2)°) — (5 — 13:Ca(2)

so that taking the inverse of K yields the desired limit :

lim E[N(NAGx — G1)](z) = K*l(—g(W(., )+ G1()?) - (g —1)9.G1)(2).

N —oc0
The above heuristics can be made rigorous provided we invert the operator K
(and show its inverse is continuous to neglect error terms after we inverted it). This
is what we do next.

4.5.2. Inverting the master operator. Observe that we want to apply K
to functions which are differences of Stieltjes transforms of probability measures
and therefore going to infinity like 1/22. We therefore search for f with such a
decay satisfying g(z) = K f(z) for a given g. As a consequence g goes to infinity
like 1/z at best. We can rewrite

V') - V'(z)
Kf(2) =BG - VIENI@ - 8§ 8 e,
2ri(z — &)
We make the following crucial assumption of off-criticality :

AssSUMPTION 4.31. There exists a real analytic function S which does not
vanish on a complex neighborhood of [a — &,b + €] so that

dugt
WY )/ ab 7).

This implies that

G(z) = V'(2) =7/ (2 — a)(z — b)S(2)
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with S real analytic and not vanishing on [a — €,b + €]. Indeed,(4.32) implies that
G(2)* =2V (2)G(2) + Q(2) =0
with Q(z) =2 ¢ V. Q-v' (Z)G(g)df. Solving this equation yields

27mi(z—E)
(4.36) G(2) =V'(z) = VV'(2)* = Q(2)

Remember that G(z) is analytic outside of the support of uj! where its imaginary
part jumps by 7duj!/dz. As V' is analytic, and V'(2)? — Q(z) is analytic, we see
that the discontinuity of G can only come from the square root term in (4.36) when
it is complex, that is when V’(2)? — Q(z) is negative on the real line. Hence, this
square root becomes as z goes to the real line the density of xf'. The conclusion
follows.

This behaviour is essential to invert K, in the spirit of Tricomi airfoil equation.

Indeed, we write with o(z) = /(2 — a)(z — b), for g = K f, that is
9(2) = —mBS(2)a(2)f () — BQs(2)

with Qf(2) = 2 ¢ LV f(¢)de.

R S e UL
1 1 1
_ —%gﬁf_ws—@mf)—@(@m
1 1 1

= T on z—{iﬁS(@g(ng

where in the first line we took a contour around z and used Cauchy formula, in the
second line we passed the contour around [a,b] and used the definition of K f = g,
using that the residue at infinity vanishes because o(z)f(z) goes like 1/z, and in
the last line we used that Q;/S is analytic. Hence, we deduce that

1 1 1 1
K1 =— — O ———=== dg,
002) =~ 57 P g e O
where the contour surrounds [a — £,b 4 ¢]. We note that away from [a,b], K~*
is bounded. Also it maps holomorphic to holomorphic functions so that bounds
on functions translate into bounds on its derivatives up to take slightly smaller
imaginary part of the argument, thus giving continuity of the inverse.

4.5.3. Central limit theorem. To prove the central limit theorem we show
by induction over p that

i=1 =2 LF#i
0>2

We already showed that this is true for p = 1,2 and assume we have proved it for

p < K. This in particular imply that E[|YZ|%] is bounded uniformly in N for z
away from the real axis (since we can take half of the z; = z and the other half to
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be its conjugate). We then use the Dyson-Schwinger equation with p = K in order
to obtain the result for K + 1 :

(4.37)
u Gn(z) — Gn(z
[(Nm( Gy - G)(2) [ - } [2627 [ . ]HYW] +en(z
k=1 j=1 S (#]
where

en(z) = —E{ <8ZGN(z) {—1 + g} + 5—(GN( > H ] ‘

We then use that by concentration inequality Lemma 4.14 and the 1nduct10n bound

len(2)] < 7(\F1HN) We_NlnN

where n = 1 if p is odd and 0 if p even. Indeed, we know by the induction bound
that E[[TY_, |Yz,|] is of order one if p is even, but of order v N In N if p is odd. Let
us COHSlder the case p odd which is slightly more complicated. Plugging back this
estimate and inverting K yields that |[E[N(Gn(z) — G(2)) [[1—; Y=.]| is at most of
order In Nv/N. Because we have already seen that E[N (G (z) —G(z))] is bounded,
we deduce that E[[]7-; 1y, ] is at most of order In Nv/N and therefore we improve
the previous bound (note p+1is even) to

n n 3/2
()] = O () 2 mvv) = 0 (L0

which in turns yields a better bound on IE[Hp+1 Y., ] of order (In N)3/2. Bootstrap-
ping this new bound once more shows that

1 InN

‘51\7( )| = ( ( N )1/21 N3/2):O((1DN)

o)
which now implies with the Dyson Schwinger equation and (4.34) (to take into
account that we recenter with respect to the expectation instead of the limit) that

P P
_ G(.) — G(z;
i=1 j=1 L#£]
which provides the desired estimate.






CHAPTER 5

Discrete Beta-ensembles

We will consider discrete ensembles which are given by a parameter 6 and a
weight function w :

= 1
6,w

Pyo(l) = WHIG(EJ' *Ei)Hw(&AN)
IN" iS5 i
where for £ > 0 we have set
Lz + DHI'(x + 0)
Mx)'(z+1-0)
where T' is the usual I'-function, I'(n + 1) = nI'(n). The coordinates ¢1,...,¢y are
discrete and belong to the set Wy such that

&'.H —Vl; € {9,9+1,...}

and ¢; € (a(N),b(N)) with w(a(N),N) = w(b(N),N) = 0 and ¢; — a(N) €
N,b(N) —¢n € N.

Iy(z) =

EXAMPLE 5.1. When 6 = 1 this probability measure arises in the setting of
lozenge tilings of the hexagon. More specifically, if one looks at a “slice” of the
hexagon with sides of size A, B,C, then the number of lozenges of a particular
orientation is exactly IV and the locations of these lozenges are distributed according
the P]{,’w. Along the vertical line at distance ¢ of the vertical side of size A (see
Figure 1), the distribution of horizontal lozenges corresponds to a potential of the
form

wl,N) = [(A+B+C+1—t—0),_p(0)c|,

where (a),, is the Pochhammer symbol, (a), =a(a+1)---(a+n—1).

More generally, as © — 400 the interaction term scales like :
Iy(z) ~ |2* as z — o0

so the model for # should be compared to the 5 ensemble model with 5 < 26.
Note however that when # # 1, the particles configuration do not live on ZN.
These discrete 3-ensembles were studied in [12]|. Large deviation estimates can be
generalized to the discrete setting but Dyson-Schwinger equations are not easy to
establish. Indeed, discrete integration by parts does not give closed equations for
our observables this time. A nice generalization was proposed by Nekrasov that
allows an analysis similar to the analysis we developed for continuous S models. It
amounts to show that some functions of the observables are analytic, in fact thanks

63
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FIGURE 1. Lozenge tilings of a hexagon

to the fact that its possible poles cancel due to discrete integration by parts. We
present this approach below.

5.1. Large deviations, law of large numbers

Let iy be the empirical measure :

1 N
ﬂN = NZI(M/N

ASSUMPTION 5.2. Assume that a(N) = aN + O(InN),b(N) = bN + O(In N)
for some finite G, b and the weight w(x, N) is given for z € (a(N),b(N)) by :

w(z, N) = exp (—NVN (%))

where Vi (u) = 20V (u) + en(Nu). Vp is continuous on [a, b] and twice continu-
ously differentiable in (a,b). It satisfies

1 n 1
lu—al * |b—wu)|

Vo' (u)| < C(1+ ).

ey is uniformly bounded on [a(N)+1,b(N)—1]/N by C'In N for some finite constant

C independent of N.

For the sake of simplicity, we define V; to be constant outside of [,b] and
continuous at the boundary.

EXAMPLE 5.3. In the setting of lozenge tilings of the hexagon of Example 5.1
we assume that for large IV

A=AN+0(1),B=BN +0(1),C =CN + O(1),t =N + O(1)
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with £ > max{B,C}. Then a(N) = 0,b(N) = A+ B+ C +1—t obey a = 0,b =
A+ B+ C —t. Moreover, the potential satisfies our hypothesis with

Votu) = ulnu+(A+B+C—t—u)n(A+B+C—1—u)
—(A+C—uw)(A+C—u)— (i —C+uw)n(i—C +u)

Notice that Vi is infinite at the boundary since w vanishes. However, particles
stay at distance at least 1/N of the boundary and therefore up to an error of order
1/N, we can approximate Vi by Vj.

THEOREM 5.4. If Assumption 5.2 holds, the empirical measure converges al-
most surely :
ﬂN — MV,
where vy, is the equilibrium measure for Vo. 1t is the unique minimizer of the
enerqy

E(p) = / (;Vo(af) + %Vo(y) - %hﬂlw - yl) du(z)du(y)

subject to the constraint that u is a probability measure on |G, l;] with density with
respect to Lebesque measure bounded by 6~1.

REMARK 5.5. We have already seen that &£ is a strictly convex good rate func-
tion on the set of probability measures on [a, b], see (4.1). To see that it achieves
its minimal value at a unique minimizer, it is therefore enough to show that we are
minimizing this function on a closed convex set. But the set of probability measures
on [a, 13] with density bounded by 1/6 is clearly convex. It can be seen to be closed
as it is characterized as the countable intersection of closed sets given as the set of
probability measures on [a, b] so that

[ @

for bounded continuous function f on [a,b] so that || f|, = [ |f(z)|dz < oo.

||f||1

The case where @, b are infinite can also be considered [12]. This result can be
deduced from a large deviation principle similar to the continuous case [36] :

THEOREM 5.6. If Assumption 5.2 holds, the law of i’ under P]%’w satisfies a
large deviation principle in the scale N? with good rate function I which is infinite
outside of the set Py of probability measures on [a,b] absolutely continuous with
respect to the Lebesque measure and with density bounded by 1/6, and given on Py
by

I(u) =20(E(u) —inf &).
Po

PROOF. The proofs are very similar to the continuous case, we only sketch the
differences. In this discrete framework, because the particles have spacings bounded
below by 8, we have, for all z < y,

O#{i:¢; € N[z,y]} < (y—x)N+6
so that

o (pl) < 2574 £
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In particular, 4V can only deviate towards probability measures in Pg. The proof
of the large deviation upper bound is then exactly the same as in the continuous
case. For the lower bound, the proof is similar and boils down to concentrate the
particles very close to the quantiles of the measure towards which the empirical
measure deviates : one just need to find such a configuration in Wy. We refer the
reader to [36].

In particular in the limit we will have :

a1

de — 0
The variational problem defining 4 in this case takes this bound into ac-
count. Noticing that E(uj + tv) > E(uy) for all v with zero mass, non-negative

outside the support of uj and non-positive in the region where duj! = 9~ dzx, the
characterization of the equilibrium measure is that 3Cy s.t. if we define :

Van(2) = Va(o) = [ In(le ~ y)dui?(s) - v
and V g satisfies :
Ve (z) = 0 0n0<d§—;<$
d
Vert(2z) >0 on G& =0
Vet (z) <0 ong—g:%

The analysis of the large deviation principle and concentration are the same as in
the continuous S ensemble case otherwise. o

5.2. Concentration of measure

As in the continuous case we counsider the pseudo- distance D (4.12) and the
regularization of the empirical measure fix given by the convolution of 4V with a
uniform variable on [0, &] (to keep measures with density bounded by 1/6). We then
have, as in the continuous case, the following concentration of measure estimates.

LEMMA 5.7. Assume Vg is C'. There exists C finite such that for all t > 0
w ~ 0 N—N2¢2
PR (D ) > 1) < eON NN

As a consequence, for any N € N, any e >0

w 1 X
Py (Sup /z_xd(uN—uvo)(w) >

z:Sz>e

t 1 CNIn N—N?2¢2
—+—]<e niN-=
g2 52N>

PROOF. We set Q%“(¢) = N’GNQZJ{,’“P]%’“(E) and set for a configuration £,
E(l) = E(pn),
N
1 l; 20 17
0= Liy 20§~y b
@ N;VO(N) NQ;j YN
o We first show that Q?\}w(f) = e~ N?26E()+O(NInN) - Tndeed, Stirling for-
mula shows that InT'(z) = zlnz — 2 — Inv27rz + O(2), which implies
that
H P(gj -l + 1)F(€j -4+ 9) o H |€ _ é'|2960(2i<j ﬁ)
= i .
L; — ;)T —t; +1—0)

i<j i<j
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(5.2)

5.2. CONCENTRATION OF MEASURE 67

with 32, (f W = = O(NInN) as ¢; —¢; > 6(j — ). Similarly, by our
assumption on Vi, for all configuration ¢ so that ¢; # a(N) and {y #
a(N), we have :

1 & oy
i ; VN( Z VO -
Hence we deduce that for any conﬁguratlon with positive probability :
0w (p) — —N?220€(£)4+O(NIn N)
N ()=e

We have the lower bound N*ONQZfV"‘” > = N?208(nvg)+CNInN Ty prove
this bound we simply have to choose a configuration matching this lower
bound. We let (g;)1<i;<n be the quantiles of uy, so that
. 1—1/2
vl a) = 2.

Then we set
Qi=a(N)+0(i—1)+ [Ng —a(N) — (i — 1)0]

Because the density of py, is bounded by 1/6, ¢;11 — ¢; > 6 and therefore
Qit1 — Qi > 0. Moreover, Q1 — a(N) is an integer. Hence, @ is a
configuration. We have by the previous point that

N—eNQZIGV,w > e—N2208(Q)+O(N1n N)

We finally can compare £(Q) to E(uy,). Indeed, by definition Q; €
[Ngi, Ng; + 1] and Q; — Q] > 0(i — j), so that

Zm|%| > Y m QJHO(NmN)

1<j

?

i+[2]<j
1
> ) Infg; —¢i — |+ O(NInN)
i+[3]<i
= Z In|g; — ¢+ O(NInN)
i+[3]<j
qj qi+1
> Ny / / In & — yldpv, (2)duv, () + O(N In N)
i+[3]<

> N / In |z — yldpv, (2)duv, (3) + O(N In V)
<y

where we used that the logarithm is monotone and the density of puy;
uniformly bounded by 1/6.
Moreover

S () [ @@ )1 <05 [0 al o abdm,

is bounded by C’/N.
We conclude that
InN

E(Q) < E(uv,) + O(—+—

v
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so that we deduce the announced bound from (5.2).

o We then show that Q% (£) = e~ N*20€(in)+O(N I N) e start from (5.1)
and need to show we can replace the empirical measure of 4V by jiy and
then add the diagonal term i = j up to an error of order N In N. Indeed,
if u, v are two independent uniform variables on [0, 6], independent of ¢,

> f—f|—ZE - 2

i#]
:—ZE[ln| N 7 —e O(NInN)
[ ’L<]
whereas
E u lnN

° Pf\;w(é) < €_N 20D? (,uN,,uVO)—Q—O(NlnN)'

We can now write
E(in) = E(uvy) + / Vo p(@)d(iin — ) (@) + D (s )

D? is indeed positive as iy and py, have the same mass. Ve s¢(x) vanishes
on the liquid regions of iy, is non-negative on the voids where iy — py;
is non-negative, and non positive on the frozen regions where iy — py; is
non-negative since fiy has density bounded by 1/6. Hence we conclude
that

ol Vers(x)d(fin — pvy)(z) 2 0.

a,b
On the other hand the effective potential is bounded and so our assump-
tion on a(NN) — Na implies

N [ V@G — pe)e) = OV ).
[a,b]°

Hence, we can conclude by the previous two points.

3. Nekrasov’s equations

The analysis of the central limit theorem is a bit different than for the contin-
uous (3 ensemble case. Introduce :

1L 1
Gn(z) = NZ [

Ge) = [ o).

We want to study the fluctuations of {N(Gn(z) — G(z))}. To this end, we would
like an analogue of Dyson-Schwinger equations in this discrete setting. The candi-
date given by discrete integration by parts is not suited to asymptotic analysis as
it yields densities which depend on [](1 + (¢; — ¢;)~') which is not a function of
AN . In this case the analysis goes by the Nekrasov’s equations which Nekrasov
calls “non-perturbative” Dyson-Schwinger equations. Assume that we can write :
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ASSUMPTION 5.8.
w(a.N) _ of()
wx—1,N)  ¢y()
where qﬁﬁ are analytic functions in some subset M of the complex plane which
includes [a(N),b(N)] and independent of N.

EXAMPLE 5.9. In the example of random lozenge tilings of Example 5.1 we can
take

t—C+2)(A+B+C—t—z), ¢n(z)= A+C—2).

B4 (2) = 3 el

With these defined, Nekrasov’s equation is the following statement.

11+ o)

1=

THEOREM 5.10. If Assumption 5.8 holds

()

=1

Ry (€) = 6/(€)Epp.n + SR EE o

s analytic in M.

PRrOOF. In fact this can be checked by looking at the poles of the right hand
side and showing that the residues vanish. Noting that there is a residue when
& =1V; or ¢; — 1 we find that the residue at £ = m is

N
_ w 0
05 (m) D> " PRl ol mu i, ) | (1_ mej)

i Li=m ji

N
w 0
—I—ngﬁ(m)z Z Pg]’ (61,..7£i,17m—1,£i+1,...,€]\;) H<1+>
i Li=m—1

i m—fj—l

If m = a(N) + 1 the second term vanish since the configuration space is such that
¢; > a(N) for all i, whereas ¢ (a(N)+ 1) = 0. Hence both term vanish. The same
holds at b(N) and therefore we now consider m € (a(N) + 1,b(N)). Similarly, a
configuration where ¢; = m implies that ¢,_; < m — 6 whereas ¢; = m — 1 implies
;1 <m —1— 0. However, the first term vanishes when ¢;_; = m — 6. Hence, in
both sums we may consider only configurations where ¢;_; < m —1— 6. The same
holds for ¢;;1 > m + 6. Then notice that if ¢ is a configuration such that when
we shift ¢; by one we still have a configuration, our specific choice of weight w and
interaction with the function I' imply that

N
w 0
On (M)YPL Uy, oym, by, .. En) H<1 >

i m =t

N
0
= ¢t (m)PY 0y, om — 1,0y, 0 14—
¢N(m) N (17 , s Ci41, 7N) g +m_£]_1
On the other hand a configuration such that when we shift the ith particle by one
we do not get an admissible configuration has residue zero. Hence, we find that the
residue at £ = ¢; and ¢; — 1 vanishes. o
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Nekrasov’s equation a priori still contains the analytic function Ry as an un-
known. However, we shall see that it can be asymptotically determined based on
the sole fact that it is analytic, provided the equilibrium measure is off-critical.

AsSUMPTION 5.11. Uniformly in M,
on(z) =19 (N) 54 (ﬁ) + O(ﬁ)

Observe here that qbli may depend on N and be oscillatory in the sense that it
may depend on the boundary point. For instance, in the case of binomial weights,
of(x) = (M —2), ¢y (x) = z, we see that if M/N goes to m, ¢~ (z) = = and
@1 () =0, but

¢t (x)=m—z,6] (x) =M +1— Nm
where the latter may oscillate, even if it is bounded. We will however hide this
default of convergence in the notations. The main point is to assume the functions
in the expansion are bounded uniformly in N and z € M.

EXAMPLE 5.12. With the example of lozenge tiling, we have
() =(F-C+2)(A+B+C—t—2), ¢ (2)=2(A+C—2).
whereas if AD =D — LD,
N
¢ (z) = 2(At — AC + AA+ AB + AC — At), ¢7 () = fx(AA + AC).

