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Abstract

Let XV = (X{,..., XY) be a d-tuple of N x N independent GUE random matrices and Z¥* be
any family of deterministic matrices in My (C) @ Mas(C). Let P be a self-adjoint non-commutative
polynomial. A seminal work of Voiculescu shows that the empirical measure of the eigenvalues of
P(X™) converges towards a deterministic measure defined thanks to free probability theory. Let now
f be a smooth function, the main technical result of this paper is a precise bound of the difference
between the expectation of

1

N iy © @ Ty, o) (f(P(XN ® I, ZNM))) ;

and its limit when N goes to infinity. If f is six times differentiable, we show that it is bounded by
M?||fllcs N™2. As a corollary we obtain a new proof and slightly improve a result of Haagerup and
Thorbjgrnsen, later developed by Male, which gives sufficient conditions for the operator norm of a
polynomial evaluated in (X, ZVNM ZNM™) to converge almost surely towards its free limit.

1 Introduction

Given several deterministic matrices whose spectra are known, the spectra of a non-commutative
polynomial evaluated in these matrices is not well defined since it depends as well on the eigenvectors
of these matrices. If one takes these vectors at random, it is possible to get some surprisingly good
results, in particular when the dimension of these matrices goes to infinity. Indeed, the limit can then be
computed thanks to free probability. This theory was introduced by Voiculescu in the early nineties as
a non-commutative probability theory equipped with a notion of freeness analogous to independence in
classical probability theory. Voiculescu showed that this theory was closely related with Random Matrix
Theory in a seminal paper [30]. He considered independent matrices taken from the Gaussian Unitary
Ensemble (GUE), which are random matrix is an N x N self-adjoint random matrix whose distribution
is proportional to the measure exp (—N /2Try (AQ)) dA, where dA denotes the Lebesgue measure on the
set of N x N Hermitian matrices. We refer to Definition 2.8 for a more precise statement. Voiculescu
proved that given XV ..., X év independent GUE matrices, the renormalized trace of a polynomial P
evaluated in these matrices converges towards a deterministic limit «(P). Specifically, the following holds
true almost surely:

lim %TrN (PXY, ..., X)) =a(P) . (1)

N—o00

Voiculescu computed the limit a(P) with the help of free probability. If Ay is a self-adjoint matrix of
size N, then one can define the empirical measure of its (real) eigenvalues by
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where J) is the Dirac mass in A and A1,..., Ay are the eingenvalue of Ay. In particular, if P is a
self-adjoint polynomial, that is such that for any self adjoint matrices Ay, ..., Aq, P(A1,..., Ag) is a self-
adjoint matrix, then one can define the random measure ppxn~ xy)- In this case, Voiculescu’s result
(1) implies that there exists a measure up with compact support such that almost surely pp XN,XD)

converges weakly towards up : it is given by pup(2*) = a(P*) for all integer numbers k.

However, the convergence of the empirical measure of the eigenvalues of a matrix does not say
anything about the local properties of its spectrum, in particular about the convergence of the norm
of this matrix, or the local fluctuations of its spectrum. When dealing with a single matrix, incredibly
precise results are known. For exemple it is well-known that the largest eigenvalue of a GUE random
matrix converges almost surely towards 2. More precisely, if Xy is a GUE random matrix of size N,
then almost surely

lim [|Xn|=2.
N—o00

The proof, for the more general case of a Wigner matrix with entries with finite moments, was given
in [13]. This result was later obtained under the optimal assumption that their fourth moment is finite
[3]. Concerning the GUE, much more precise results were obtained by Tracy and Widom in the early
nineties in [29]. The main result of their paper is the existence of a continuous decreasing function Fy
from R to [0, 1] such that if A\;(X?) denotes the largest eigenvalue of X,

A}i_l)nooP(NQ/‘g()\l(XN) —2) > s) = Fy(s) .

This was recently generalized to Wigner matrices [27, 11, 28, 18] up to optimal hypotheses. One can as
well study the localization of the eigenvalues in the bulk as well as their fluctuations [10, 11].