To analyze the asymptotics of G, we expand the Nekrasov’s equations around
the equilibrium limit. We set { = Nz for z € C\R. Since we know by Lemma 5.7
that AGn(z) = Gn(z) — G(z) is small (away from [a,b]), we can expand the
Nekrasov’s equation of Lemma 5.10 to get :

63 Re(©) = Ru() — 0QuAEIAGN(G)] + — () +Tu(2)
where we have set :

Ru(z) = ¢7(z)679G(z) + ¢+(z)e‘9G(z)

Qu(z) = ¢~ (Z)efoc(z) _ ¢+(Z)66G(z)

Bu) = 6 (e L 0.0() + 6" (2)e (92 - 9) 0.G(2)

+o7 (2)e” ") 4 g (2)eE)
I',, is the reminder term given by (5.3) which basically is bounded on {3z > e} N M
by
1 1
1,21 = ) (EIAGN ()] + 0BRGN ()] + ol 1)

The a priori concentration inequalities of Lemma 5.7 show that ', (2) = O(In N/N).
We deduce by taking the large N limit that R, is analytic in M and we set R# =
Ry — R,.

Let us assume for a moment that we have the stronger control on I',

LEMMA 5.13. For any € > 0,
1 1
E[AGN ()] + 10-E[AGN (2)]] = o(5;)
uniformly on M N {|Sz| > e}.
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Let us deduce the asymptotics of NE[AGx(z)]. To do that let us assume we
are in a off-critical situation in the sense that

ASSUMPTION 5.14.
0Qu(2) = V(2 —a)(b—2)H(z) =: 0(2)H(z)
where H does not vanish in M.
REMARK 5.15. Observe that if p is the density of the equilibrium measure,
2im0p(E) _ Ru(E) + Qu(E —i0) '
R,(E)+ Q.(FE +1i0)
Our assumption implies therefore that p(E) = 0 or 1/60 outside [a,b] and goes to

these values as a square root. There is a unique liquid region, where the density
takes values in (0,1/0), it is exactly [a, b].

We now proceed with similar techniques as in the g ensemble case, to take
advantage of equation (5.3) as we used the Dyson-Schwinger equation before.

LEMMA 5.16. If Assumption 5.14 holds, for any z € M\R,
(5.4) E[NAGN(2)] = m(z) + o(1)
with m(z) = K~'E, (z) where
1 1 1
-1
f ¢ £(€)d.
® = e om0
REMARK 5.17. If we compare to the continuous setting, K is the operator of
multiplication by 8Q,(z) whereas in the continuous case it was multiplication by
I — G(z) — V'(2). Choosing ¢*(2) = e V(2 ¢ (2) = etV (3)/2 we see that
Q,L( z) = sinh(6G, — V'(z)/2) is the hyperbolic sinus of the density. Hence, the
discrete and continuous master operators can be compared up to take a sinh.

PRrROOF. To get the next order correction we look at (5.3) :

0Qu(=)E[AGN ()] = = Ep(2) — Bu(2) + Tu(2)

N
We can then rewrite as a contour integral for z € M :
a@Mth]=2m ) = r(OEAGH ) it
1 1 ~
- 5 b, e ZgﬂE@m@+mmhg

H(
© w e (v (3)

where we used that cAG y goes to zero like 1/z to deduce that there is no residue
at infinity so that we can move the contour to a neighborhood of [a, b], that R, /H
is analytic in a neighborhood of [a, b] to remove its contour integral, and assumed
Lemma 5.13 holds to bound the reminder term, as the integral is bounded inde-
pendently of N. o

REMARK 5.18. The previous proof shows, without Lemma 5.13, that E[AG N (2)]
is at most of order In N/N sin I, is at most of this order by basic concentration
estimates.
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We finally prove Lemma 5.13. To do so, it is enough to bound E[|[AGxN(2)|?]
by o(1/N) uniformly on M N {|Sz| > €/2} by analyticity. Note that Lemma 5.7
already implies that this is of order In N/N. To improve this bound, we get an

equation for the covariance. To get such an equation we replace the weight w(z, N)
by
t
we(z, N) = w(z, N) (1 + z’—x/N)

for ¢ very small. This changes the functions qS]iV by

@) = o (2) (2 — /N +1) <z/ —x/N + ]1]) ,

on'(z) = oy (@) (' —2/N) (Z' —z/N+t+ ]17) :

We can apply the Nekrasov’s equations to this new measure for ¢ small enough (so
that the new weights w; does not vanish for z’ € M) to deduce that

(5.5)
N N
toey gt . __9 1t - _ 0
Ry(§) = PN (g)]EPNv t [H <1 = €i> +oN (5)]EPN’ t Ll:[ (1 T E—0; — 1)1

i=1

is analytic. We start expanding with respect to N by writing
1 1
o' (N2) /(&' = @)(t + 2 — ) = (65(2) + 07" () + ol 57)
with
9" (x)

2 -z’

¢~ (z)
t+2 —x

617" (z) = ¢f () + 61" () = ¢y (2) +
We set

Ry(z) = (Ry(N2) = Ry(2)) /(2" —z)(t + 2 — 2)
which is analytic up to a correction which is o(1/N) and analytic away from 2z’ in
a neighborhood of which it has two simple poles. We divide both sides of Nekrasov
equation by (2/ — z)(t + 2’ — x), and take £ = Nz and again using Lemma 5.7, we
deduce that

wi D 1
(56) 0QuERL [AGN(2)] = Riy(2) + - BL(=) + T(2)
where N
toy 97(2) sace ¢~ (2)  _sace

and T, (2) is a reminder term. It is the sum of the reminder term coming from (5.3)
and the error term coming from the expansion of ¢**. The latter has single poles
at 2/ and 2’ +t and is bounded by 1/N2. We can invert the multiplication by Qu
as before to conclude (taking a contour which does not include 2’ so that Rﬁv stays
analytic inside) that

1.1 1
E g [AGN ()] = KBl +TH() + (),

where we noticed that the residues of ey are of order one.
We finally differentiate with respect to t and take ¢ = 0 (note therefore that

we need no estimates under the tilted measure Pg,’wt, but only those take at ¢t =0



5.3. NEKRASOV’S EQUATIONS 73

where we have an honest probability measure). Noticing that the operator K does
not depend on ¢, we obtain, with AGn (%) = Gn(2') — E[Gn(Z)] :

(5.7)

N?E po. [AGN (2)AGN ()] = _K—l[(j?__(-.))z

It is not difficult to see by a careful expansion in Nekrasov’s equation (5.5) that

e~PC0)(2) + NE 0T 1ol (2)

(5:8) AT (2)li=o| < 0(6)(NE[IAGN(Z)IZIAGN(Z')I]

_ 1 _
+0-E[AGN (2) AGN (2)]] + NEHAGN(Z')])
By Lemma 5.7, it is at most of order (In N)3/v/N so that we proved

(5.9) N°Epow [AGN(2)AGN(2)] = —Kfl[L(')e*f’GO](z) +O((In N)>VN)

EENE
This shows by taking 2’ = z that for 3z > ¢
(5.10) E[[NAGN(2)]?] < (InN)*VN .

We note here that AGy(z) and AG y(z) only differ by In N/N by Remark 5.18.
This completes the proof of Lemma 5.13.
We derive the central limit theorem in the same spirit.

THEOREM 5.19. If Assumption 5.14 holds, for any z1, ...,z € M\R, (NAGyN(z1)—
m(z1),..., NAGN(zr) —m(zx)) converges in distribution towards a centered Gauss-
1an vector with covariance

_ 21 () e
C(z,7)=-K [me ()](2)
REMARK 5.20. It was shown in [12] that the above covariance is the same than
for random matrices and is given by

Oz, w) = 1 <1_ 2w — S(a+b)(z + w) + ab )

(z —w)? V(2 —a)(z = b)y/(w —a)(w —b)

It only depends on the end points and therefore is the same than for continuous
[ ensembles with equilibrium measure with same end points. However notice that
the mean given in (5.12) is different.

Proor. We first prove the convergence of the covariance by improving the
estimates on the reminder term in (5.7) by a bootstrap procedure. It is enough to
improve the estimate on 0,I', according to (5.7). But already, our new bound on
the covariance (5.10) and Lemma 5.7 allow to bound the right hand side of (5.8)
by (InN)*/N. This allows to improve the estimate on the covariance as in the
previous proof and we get :

(5.11) E[[NAGN(2)]?] < C(e)(In N)*.
In turn, we can again improve the estimate on |0;I',,(2)| since we now can bound

the right hand side of (5.8) by (In N)° N~'/2 which implies the desired convergence
of E[AGN(2)AG N (2")] towards C(z, 2').
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To derive the central limit theorem it is enough to show that the cumulants of
degree higher than two vanish. To do so we replace the weight w(z, N) by

wi(xz,N) = w(w,N)f[l <1 + t/N>
The cumulants are then given by
NOy, 0, ---8tpEP]eV,wt [AGN(2)] lty=ty=--=t,=0 -
Indeed, recall that the cumulant of NAGN(z1),... NAGy(z,) is given by
P
Oy -+ 0, In IEPJQV,W [exp{NZ tiGN(2i) Hlty=to==t,=0
i=1
which is also given by 1
Oy -+ 0, In ]Epg,wt INAG N (21)]]ty=ts=-.=t,=0 -

Noticing that E .. [AGN(2) — AGN(z)] is independent of ¢, we conclude that it
N
is enough to show that

Natlﬁtz . at 9 wi [AGN( )} |t1:t2:”':tp:0

goes to zero for p > 2. In fact, we can perform an analysis similar to the previous
one. This changes the functions ¢]iv by

§'@) = ok [ (i = o/ 4+ 8) 05" (@) = o5 () [ [ = /V)

We can apply the Nekrasov’s equations to this new measure for ¢; small enough (so
that the new weights do not vanish) to deduce that

Ry (&) = o5 (E)E po.v, [ﬂ( 5%) + 0N (E pywe lﬂ( 1)1

i=1 =

is analytic. Expanding in N we deduce that
Epowe [AGN(2)] = K~ [NEZ( 2) + T, (2)]
where

p p
ot ( 0G(z “ (@) e,
EE(Z)ZEM(Z)JFZ% ()+Ztl+%7w (2)

i=1 =1

and

|3t1 -'-8thfL

mal0)] = € (B[ (AGN P + ) [TINAG()|

+%|821E[AGN(2) HNAGN(zz-)H) :

The contour in the definition of K~! includes z and [a, b] but not the z;’s. Taking
the derivative with respect to t1,...,t, at zero we see that for p > 1
O, O, "'a’prPﬁ,’”f [NAGN(2)] = K™[0,,04, -+ 8y, NT,(2)]

where we used that the operator K is independent of t. We finally need to show
that the right hand side goes to zero. It will, provided we show that for all p € N,
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all z1,..., 2, € M\[A, B] there exists C' depending only on mind(z;, [4, B]) and p
such that
P
E[][ NAGN(2:)]] < C(InN)*.
i=1
This provides also bounds on E[|AGy (z)[P] when p is even. Indeed 0y, - - - 9;, NI} (z)
can be bounded by a combination of such moments. We can prove this by induction
over p. By our previous bound on the covariance, we have already proved this result
for p = 2 by (5.11). Let us assume we obtained this bound for all £ < p for some
p > 2. To get bounds on moments of correlators of order p + 1, let us notice that
|04, 0, - - - 0y, T |;=0 is at most of order (In N)**2 if p is even by the induction
hypothesis and Lemma 5.7(by bounding uniformly the Stieltjes functions depending
on z). This is enough to conclude. If p is odd, we can only get bounds on moments
of modulus of the Stieltjes transform of order p — 1. We do that and bound also
the Stieltjes transform depending on the argument z; by using Lemma 5.7. We
then get a bound of order (In N)**3+/N for |9y, ;, - - 9, NT",|1—o. This provides
a similar bound for the correlators of order p+ 1, which is now even. Using Hélder
inequality back on the previous estimate and Lemma 5.7 on at most one term, we
finally bound |8y, 9y, - - - 8y, NT", ;o by (In N)3*1) which concludes the argument.
o

5.4. Second order expansion of linear statistics

In this section we show how to expand the expectation of linear statistics one
step further. To this end we need to assume that qﬁ expands to the next order.

AssuMPTION 5.21. Uniformly in M,

GH(2) = 65 (2) + 0t () + 3395 () + Ol)

LEMMA 5.22. Suppose Assumption 5.21 holds. Then,
(5.12) lim E[N?AGy(2) — Nm(z)] —r(z) =0

N—o00
with r(z) = K~'F,(z) where F,(z) is equal to
92

2

= ¢ (2)e ¢ (0282771(2) - f32G(2) +
2 37 2

(2 2) + (20.G(2) + m(z))zo

+¢7 (2)e ) (G;GZG(Z) - 9m(z)> + ¢y (2)e 96

2 3 2
L (2) P <("2 —0)0.m(2) + (% +6- %)afG(z)

2 _
5 lm(:) - 2520, + 02, )

o m() + (5~ 0)0.6()] + 65 ()9

PRroOF. The proof is as before to show that

IQuABIACN (2)] = T Bu(2) + 2z Fu(2) + R (2) 4o (;)
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by using Nekrasov’s equation of Theorem 5.10, expanding the exponentials and
using Lemmas 5.19 and 5.16. We then apply K ! on both sides to conclude.
o

5.5. Expansion of the partition function

To expand the partition function in the spirit of what we did in the continuous
case, we need to compare our partition function to one we know. In the continuous
case, Selberg integrals were computed by Selberg. In the discrete case it turns
out we can compute the partition function of binomial Jack measure [12] which
corresponds to the choice of weight depending on two positive real parameters
a, 3 > 0 given by :

T(M+60(N—1)+3)
T+ 1)T(M+60(N —1)+1—1)

Then, the partition function can be computed explicitely and we find (see the work
in progress with Borot and Gorin) :

(5.13) wy(€) = (afh)"

THEOREM 5.23. With summation going over ({1,...,0n) satisfying {1 € Z>
and biy1 —L; €{0,0+1,0+2,...},i€{l,...,N — 1}, we have
1 T(lig1 — 6+ DD(lip1 — € +0)
zy = > 1l = H
L<ici<N N2 T (g1 — )T by —; + 1 — piet

aBf g xup-n ﬁ T(O(N + 1 —i))D(M + (N —1) + 2)

= (1+ap)™V (5 T(O)T(M +1+6(i— 1))

i=1
On the other hand, the equilibrium measure p; for this model can be computed
and we find that if & — (m — 0) and ¢ = /30, there exists o, 3 € (0, m) so that

o has density equal to 0 or 1/6 outside (¢, 8), and in the liquid region («, 3) the
density is given by :

H ($)=1arccot< z(l—q)+qm—qt — 0 )
' 0 V((z(1=q) + gm — g — 0))2 + dvg(m — z)

where arccot is the reciprocal of the cotangent function. Therefore, depending on
the choices of the parameters, the behavior of p;(z) as x varies from 0 to m is
given by the following four scenarios (it is easy to see that all four do happen)

e Near zero py(x) =0, then 0 < py(z) < 671, then py(z) = 6! near m;
e Near zero py(z) = 071, then 0 < py(z) < 71, then py(z) = 0~ near m;
e Near zero p(z) =0, then 0 < py(z) < 671, then py(z) = 0 near m;

e Near zero py(x) = 071, then 0 < py(z) < 71, then py(x) = 0 near m.

We want to interpolate our model with weight w with a Jack binomial model
with weight w;. To this end we would like to consider a model with the same
liquid/frozen/void regions so that the model with weight wtw’, ™", t € [0, 1], corre-
sponds to an equilibrium measure with the same liquid/frozen/void regions and an
equilibrium measure given by the interpolation between both equilibrium measure.
However, doing that we may have problems to satisfy the conditions of Nekrasov’s
equations if w/w; may vanish or blow up. It is possible to circumvent this point by
proving that the boundary points are frozen with overwhelming probability, hence
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allowing more freedom with the boundary point. In these lecture notes, we will not
go to this technicality.

THEOREM 5.24. Assume there exists M,q so that ln(w/wy) is approzimated,
uniformly on [a,b] by
1 1
In %(Nx) = NV = V))(@) + MV (@) + AV (@) + ol ).
whgre V =V and A1V are analytic in M, whereas AoV is bounded continuous on
[a,b]. Assume moreover that (bﬁ satisfies Assumption 5.14. Then, we have

6, w

In ZZNJ = —N2Fy(0,V) + NF (6, w) + Fo(0,w) + o(1)
N
with
Fo(0,V) —20E (1) + 206 (1)
AO.V) = 27”/ / W, -V dt+2—m/ /Alv 1Ga(2
BO,V) = 2m/ / (V) = V)(2)re(2) + AV (2)ma(2) + AV (2)Ga(2)) d=dt

PROOF. We consider Pg,’w‘ the discrete 8 model with weight wtw‘lft. We have

ZG,w 1 w
In N = Py In — (¢;
vy /0 N <Z no- (@) dt

1
| PR N (VA = V) 4 N + AaY)) di - o(1).
0

Denote p; the equ1hbr1um measure for wtw 7 t. Clearly

1
Jim P]%W (N (AQV))dt = / e (AV)dt .
For the first two terms we use the analyticity of the potentials and Cauchy formula
to express everything in terms of Stieltjes functions

1
/ Py (pN (N2(Vy — V) + NAV))dt
0

ot [ [ s vy vaw) R Gt
We then use Lemma 5.22 since all our assumptions are verified. This provides an
expansion :
Z07w
In ZJ\;{, = —N?Fy(0,V) + NF1(0,w) + Fy(6,w) + o(1).

Again by taking the large N limit we can identify Fy(0,V) = —&(uy ). For Fy we

find
1 1
F1(9,w):2—m_/0 /C(VJ—V)( dt—&—Q—m/ /AlV )Ge(z
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a;

nd
F(0,w) = 2%”/0 /C (Vi =V)(2)re(2) + A1V (2)me(2) + AV (2)Ge(2)) dzdt

<



CHAPTER 6

Continuous Beta-models : the several cut case

In this section we consider again the continuous S-ensembles, but in the case
where the equilibrium measure has a disconnected support. The strategy has to
be modified since in this case the master operator = is not invertible. In fact, the
central limit theorem is not true as if we consider a smooth function f which equals
one on one connected piece of the support but vanishes otherwise, and if we expect
that the eigenvalues stay in the vicinity of the support of the equilibrium measure,
the linear statistic > f();) should be an integer and therefore can not fluctuate like
a Gaussian variable. It turns out however that the previous strategy works as soon
as we fix the filling fractions, the number of eigenvalues in a neighborhood of each
connected piece of the support. The idea will therefore be to obtain central limit
theorems conditionally to filling fractions. We will as well expand the partition
functions for such fixed filling fractions. The latter expansion will allow to estimate
the distribution of the filling fractions and to derive their limiting distribution,
giving a complete picture of the fluctuations. These ideas were developed in [14,
16]. [14] also includes the case of hard edges. After this work, a very special case
(two connected components and a polynomial potential) could be treated in [28] by
using Riemann Hilbert. I will here follow the strategy of [14], but will use general
test functions instead of Stieltjes functionals as in Section 4. So as in Section 4, we
consider the probability measure

N
A()\)B(;Nﬁ 2 V(X)) H d; .

i=1

1
JAN) =

aPgY (Mg, ...

By Theorems 4.4 and 4.3, if V satisfies Assumption 4.2, we know that the empirical
measure of the \’s converges towards the equilibrium measure 5. We shall here-
after assume that p{ = py has a disconnected support but a off-critical density in
the following assumption.

AssuMPTION 6.1. V : R — R is of class C? and py has support given by
S = UiKzl[ai, bl] with b; < a;y1 < bj+1 < a;42 and

K

d/ﬂ(x) = H(z),| [[(x — ai) (b — )

dx .
=1
where H is a continuous function such that H(z) > ¢ > 0 a.e. on S.