On the other hand, there are much less results available when one deals with a polynomial in several
random matrices. In fact, up to today, the only local fluctuations results concern perturbative polynomi-
als [12] or local laws [9] under some assumptions which are shown to hold for homogeneous polynomials
of degree two. However, a beautiful breakthrough was made in 2005 by Haagerup and Thorbjgrnsen [17]:
they proved the almost sure convergence of the norm of a polynomial evaluated in independent GUE
matrices. For P a self-adjoint polynomial, they proved that almost surely, for IV large enough,

o (P(X{,....,XY)) C Supppup + (—¢,¢) , (2)

where o(H) is the spectrum of H and Supp pp the support of the measure pp. This is equivalent to saying
that for any polynomial P, ||P(X{,..., X[V)|| converges almost surely towards sup {|z| |z € Supp pp}
(see proposition 2.2). The result (2) was a major progress in free probability. It was was refined in multiple
ways. In [25], Schultz used the method of [17] to prove the same result with Gaussian orthogonal or
symplectic matrices instead of Gaussian unitary matrices. In [6], Capitaine and Donati-Martin proved
it for Wigner matrices under some technical hypothesis on the law of the entries. This result itself was
then extended by Anderson in [1] to remove most of the technical assumptions. In [19], Male made a
conceptual improvement to the result of Haagerup and Thorbjgrnsen, by allowing to work both with
GUE and deterministic matrices. Finally, Belinschi and Capitaine proved in [7] that one could even work
with Wigner and determinisic matrices, while keeping the same assumptions on the Wigner matrices as
Anderson. It is also worth noting that Collins and Male proved in [§] the same result with unitary Haar
matrices instead of GUE matrices by using Male’s former paper.

With the exception of [§8], all of these results are essentially based on the method introduced by
Haagerup and Thorbjgrnsen. Their first tool is called the linearization trick: it allows to relate the
spectrum of a polynomial of degree d with coefficients in C by a polynomial of degree 1 with coefficients
in M(qy(C). The second idea to understand the spectrum of the spectral measure of this larger matrix
is to study its Stieltjes transform close to the real axis by using the Dyson-Schwinger equations. An
issue of this method is that it does not give easily good quantitative estimates. One aim of this paper
is to remedy to this problem. We develop a new method that allows us to give a new proof of the main
theorem of Male in [19], and thus a new proof of the result of Haagerup and Thorbjgrnsen. Our approach
requires neither the linearization trick, nor the study of the Stieljes transform and attacks the problem
directly. In this sense the proof is more direct and less algebraic. We will apply it to a generalization of
GUE matrices by tackling the case of GUE random matrices tensorized with deterministic matrices.




A usual strategy to study outliers, that are the eigenvalues going away from the spectrum, is to study
the non-renormalized trace of smooth non-polynomial functions evaluated in independent GUE matrices
i.e. if P is self-adjoint:

Ty (F(P(XTY, ..., X)) .

This strategy was also used by Haagerup, Thorbjornsen and Male. Indeed it is easy to see that if f is a
function which takes value 0 on (—oo,C' —¢], 1 on [C,00) and in [0, 1] elsewhere, then

P(Al(P(X{V,...,XglV)) > C) < ]P’(TrN (F(PXN,..., X)) > 1)

Hence, if we can prove that Try (f(P(X{",...,X)))) converges towards 0 in probability, this would
already yield expected results. The case where f is a polynomial function has already been studied a
long time ago, starting with the pioneering works [5, 16], and later formalized by the concept of second
order freeness [20]. However here we have to deal with a function f which is at best C*°. This makes
things considerably more difficult and forces us to adopt a completely different approach. The main
result is the following Theorem. For the notations, we refer to Section 2 — for now, let us specify that
% Tr denotes the usual renormalized trace on N x N matrices whereas 7 denotes its free limit.

Theorem 1.1. Let the following objects be given,
o XV = (XV,...,XY) independent GUE matrices in My (C),
o ©=(x1,...,2q) a system of free semicircular variables,
o ZNM — (ZNM . ZNM) deterministic matrices in M (C) ® M (C),
o PcC(Xy,...,Xdt2q)sa 0 self-adjoint polynomial,
o f€C5R).

Then there exists a polynomial Lp which only depends on P such that for any N, M,

E |:1TI'MN (f (P (XN®IM,ZNM,ZNM*)))} —TN®TM(f (P (x@IM,ZNM,ZNM*)))‘

M2
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where | f|lgs is the sum of the supremum on R of the first siz derivatives. Besides if ZNM = (Iy ®
YM, .. Iy® YqM) and that these matrices commute, then we have the same inequality without the M?.

This theorem is a consequence of the slightly sharper, but less explicit, Theorem 3.1. It is essentially
the same statement, but instead of having the norm C° of f, we have the fourth moment of the Fourier
transform of f. The above Theorem calls for a few remarks.

e We assumed that the matrices Z¥M were deterministic, but thanks to Fubini’s Theorem we can
assume that they are random matrices as long as they are independent from X?. In this situation
though, Lp (HZ NM H) in the right side of the inequality is a random variable (and thus we need
some additional assumptions if we want its expectation to be finite for instance).

e In Theorems 1.1 and 3.1 we have X~ ® I; and x ® I, however it is very easy to replace them by
XN @ YM and 2 ®@ YM for some matrices Y, € Mj;(C). Indeed we just need to apply Theorem
1.1 or 3.1 with Z¥™ = Iy @ YM. Besides, in this situation, Lp (||ZNMH) = Lp (HYMH) does
not depend on N. What this means is that if we have a matrix whose coefficients are polynomial
in XV, and that we replace X" by z, we only change the spectra of this matrix by M2N~2 in
average.

e Unfortunately we cannot get rid of the M? in all generality. The specific case where we can is
when ZVM = (Iy@YM, ... Iy ®Y M), where the Y commute: this indicates that the M? term
is really a non-commutative feature.



A detailed overview of the proof is given in Subsection 3.1. The main idea of the proof is to use a free
version of Stein’s method by interpolating GUE matrices with a free semicircular system with the help
of a free Ornstein-Uhlenbeck process. For a reference, see [4]. When using this process, the Schwinger-
Dyson equations, which can be seen as an integration by part formula, appear in the computation. We
we refer to Proposition 2.10 for more information which will play a major role in this paper. Theorem
1.1 is the crux of the paper and allows us to deduce many corollaries. Firstly we rederive a new proof
of the following theorem. The first statement is basically Theorem 1.6 from [19]. The second one is
an improvement of Theorem 7.8 from [23] on the size of the tensor from N 1/4 to N1/3. This theorem
is about strong convergence of random matrices, that is the convergence of the norm of polynomials in
these matrices, see definition 2.1.

Theorem 1.2. Let the following objects be given:
o XN = (XN ... 7Xé\f) independent GUE matrices of size N,
o &= (x1,...,x4) a system of free semicircular variable,

o YM = (YM . .,YPM) random matrices of size M, which almost surely, as M goes to infinity,
converge strongly in distribution towards a p-tuple y of non-commutative random variables in a C*-
probability space B with a faithful trace g,

o ZN = (ZN,..., Zév) random matrices of size N, which almost surely, as N goes to infinity, con-
verges strongly in distribution towards a q-tuple z of non-commutative random variables in a C*-
probability space with a faithful trace.

Then, the following holds true:

o If XN and ZN are independent, almost surely, (XN, ZN) converges strongly in distribution towards
F = (z, z), where F belongs to a C*- probability space (A, *,Ta,||.||) in which x and z are free.

o If XN and YM~ are independent and My = o(N'/3), almost surely, (XN @ Ipn, In ® YMN)
converges strongly in distribution towards F = (x®1,1Qvy). The family F thus belongs to AQmin B
(see definition 4.1). Besides if the matrices Y M~ commute, then we can weaken the assumption
on My by only assuming that My = o(N).

As we mentioned earlier, understanding the Stieljes transform of a matrix gives a lot of information
about its spectrum. This was actually a very important point in the proof of Haagerup and Thorb-
jornsen’s Theorem. Our proof does not use this tool, however our final result, Theorem 3.1, allows us to
deduce the following estimate with sharper constant than what has previously been done. Being given a
self- adjoint NM x N M matrix, we denote by G 4 its Stieltjes transform:

1 1
GA(Z)ZNMTI“NM (ZA) .