We discuss this assumption in Lemma 6.5. Let us notice that the fact that the
support py has a finite number of connected components is guaranteed when V is
analytic. Also, the fact that the density vanishes as a square root at the boundary
of the support is generic, cf [66]. Remember, see Lemma 4.5, that py is described
by the fact that the effective potential V.g is non-negative outside of the support of

79
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1y -We will also assume hereafter that Assumption 4.2 holds and that Vg is strictly
positive outside S. By Theorem 4.8, we therefore know that the eigenvalues will
remain in S, = U?_, S, S¢ := [a;—e, b;+¢] with probability greater than 1—e~¢(EN
with some C(e) > 0 for all € > 0. We take & small enough so that S, is still the
union of p disjoint connected components S;,1 < i < p. Moreover, we will assume
that V is C! so that the conclusions of Theorem 4.14 and Corollary 4.16 still hold.
In particular

COROLLARY 6.2. Assume V is C*. There exists ¢ > 0 and C finite such that
ryY <112?<Xp [#{j : A\j € [ai —&,b; +e]} — Nuv([ai, bi])] > C\/NlnN) <eeN

We can therefore restrict our study to the probability measure given, if we
denote by N; = #{j : A\j € [a; — &,b; + €]}, 7, = N;/N and 1 = (N, ..., 7K), by

N
1
v 5. - .
def,m My Ay) = 1maxi\Ni—zvmai,bi])\gcmmzvZﬁ,vA(A)"e NBSV(A) Hd)\i
N,e i=1

since exponentially small corrections do not affect our polynomial expansions. As
€ > 0 is kept fixed we forget it in the notations and denote
N

1n,=a,n1 _ .
dp]ffx (A, Ay) = %A()\)ﬂe NBX V() Hd/\i
N, i=1

the probability measure obtained by conditioning the filling fractions to be equal
to = (n1,...,n,). Clearly, we have

N
BV _ BV
(6.1) Zy' = >, AR
IN;—Np(lai,bi])|[SCVN In N b

8.V
N! ZNq pv

(6.2) PRY = > . AL
B,V <N,

Nl. NK'ZN n

|N;—Nu([a;,b;])|[ <KCVNIn N

where the combinatorial term I\G'L'NK' comes from the ordering of the eigenvalues
to be distributed among the cuts. Hence, we will retrieve large N expansions of
the partition functions and linear statistics of the full model from those of the fixed
filling fraction models.

6.1. The fixed filling fractions model

To derive central limit theorems and expansion of the partition function for
fixed filling fractions we first need to check that we have the same type of results
that before we fix the filling fractions. We leave the following Theorem as an
exercise, its proof is similar to the proof of Theorem 4.4. Recall the notation :

E(p) = //[%V(m) + %V(y) - %ln |z — ylldp(z)du(y) .

THEOREM 6.3. Fiz n; € (0,1) so that Y n; = 1. Under the above assumptions

o Assume that (f;)1<i<k converges towards (n;)1<i<k. The law of the vec-

g " Ni+--+N; Vv
tor of p empirical measures ,uf\' = NL Zj_l]-‘\_,l:u_,;]v_ L1 dx, under Pf\j,ﬁ
k2 - 11— £

satisfies a large deviation principle on the space of p tuples of probability
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measures on S; = [a; —e,b; +¢], 1 <i < p, in the scale N? with good rate
function I, = J, —inf J,, where

K
T, - p) = BEY migti) .

o J, achieves its minimal value uniquely at (u')1<i<p. Besides there exists
p constants CT' such that the effective potential

(6.3) Vips(z) = V(z) - /111 o = yld(Y_ninf (y) - CF

is greater or equal to 0 on S; and equal to 0 on the support of pu}'.

o The conclusions of Lemma 4.14 and Corollary 4.16 hold in the fized filling
fraction case in the sense that for i = N;/N,> N; = N we can smooth
Sy = pN dnto iy (by pulling appart eigenvalues and taking the con-
volution by a small uniform variable), so that there exists ¢ > 0,C) 4 < 00
such that fort > 0

P]@:Z (D(/lm Zﬁiﬂ?) > t) < OraNInN=GN22 4 omeN

Note above that the filling fractions N;/N may vary when N grows : the first
two statements hold if we take the limit, and the last with #; = N;/N exactly
equal to the filling fractions (the measures u?* are defined for any given n; such that
> n; = 1). The last result does not hold if 7 is replaced by its limit n, unless 7
is close enough to n. To get the expansion for the fixed filling fraction model it is
essential to check that they are off critical if the 7; are close to u(S;) :

LEMMA 6.4. Assume V is analytic. Fix € > 0. There exists 6 > 0 so that
if max; |n; — py (S;)] < 0, (ul)i<i<p are off-critical in the sense that there exists
al < b in St and HP uniformly bounded below by a positive constant on St such
that

Ay} () = H (@) (@ — a) (07 — 2)de.

PROOF. We first observe that n — [ fdu? is smooth for all smooth functions
f. Indeed, take two filling fractions n,m and denote in short by p™ = > n;ul.
Recall that ™ minimizes £ on the set of probability measures with filling fractions
n. We decompose & as

(6.4) 5(V)=/3/V£f(w)d<v M)+ 2020~ Y G (an,bn]) — )

where V%, is the effective potential for the measure . Note here that we used
that as v — u™ has zero mass to write

/ In [z — yld(v — ") (@) (v — p") () = —D3(w, ")

We then take v a measure with filling fractions m and since p minimizes £ among
such measures,

(6.5) E(um) < E().
We choose v to have the same support than p" so that [ VI (z)d(v — p")(z) =0
and notice that [ VZ%(2)d(u™ — pu™)(z) > 0. Hence, we deduce from (6.4) and (6.5)

that
D (™, p") < D*(v, ") .
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Finally we choose v = p" + 3, (m; — ni)%dx with B; is an interval in the support
of ul where its density is bounded below by some fixed value. For max |m; — n;|

small enough it is a probability measure. Then, it is easy to check that
D*(u™, ") < D*(p, p") < Cllm —n%,
from which the conclusion follows from (4.15).

Next, we use the Dyson-Schwinger equation with the test function f(z) =
(z —2)7! to deduce that G?(z) = [(z — z) " 'du?(z) satisfies the equation

61 (L n6ie) = [ F @) = viEere + 76
where f1'(z) = — [(V'(y) — V'(2))(y — z) " 'du2(y). Hence we deduce that
GP(z) = 2711‘ V/(2) =Y n;G(z) - \/(V’(z) =3 n;G(2))? = 4ni f1(2)
¢ J#i J#i

The imaginary part of G} gives the density of p]" in the limit where z goes to the
real axis. Since the first term in the above right hand side is obviously real, the
latter is given by the square root term and therefore we want to show that

2

F(z,n) = | V'(2) = Y _niGH(2) | —4nif](2)
J#i
vanishes only at two points a}', b} for z € S;. The previous point shows that F
is Lipschitz in the filling fraction n as V is C® (since then fi is the integral of a
C! function under u?) whereas Assumption 6.1 implies that at n} = uy(S;), F
vanishes at only two points and has non-vanishing derivative at these points. This
implies that the points where F(z,n) vanishes in S; are at distance of order at
most max |n; —m;| of a;, b;. However, to guarantee that there are exactly two such
points, we use the analyticity of V' which guarantees that F(.,n) is analytic for
all n so that we can apply Rouché theorem. As F(z,n*) does not vanish on the
boundary of some compact neighborhood K of a;, for n close enough to n*, we
have |F(z,n) — F(z,n*)| < |F(z,n*)| for z € K. This guarantees by Rouché’s
theorem, since F'(.,n) is analytic in neighborhood of S; as V' is, that F'(.,n) and
F(.,n*) have the same number of zeroes inside K. o

To apply the method of Section 4, we can again use the Dyson-Schwinger
equations and in fact Lemma 4.17 still holds true : Let f; : R — R be C} functions,

0 < ¢ < p. Then, taking the expectation under Pﬁ,"ﬁ/, we deduce

BMy (Efo) [[ Nin (5] = (5 = 5Bl () ][ Niw (5]

+ % > Elan(fofs) [ Niw ()]
=1 ey,
+ gl [ PR oy @it (o) [T V)

i=1
+0(e~ M)



6.1. THE FIXED FILLING FRACTIONS MODEL 83

where the last term comes from the boundary terms which are exponentially small
by the large deviations estimates of Theorem 4.8. We still denoted My (f) =
3 f(Ai) — N S_;ul(f) but this time the mass in each S, is fixed so this quantity
is unchanged if we change f by adding a piecewise constant function on the S;’s.
We therefore have this time to find for any sufficiently smooth function g a function
f such that there are constants C; so that

Ehf(x) = V'(x)f(x) — Zﬁl / Wdu?(y) =g(x)+Cj,z € ;.
i—1

By the characterization of u”, if ijl = [a?, b;‘] denotes the support of ;" inside S?,

this question is equivalent to find f so that on every [a},b7],
=1(@) = PV [ L ) fy— a8 — )y = g(2) + €,
E"f(z) = re g W = @) —y)dy = g(2) +C

This question was solved in [76] under the condition that g, f are Holder with some
positive exponent. Once one gets existence of these functions, the property of the
inverse are the same as before since inverting the operator on one .S; will correspond
to the same inversion. For later use, we prove a slightly stronger statement :

LEMMA 6.5. Let 0 € [0,1] and set for n; € (0,1),> n; = 1. Let S denote the
support of ulr. We set, forie {1,...,K}, allx € S?

=3 1) = V@) - [ LD ) 03 n, [ LD g,
Y i 4
Then for all g € C*, k > 2, there exist constants C;,1 < j <p, so that the equation
Eyf(z) =g(z) +Cjz € S}
has a unique solution which is Holder for some exponent o > 0. We denote by
(Ep)"tg this solution. There exists finite constant D; such that

I(E5) " glles < Djllgles—= -

PROOF. Let us first recall the result from [76, section 90] which solves the
case § = 1. Let S} = [a},b}]. Because of the characterization of the equilibrium
measure, inverting =i is equivalent to seek for f Holder such that there are K
constants (Ck)1<k<x such that on Sy

K. f(t) = PV /US %d$ = g(t) + Cx

forall k € {1,..., K}. Then, by [76, section 90], if g is Holder, there exists a unique
solution and it is given by

K gla) = f0) = T ey [
& k

where o(z) = \/T[(z — a?*)(z — b*). The proof shows uniqueness and then exhibits
a solution. To prove uniqueness we must show that K; f = C} has a unique solution,
namely zero. To do so one remarks that

1
Yy—

(9(y) + Cy)

D(z) = (z) dx

Uskx_z
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is such that ¥(z) = (®(2) — C%/2)\/(z — a})(xz — bY) is holomorphic in a neighbor-
hood of S} and vanishes at ay, . Indeed, K f = C}, is equivalent to
Ot (z) + ¢ (2) = C), implies that U (2) = ¥~ (z) on the cuts. Hence

(6.6) ®(2) — Cu/2 = [(= — af) (= — b)]'/*Q(2)

with © holomorphic in a neighborhood of S}, and so ®'(z)o(z) is holomorphic
everywhere. Hence, since ® goes to zero at infinity like 1/22, P(z) = ®/(2)o(z) is
a polynomial of degree at most K — 2. We claim that this is a contradiction with
the fact that then the periods of ® vanish, see [38, Section II.1] for details. Let us
roughly sketch the idea. Indeed, because ® = u + iv is analytic outside the cuts, if
A = UAy is a set of contours surrounding the cuts and A€ the part of the imaginary
plan outside A, we have by Stockes theorem

J = / ((0u)? + (0yu)?) dady = / udv
c A
Letting A going to S we find

/ud@z/quvar—/u*dv*
A S S

But by the condition &t + &~ = C) we see that ut +u~ = R(Cy),d(vT +v7) =0
and hence

J:Zéﬁ(ck) ZéR (Cr) (T (0}) — vt (a})).

On the other hand ®(z f P(&)/o(&)d¢ for any path avoiding the cuts and

hence converges towards finite values on the cuts. But since ®’(§) = ((53 is analytic

outside the cuts, going to zero like 1/2% at infinity,
0= [ @@ =2 [ @)z =220 - va)
Ag ;J

Thus, v(by) — v(ay) = 0 and we conclude that J = 0. Therefore ® vanishes, and so
does f.

Next, we consider the general case 6 € (0,1). We show that Z is injective on
the space of Holder functions. Again, it is sufficient to consider the homogeneous
equation

(6.7) Kof(z) = (1 - 0)Kof(z) + 0K f(z) = Cy
on Sy, for all k. Here K f(z) = S, g(yidy on Sy for all k. If Ky is injective, so is

=y by dividing the function f on Sk by o (z)Sk(z) = du}/dx. Recall that Tricomi
airfol equation shows that K is invertible, see Lemma 4.18, and we have just seen
that K is injective. To see that Kjy is still injective for 6 € [0, 1] we notice that
we can invert Ky to deduce that we seek for an Holder function f (= Kig) and a
piecewise constant function C' so that

Flo) =~ KT (Ko f — ©)

Let us consider this equation for x € S and put f = K 9. By the formula for
K;' and K;!' we deduce that we seek for constants d, D and a function g so that
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on Sk- :
1 g(y) + dy 1—9 1 / 9(y) + Dy
PV/ —0 dy = dy .
oy () S, T—UY t(y)dy Z S, Y— < o(v)dy

Here, we used a formula for K 1 where o}, was replaced by 0’1;1 : this alternative
formula is due to Parseval formula [89, (2) p.174], see (16) and (18) in [89]. Note
here that both side vanish at the end points of S by the choices of the constants.
As a consequence

aktm /S g(g’fydkak(y)dy 1= 1 Zrpd /ﬂ _*ff (v)dy

is analytic in a neighborhood of S;.We next integrate over a contour Cy, around Sy
to deduce that

+ di 1 )+d
[ A gay oL [ B[S )y
S, T—y 2mi Jo, 2 —x Jg, 22—

_ 1-60 1 dz op(z +Dg
N 0 27ri/ckz—xa Z/S[ o (y)dy

1-0 [ ok(y) 9(y) + Di
0 Js, oly) z—y
1-46 9(y) + Dy

= T 6 T—y or(y)dy

o(y)dy

where we used that oy /o is analytic in a neighborhood of Sy, as well as the terms
coming from the other cuts. Hence we seek for g satisfying

1 +d
5 [ yyay ~ o0
Sk

r—y

for some constant dj. Tricomi airfol equation shows that this equation has a unique
solution which is when g+ dy, is a multiple of 1/(0%)?. By our smoothness assump-
tion on g, we deduce that g+ d, must vanish. This implies that f = K !¢ vanishes
by Tricomi. Hence, we conclude that Ky, and therefore Zf is injective on the space
of Holder continuous functions.

To show that Zj is surjective, it is enough to show that it is surjective when
composed with the inverse of the single cut operators E" = (",...,="), that is
that the application given for z € S; = [a}, b}] by

Lof(z) == nif(x) + 6Rf(x ~Y"n / ED I iy
J#i

is surjective. But R is a kernel operator and in fact it is Hilbert-Schmidt in

L%*(o~<dz) for any € > 0 (here o(z) =[] /(z — a?)(b? — x)). Indeed, on z € S;, R

is a sum of terms of the form

ENUW o1 R n
[ === [ s </ <yt>"f“’dt>d“j‘y)
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by Remark 4.19. Even though we have a principal value inside the (smooth) integral
we can apply Fubini and notice that

1 1 1 1 1
PV/ dul(y) = PV/ ( + ) do;(y)
(@ —y)y—1)S;ly) z—t (z-y) -t
1

= 1—

——0i(@)

where we used that ¢ belongs to S; but not « to compute the Hilbert transport of
o; at t and x. Hence, the above term yields

=n)—1
/(H])f(y)d/ﬂ(y) = /) (1- ! oj(x))dt,x € S;

xT—y J s, 05(t) x—t

from which it follows that R is a Hilbert-Schmidt operator in L?(oc~¢dz). Hence,
R is a compact operator in L?(c~¢dz). But Ly is injective in this space. Indeed,
for f € L?(0—“dx), Lof = 0 implies that f = On; 'Rf is analytic. Writing back
h = (E")~'f, we deduce that Egh = 0 with h Holder, hence h must vanish by
the previous consideration. Hence Ly is injective. Therefore, by the Fredholm
alternative, Ly is surjective. Hence Ly is a bijection on L?(oc~¢dx). But note that
the above identity shows that R maps L?(0c~¢) onto analytic functions, therefore
K~ maps Holder functions with exponent o onto Hélder functions with exponent
o. We thus conclude that =) = Ly o 2" is invertible onto the space of Holder
functions. We also see that the inverse has the announced property since for x €
a2 b7
—=n\—1
€ o) =g =, hle) =0 Y ny [ E I gy
J#i

where h is C*°. The announced bound follows readily from the bound on one cut
as on L* we have

e -0y [ S anw)

0#£k
is such that

=n)—1 — w n = =n\—1
IED) " flles <esllf-0) r—l WDllesr2 < el fllesr2+1(EF) " flloo) -

s
o

As =7 is invertible with bounded inverse we can apply exactly the same strategy
as in the one cut case to prove the central limit theorem :

THEOREM 6.6. Assume V' is analytic and the previous hypotheses hold true.
Then there exists € > 0 so that for max |n; — u([a;, bi])| < €, for any f C* with
k > 11, the random variable My (f) := Zfil FO)=Npu™(f) converges in law under
Pﬁ,x towards a Gaussian variable with mean mi;(f) and covariance C{:(f, f), which

=n

are defined as in Theorem 4.27 but with u™ instead of u and =" instead of =.

We can also obtain the expansion for the partition function
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THEOREM 6.7. Assume V is analytic and the previous hypotheses hold true.
Then there exists € > 0 so that for max|n; — u([as, b)) <€, n; = N;/N, we have

N! N
1 Z2") =CINIn N Ln(N
(6.8) +N2EMV) + NFM(V) + F2 (V) +o(1)
with Cj = g Ch=—(K-1)/2+ W and forn; >0, > " n; =1,
V) = —&(py)
n B dpy ., B
Fv) = (50 [~ Snins + 1

where f1 depends only on the boundary points of the support. F3(V') is a continuous
function of n. Above the error term is uniform on n in a neighborhood of n*.

PRrROOF. The proof is again by interpolation. We first remove the interaction
between cuts by introducing for 6 € [0, 1]

1 A A
def’f{V (AL, AN) = H N250 [In|z—y|d(ay —pi)(@)d(in —pp) (y) Hdp

B.OV
ING hth

Vi . R . .
where Pf,’ ﬁzf 7 is the 8 ensemble on S}, with potential given by the effective potential.
We still have a similar large deviation principle for the 4 under Pﬁ,z%v and the

minimizer of the rate function is always uﬁ. Hence we are always in a off critical
situation. Moreover, we can write the Dyson-Schwinger equations for this model :
it is easy to see that the master operator is =} of Lemma 6.5 which we have proved
to be invertible. Therefore, we deduce that the covariance and the mean of linear
statistics are in a small neighborhood of Cé’ﬁ and m‘?;ﬁ. It is not hard to see that
this convergence is uniform in 6.

Hence, we can proceed and compute

8,1,V
In ZNn _ N2/ ,BGV
ZBOV

Indeed, using the Fourier transform of the logarithm we have

NGV ( ([ 1l = oldGif — i)l - u’Z/)(y)>

= [ (o [emagy - e [e it - o ) a

where the above RHS is close to
9,’?7, '3 7
[CY (e, e ™) + [m§™ () ]

Hence, decoupling the cuts in this way only provides a term of order one in the
partition function. It is not hard to see that it will be a continuous function of
the filling fraction (as the inverse of ZJ) is uniformly continuous in n). Finally we

S8 /1n|x—y|d — ) (@) uh»(y))cw

h<h'

can use the expansion of the one cut case of Theorem 4.28 to expand Zf,’%’v to
conclude. o
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6.2. Central limit theorem for the full model

To tackle the model with random filling fraction, we need to estimate the ratio
of the partition functions according to (6.1). Recall that n} = u([a;, b;]). We can
now extend the definition of the partition function to non-rational values of the
filling fractions by using Theorem 6.7. Then we have

THEOREM 6.8. Under the previous hypotheses, for max|n; — n}| < e, there
exists a positive definite form @ and a vector v such that

(Nop)!- - (Nnjo)! Zgw
(Nni!--- (Nng)! Zév"}*

D(n) =

= {5 QN —n"))(1+0(e) + (N(n = "), 0) + o(1)},

where Zé\{";L*/(Nn*{)! -« (Nn¥)! is defined thanks to the expansion of (6.8) when-
ever n*N takes non-integer values (note here the right hand side makes sense for
any filling fraction n). O(e) is bounded by Ce uniformly in N. We have Q =
—D2E3 (V) |pnen+ and v; = Op, F7*(V)|n=n~- As a consequence, since the probability
that the filling fractions 1 are equal to n is proportional to D(n), we deduce that
the distribution of N(f —n*) — Qv is equivalent to a centered discrete Gaussian
variable with values in —Nn* — Qv +Z and covariance Q~*.