This definition extends to the tensor product of free semi-circular variables by replacing Tryas by Tv ®7as.

Corollary 1.3. Given
o XN = (XV,...,XY) independent GUE matrices of size N,

o &= (x1,...,24) a system of free semicircular variable,
o YM = (YM . .7YpM,Y1M*, . .,YPM*) deterministic matrices of size M a fized integer and their
adjoints,

o PeC(Xy,...,Xq,Y1,...,Yop)sa a self-adjoint polynomial,

there exists a polynomial Lp such that for every YM, z € C\R, N € N,

M? 1 1
’]E [GP(XN®1M,IN®YM)(Z)] - GP(z@IM,IN®YM)(Z)’ <Lp (HYMH) W <|%(Z)|5 + |S(z)|2>



One of the limitation of Theorem 1.1 is that we need to pick f regular enough. Actually by approx-
imating f, we can afford to take f less regular at the cost of a slower speed of convergence. In other
words, we trade some degree of regularity on f for a smaller exponent in N. The best that we can achieve
is to take f Lipschitz. Thus it makes sense to introduce the Lipschitz-bounded metric. This metric is
compatible with the topology of the convergence in law of measure. Let Fpy be the set of Lipschitz
functions from R to R, uniformly bounded by 1 and with Lipschitz constant at most 1, then

/Rfdu—/Rfdv

For more information about this metric we refer to Annex C.2 of [2]. In this paper, we get the following
result:

dry(p,v) = sup
feFru

Corollary 1.4. Under the same notations as in Corollary 1.3, there exists a polynomial Lp such that
for every matrices Y™ and M,N € N,

M2
N1/3 °

dru (E[HP(XN®IM7[N®YM)]7N’P(JJ®IM7IN®YM)) <Lp (HYMH)

One of the advantage of Theorem 1.1 over the original proof of Haagerup and Thorbjgrnsen is that
if we take f which depends on N, we get sharper estimates in N. For exemple if we assume that
g is a C* function with bounded support, as we will see later in this paper we like to work with
f:x— g(N%) for some constant «. Then its n-th derivative will be of order N™*. In the original
work of Haagerup, Thorbjgrnsen (see [17], Theorem 6.2) the eighth derivative appears for the easiest
case where our polynomial P is of degree 1, and the order is even higher in the general case. But
in Theorem 1.1 the sixth derivative appears in the general case. Actually if we look at the sharper
Theorem 3.1, the fourth moment of the Fourier transform appears, which is roughly equivalent to the
fourth derivative for our computations. This allows us to compute an estimate of the difference between
E[||[P(XN @ Ing, Iy ® YM)||] and its limit. To do that, we use Proposition 4.8 from [26, Theorem 1.1]
which implies that if we denote by pper,, 10y M) the spectral measure of P(z @ Ip, 1 ® YM), then
there exists 8 € R such that

limsup €_ﬁMP(I®]M,1®Y1W) ([HP(az ® Iy, 1 ®YM)H — &, |P(m ® Iy, 1 ®YM)|H) >0. (3)

e—0

With the help of standard measure concentration estimates, we then get the following Theorem:
Theorem 1.5. We consider

o XN =(XV,...,XY) independent GUE matrices of size N,

o &= (x1,...,2q) a system of free semicircular variable,

o YM = (YM ... 7YpM) deterministic matrices of size M a fized integer and their adjoints.

Almost surely, for any polynomial P € C(Xq,...,Xq,Y1,...,Y,), there exists constants K and C
such that for any § > 0,

P (N1/4 (|1P(XN @ Ing, Iy @ YM)|| = ||P(z @ Inr, 1@ YM)|) > 5+C) < e KOVN L ge=N - (4)

P (Nl/<3+ﬁ> (|IPXN @ Ing, In @ YM)|| = |P(@ @ Ing, 1@ YM)||) < =0 — O) <o KNI g
(5)

This theorem is interesting because of its similarity with Tracy and Widom’s result about the tail of
the law of the largest eingenvalue of a GUE matrix. We have smaller exponent in N, and thus we can only
show the convergence towards 0 with exponential speed, however we are not restricted to a single GUE
matrix, we can chose any polynomial evaluated in GUE matrices. Besides by applying Borel-Cantelli’s
Lemma, we immediately get:



Theorem 1.6. We consider
o XV =(X{,...,XY) independent GUE matrices of size N,
o x=(x1,...,x4) a system of free semicircular variable,
o YM = (YM .. .| YpM) deterministic matrices of size M a fized integer and their adjoints.