Note here that Nn* is not integer in general so that N (A — n*) — Q~'v does
not live in a fixed space : this is why the distribution of N (7 —n*) —Q~1v does not
converge in general. As a corollary of the previous theorem, we immediatly have
that

COROLLARY 6.9. Let f be C''. Then

EPéV,v [62 .f()w)—Nu(f)] — exp{%cg}* (f, )+ m"}* (N}

y Z exp{f%Q(N(n —n*)) + (N(n—n*),v 4+ Onpt" |n=n-(f))}

S exp{—3Q(N(n—n*)) + (N(n—n*),v)} (1+o(1))

n

We notice that we have a usual central limit theorem as soon as 9, 1" |n=n* (f)
vanishes (in which case the second term vanishes), but otherwise the discrete Gauss-
ian variations of the filling fractions enter into the game. This term comes from the
difference Nu(f) — Nu™(f).

As is easy to see, the last thing we need to show to prove these results is that

LEMMA 6.10. Assume V analytic, off-critical. Then

o n— pu"(f) is C' and CL(f, f),m(f) are continuous in n,
o n— F(V) is C*7% in a neighborhood of n*,
o Q= —D?F}(V)|pen~ is definite positive.
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Let us remark that this indeed implies Corollary 6.9 and Theorem 6.8 since by
Theorem 6.7 we have for |n; —nj| <e

I i g = VW)~ 004 N0 R V)

+(E(V) = F3 (V) +o(1)
_ —%Q(N(n —n*), N(n—n")(1 + 0(e))
+anF1n<V>|n:n*~(N(n - n*))

where we noticed that 0, F (V) vanishes at n* since n* minimizes F§' and @ is
definite positive. Hence we obtain the announced estimate on the partition function.
About Corollary 6.9 we have by (6.1) and by conditionning on filling fractions

IO -Nuv (D] = | [eN(uﬁ(f)fu"* DE 0 [eZ f(An—Nm'(f)]}

Epé\{v[ B,V

~F [€N<ﬁ—7t*73nlt"(f)|n:n*)EPNY;L 2 f(Ai)—NWf)]} (1+o0(1))
B,V

So we only need to prove Lemma 6.10.

PRrROOF. n — p™ is twice continuously differentiable. We have already seen
in the proof of Lemma 6.4 that n — ™ is Lipschitz for the distance D for n in
a neighborhood of n*. This implies that v, = e 1(u"*" — y") is tight (for the
distance D and hence the weak topology). Let us consider a limit point v and its
Stieltjes transform G, (z) = [(z —z) 'dv(z). Along this subsequence, the proof of
Lemma 6.4 also shows that €~ (a]' ™" —a”) has a limit (and similarly for b", as well
as H["). Hence, we see that v is absolutely continuous with respect to Lebesgue
measure, with density blowing up at most like a square root at the boundary. By
(6.3) in Theorem 6.3 we deduce that

G,(E+1i0)+ G,(E—1i0)=0

for all E inside the support of x". This implies that \/T[(z — a?) (b — 2)G,(2) has
no discontinuities in the cut, hence is analytic. Finally, G, goes to zero at infinity
like 1/22 so that \/T[(z — a') (b} — 2)G,(2) is a polynomial of degree at most p— 2.
Its coefficients are uniquely determined by the p — 1 equations fixing the filling

fractions since for a contour C* around [a}, b}']

/ Gun(z)dz =n; = G,(2)dz = k; .
or cr

There is a unique solution to such equations. As it is linear in &, it is given by
(6.9) Gu(2) =D rw}(2)
where w?(z) = P"(2)//T1(z — a?) (b} — z) satisfy

7

(6.10) / wi' (2)dz = 6 ;

J
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and P/ are polynomials of degree smaller or equal than p—2. Hence G, is uniquely
determined as well as v, we conclude that n — p™ is differentiable, as well as
a}',b?. The latter implies that n — w}* is as well differentiable and hence n—G/;»
is twice continuously differentiable. In turn, we conclude that a}', b}, H* are twice
continuously differentiable with respect to n, and therefore so is the density of p™.

Cy(f, f),my (f) are continuous in n. From the continuity of du™/dx we deduce
that Z™ is continuous, and since =" has uniformly bounded inverse (provided we
take sufficiently smooth functions), we deduce that (£")~1! is continuous in n, from
which the continuity of C{:(f, f), m{,(f) follows for smooth enough f.

n— FM(V)is C*~", i =0,1,2. For i = 1, by the formulas of Theorem 6.6, it is
a straightforward consequence of the fact that du™/dx is continuously differentiable
and its differential is integrable. It amounts to show that the inverse of the operators
=j are continuous in n, but again this is due to the continuity of the endpoints and
the explicit formulas we have.

D2F3(V) is well defined and definite negative at n = n*. Set

) un—i—tn _ Mn
(6.11) vy = }gr(l) —
By the formula for J in terms of the effective potential
FyV) = B WV) = () = T
= (e = V@ - @)

where we used that at n = n* the constants in the effective potential are all equal
and that Y n; = 0. Since Vg}f vanishes on Ula;, b;] as well as its derivative and
the derivatives of € — fin1e are smooth and supported in Ufa;, b;], we deduce that
F9n+tn is a C? function of ¢ and its Hessian is :

(6.12) OFFy T img = —§D2[V*7V*]

where v* = 8t,u”*+”’|t:0. D?F, vanishes only when v* vanishes, which implies
17 =0 by (6.9), since no non trivial combination of the w! can vanish uniformly by
(6.10). Therefore, the Hessian is definite negative. o



CHAPTER 7

Several matrix-ensembles

Topological expansions have been used a lot in physics to relate enumeration
problems with random matrices. Considering several matrix models allows to deal
with much more complicated combinatorial questions, that is colored maps. In this
section we show how the previous arguments based on Dyson-Schwinger equations
allow to study these models in perturbative situations. In fact, large deviations
questions are still open in the several matrices case and convergence of the trace
of several matrices has only been proved in general perturbative situations [54]
or for very specific models such as the Ising model corresponding to a simple AB
interaction [45, 74, 72, 58, 59].

7.0.0.1. Non-commutative laws. We let C(X1,--- , X,,) denote the set of poly-
nomials in m-non commutative indeterminates with complex coefficients. We equip
it with the involution * so that for any 41,...,4 € {1,...,m}, for any complex
number z, we have

(ZAXVZ‘1 .. X,Lk)* = ZXik . Xi1 .
For N x N Hermitian matrices (Ay,- - , Ap,), let us define the linear form fia, ... a,,
from C(Xy, -+, X,,) into C by

. 1
HA - A, (P) = NTr (P(Alu T 7Am))

where Tr is the standard trace Tr(A) = Zf\il Ay I A, ..., A, are random, we
denote by

Bay - A, (P):=E[ia, . a4, (P)].

DAy Ay BAy - A, Will be seen as elements of the algebraic dual C(Xy, -+, X;,)*
of C{X1, -+, Xm). C{X1, -+, Xm)* is equipped with its weak topology.

DEFINITION 7.1. A sequence (fin)nen in C(Xq, -+, X,,)* converges weakly
towards p € C(Xy, -+, X,,)*" iff for any P € C(Xy, -, X;n),

Jim 1, (P) = p(P).
LEMMA 7.2. Let C be a finite constant and n be an integer number. Set
K,(C)={peC(Xy, -, Xm)"5|p(Xe, - - Xp )| <C" ¥Vl €{1l,--- ,m},r e Nyr <n}.

Then, any sequence (fin)nen S0 that p, € Ky, (C) is sequentially compact if m.,
goes to infinity with n, i.e. has a subsequence (g(n))nen which converges weakly.
We denote in short K(C) or K (C) the set of such sequances.

Proof. Since p,(Xy, ---Xp.) € C is uniformly bounded, it has converg-
ing subsequences. By a diagonalisation procedure, since the set of monomials
is countable, we can ensure that for a subsequence (¢(n),n € N), the terms

91
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Pon)(Xe, -+ Xp, ), b € {1,--- ,m},7 € N converge simultaneously. The limit de-
fines an element of C(Xy,---, X,,)* by linearity. o

The following is a triviality, that we however recall since we will use it several
times.

COROLLARY 7.3. Let C be a finite non negative constant and m,, a sequence
going to infinity at infinity. Let (un)nen be a sequence such that p, € K, (C)
which has a unique limit point. Then (p,,)nen converges towards this limit point.

Proof. Otherwise we could choose a subsequence which stays at positive dis-
tance of this limit point, but extracting again a converging subsequence gives
a contradiction. Note as well that any limit point will belong automatically to
C(Xq, -+, Xm)". o

We shall call in these notes non-commutative laws elements of C(X1,--- , X;n)*
which satisfy

pw(PP*) =20, pu(PQ)=pu(@QP),pn(l) =1
for all polynomial functions P, Q). This is a very weak point of view which however
is sufficient for our purpose. The name ‘law’ at least is justified when m = 1, in
which case iV is the empirical measure of the eigenvalues of the matrix A, and
hence a probability measure on R, whereas the non-commutativity is clear when
m > 2. There are much deeper reasons for this name when considering C*-algebras
and positivity, and we refer the reader to [93] or [3].

The laws fi, ... .A,,, A, - A, areobviously non-commutative laws. Since these
conditions are closed for the weak topology, we see that any limit point of iV, 7"V
will as well satisfy these properties. A linear functional on C(Xq, -, X,,) which
satisfies such conditions is called a tracial state. This leads to the notion of C*-
algebras and representations of the laws as moments of non-commutative operators
on C*-algebras. We however do not want to detail this point in these notes.

7.0.1. Non-commutative derivatives. First, for 1 < i < m, let us define
the non-commutative derivatives 9; with respect to the variable X;. They are linear
maps from C(X1,---, X,,) to C(X1,--+, X,,)®? given by the Leibniz rule

PQ=0,Px(12Q)+ (P®1)x 8Q

and 9;X; = 1,—;1® 1. Here, x is the multiplication on C(X71, -+, X,,,)®?% P®Q x
R®S=PR®QS. So, for a monomial P, the following holds

P= Y R®S
P=RX,S
where the sum runs over all possible monomials R, S so that P decomposes into
RX;S. We can iterate the non-commutative derivatives; for instance 97 : C(X1,--+ , X;n) —
C(X1,  , Xm)®@C(X1, + , Xpn)®C(X1, -+ , X;n) is given for a monomial function
P by
ZP=2 > RRS®Q.

P=RX,;SX,;Q
We denote by f : C(X1, -+, X;)%? x C(Xy,-+, Xn)—C(Xy, -, X,,) the map
P ® QR = PRQ and generalize this notation to P ® Q ® R{(S,V) = PSQVR.
So 0; P4R corresponds to the derivative of P with respect to X; in the direction R,
and similarly 271[02 P4(R, S) + 02 P4(S, R)| the second derivative of P with respect
to X; in the directions R, S.
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We also define the so-called cyclic derivative D;. If m is the map m(A® B) =
BA, we define D; = m o 0;. For a monomial P, D;P can be expressed as

D;P = Z SR.

P=RX;S
7.0.2. Non-commutative Dyson -Schwinger equations. Let X7V, ... X~
be m independent GUE matrices and set ¥ = fixy .. xn~ tobe their non-commutative
law. Let Py, -, P. be r polynomials in k non-commutative variables. Then for all
1e{l,...,m}
E[p" (X:Po) [[ A (P)) = EN @i @ik) [T A% (7))
j=1 j=1
I & R
(7.1) N2 Z E[iN (PyD; P;r) H i (Py)]
J'=1 J#3’

The proof is a direct application of integration by parts and is left to the reader.
The main point is that our definitions yield

8X1k]Tr(P(X)) = (ka)ﬂ, é)ij (P(X))z/]/ = (akp)i’i,jj’ .
7.0.3. Independent GUE matrices.

7.0.3.1. Voiculescu’s theorem. The aim of this section is to prove that if XV-¢ 1 <
¢ < k are independent GUE matrices

THEOREM 7.4. [Voiculescu [92]] For any monomial q in the unknowns X1, ..., Xm,

lim E[%Tr (g x, X2, ..., XM)] =0"(q)

N —oc0

where c™(q) is the number Mo(q) of planar maps build on a star of type q.

REMARK 7.5. ¢™, once extended by linearity to all polynomials, is called the
law of m free semi-circular variables because it is the unique non-commutative law
so that the moments of a single variable are given by the Catalan numbers satisfying

o (X = (@) (X, = o(a'))) =0,
for any choice of ¢;,1 < j < p, such that £, # £p1.

Proor. By the non-commutative Dyson-Schwinger equation with P; = 1 for
7 > 1, we have for all ¢

E[iN (XiXe, - Xg )] = Y B[N (Xe, - X, )i (Xe,, -+ X))
j:e]‘:i

Let us assume that for all & < K there exists Ck finite such that for any
iy .. 0, €{1,...,m} so that Y ¢, < K
(7.2) BN (X, - Xl < Cr
R . 2
(7.3)  E[(a" (Xe, X, -~ Xo,) = BB (Xe, X, - X,)])] < Ci/N?

Then we deduce that the family E[a" (X,, Xy, - - - Xy, )] is tight and its limit points
T(Xy, -+ - X, ) satisfy

T(Xfl T Xék) = Z T(X€2 o ij—1)T(X€j+1 T Xek)
jil;=4
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and 7(1) = 1, 7(X,) = 0. There is a unique solution to this equation. It is given
by {Mo(X¢, -+ Xe,., 1), 4; € {1,...,m}} since the later satisfies the same equation.
Indeed, it is easily seen that the number of planar maps on a trivial star 1 can be
taken to be equal to one, and there is none with a star with only one half-edge.
Moreover, the number Mo (Xy, -+ Xy, ,1) of planar maps build on Xy, --- Xy, can
be decomposed according to the matching of the half-edge of the root. Because
the maps are planar, such a matching cut the planar map in to independent planar
maps. Hence

MO(X€1 e ka? 1) = Z MO(XEQ e X@jfu I)MO(XK

jtszfl

X[k’l)

J+1

The proof of (7.2) is a direct consequence of non-commutative Holder inequality
and the bound obtained in the first chapter for one matrix. We leave (7.3) to the
reader : it can be proved by induction over K using the Dyson-Schwinger equation
exactly as in the one matrix case, see Lemma 2.3.

o

7.0.3.2. Central limit theorem.

THEOREM 7.6. Let Pi,...,P. be polynomial in X1,...,X,, and set Y (P) =
N(aN(P)—a™(P)). Then (Y(Py),...,Y(Py)) converges towards a centered Gauss-
ian vector with covariance

C(Py, Py) = ZO’m(DiE_lplDiPQ) ,
=1

with ZP = ¥, [0 P#X,; — (0™ @ I + I @ 0™)(0;D; P)).

Notice above that = is invertible on the space of polynomials with null constant
term. Indeed, for any monomial ¢, the first part of = is the degree operator

> dig#X; = deg(q)q

whereas the second part reduces the degree, so that the sum is invertible.

PROOF. The proof is the same as for one matrix and proceeds by induction
based on (7.1). We first observe that my(P) = E[aV (P)] — o(P) is of order 1/N?
by induction over the degree of P thanks to (7.2) and (7.3). We then show the
convergence of the covariance thanks to the Dyson-Schwinger equation (7.1) with
r=1and P, = P —E[P], and Py = D;P, which yields after summation over ¢ :

N2E[i™ (ZPo)(a™ (P) — E[@" (P)))] = Y JE[i" (DiPyD;P)] + N* Ry (P)

j=1

where
R(P) = 3Bl = 0)%%(0; 0 DiPo) (P)]

Since P is centered, this is of order at most 1/N3 by (7.2) and (7.3). Hence, letting
N going to infinity and inverting = shows the convergence of the covariance towards

C.



7. SEVERAL MATRIX-ENSEMBLES 95

Finally, to prove the central limit theorem we deduce from (7.1) that, if Y/(P) =
NN (P) — o™ (P)), we have

GN(P Py Pr) = BN —o™)(P) [T Y(P)

T

= NE[(@Y —o™) @ (3 = a™)(Q_o:DETP) [ Y (R)]

m
+Y BN aN(DiETPDP) [[Y (P
=1 145
By induction over the total degree of the P;’s, and using the previous estimate,

we can show that the first term goes to zero. Hence, we deduce by induction that
GN(P, Py, ..., P.) converges towards G(P, P, ..., P.) solution of

j=1 i

T
G(P,Py,...,P.) =Y o™D:E 'PD;P})G(P,P,...,P;_1,Piy1,...P),

=1
which is Wick formula for Gaussian moments. o

7.0.4. Several interacting matrices models. In this section, we shall be
interested in laws of interacting matrices of the form

e NIV X N () - dpi (X

dpyy (X, X)) o= 7N
\4

where Z§ is the normalizing constant

2 = [ X N (6y) ¥ (X)

and V is a polynomial in m non-commutative unknowns. In the sequel, we fix n
monomials ¢; non-commutative monomials;

Gi( X, Xom) = Xji - X1

for some jF € {1,---,m}, r; > 1, and consider the potential given by
n
Ve(X1, o Xom) = D tigi( X1, -+, Xom)
i=1

where t = (¢1,...,t,) are n complex numbers such that V% is self-adjoint. Moreover,
du™N (X) denotes the standard law of the GUE, that is

_ _N 2
A (X) = Zy' 1y e 2T T ar(xy) [ dS(X).
1<i<j<N 1<i<j<N

This part is motivated by a work of ’t Hooft [86] and large developments
which occurred thereafter in theoretical physics. ’t Hooft in fact noticed that if
V=V= Z?:l t;q; with fixed monomials ¢; of m non-commutative unknowns and
if we see Z{ = Z}) as a function of t = (t1,--+ ,t,)

(7.4) InZY := > N*729F,(t)
920
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where

Fy(t) == Z H k: , g((qi, ki)i<i<n)

ki, ky €Nk i=1

is a generating function of the number M,((g;, k;)1<i<k) of maps with genus g
build over k; stars of type ¢;, 1 < i < n. A map is a connected oriented graph
which is embedded into a surface. Its genus g is by definition the smallest genus of
a surface in which it can be embedded in such a way that edges do not cross and
the faces of the graph (which are defined by following the boundary of the graph)
are homeomorphic to a disc. Intuitively, the genus of a surface is the maximum
number of simple closed curves that can be drawn on it without disconnecting it.
The genus of a map is related with the number of vertices, edges and faces of the
map. The faces of the map are the pieces of the surface in which it is embedded
which are enclosed by the edges of the graph. Then, the Euler characteristic 2 — 2g
is given by the number of faces plus the number of vertices minus the number of
edges.

The vertices of the maps we shall consider have the structure of a star; a star
of type ¢, for some monomial ¢ = Xy, --- Xy, , is a vertex with valence deg(q) and
oriented colored half-edges with one marked half edge of color /1, the second of
color /5 etc until the last one of color £. Mg((¢s,ki)1<i<n) is then the number of
maps with k; stars of type ¢;, 1 <4 < n. The equality (7.4) obtained by 't Hooft
[86] was only formal, i.e means that all the derivatives on both sides of the equality
coincide at t = 0. This result can then be deduced from Wick formula which gives
the expression of arbitrary moments of Gaussian variables.

Adding to V' a term tg for some monomial ¢ and identifying the first order
derivative with respect to ¢t at ¢ = 0 we derive from (7.4)

ki
(7.5) / q)dpp, =Y N Z H ]:,) My ((gi> ki)r<i<n, (¢, 1)).

g>0 k1, kn €Nk i=1

Even though the expansions (7.4) and (7.5) were first introduced by t Hooft to com-
pute the matrix integrals, the natural reverse question of computing the numbers
My ((gis ki)1<i<n) by studying the associated integrals over matrices encountered
a large success in theoretical physics. In the course of doing so, one would like for
instance to compute the limit limy_0o N2 1n ZtN and claim that the limit has to
be equal to Fy(t). There is here the claim that one can interchange derivatives and
limit, a claim that we shall study in this chapter.

We shall indeed prove that the formal limit can be strenghten into a large N
expansion. This requires that integrals are finite which could fail to happen for
instance with a potential such as V(X) = X3. We could include such potential to
the cost of adding a cutoff 1) x,|<as for some sufficiently large (but fixed) M. This
introduces however boundary terms that we prefer to avoid hereafter. Instead, we
shall assume that

76) (XuCi)os = T (Wi X) + 1 322

is convex for all N. We denote by U the set of parameters t = (¢1,...,%,) so that
(7.6) holds. Note that this is true when t = 0. This implies that the Hessian of

duy,
_ t
In —

is uniformly bounded below by —N/41, that is is uniformly log-concave.
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This property will provide useful a priori bounds. We also denote B, the set of
parameters t = (¢1,...,t,) so that ||t = max]|t;| is bounded above by €. In the
sequel, we denote by ||t]|1 = 3 |t;].

Then, we shall prove that for t € U N Be, € small enough,

A IP] = 110 (P)] = o, (P) + 5rz0%(P) + o(N )

where ¥, (q) = >4, . enn Hle %Mg((qi, ki)1<i<k, (g, 1)) for monomial func-
tions ¢ for g =0 or 1.

This part summarizes results from [54] and [55]. The full expansion (i.e higher
order corrections) was obtained by E. Maurel Segala (see [73]).

7.0.4.1. First order expansion for the free energy. We prove here (see Theorem
7.16) that

1 n
Jim g [ ST D () ()

T ()™
= > Mok 1<i<n)
ki, kn€Ni=1
provided V; satisfies (7.6) and the parameters t¢;’s are sufficiently small. To prove
this result we first show that, under the same assumptions, ¥ (¢) = u§ tras( N~1Tr(q))
converges as N goes to infinity towards a limit which is as well related with map
enumeration (see Theorem 7.12).

The central tool in our asymptotic analysis will be again the Dyson-Schwinger’s
equations. They are simple emanation of the integration by parts formula (or, some-
what equivalently, of the symmetry of the Laplacian in L?(dz)). These equations
will be shown to pass to the large NV limit and be then given as some asymptotic
differential equation for the limit points of ;Y = pf [4™¥]. These equations will
in turn uniquely determine these limit points in some small range of the parame-
ters. We will then show that the limit points have to be given as some generating
function of maps.

7.0.4.2. Finite dimensionnal Dyson-Schwinger’s equations. We can generalize
the Dyson -Schwinger equations that we proved in Section 7.0.2 for independent
GUE matrices to the interacting case as follows.

PROPERTY 7.7. For all P € C(Xy,--- ,X,,), alli € {1,--- ,m},
my, (8N @ @Y (0:P)) = i, (8™ ((Xi + DiVi) P))

Proof. Using repeatidely Stein’s lemma which says that for any differentiable
function f on R,

[ f@ae o= [ fare Fan,

we find, since

CIRAL )2 1S(A ()2 . CIRA )2 1S4 ()2
: : —(Or(as(rs)) T 105(a,(rs)) )€ : :

CIRA )2 1S (A ()2
2

Ai(rs)e

= _aAl(T’s)e

with 8AL(TS)Ak(ij) = 8AL(ST)Ak(ij) = lp=11rs=ji, that
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N
1 1 _NTr
/NTT(AkP)dM{X(A) = N2 > /aAk(ji)(Pe NIO) 5 T de™ (As)
i,j=1
1 N
= WZ/ > QjiRii
ij=1 P=QXuR

n N
—NZ Z tlZPinthih dpiy, (A)

=1 ql:QXkR h=1

_ /(1(Tr®Tr)(8kP) - JbTr(DkVtP)> dply (A)

N2
where A = (Ay,..., A,,). This yields
(7.7) [ (64 DA P) = Y @ 1 0P)) dudy (8) =

o

7.0.4.3. A priori estimates. ugt is a probability measure with uniformly log-

concave density. This provides very useful a priori inequalities such as concentration

inequalities and Brascamp-Lieb inequalities. We recall below the main consequences
we shall use and refer to [3] and my course in Saint Flour for details.

We assume Vi = > ¢;q; satisfies (7.6), that is t = (¢1,...,t,) € U. Brascamp-
Lieb inequalities allow to compare expectation of convex functions with those under
the Gaussian law, for which we have a priori bounds on the norm of matrices. From
this we deduce, see [55] for details, that

LEMMA 7.8. For e small enough, there exists My finite so that for allt € UNB.,
Vi = > tiqi there exists a positive constant ¢ such that for all i and s > 0
1 (1] = s+ Mo — 1) < e V=
As a consequence, for § > 0, for all allr < N/2 and all £;,i <r
(7.8) E[|iN(Xe, - X, )] < (Mo +6)".

Concentration inequalities are deduced from log-Sobolev and Herbst’s argument
[55, section 2.3] :

LEMMA 7.9. There exists € > 0 and ¢ > 0 so that for t € U N B, for any
polynomial P
~ N _eN252
v, ({12N(P) = E[™N (P)]| = [|Pll37, 0} N {lIXall < Mo +1}) < em N
where || P||§ = sup | x, < (X pey | Dx P(X) Dy P*(X) | 00)/? if the supremum is taken
over m-tuples of N x N self-adjoint matrices X = (X1,...,Xm) and all N.

Note that if P =3 aqq, |P[5 < (X |ag/? degq2A2deg(q))1/2.

7.0.4.4. Tightness and limiting Dyson-Schwinger’s equations. We say that 7 €
C(Xy,--+, X,,)" satisfies the Dyson-Schwinger equation with potential V| denoted
in short SD[V], if and only if for alli € {1,--- ,m} and P € C(X1, -, Xm),

TI)=1, 7&7(0;P)=7((D;V+ X;)P) SD[V].
We shall now prove that
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PROPERTY 7.10. There exists ¢ > 0 so that for all t € UN B, (@, N € N)
is tight. Any limit point 7 satisfies SD[V;] and belongs to K (My), with My as in
Lemma 7.8 and K (M) defined in Lemma 7.2.

PROOF. By Lemma 7.8 we know that i} = pui) [3"] belongs to the compact
set K(My) (the restriction on moments with degree going to infinity with N be-
ing irrelevant) hence this sequence is tight. Any limit point 7 belongs as well to
K(Cy). Moreover, the DS equation (7.7), together with the concentration property
of Lemma 7.9, implies that

(7.9) 7((Xy + DyV)P) = 7 @ 7(0,,P).

<

7.0.4.5. Uniqueness of the solutions to Dyson-Schwinger’s equations for small
parameters. The main result of this paragraph is

THEOREM 7.11. For all R > 1, there exists € > 0 so that for ||t|lcc = maxi<i<p [ti] <
€, there exists at most one solution 7y € K(R) to SD[V4].

Remark : Note that if V' = 0, our equation becomes
7(X;P) =17 7(0; P).

Because if P is a monomial, 7 ® 7(9;P) = Y p_p x,p, T(P1)7(FP) with P, and
P, with degree smaller than P, we see that the equation SD|[0] allows to define
uniquely 7(P) for all P by induction. The solution can be seen to be exactly
T(P) = o™ (P), o™ the law of m free semi-circular found in Theorem 7.4. When V4
is not zero, such an argument does not hold a priori since the right hand side will
also depend on 7(D;q; P), with D;q; P of degree strictly larger than X, P. However,
our compactness assumption K (R) gives uniqueness because it forces the solution to
be in a small neighborhood of the law 7y = ¢ of m free semi-circular variables, so
that perturbation analysis applies. We shall see in Theorem 7.13 that this solution
is actually the one which is related with the enumeration of maps.

PROOF. Let us assume we have two solutions 7 and 7/ in K(R). Then, by the
equation SD[V¢], for any monomial function P of degree [ — 1, for i € {1,--- ,m},

(1 =) (XiP) = (1 = 7) @7)(0:P) + (7' @ (1 = 7'))(%:P) — (7 — 7')(D;Vy P)
We define for [ € N

Ag(r, ') = sup [T(P) —7'(P)].
monomial P of degree <i

Using SD[V¢] and noticing that if P is of degree | — 1,

-2

0P =Y pr®p oy
k=0

where pi, i = 1,2 are monomial of degree k or the null monomial, and D;V} is a
finite sum of monomials of degree smaller than D — 1, we deduce

Ay(r,7') = max max {|7(X;P) — 7' (X, P
! ) P monomial of degree 31—11Si§m{| ( ) ( )}
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-2 D-1
<2 Z Ag(T, T’)Rli27k + C||t]| oo Z Apypor(r,7)
k=0 p=0

with a finite constant C' (which depends on n only). For v > 0, we set

dy(r,7") = Z’YlAl(ﬂ 7).

1>0
Note that in (K(R)), this sum is finite for v < (R)~!. Summing the two sides of
the above inequality times 7! we arrive at

D—-1
dy(r,7') < 29°(L = yR) 'y (r,7) 4 Clltlloo D 77y (7, 7).

p=0

We finally conclude that if (R, ||t]|s) are small enough so that we can choose v €
(0, R71) so that

D—1
29°(1—yR) ' + Cltlo D _ v P <1
p=0
then d,(7,7') = 0 and so 7 = 7’ and we have at most one solution. Taking

v = (2R)~! shows that this is possible provided

1 D-1
— 2R)P <1
e +c||t||oop§0< R <

so that when ||t||cc goes to zero, we see that we need R to be at most of order
1
L/ PSR

<

7.0.4.6. Convergence of the empirical distribution. We can finally state the
main result of this section.

THEOREM 7.12. There exists € > 0 and My € RT (given in Lemma 7.8) so
that for allt € U N B, N (resp. i) converges almost surely (resp. everywhere)
towards the unique solution of SD[V¢] such that

|7(Xe, -+ Xo, )| < Mg
for all choices of £1,--+ ,£,.

PROOF. By Property 7.10, the limit points of il belong to K (M) and satisfies
SD[V4]. Since My does not depend on t, we can apply Theorem 7.11 to see that if
t is small enough, there is only one such limit point. Thus, by Corollary 7.3 we can
conclude that (i, N € N) converges towards this limit point. From concentration
inequalities we have that

py (12N = g ) (P)]?) < BO(P, M)N™2 4+ G2 N?e@MN/2
insuring by Borel-Cantelli’s lemma that

lim (@Y — M) (P)=0 a.s
N—o0

resulting with the almost sure convergence of i". o
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7.0.4.7. Combinatorial interpretation of the limit. In this part, we are going
to identify the unique solution 7¢ of Theorem 7.11 as a generating function for
planar maps. Namely, we let for k = (k1, - ,k,) € N® and P a monomial in
(C(Xl’ o 7)(m>7

My (P) = card{ planar maps with k; labelled stars of type ¢; for 1 <i <n

and one of type P} = Mo((P,1), (¢i, ki) 1<i<n)-

This definition extends to P € C(Xy,---,X,,) by linearity. Then, we shall prove
that

THEOREM 7.13. (1) The family {Mx(P),k € N,P € C(Xy,---,Xm)}
satisfies the induction relation : for alli € {1,--- ,;m}, allP € C(X1,--+, X)),
all k € N”,

(7.10) Mx(X;P)= Y HC”’M ® Mi—p(@:P)+ Y kjMu_y,([Digj]P)

0<p;<k; j=1 1<j<n
1<j<n

where 1;(i) = 1;—; and My(1) = lx—o. (7.10) defines uniquely the family
{Mk(P),k S (C<X1, s 7Xm>; Pe (C<X1, s ,Xm>}.

(2) There exists A, B finite constants so that for all k € N™, all monomial
PeC(Xy, -, Xm),

(7.11) [Mu(P)| < kA= E BIGE T € C gy
i=1
with k! .= []"_, k;! and C,, the Catalan numbers.
(3) Fort in B(4A)71

ZH kl Mk)

keNn =1

is absolutely convergent. For t small enough, My is the unique solution
of SD[V;] which belongs to K(4B).

By Theorem 7.11 and Theorem 7.12, we therefore readily obtain that

COROLLARY 7.14. For all ¢ > 0, there exists 7 > 0 so that for t € U.N B,, o
converges almost surely and in expectation towards

k1
7(P) = ZH kl M)
keN” =1

Let us remark that by definition of 4%, for all P,Q in C(Xy, -+, X,,.),

iN (PP 20 @N(PQ) = iV (QP).
These conditions are closed for the weak topology and hence we find that

COROLLARY 7.15. There exists n > 0 (n > (44)™!) so that for t € B,, My is
a linear form on C(X3,- -, X,,) such that for all P,Q

My(PP*) >0 My(PQ) = My(QP) My(1) =1
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Remark. This means that My is a tracial state. The traciality property can
easily be derived by symmetry properties of the maps. However, the positivity
property My (PP*) > 0 is far from obvious but an easy consequence of the matrix
models approximation. This property will be seen to be useful to actually solve the
combinatorial problem (i.e. find an explicit formula for My).

Proof of Theorem 7.13.

(1) Proof of the induction relation (7.10).
e We first check them for k = 0 = (0,---,0). By convention, there is
one planar map with a single vertex, so Mgo(1) = 1. We now check
that

Mo(X;P) = Mo ® Mo(0:P) = > Mo(p1)Mo(pz)

P=p1 X;p2>

But this is clear since for any planar map with only one star of
type X; P, the half-edge corresponding to X; has to be glued with
another half-edge of P, hence if X; is glued with the half-edge X;
coming from the decomposition P = p; X;p2, the map is split into two
(independent) planar maps with stars p; and py respectively (note
here that p; and py inherites the structure of stars since they inherite
the orientation from P as well as a marked half-edge corresponding
to the first neighbour of the glued X;.)

e We now proceed by induction over the k and the degree of P; we
assume that (7.10) is true for Y k; < M and all monomials, and
for Y°k; = M + 1 when deg(P) < L. Note that My(1) = 0 for
|k| > 1 since we can not glue a vertex with no half-edges with any
star. Hence, this induction can be started with L = 0. Now, consider
R = X;P with P of degree less than L and the set of planar maps
with a star of type X;Q and k; stars of type ¢;, 1 < j < n, with
k| => ki =M + 1. Then,

o either the half-edge corresponding to X; is glued with an half-
edge of P, say to the half-edge corresponding to the decomposition
P = p1X;ps; we see that this cuts the map M into two disjoint
planar maps M; (containing the star p;) and My (resp. p3), the
stars of type g; being distributed either in one or the other of these
two planar maps; there will be r; < k; stars of type ¢; in My, the rest
in Ma. Since all stars all labelled, there will be [] C}! ways to assign
these stars in M; and Ms.

Hence, the total number of planar maps with a star of type X; P and
k; stars of type ¢;, such that the marked half-edge of X;P is glued
with an half-edge of P is

(7.12) S Y T ChiMe(pr) Mic—e(p2)

P=p1 X;ps 0<r;<k; i=1
1<i<n

¢ Or the half-edge corresponding to X; is glued with an half-edge of
another star, say q;; let’s say with the edge coming from the decom-
position of ¢; into ¢; = ¢1 X;q2. Then, we can see that once we are
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giving this gluing of the two edges, we can replace X;P and g¢; by
e P

We have k; ways to choose the star of type ¢; and the total number
of such maps is

Z kjMyx_1,(q21 P)

;=91 X:q2
Note here that My is tracial. Summing over j, we obtain by linearity
of My
(7.13) > kiMuc 1, ([Dig;]P)
j=1

(7.12) and (7.13) give (7.10). Moreover, it is clear that (7.10) defines
uniquely M (P) by induction.

(2) Proof of (7.11). To prove the second point, we proceed also by induction
over k and the degree of P. First, for k = 0, Mo (P) is the number of
colored maps with one star of type P which is smaller than the number of
planar maps with one star of type 29€8 P gince colors only add constraints.
Hence, we have, with C}, the Catalan numbers,

Mk(P) < C[deg(P)] < Cdeg(P)

showing that the induction relation is fine with A = B = 1 at this step.
Hence, let us assume that (7.11) is true for > k; < M and all polynomials,
and > k; = M +1 for polynomials of degree less than L. Since My (1) =0
for > k; > 1 we can start this induction. Moreover, using (7.10), we get
that, if we denote k! = [T, k;!,

My (X, P Mp(P1) My_p(P:
kid b - > 2 p(! Y (11:_;)!2)

0<p;<k; P=P; X,; P>
1<j<n

Mkfl.((Diq]'P)
+ E - Jr " 7
1<j<n (k —1y)!

k;#0

Hence, taking P of degree less or equal to L and using our induction
hypothesis, we find that with D the maximum of the degrees of g;

My (X;P) s
ki pdegP—1
‘k, < > >, AXNB [T Co.Cri—p: Cacgp, Cacgr,
' 0=p;j<kj P=PX;P; i=1
1<j<n
kj—1 degP+degq;—1
+D E AZ / I I CkJB 9 coq CdegP-l—degql—l
1<i<n j

S AZ k; BdegP+1 H Oki CdegP+1 < +D

B2 A

4n Zl< o Bdegqj24degqj2>
SIsn

It is now sufficient to choose A and B such that

degqj—2 gdegq;—2
4m +DZl§anB 995 —244€egq;

= <1
B? A -
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(for instance B = 2"*! and A = 4nDBP~24P~2 if D is the maximal
degree of the g¢;) to verify the induction hypothesis works for polynomials
of all degrees (all L’s).

(3) Properties of Mg. From the previous considerations, we can of course
define My and the serie is absolutely convergent for |t| < (44)~! since
Cj < 4%, Hence My (P) depends analytically on t € B(y44)-1. Moreover,
for all monomial P,

M(P)] < > H (4t;A)*i (4B) 29" f[ 1— 4At;) "' (4B)9P,

keNm =1

so that for small ¢, My belongs to K(4B).

(4) My satisfies SD[Vg]. This is derived by summing (7.10) written for all k
and multiplied by the factor [](¢;)* /k;!. From this point and the previous
one (note that B is independent from t), we deduce from Theorem 7.11
that for sufficiently small t, My is the unique solution of SD[V;] which
belongs to K(4B).

7.0.4.8. Convergence of the free energy.

THEOREM 7.16. There exists € > 0 so that fort € U N B,

li —1 1 —Z}\/’ =
RS DR |
N keNn\(0,..,0) 1<i<n

Moreover, the right hand side is absolutely converging. Above My denotes the
number of planar maps build over k; stars of type ¢;, 1 <1i <mn.

Proof. Note that if V satisfies (7.6), then for any « € [0, 1], aV also satisfies
(7.6). Set

1
Fn(a) = — In Z).

N2
Then,
IAC
In =N = Fy(1) — Fy(0).
N2 2%
Moreover
(7.14) O FN () = —py, (AN (VR)) -

By Theorem 7.12, we know that for all « € [0, 1], we have

hm /dtvat (AN(Vt)) = Tat(Vg)

whereas by (7.8), we know that :“Vat (ﬂN (qi)) stays uniformly bounded. Therefore,
a simple use of dominated convergence theorem shows that

IAC ! =~ [
(7.15) Jim 5 In ZO = —/0 Tat(Ve)da = —Zti/o Tat(qi)dov.

i=1
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Now, observe that by Corollary 7.14, that with 1; = (0,...,1,0,...,0) with the 1
in it position,

Tt(Qi) = Z H

keNn 1<j<n

- > I

keN?\{0,---,0} 1<j<n

so that (7.15) results with

IAC 1
NNz D ZO = _/08 > H Mk}

keN\{0,- 0} 1<]<'n,

- Y I

keNm\{0,---,0} 1<5<n

<&

7.0.5. Second order expansion for the free energy. We here prove that

1 n
m In </ 621‘:1 t; NTr(q; (X1, ’Xm))d/,LN(Xl) . d/'LN(Xm)>

LI | 1
:ZW Z H kl q”k’)’lgign)+o(N2)
g=0 JknENi=1

for some parameters t; small enough and such that > ¢;q; satisfies (7.6). As for
the first order, we shall prove first a similar result for il¥. We will first refine the
arguments of the proof of Theorem 7.11 to estimate jiY —7¢. This will already prove
that (il — 7¢)(P) is at most of order N~2. To get the limit of N?(i —7¢)(P), we
will first obtain a central limit theorem for 4 — ¢ which is of independent interest.
The key argument in our approach, besides further uses of integration by parts-like
arguments, will be the inversion of the master operator. This can not be done in
the space of polynomial functions, but in the space of some convergent series. We
shall now estimate differences of 4V and its limit. So, we set

Sév = N(ﬂN—Tt)
=[5V = NG - )
o0 = NV —pd) =6 -8

7.0.5.1. Rough estimates on the size of the correction 6N, In this section we
improve on the perturbation analysis performed in section 7.0.4.5 in order to get
the order of

for all monomial P.
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PROPOSITION 7.17. There exists € > 0 so that for t € U N B, for all integer
number N, and all monomial functions P of degree less than N,

cdeg (P)

SN
<

ProOF. The starting point is the finite dimensional Dyson -Schwinger equation
of Property 7.7

(7.16) i (VX + DiV)P)) = ) (i @ @™ (0:P))

Therefore, since T satisfies the Dyson-Schwinger equation SD[V], we get that for
all polynomial P,

(7.17) & (XiP) = =0¢' (D;VeP) + 8¢ @ i (9, P) + 7 © 8¢ (9 P) + (N, P)
with

r(N, P) = N1yl (S{V ® S{V(aip)) .
By Lemma 7.9, if P is a monomial of degree d, r(N,P) is at most of order
dBME/N. We set

DY = max 16N (P)|.
P monomial of degree <d

Observe that by (7.8), for € > 0 and any monomial of degree d less than N/2,
i (P)|<(Mo + €)%, |7 (P)[<Mg.

Thus, by (7.17), writing D;V' =Y t;D;q;, we get that for d < N/2

d—1

n
1
N N d—-l-17yN 327d
D= 12%};12 |tj|Dd+deg(Diq1) +2 Z(MO +e) Di + Nd Mg
=== 1=0

We next define for k<1
N/2

D (k,€) = Z KDY
k=1
We obtain, if D is the maximal degree of V,
DY(k) < [nftec +2(1 — (Mo +e)r) " w* D" (k)

N/2+D N/2 1
(7.18) talltle > KPDY Y nkﬁkg’(Mo +e)F
k=N/2+1 k=1

where we choose k small enough so that n = (My + €)k < 1. In this case the
sum of the last two terms is of order 1/N. Since D} is bounded by 2N (M + €)*,

N/2+D k—DTyN D, N/2
Ek:N/2+1 K D, n™/
deduce

is of order Nk~ is going to zero. Then, for x small, we

DV (k)<C(k,e)N~!
and so for all monomial P of degree d<N/2,
BN (P)|<C(k, )N,
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To get the precise evaluation of N§{¥(P), and of the full expansion of the free
energy, we use loop equations, and therefore introduce the corresponding master
operator and show how to invert it.

7.0.5.2. Higher order loop equations. To get the central limit theorem we derive
the higher order Dyson-Schwinger equations. To this end introduce the Master
operator. It is the linear map on polynomials given by

m d
EP = ZaiP#Xi + Zaip#p,»vt —(1®@m+7®1)0;.D;P.

Recall here that if P is a monomial Y, 9; P#X; = deg(P)P. Using the traciality
of )V and again integration by parts we find that

LEMMA 7.18. For all monomials py, . ..py we have

k
ﬂa( '—‘p()H z)

SO

j=1q

Ms

Vi ﬂ szoDng H6 pé
1 04

k
u% <5N®5N [0; © D;ipo) H Di >

7.0.5.3. Inverting the master operator. Note that when t = 0, = is invertible
on the space of self-adjoint polynomials with no constant terms, which we denote
C(Xy, -, X,»)% The idea is therefore to invert = for t small. If P is a poly-
nomial and ¢ a non-constant monomial we will denote ¢;(P) the coefficient of ¢
in the decomposition of P in monomials. We can then define a norm ||.||4 on
C(Xy, +, X)) for A>1by

IPla= D le(P)lAtes.

deg g#0

+
| —

i=1

In the formula above, the sum is taken on all non-constant monomials. We also
define the operator norm given, for T from C(X7y,- -+, X,,)° to C(Xy, -+, X;,)°,
by
ITlla = sup IT(P)a.
la=1
Finally, let C(X7, -+, X,,)% be the completion of C(X1, -+, X;,)° for |.|la. We
say that T is continuous on C(Xi,---,X,,)% if |||T||a is finite. We shall prove
that = is continuous on C(Xy, -+, X,,,)% with continuous inverse when t is small.
We define a linear map 3 on C(Xy, -+, X,,) such that for all monomials ¢ of
degree greater or equal to 1
q
Y(q) = .
(@) = 5, e
Moreover, 3(q) = 0 if deg g = 0. We let IT be the projection from C(X1, -+, X;n)sa
onto C(X1,- -, Xmn)° (e I(P) = P—P(0,---,0)). We now define some operators
on C(Xy, -+, X;n)0 ie. from C(Xy,--+,X,,)0 into C(X1,- -+, X,,)°, we set
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E1:P—1I (Z akzpﬁpkv>

k=1

=y P — 11 (Z(Tt QI+ I®7‘t)(akaEP)> .
k=1

We denote
EOZI—EQZ>HOEOE:E()+51,

where I is the identity on C(X1,---, X,,)°. Note that the images of the operators
E’s and [T o ZE o ¥ are indeed included in C(Xy, -, X,;)sq since V is assumed
self-adjoint.

LEMMA 7.19. With the previous notations,

(1) Fort € U, the operator 2 is invertible on C{X1, - , X )°.

(2) There exists Ag > 0 such that for all A > Ag, the operators 2o, Zo
and 251 are continuous on C(X1,---, X,;,)% and their norm |||.|||a are
uniformly bounded for t in B, NU.

(3) For all e, A >0, there exists n. > 0 such for |t]|c < Ne, 21 is continuous
on C(X1,-+, Xm)Y and |||Z1]]|a<e.

(4) For all A > Ay, there exists n > 0 such that fort € B, NU, IoZo X
is continuous, invertible with a continuous inverse on C(Xy,--- ,Xm>?4.
Besides the norms of 1o = and (ILo =)~ are uniformly bounded for t in
B,.

(5) F;]r any A > My, there is a finite constant C' such that

1PI%r, < ClIPla-
The norm ||.||%;, was defined in Lemma 7.9.

Proof.

(1) Recall that Z¢ = I — Eg, whereas since Z5 reduces the degree of a poly-
nomial by at least 2,

P Y (=) (P)

n>0

is well defined on C(X71, -+, X,,)? as the sum is finite for any polynomial
P. This clearly gives an inverse for Z.

(2) First remark that a linear operator T has a norm less than C' with respect
to ||.||a if and only if for all non-constant monomial ¢,

IT(q)la<CA%E.

Recall that 7¢ is uniformly bounded (see Lemma 7.10) and let Cy < +o00
be such that |7¢(q)|<C§ 9 for all monomial ¢. Take a monomial ¢ =
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X, --- Xy, and assume that A > 2C,

[T (Z(I®Tt)5kaZQ> lasp™ D> lrime(r)lla

k k,q=q1 X} 92,

2q1=r1 X2

p—1p—2
—1 2 deg ry deg ra 1 § 2 : L p—1—2
k,q=q1 X q2, n=0 [=0

qoq1=r1 X T2

p—2 CO p—2—1
a2y (A) <2472|qll
=0

IA

where in the second line, we observed that once deg(qy) is fixed, ¢aq1
is uniquely determined and then rq,7ry are uniquely determined by the
choice of [ the degree of 1. Thus, the factor % is compensated by the
number of possible decomposition of ¢ i.e. the choice of the degree of ¢;.
IfA>2 P—TI() (I ®7)0kDpXP) is continuous of norm strictly less
than 1. And a similar calculus for II (3", (¢ ® I)9xDyX) shows that =5
is continuous of norm strictly less than 1. It follows immediately that =g

is continuous. Recall now that
— — =n
=5.
n>0

As Ej is of norm strictly less than 1, Z;* is continuous.
(3) Let ¢ = X;, --- X, be a monomial and let D be the degree of V'

IN

_ 1 1 _ _
E@ < L Y aDVeli<t Y [tleDnar 0
p k,q=q1 Xk q2 p k,q=q1 Xkq2

6]l cc DR AP q] -

It is now sufficient to take 1. < (nDAP~2)"le.
(4) We choose 1 < (RDAP=2)=1||Z5 || 3" so that when [t|<n,
I1Ex/[alllEg 14 < 1.

By continuity, we can extend =g, 21, =9, [To Z0 X and 551 on the space
C(X1,-++,Xm)%. The operator

=—lm \nm—1
P — Z(—:O =1)"E,
n>0
is well defined and continuous. And this is clearly an inverse of
MoZo% =5y +2; =Z(I +E5;'E)).

Finally, we notice that X! is bounded from C(X1, - -+ , X;,,)% to C(X1,- -+ , X;n)%
for Ag < A’ < A, and hence up to take A slightly larger [I1= = (IIZX)oX !
is continuous on C(Xy, -+, X;,)% as well as its inverse.

(5) The last point is trivial.
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7.0.5.4. Central limit theorem.

THEOREM 7.20. Take t € U N B,, for n small enough and A > My N Ag. Then
For all Py,..., Py in C(X1,--, Xm)%, (6N (P)),...,0N (Py)) converges in law to a
centered Gaussian vector with covariance

m
= ZT(DiE*PDiQ).
=1

Proof. It is enough to prove the result for monomials P; (which satisfy P;(0) =
0). We know by the previous part that for A large enough there exists @1 €
C(Xy, -, X,;n)% so that P, = Il oZ 0 XQ;. But the space C(Xy, -+, X,,)° is
dense in C(X7y, -, X,,)% by construction. Thus, there exists a sequence @Qf in
C(Xy, -, X,,)° such that

lim [|Q1 — QY|la = 0.
p—00

Let us define R, = Z0XQ; —=0XQ} in C(Xy,- -+, X,,,)%. By the previous section,
it goes to zero for ||.|[a for A" € (Ag, A), but also for ||||ho for A > My. But,

by Lemma 7.9 and 7.8 we find that since 55\, has mass bounded by N, for any
polynomial P and § > 0 and r integer number smaller than N/2

i (1B (R)IT) <l (BN 1< )
st (1) i G = o)
< (||R||ﬁ40)r/mr’1e’”2dx + (N(2Mo +2))Te <N .
We deduce by taking R = R, that for all r € N
lim Limsup ) (13 (B,)|") = 0.

P—=0 Noco

Therefore Lemma 7.18 implies that there exists o(p) going to zero when p goes to
infinity such that

i k
Y <5N H g ) = <5£V =@ [T (qa) +o(p)
k. m
— ZZ[L% (N (D;QpDig;) Hsév(%)
j=1i=1 t#j

m k
+ ;Zut<§N®5N60DQpH ) (p)

R
M?r
NE

7¢(D;QpDigq; ) 1, Hgév(CIZ) +o(p)
i=1i=1 4]

k m
= Zzﬁ Dig;) i, HéN qe) | +o(p)

j=11i=1 L]
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where in the last line we used that ||D;Q, — D;Q||a, goes to zero and that 7 is
continuous for this norm. The result follows then by induction over k since again
we recognize Wick formula.

EXERCISE 7.21. Show that for P, () two monomials,

_+.)4

is the generating function for the enumeration of planar maps with two stars of
type P,Q and ¢; of type ¢;, 1 <i < n.

7.0.5.5. Second order correction to the free energy. We now deduce from the
Central Limit Theorem the precise asymptotics of N6~ (P) and then compute the
second order correction to the free energy.

Let ¢g and ¢ be the linear forms on C(Xj,---, X,,) which are given, if P is a
monomial, by

éf’(P):Z Z 0(2)(P3P1,P2)~

i=1 P=P; X; P X; Ps
Note that ¢ vanishes if the degree of P is less than 2.

PRrROPOSITION 7.22. Take t € U small enough. Then, for any polynomial P,
lim N6V (P) = ¢(EIP).
N—oc0

Proof. Again, we base our proof on the finite dimensional Dyson-Schwinger
equation (7.16) which, after centering, reads for i € {1, - ,m},
(7.19)

N2pf (N = 7)[(Xs + DiV)P — (I @ 7 + 7 @ 1)0;P) = pi) (SN ® SN(&P)])

Taking P — D;IIP and summing over i € {1,--- ,m}, we thus have

(7.20) N?uy (N = 7)(EP)) = 3} <5N ® SN(zm: ;0 Dip)>

i=1
By Theorem 7.20 we see that

A my <5N ® 5N(2 ;0 D¢HP)> =¢(P)
which gives the asymptotics of N6~ (ZP) for all P in the imgae of =.

To generalize the result to arbitrary P, we proceed as in the proof of the full
central limit theorem. We take a sequence of polynomials @,, wich goes to QQ =
Z~1P when n go to oo for the norm ||.|| 4. We denote R,, = P—ZQ,, = Z(Q — Q).
Note that as P and @,, are polynomials then R, is also a polynomial.

According to Proposition 7.17, for any monomial P of degree less than N17¢
(NN (P)| < CdeeP),
So if we take the limit in IV, for any monomial P,

lim sup | N6V (P)| < ¢des(P)
N
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and if P is a polynomial, Lemma 7.9 yields for C' < A
liml\ffuplNgN(P)l <|IPIg < [I1P]la-

We now fix n and take the large N limit,
limsup |[N6O™ (P — 2Q,,)| = limsup |[N6™ (R,,)| < ||Rnl|a-
N N
If we take the limit in n the right term vanishes and we are left with :
lim NoN(P) = lim lim NoNM(Q,) = lim ¢(Q.).

It is now sufficient to show that ¢ is continuous for the norm ||.||4. But P —
Z?ll 9;0D; P is continuous from C(X1, -, X;)% to C(X1,- -+, X,,)%_, and 02 is
continuous for ||.]|a—1 provided A is large enough. This proves that ¢ is continuous
and then can be extended on C(Xy, -+, X,,)%. Thus

lig N3V (P) = lim 6(@u) = 6(Q)

THEOREM 7.23. Take t € U small enough. Then

Vi
In ng = N?F, + F} +0(1)
N
with
1
I = / Tat (Vi) da
0
and

1
B = [ our(=2dVidds,
0

Proof. As for the proof of Theorem 7.16, we note that aVy = V4 is c-convex
for all a € [0,1] We use (7.14) to see that

Aol Z = pl (N (Vi)

so that we can write

Zg 2 ! N N
m e = N [ V(W)
0 0
1
(7.21) = N2Ft+/ [N (Vi)]ds
0

with
1
Ft = / Tat(‘/t)da.
0

Proposition 7.22 and (7.21) finish the proof of the theorem since by Proposition
7.17, all the N6™V(g;) can be bounded independently of N and ¢t € B, N U so that
dominated convergence theorem applies. o

EXERCISE 7.24. Show that F} is a generating function for maps of genus one.
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7.0.5.6. More general laws on matrices : the orthogonal and unitary group.
One can also wonder how to generalize the topological expansion to other settings.
In [29, 56], we considered unitary random matrices following the Haar measure on
the unitary or orthogonal group and showed the convergence of the free energy in
a perturbative regime. In [58] we could prove convergence of the free energy in the
special case of the Harich-Chandra-Itzykson-Zuber integral

HCIZ(A,B) := /em(U*AUB)dU.

However the free energy is there given by a variational equation and is not related

to a topological expansion. Moreover, it relies on the very special structure of this

integral and in particular with its relation with the large deviation of the spectral

measure of a Hermitian Brownian motion starting at B. We will not describe this

result more precisely here but rather detail the results of [29] which generalize the

strategy of the last chapter to the unitary matrices following the Haar measure.
The result is as follows. We consider matrix integrals given by

(7.22) In(V, AN) = /eNTr(V(Ui,Ui*’Aﬁv,lgigm))dUl”.dUm

where (AN,1 < i < m) are N x N deterministic uniformly bounded matrices,
dU denotes the Haar measure on the unitary group U(N) (normalized so that
fu( N) dU = 1) and V is a polynomial function in the non-commutative variables
(U, Ur, AN 1 < i < m). We assume that the joint distribution of the (AN, 1 <
i < m) converges ; namely for all polynomial function P in m non-commutative
unknowns

(7.23) lim %T&(P(Afv 1 <i<m))=7(P)

for some linear functional 7 on the set of polynomials. To deal only with probability
measures piY, we assume that the polynomial V is such that
Tr(V(U;, Ur, AN 1 < i <m)) is real for all U; € U(N), all Hermitian matrices AN,
forallie {1,--- ,m}and N e N.

Under these very general assumptions, the formal convergence of the integrals
was already studied by B. Collins [30]. The following Theorem is a precise descrip-
tion of our results which gives an asymptotic convergence :

THEOREM 7.25. Under the above hypotheses and if we further assume that the
spectral radius of the matrices (AN,1 < i < m, N € N) is uniformly bounded (by
say M ), then there exists e = e(M,V) > 0 so that for z € [—¢,¢], the limit

FV,T(Z) = ]\;lm - hl/ ezNTr(V(Uf,,U;‘,Agv,lgigm))dUl . dUm
U(N)™

exists. Moreover, Fy (%) is an analytic function of z € CN B(0,e) = {z € C :
|z| < e}. Furthermore, for all polynomial P there exists a limit

X * AN :
eZNTr(V(UMUi, 7Ai vlélgm))dUl o dU"L

. 1 N
Ty (P) = i NTT(P(UnUi AN i<i<m) TN (VAN
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7.0.5.7. Idea of the proof. The strategy is again to find and study the Dyson-
Schwinger (or loop) equations under the associated Gibbs measure

1 T L U* AN i <m
uﬁ(dUl, e dUy) = ﬁezNT (V(U;,Uf, AN 1<i< n))dU1 e dU,,
To describe this equation let us first define derivatives on polynomials in these
matrices by the linear form such that
8¢Aj =0, ﬁlUj = ].i:jUj ®1 8¢U; = —11':]‘]. X U;, V7,
and satisfying the Leibnitz rule, namely, for monomials P, Q,

Here, x denotes the product Py ® Q1 X Po® Q2 = P P, ® Q1Q2. We also let D; be
the corresponding cyclic derivatives such that if m(A® B) = BA, then D; = mo9;.
If ¢ is a monomial, we more specifically have

(7.25) Oig = Y, aUi®gp— Y, adUg
3=q1U;q2 q=q1U; q2

(7.26) Diq = Z U — Z Ul ¢2q1-
q=q1U;q2 =q1U; q2

Then, using the invariance by multiplication of the Haar measure one can prove
[29] the following Dyson -Schwinger equation :

1 1 z
MJ\Y(NTT ® 5 Tr(8:iP)) + MJ\Y(NTY(PDiV)) =0.

This is proved by noticing that if we set U,(t) = Upye'P for a Hermitian matrix
B = B* | and leave the other U;’s unchanged, then for all k, ¢

O /(P(Ui(t), U7 (1), AN, 1 < i < m))pee?N TV GO0 O AT ISI=m) gy, - qU,,, = 0

This reads
/ [(0yPEB) ke + 2P Tr(D,V B)|duY = 0

Taking B = 1x¢+ 1px and i(1x¢ — 1) shows that we can by linearity choose B = 1j
even though this is not self-adjoint which yields the result after summation over k
and £.

Because SO(N) and SU(N) are compact groups with large Ricci curvature, it
can be proved (see [3, Theorem 4.4.27] for the case V = 0 and [29] for the general
case) that under pff, +Tr(P(U;, U7, A;,1 < i <m)) concentrates. We deduce that
for any polynomial P,

. 1 1 z
1\}51100 {NTr ® NTr((%P) + NTr(DiVP)} =0 udas.

In particular, any limit point p of 4V under ui satisfies the Dyson-Schwinger
equation

(7.27) w pu(0;P)+ zu(D;VP) =0

for all polynomial P and p(4,), <icm = T- Uniqueness of the solutions to this equa-

tion for small |z| can be proved as in section 7.0.4.5, see [29]. It implies the
almost-sure convergence of %Tr(P(Ui, Ur, A;,1 < i <m)) for all polynomials.
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7.0.5.8. discussion. The study of the fluctuations and large N expansions around
this limit were achieved in [56] : the strategy is similar to the Gaussian case. The
combinatorics of the moments is not as nice as in the Gaussian case, besides some
attempts in [29]. In the particular case of lattice Gauge theory, similar arguments
were used by S. Chatterfjee to show the convergence of the free energy and then
identify the combinatorics of Wilson loops [25].






CHAPTER 8

Universality for g-models

In this part, we discuss how to prove universality of the local fluctuations for
B-models based on approximate transport map ideas developped in [5, 50]. We
will therefore consider again the [(-ensembles Pﬁ,’v introduced in Section 4 and
will restrict ourselves to the setting of that section, namely the case where the
equilibrium measure has a connected support and its density vanishes like a square
root at the boundary. Thus, the global fluctuations are known and we now focus
on the local fluctuations, such as the fluctuations of the largest eigenvalue or of
the spacing between two eigenvalues. Our goal is to show that there is universality
in the sense that the local fluctuations are the same than when the potential is
quadratic. In fact, this is enough since local fluctuations could be studied in the
case V = z2. When 8 = 1,2,4, this was done by Riemann Hilbert techniques
[87, 88, 75]. By using tridiagonal representation of the joint law of the eigenvalues
of 3 ensembles with V(z) = 22, derived by Dumitriu and Edelman [39], local
fluctuations could be studied for general 8 [91, 78|. We are going to see here how
to show that the same local fluctuations are true if we take another potential V,
provided it is smooth enough, and so that the equilibrium measure has a connected
support. Universality in the S-ensembles was first addressed in [18] (in the bulk,
B >0,V € C*), then in [19] (at the edge, 3 > 1, V € C*) and [65] (at the edge,
B > 0, V convex polynomial) and finally in [81] (in the bulk, f > 0, V analytic,
multi-cut case included). The approach we propose here, which was developed in
[5], is based on the construction of approximate transport maps. More precisely,
let us consider Pﬁ,’v the previous -ensemble distribution on RY. The goal is to
construct a map TV : RN — RY such that TV = T6®N + %va where Tp is smooth
and increasing as well as T}¥ and so that

(8.1) Jim [|PYY = TYHPY v = 0.

Here, we denote by T#u the push-forward of the measure p by T' given for any test
function f by

/ F(@)dT#p(x) = / F(T())dp(y) -

The name of approximate transport map emphasizes that the above equality only
holds at the large N limit, and not for all N as a usual transport map would do.
Eventhough existence of transport maps is well known for any given N, smooth-
ness and dependency on the dimension of such maps is unknown in general. For
this reason, we shall instead construct ezplicit approximate transport maps, for
which we can investigate both regularity and dependency on the dimension. The
main point is that the existence of approximate transport maps as in (8.1) implies
universality. Roughly speaking, if 7}V is bounded, we see that if A} are the ordered

117
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cigenvalues under Py,

1

N30 = To(2) Zaise NN OF) = To(2)) = THNO% —2) + Ol 5775)-

This shows that the largest eigenvalue \Y, fluctuates around Ty(2) as in the qua-
dratic case. Moreover, if T} is Hélder a € (0, 1),

2 2 2 2 2
N()‘ZVH —A) = NTy(X; YA = AT )+ O(N — AT )

where the last term is negligible. Similarly, correlation functions can be considered.
Hence, we also get universality in the bulk. Let us state the results more precisely.
We shall make the following hypotheses, as in Section 4 :

HypOTHESIS 8.1. (Off criticality and one-cut hypothesis) We assume that pyy,
and py, have a connected support and are off-critical, that is, there exists a constant
¢ > 0 such that, for t =0, 1,

dpy,
dx

HypoTHEsIS 8.2. (Large deviations control) For ¢ = 0, 1, the function

= St(z)v/(x — ay)(by — x) with Sy > ¢ a.e. on [ay, by].

(5.2 £+ Uy, (2) = Vile) = 8 [ dv, o) nfo o]
achieves its minimal value on [a, b]¢ at its boundary {a,b}
Then we shall prove

THEOREM 8.3. Assume that V,W are C%° and satisfy Hypotheses 8.1 and 8.2.
Then there exists a map TN = (TN-1,... TVN) . RN — RN which satisfies (8.1)
and has the form
x
N

TNAA) = To(\) + =TV (N Yi=1,....,N,  X:=(A,...,\n),
where Ty : R — R and TlN’i : RN — R are smooth and satisfy uniform (in N ) requ-
larity estimates. More precisely, T™ is of class C*3 and we have the decomposition
TlN’i = X{V’i + %Xé\” where
(8.3)
sup |\X{V’k||L4(Pﬁ«,v) <CInN, sup HXéV)k”LQ(PB,V) < CN'Y2(InN)?,
1<k<N N 1<k<N N

for some constant C > 0 independent of N. In addition, with probability greater
than 1 — N=N/C we have for all k, k' € {1,...,N}

(8.4) IXNER) = XNF V)] < C I NVN A — Ml

As we shall see in Section 8.0.7, this result implies universality as follows (com-
pare with [19, Theorem 2.4]) :

THEOREM 8.4. Assume V,W are C3', and let Ty be as in Theorem 8.3 above.
Denote PY the distribution of the increasingly ordered eigenvalues \; under Pﬁ’v.

There exists a constant C' > 0, independent of N, such that the following two facts
hold true :
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(1) Let M € (0,00) and m € N. Then, for any Lipschitz function f : R™ — R
supported inside [—M, M|™,

‘/f(N()\iH “ A5y N — Ai)) PRV

- /f(Té(Ai)N(AZ-H Ay s TE DN N — X)) dPRY

., (InN)3
<
<C I

A (In N)? InN  M?
I+ € (Vi ST 4 3 4 20 )19 e

(2) Letay (resp. ayyw) denote the smallest point in the support of py (resp.

pv+w ), so that supp(uy) C [ay,00) (resp. supp(uviw) C laviw, o0)),
and let M € (0,00). Then, for any Lipschitz function f : R™ — R

supported inside [—M, M]™, we have

- /f(N2/3T6(aV)()\1 —ay),..., N**T}(ay) (A — av)> arlV

~ (In N)3 A In V)2 In N M? In N
gc()IIflloﬁc(\/ﬁ(Nwﬁ) + M s+ s T N1/3)|Vf|oo.

N
The same bound holds around the largest point in the support of uy .

Universality for correlation functions (which involves taking unbounded test
functions) can also be treated provided they are averaged on a small eigenvalue
interval, see [50].

8.0.1. Approximate Monge-Ampére equation. In this section, we ex-
plain a strategy to construct approximate transport maps and how it is related
to the previous analysis of Dyson-Schwinger equations. Namely we consider two
probability measures on R?

1
v, (dzy, -+, deg) = 7o exp{—V;(x)}dxy - -dxg,i=0,1
Vi

and we would like to find a map T} : R? — R such that

vy, — Thi#pvyllrv <€

for € > 0 small. The idea is to start from the observation that a transport map
should satisfy the transport equation :

(85) — Vo(df) —1In ZVO = —Vl(Tl(.T)) + anac(Tl(z)) —1In Zy, .

Such an equation is difficult to solve, in particular due to the singularity of the
logarithm. A way to linearize it is to consider a flow of transport maps T; such that
Ti#py, = py,. We take V; = tV5 + (1 — t)Vy. The transport maps T; should also
satisfy the transport equation (8.5). Assuming that they are smooth functions of ¢,
we differentiate this equation in the time variable and compose by T;l to deduce
that if Y; = 9,T; o T{l, we have

0= (VVi(x), Yi(z)) + (Vi — Vo)(z) + div(Yi(z)) — &, In Zy, .
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We denote hereafter

Dy, f(x) := =(VVi(), f(2)) + div(f(z)).

The idea of approximate transport map is to allow some flexibility by asking only
that

(8.6) Ry =Dy, Yo+ (Vi — Vo)(z) — 0 In Zy,

is small. We then will see in Property 8.5 that this implies that 7} is almost a
transport map. Indeed, we have

PROPERTY 8.5. Let Y be a smooth vector field and let R be given by (8.6).
Let T} be solution of

T (z) = Yi(Ty(z)), To = 1d

Then for any measurable function x bounded uniformly by one, any t € [0, 1]

[ @i o)~ [ x(@andm| < | [ 1R, s

PROOF. Denoting p;(z) = d“‘gm(m), we have

/X(fﬂ)dﬂvt(ff) = /X(Tt(x))JaC(Tt)pt(Tt(x))dx

we deduce that

\ [ x@imi@) = [ (T,

< e [ loute) ~ JaclTp (Te)de = A

Moreover since the derivative of a norm is bounded above by the norm of the
derivative, we find that

Or Ay

IN

/ 04 (Jac(T) pu (T (2)))
/ (Ry(Ty () Jac(Ty) p(Ti(2)) da

/ IRy ()| dpv, ()

<

The previous Lemma can be generalized to include test functions with supre-
mum norm blowing up like e * for some finite k. This is for instance the case of test

functions defining correlation functions which are of the kind 37, ;. ;, f(@iy, ..., 2i)

and have uniform norm bounded by N* (here e~! = N).

LEMMA 8.6. Let R be defined in (8.6). Assume that, for any q < oo, there
exists a constant Cy such that

(8.7) [RellLauy,) < Coe(lne™")®  Viel0,1].
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Let x : R* — Rt be a nonnegative measurable function satisfying ||x||ec < 7% for

some k > 0. Then, for any n > 0 there exists a constant C ), independent of x,

such that
ln(l+/xduvl) ln<1+/XOTduVO)‘ < Cgpet™.

PROOF. Let p; denote the density of py, with respect to the Lebesgue measure
L. Then, by a direct computation one can check that p;, Y, and Ry = R(Y) are
related by the following formula :

(88) atpt + le(}/tpt) = Rtpt~
Now, given a smooth function x : R? — R* satisfying ||x||ec < e~* we define
(89) Xt ‘= X© Tl o (Tt)_l Vte [0, 1}

Note that with this definition y; = x. Also, since y; o T} is constant in time,
differentiating with respect to ¢ we deduce that

d

0= %(Xt oTy) = (3tXt +Y 'VXt) o T,
hence y; solves the transport equation
(8.10) Oixt +Y: - Vxe =0, X1 = X-
Combining (8.8) and (8.10), we compute

d
pT / Xt pr dL /8tXt prdL + /Xt Ope dL

= */Y;gthptdﬁf/Xtle(Y;gpt)d,C‘i‘/Xthptdﬁ

= /Xt Rt Pt dL.

We want to control the last term. To this aim we notice that, since x| < 7%,
it follows immediately from (8.9) that ||x¢[lcc < &~* for any ¢ € [0, 1]. Hence, using
Holder inequality and (8.7), for any p > 1 we can bound

p—1
— 1
/ xthptdﬁ‘ < Ielles oo 1 Rellpagu) < Ixellod Ixell i,y IR Laun,)
_k(»=1) 1
< ¢ P ||XtHL/112,Wt)||Rt||LQ(uvt)
_k(p=1) _ 1/
< G T eme Y el

where g := p%' Hence, given 7 > 0, we can choose p := 1 + 5% to obtain

- 1 _
(8.11) ’/Xt Ry py dﬁ’ < Cyet nHXt”L/lZEMVt) <Ce n(l + ||Xt||L1(/Lvt)>a
where C' depends only on Cy, k, and 7. Therefore, setting
Z(t) = /Xt pt dL = [xtll L1 (uy,)

(recall that y; > 0), we proved by (8.11) that
Z(1)] < C(1+ Z(1),
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which implies that
In(1+ 2(1)) —In(1+ Z(0))| < Ce' 7.

This proves the desired result when x is smooth. By approximation the result
extends to all measurable functions y : R — R satisfying ||x|/cc < 7%, concluding

the proof. o

Later on, € will be the inverse of the dimension and so we will try to find a func-
tion Y which asymptotically satisfies the transport equation with small reminder
(8.6) satisfying a bound as (8.7). This program is quite similar to what we have
been doing when solving asymptotically the Dyson-Schwinger equation. Indeed, in
the case of Dyson-Schwinger equations we tried to solve asymptotically

E,. [DyvY]=0

for well chosen functions Y (namely functions of the empirical measure) whereas
here we try to find Y asymptotically solving

Ry =Dy, Y: + (V1 — VQ)(Z‘) — O InZy, <« 1.

It will turn out that we will seek for Y given as a function of the empirical measure.
It is therefore no surprise that in both cases the Master operator will appear in the
first large N limit of the equations we are trying to solve, and that its inversion
will be the key to our analysis.

8.0.2. Propagating the hypotheses. The central idea of is to build trans-
port maps as flows, and in fact to build transport maps between Pﬁ,’v and Pﬁ,’vt
where t — V; is a smooth function so that Vo = V and V; = V+W. In order to have
a good interpolation between V and V + W, it will be convenient to assume that
the supports of the two equilibrium measures py and py 4y are the same. This can
always be done up to an affine transformation. Indeed, if L : R — R is the affine
transformation which maps [ay, b1] (the support of uy,) onto [ag, bo] (the support
of py,), we first construct a transport map from IP’JﬂV’V to LﬁN]P’]ﬁV’V+W = IP"]B\,’V+W
where

(8.12) W=VoL '+WoL -V,

and then we simply compose our transport map with (L~1)®V to get the desired
map from Pf,’v to Pf,’VH/V. Hence, without loss of generality we will hereafter

assume that py and pyw have the same support. We then consider the interpo-
lation py, with V, =V +tW, t € [0,1]. We have :

LEMMA 8.7. If Hypotheses 8.1 and 8.2 are fulfilled for t = 0,1, then Hypothesis
8.1 and 8.2 are fulfilled for all t € [0,1]. Moreover, we may assume without loss of
generality that V' goes to infinity as fast as we want up to modify Pf,’v and Pf,’v+w
by a negligible error (in total variation).

The first point is a direct consequence of the fact that if py, and py, have the
same support, then tuy, + (1 —t)uy, is the equilibrium measure for V; according to
the characterization of the equilibrium measure. The second point is that our hy-
pothesis 8.2 insures that the eigenvalues will stay in a neighborhood of the support
so that we can always modify the potential at a positive distance of this support.
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Thanks to the above lemma and the discussion immediately before it, we can
assume that py and py 1w have the same support, that W is bounded, and that
V' goes to infinity faster than zP for some p > 0 large enough.

8.0.3. Monge-Ampére equation. Given the two probability densities Pf,’vt
to Pﬁ,’VS with 0 < t < s < 1, by optimal transport theory it is well-known that
there exists a (convex) function gbi\fs such that Vgi){\_; pushes forward Pﬁ,’vt onto

Pﬁ"v‘* and which satisfies the Monge-Ampére equation

APy

p
det(D*67) = o prim o

Ps (VQSzJS\,[s) ’
Because ¢; +(z) = |z|>/2 (since V¢, is the identity map), we differentiate the
above equation with respect to s and set s =t to get

1 1w -
(8.13) gAW:CiV_Z ;_;wt +NZW +NZVt DLIAR
1<j

where ¢ := 0507, |s—¢ and

V= —N/ZW()\i)de,’Vf =0, InZ .

Although this is a formal argument, it suggests to us a way to construct maps
T(fv,t RN 5 RN sending P]’g’v onto Pﬁ,’vt : indeed, if Té}'t sends Pf,’v onto Pﬁ,’vt
then Vgi)i\”s o TOZTQ sends Pﬁ’v onto Pﬁ,’v'*. Hence, we may try to find TéYS of the form
TdYS = V(j)i\”s o Té}'t + o(s — t). By differentiating this relation with respect to s and
setting s = t we obtain 8,5T01¥5 = waV(Td\ft).

Thus, to construct a transport map 7V from P’g v onto we could first
try to find 1/1tN by solving (8.13), then solve the ODE XN VN (XY), and finally
set TN := X{N. We notice that, in general, TV is not an optimal transport map
for the quadratic cost.

Unfortunately, finding an exact solution of (8.13) enjoying “nice” regularity
estimates that are uniform in IV seems extremely difficult. So, instead, we make
an ansatz on the structure of 1/} (see (8.16) below) : the idea is that at first order
eigenvalues do not interact, then at order 1/N eigenvalues interact at most by
pairs, and so on. As we shall see, in order to construct a function which enjoys nice
regularity estimates and satisfies (8.13) up to a error that goes to zero as N — oo,
it will be enough to stop the expansion at 1/N. Actually, while the argument before
provides us the right intuition, we notice that there is no need to assume that the
vector field generating the flow X}V is a gradient, so we will consider general vector
fields YN = (levt, e YN ;) : RV — R that approximately solve

Pﬂ V+W

(8.14) %diva_ct Z Yii- +NZW +NZVt Y7,

1<J

8.0.4. Constructing an approximate solution to (8.14). Fix ¢ € [0,1]
and define the random measures

. 1
(8.15) v o= N 26/\1 and My := Zé)‘i — Npuy,.
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As we explained in the previous section, a natural ansatz to find an approximate
solution of (8.13) given by

(816) V(... \y) = / [wo,t(x”%wl,t(x) My (2)
to [] et diin(e) dbty (),

for some functions ¥+, %1+ : R = R and 99 : R? — R, where (without loss of

generality) ¢ ¢(z,y) = V2,.(y, ).

Since we do not want to use gradient of functions but general vector fields (as
this gives us more flexibility), in order to find an ansatz for an approximate solution
of (8.14) we compute first the gradient of v :

1 1
aﬂptN = 1/’6,t<>\i) + Nd’i,to\i) + N&{Yt()‘ia MN)7

with f{\ft(x,MN) = [ 01924 (x,y) dMp(y). This suggests us the following ansatz
for the components of Y :

(817) Yfﬁ()\l, ey >\N) = YO,t()‘i) + %yu(}\i) + %ft(Ai, MN),
where &,(z, My) := [ z(x,y) dMy(y), and the functions y,,y;, : R = R, 2 :
R? — R need to be chosen.

Here and in the following, given a function of two variables v, we write ¢p € C'*¥
to denote that it is s times continuously differentiable with respect to the first
variable and v times with respect to the second.

The aim of this section is to prove the following result :

PROPOSITION 8.8. Assume V,W € C" with r > 31. Then, there exist y,, €
cr3, Yit € C™?, and z, € C*" for s +v < r — 6, such that

N N Yﬁ\fth;‘\,ft / N L. N
RY = (e =) 2+ N> W)+ N> V)Y, ) - Bdlet
i<j ‘ J i i
satisfies for all p > 1
N (InN)?
”Rt ”Lp(pflvvt) < CP N

for some positive constant C' independent of ¢ € [0, 1].

The proof of this proposition is pretty involved, and will take the rest of the
section.
8.0.4.1. Finding an equation foryq,,y;;,%:. Using (8.17) we compute

divYY = N / ¥ o (@) da™ () + / ¥h (@) da™ (2)+ / On€, (o0, M) dit™ () +n (i),

where, given a measure v, we set

n(v) = / Baza(y,y) du(y).
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Therefore, recalling that My = N (4" — uy,), we get that

Riv__i//}’m x_yOty)d () di™ ()

N / (VI(2) yo.(x) + W (x)) di™ ()

//ylt ~ Y1l )dAN( N +N/ 2)yy14(z) di™ (z)

N/St Zz, MN St(vaN) dﬂN( )d,u +N/Vt £t($ MN)d,U ( )

(M) —N(% - %) [vos@di@) - (5= 3) [¥iue) di¥ (@)
~(5-3) [0t M) i (@) — i) 25

where ¢l is a constant and we use the convention that, when we integrate a function

of the form %g(y) with respect to 4V ® iV, the diagonal terms give f'(z).

We now observe that iV converges towards py, as N — oo minimizing the cor-
responding large deviation rate function Iy, (see Theorem 4.4). Hence, considering
pe = (x + ef)py, and writing that Iy, (1e) > Iy, (py,), by taking the derivative

with respect to € at ¢ = 0 we get

s18) [ ves@ane =3 [ T2 g 0 )

for all smooth bounded functions f: R — R.
This fact allows us to recenter i~ by puy, in the formula above : more precisely,
if we set

(5.19) = [P ) + v 1),
then
N [ Vi) fa) ai (o NQ//f (w)dﬂN(y)
_N/Htf dMy //f Ty W ahy(x) dMw ()

Applying this identity to f = y;,¥1,,&:(-; Mn) and recalling the definition of
&,.(-, My) (see (8.17)), we find

RY = N / Er¥o, + W](z) dMy (z)

+/ (Etyl,f,(a:)Jr (% ;) {yOt /61zt 2, x)dpy, (2 )D dMy ()

1¥o0.(%) — Yo, (y)

+/ dMy (z) dMy(y) (Etzt(-,y)[x} -3 vy ) +C) + Ey,

where

zColel = - [ PEDZEED g )+ Vi@ o)

r—x
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C} is a deterministic term, and Ey is a remainder that we will prove to be negligible

1 1,1 1
Ey = -5 /32Zt(fr,fc) dMy(x) — N(E - 5) /ylu(x) dMy (x)
5 (5-3) [ e anty (@) v )
//th(CUa)j:Z’Lt(y) dMy (z) dMy (y)
(8.20) /// z(, ym —2 282 Y) 0t () dMoy () dM ().
Hence, for RY to be small we want to impose
Ety(),t = W+ C,
820 bl = -5y )
=i = ~(5-1) ot [Omadunia)] + .

where ¢, ¢’ are some constant to be fixed later, and ¢(y) does not depend on x.

8.0.4.2. Inverting the operator =. As a consequence of Lemma 4.18 we find
the following result (recall that ¢¥» € C*? means that ¢ is s times continuously
differentiable with respect to the first variable and v times with respect to the
second).

LEMMA 8.9. Let r > 9. If W,V € C", we can choose y,, of class Ccr3,
z, € C* for s+v <r—6, andy, , € C"°. Moreover, these functions (and their
derivatives) go to zero at infinity like 1/V' (and its corresponding derivatives).

ProOOF. Note that V; is of class C" as both V, W are. By Lemma 4.18 we have
Yoi = =, 'W € C"3. For z;, we can rewrite

1

~5 | Youloz+ (1= da+ el

Evze (-, y)[z]

= —é/ [¥oe(az + (1 - a)y) + ca(y)] da

where we choose ¢, (y) to be the unique constant provided by Lemma 4.18 which
ensures that Et_l[y{) J(az 4+ (1 — a)y) + ca(y)] is smooth. This gives that c(y) =

fo ca(y) da. Since E; !'is a linear integral operator, we have

1

1
wle.y) = =5 [ EWoola+(1 - pl(e) do.

As the variable y is only a translation, it is not difficult to check that z; € C*" for
any s +v < r — 6. It follows that

1
(2 |:YOt /81Zt ) dpy, (2) +c

is of class C"~7 and therefore by Lemma 4.18 we can choose Yi: € C™9, as desired.
The decay at infinity is finally again a consequence of Lemma 4.18. o
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8.0.4.3. Getting rid of the random error term Ex. We show that the L' , . -
pvt

norm of the error term Ey defined in (8.20) goes to zero. In fact, this is a direct
consequence of the central limit theorem of Section 4, se Lemma 4.23, as well as
the concentration bounds we obtained there :

COROLLARY 8.10. Assume that VW € C" with » > 4. Then for all p > 1
there exists a finite constant C), such that, for all A € R and all ¢ € [0, 1],

(8.22) /|MN(6’“')\2deﬁ’V" < Cln N1+ Y7,

We can now estimate .

The linear term can be handled in the same way as we shall do now for the
quadratic and cubic terms (which are actually more delicate), so we just focus on
them.

We have two quadratic terms in My which sum up into

By =5 (5 3) ] oo v i)

N\3
J//WWW () dMy (1)
ON r—y N N\Y)-
Writing
Yo @) =y, ) [t N T e iteet(—ame
l‘——yi/o th(aer(lfa)y)daf/o </Y1,t(£)e N Y df) da

we see that
N t(x) N t(y) v ! iag- i(l—a)é-
// x—y dMy (z) dMy (y) = /dgyu(g)/ da My () My (e ),
B 0
so using (8.22) we get

In N)?
[1x1arg <o C T8 acman e o+ 1eh?

+ [[ acaciale.clel (1-+1¢) (1416 )).

It is easy to see that the right hand side is finite if y, ;, and z; are smooth enough
(recall that these functions and their derivatives decay fast at infinity). More pre-
cisely, to ensure that

C
1+ [¢]?

91016 €] (1 + 1€ < € L'(R)

and

)< e
T+ [eP + ¢

we need y, , € C'' and z, € C87, so (recalling Lemma 8.9) V., W € C?® is enough
to guarantee that the right hand side is finite.

|2:1(¢,¢) €] (1 + 1€1*) (1 + I¢]* L'(R?),
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Using (8.22), and Holder inequality, we can similarly bound the expectation of
the cubic term

Bo= o [ LD o) vt ) b ()

— 1 _ ‘ A
iy ] d€dcTmEQ) [ doMu(e M) My ()

to get

/|EN|dP”<c (In V)" //ddeI (E O+ I (14 1¢).

Again the right hand side is finite if z, € C''?7, which is ensured by Lemma 8.9 if
V,W are of class C3!.

8.0.5. Control on the deterministic term C}¥. By what we proved above

we have
In N)3
RN —cN de”t<C(
/| t | N 9

thus, in particular,
(In N)3

|G — B[R] < C

Notice now that, by construction,
RN = —EYN—f—NZW )+
with ¢y = —E[N >, W()\;)] and
Y -Y
Y :=divY —— — N "N)Y
c div +,6; Y zi:V(/\)

Also, an integration by parts shows that, under Pf,’v7 E[LY] = 0 for any vector
field Y. This implies that E[RY] = 0, therefore || < ¢ 12N,
This concludes the proof of Proposition 8.8.

8.0.6. Reconstructing the transport map via the flow. We finally need
to study the properties of the flow generated by the vector field Yiv defined in
(8.17). As we shall see, we will need to assume that W,V € C” with r > 16.

We consider the flow of Yiv given by

XNRY RN, XN =YY (XM).

Recalling the form of va (see (8.17)) it is natural to expect that we can give an
expansion for X}¥. More precisely, let us define the flow of Yo.t>

(8.23) Xos :R=R,  Xop=y04(Xor), Xoo(A)=A.



8. UNIVERSALITY FOR g-MODELS 129

Observe that we expect Xo,1 to be a transport map of py, onto uy,. Let X{Yt =
(Xll\;’l, . ,Xll\ft’N) : RN — RY be the solution of the linear ODE

XL AN) = yo(XoeOw)) - X1 (M- An) + v (Ko (Ar)

(8.24) +/Zt(XO7t()\k)ay> dMy"" (y)
+— Zazzt(xm(xk) Xoa(A)) - X1 O, Aw)

with the initial condition X f\ft =0, where M No’t is defined as

/f(y)de\fO’t(y) :Zi_v:[ f(Xot(A /fduvt} Vf e C(R).

If we set
X0 (A1, AN) = (X0 (A1), - Xo(AN)),
then the following result holds.

LEMMA 8.11. Assume that W,V € C" with r > 16. Then the flow XtN =
(XN ! XN N) RN — RY is of class C™% and the followmg properties hold :
Let Xo ¢ and X7, be as in (8.23) and (8.24) above, and define X3, : RN — RN via
the identity

N
X X0t+NXlt+N2X
Then
N,k
(8.25) sup || X1 HL4(]P’§3V'V) <CInN, ”Xé\ft”L?(]P’%V) < CNl/z(lnN)za
1<k<N
where
1/2 -
X7 (B5.7) = </|X A dP5V> , (XD = Z IXMN12, i=0,1,2.

In addition, there exists a constant C' > 0 such that, with probability greater than
1— NfN/C’

(8.26)  _max XV AN) = XN s AN < C InNVN |, — A

PROOF. Since Y € O™ (see Lemma 8.9) it follows by Cauchy-Lipschitz
theory that X}V is of class C"~9.
Using the notation A = (A1,...,A\y) € RY and

NkoA vaik Q XNk Q Nk}
(A) == Xo1(Mp) +0 N (A +o N2 (A) =1 =0)Xot(A\r) + X, 7(N)
N

and defining the measure M, X 50 that forall [ € C(R),

(8.27) /f(y)deéf Z[ (1 - 8)Xo(\) +sX\! /fduvt]
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By a Taylor expansion we get an ODE for X21\,[t :
o Nk (3 ! Nok,s (3} Nk (3
PO = [ yhe (300 s X350
1
N [ (60 0) = v (Xoa00)) ] ds - XN
0
Nk}

o [ () s (it 2

w [ ][ o) v

(8.28) */51Zt (XO,t(Ak),y) dMJi](OJ(y)} ds - (X{\’/t,k(j\) I )(21\’[;7\1;(5\))
Jr/81Zt (Xo,t(Ak),y) dMJi,(O*t(y). (X{Ytk(j\) T )(2]\%\,;()‘)>

N 1

i [a (XMR2 (), X897 ()) - Dz (Xo,tm),xo,mj))] ds - X7 (3)
j=1"0
N 1 . ‘ R XN,j 5\

#30 [ [oum (0o 0o | as 2L,

j=1"0

with the initial condition X,¢" = 0. Using that

Iyoiller—sm < C
(see Lemma 8.9) we obtain
(8.29) [ Xo.tllgr-2@® < C.

We now start to control X{\ft. First, simply by using that My has mass bounded
by 2N we obtain the rough bound |X{ng| < C N. Inserting this bound into (8.28)

one easily obtain the bound \Xév ¥| < C'N2. We now prove finer estimates.

Since X ¢ and = — 2z,(y, ) are Lipschitz (uniformly in y), it follows by Lemma
4.14 that there exists a finite constant C' such that, with probability greater than
1— ]\[—N/C7

(8.30) H/zt(-,/\) deV“”f(A)H < C InNVN.

oo

Hence it follows easily from (8.24) by applying twice Gronwall Lemma that

(8.31) max [ X"l < ClnNVN

outside a set of probability bounded by N—N/C.
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In order to control X3, we first estimate X7\, in L4(]P’?V’V) : using (8.24) again,
we get

4
dt

SC’(maXHX“ ||L4 IP>ﬁv +1+H/Zt XOf(/\k) )dMXOt( )

(8.32) max | X5 (Pﬁ,v))

L4(]P’§3V'V))'

To bound X7, in L4(P1ﬁv’v) and then to be able to estimate X3\, in LQ(IP’%’V), we
will use the following estimates :

LEMMA 8.12. Forany k=1,...,N,

(5.33) | [ a0t v <o,

L4(P%Y)

<ClInN.
LY (P5Y)

(8.34) H / 124 (Xo,t(Ak),y) AMA" (y)

PrROOF. We write the Fourier decomposition of n.(z, y) := z:(Xo,(z), Xo0,:(v))
to get

[t i) = [iee) [ e dntnty)de.

Since z; € C*" for u+v <r—6 and Xo: € C""2 (see (8.29)), we deduce that

C
) ‘,1:7 < T 1 elr—6)
(e )] € s
so that we get
sup| [ m(z.y) dMx (o) < [laco]| / VAN (y) ds
T L4(P§QV) oo L4(P/3,V)
< ClnN/Hnt (el dg
< ChnN,
provided r > 14. The same arguments work for d1z; provided r > 15. Since by
assumption r > 16, this concludes the proof. o

Inserting (8.33) into (8.32) we get
(8.35) IX I paesvy SCIN - Wk=1,...,N,
which proves the first part of (8.25).

We now bound the time derivative of the L? norm of Xé\ft : using that My has
mass bounded by 2N, in (8.28) we can easily estimate

[ o (750 (a0 s 0] < X4 S 2

1 N,s
/alzt (XtN’k’s()\),y> dMJ)V(t (v) */alzt XO,t()‘k)ay> sz)éo’t(y)‘dS

<o+ |+NZ(X V).
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Bz, (X1 (3), X7 (N)) = Bz (Ko, (), Ko (g )’dsXN’J

C’
< & (e + i),

J

hence

g, = 2 [ S

sc/Z|X;Y;k|2dPJ%V+c/Z\X "2 xR

o [ SR o [ ey

N2/Z|X P apyY + /ZIX b cieib eviiriZod
/Z|X garey

+Z/X§t’k~/0 {/alzt(Xo,t(Ak),y) dM])V{O"‘(y)} ds - XN dpSY
/Z\XN’H 1X05" PR

NQ/DX P X0 0B

N/Z‘XNIC

Using the trivial bounds |X ¥ < C'N and |X ¥ < C'N2, (8.34), and elementary
inequalities such as, for 1nstance
’)

Z\X XN 10 |<Z(|X

we obtain

(836)
DX g, < (nxgtnmﬁv +f OV

+ /Z XN a4+ ZlnN [ ||L2(Pﬁ vy X105 \|L4(PB v)>
k
We now observe that, thanks to (8.35), that the last term is bounded by

1X2 172 g5,y + (N N) ZHX

PV

| dPSY

4 + |Xé\77t,k

Nk
‘o | X5

pivy S IXRUE L vy + O N(mN)L.

L4
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Hence, using that ||X{\,[£k||L2(]P§f,‘V) < ||X{\,[£k||L4(1P§3V*V) and (8.35) again, the right
hand side of (8.36) can be bounded by C|| X3, | PaV) +C N(In N)* and a Gronwall
N

argument gives

2
L2(
1625113 225.v) < C N(InN)Y,
thus
X3l 2 sy < C N2 (N2,

concluding the proof of (8.25).
We now prove (8.26) : using (8.24) we have
(

X0 () = X7 (V)
[0, (Xo,e(An)) = ¥o. (Ko e ) IXTS (V)]
Y0, (Ko )X (V) = X055 (V] 11,4 (X0 (M) = ¥1,0(Xoe ()]

+‘/<Zt(XO,t()\k),y) - Zt(Xo,t(/\kf),y)) Ao (y)

IN

N 1
-l-% ;/(; ‘82Zt (Xo,t(/\k), Xo,t(/\j)) — 0oz <X07t(/\k/), X07t(,\j)) ‘ ds |XiV£J(;\)|

Using that |Xo:(Ax) — Xot(Arr)| < ClA\x — x|, the bound (8.31), the Lipschitz
regularity of yg ;, ¥ 4, Z¢, and 02z, and the fact that

’/Blzt(~,)\) My (V)| < CInNVN

’ oo

with probability greater than 1 — N—N/¢ (see Lemma 4.14), we get
X = X0 D] < QX R) = X5 (V] + Cln NN = Al
outside a set of probability less than N~N/C | so (8.26) follows from Gronwall. o

8.0.7. Transport and universality. In this section we prove Theorem 8.4
on universality using the regularity properties of the approximate transport maps
obtained in the previous sections.

PROOF OF THEOREM 8.4. Let us first remark that the map T from Theorem
8.3 coincides with Xy 1, where Xy, is the flow defined in (8.23). Also, notice that

X{V RN — RY is an approximate transport of ]P’g onto P%V+W (see Lemma 8.6
and Proposition 8.8). Set X{V = Xé\fl + %X{Yl, with X(I)Yt and X{Yt as in Lemma
8.11. Since XN — XN = X3}, recalling (8.25) and using Hélder inequality to
control the L' norm with the L? norm, we see that

. 1
[aerangy - [axihard| < Vol [ 130057

1
< ”vyHoom”Xé\,[l”L%IPv)
(In N)?2
N3/2

This implies that also X : RN — R is an approximate transport of PY onto
PB,VJrW
N .

(8.37)

IN

ClIVglloo

In addition, we see that X{V preserves the order of the \; with large
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probability. Indeed, hence differentiating (8.23) we get that the spatial derivative
X of Xo verifies

atX(/),t = yg,t(XO,t)X(/J,t|’ X(/),O =1,
so that
t
Xop = exp{/o ¥0,5(Xo,s)ds} .
Hence, the flow of y,, which is Lipschitz with some constant L,
e—Lt < ‘X(/),t‘ < eLt.

Since X, = 1, it follows by continuity that X{ , must remain positive for all times
and it satisfies

(8.38) e M < X(, < e,
from which we deduce that
e (N = Ni) < Xoe(A) — Xoe(A) < e (N —N), V<A
In particular,
e PN —N) < Xoa(Nj) — Xoa(N) <el(h —N).
Hence, using the notation \ = (A1,...,AnN), since

L ongoay Lo
T - X <0

In N
Wi [Ai = A
with probability greater than 1 — N~/ (see (8.26)), we get for some C’ > 0

@(Aj — ) S XTI = X <070 - \)

with probability greater than 1 — N—N/C,
We now make the following observation : the ordered measures P{¥ and Pﬁ,’erW

are obtained as the image of Pff’v and }P’Jﬁ\;VJFW via the map R : RY — RV defined
as

[R(z1,...,zN)]i = min max z;.
Notice that this map is 1-Lipschitz for the sup norm.
Hence, if ¢ is a function of m-variables we have |[V(go R)|lc < vm||Vg|so, SO
by Lemma 8.6, Proposition 8.8, and (8.37), we get

(In N)?
N

In V)2
loll+Ovim B0 9] .

’/goR(XfV)de,’v—/goRde,’VH/V‘ <C

Since X{V preserves the order with probability greater than 1 — N=V/¢ we can
replace g o R(NX}Y) with g(NX o R) up to a very small error bounded by
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gl N~N/C. Hence, since RyuPy" = PY and RyPy' W = PEVIW  we de-
duce that, for any Lipschitz function f : R™ — R,

‘/f(N(/\i+1 = Xi)se s N — \)) apV v
_ /f(N(X{V,Hl(;\) _X{V71(X))7.'.,N(X{V,i+m(;\) —X{V’i(;\))) dﬁﬁ,’v
o (o )

(In V)2
N1/2

< (C

+Cvm-——

IV floo-
Recalling that
XM9() = Xou ) + 1 XI ),
we observe that, as Xg 1 is of class C2,
Xoa(Nisr) = Xo1 (M) = Xg1(A) ik = Ao) + 0[N — Ail?).
Also, by (8.26) we deduce that, out of a set of probability bounded by N~/
(8.39) X = XD < C InNVN [ A — M-

As X§ 1(Ai) > e (see (8.38)) we conclude that

PG = XA < OO0 (i = )
and
O(Aisk = Ail?) = O(|X61(M) i — A)[*)
hence with probability greater than 1 — N—N/€ it holds
XV = XV

= X300 Ok = 20 [+ O 575 ) + 01X, 0 v = M)

Since we assume f supported in [—M, M]™, the domain of integration is restricted
to A such that {NX(.: (M) (Ni = Aivk) Ji<k<m is bounded by 2M for N large enough,
therefore

e In N 4M?
XHER) = X = X0 () Nk — ) +O(2MN3/2) +O( N? )

from which the first bound follows easily.
For the second point we observe that ayyw = Xo,1(av) and, arguing as before,

‘ /f(N2/3()‘1 —aviw), ..., N3\, — aviw)) d]s]/\Bl,VJrW
= [ (B = Xoa(ar)). NP R - Koalar) ) aY

<oV v oy

(In N)?
N5/6

IV £lloo-
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Since, by (8.25),

& N,i In N
Xy = X0,1()\i)+OL4(P§1V,v)<N>

In N
= Xoa(av)+ X{1(av) (N —av) + O(|X — av|?) + Opapav) (N)’

we conclude as we did for the first point. o
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