Then almost surely, for any polynomial P € C(X1,...,Xq,Y1,...,Y,), there exists a constant ¢(P) > 0
such that for any c¢(P) > a >0,

lim N¢

N —oc0

IP(XN @ Inr, In @ YM)|| = ||P(z @ Tng, 10 VM) ‘ —0.
Moreover, if 3 satisfies (3), then almost surely for any o < (3+ 8)~! and e < 1/4, for N large enough,

N < ||PXN @Iy, Iy YM)|| = |[Ple@ Iy, 1@ YM)| < N© .

In order to conclude this introduction, we would like to say that while it is not always easy to compute
the constant § in all generality, it is possible for some polynomials. In particular, if our polynomial is
evaluated in a single GUE matrix, then the computation is heavily simplified by the fact that we know
the distribution of a single semicircular variable. Finally, the constant (3 4+ 8)~! is clearly a worst case
scenario and can be easily improved if 3 is explicit.

This paper is organised as follows. In Section 2, we recall the definitions and properties of free
probability, non-commutative calculus and Random Matrix Theory needed for this paper. Section 3
contains the proof of Theorem 1.1. And finally in Section 4 we give the proof of the remaining Theorem
and Corollaries.

2 Framework and standard properties

2.1 Usual definitions in free probability
In order to be self-contained, we begin by reminding the following definitions from free probability.

Definition 2.1. o A C*-probability space (A, *,,|.||) is a unital C*-algebra (A, *,||.||) endowed with
a state T, i.e. a linear map 7 : A — C satisfying 7(14) =1 and 7(a*a) > 0 for all a € A. In this
paper we always assume that T is a trace, i.e. that it satisfies T(ab) = 7(ba) for any a,b € A. An
element of A is called a (non commutative) random variable. We will always work with a faithful
trace, namely, for a € A, T7(a*a) =0 if and only if a = 0. In this case the norm is determined by
T thanks to the formula:

lal| = ler{:o (T((a*a)%))l/%.

o Let Ay,..., A, be x-subalgebras of A, having the same unit as A. They are said to be free if for
all k, for all a; € Aj, such that ji # j2, jo # 3, -+, Je—1 7 Jk:

7((e1 = (@) (a2 = 7(a2)) ... (ar — 7(@x))) = 0.

Families of non-commutative random variables are said to be free if the x-subalgebras they generate
are free.

o Let A= (ay,...,ax) be a k-tuple of random variables. The joint distribution of the family A is the
linear form pa : P— T [P(A7 A*)] on the set of polynomials in 2k non commutative indeterminates.
By convergence in distribution, for a sequence of families of variables (Ax)n>1 = (al,...,al ) N>1
in C*-algebras (.AN,* TN |-l ), we mean the pointwise convergence of the map

tay : P— 7N [P(AN7A*N)},

and by strong convergence in distribution, we mean convergence in distribution, and pointwise
convergence of the map
P ||P(An, AY)||-



o A family of non commutative random variables x = (x1,...,xp) is called a free semicircular system
when the non commutative random variables are free, selfadjoint (x; = xf, i=1...p), and for all
kinNandi=1,...,p, one has

r(ab) = [ o)
with do(t) = 5=v4 — 12 1<o dt the semicircle distribution.

The strong convergence of non-commutative random variables is actually equivalent to the conver-
gence of the spectrum of their polynomials for the Hausdorff distance. More precisely we have the
following proposition whose proof can be found in [8, Proposition 2.1] :

Proposition 2.2. Let xy = (zV,...,2)) and x = (z1,...,7,) be p-tuples of variables in C*-probability
spaces, (An,.*,7n, || - |I) and (A,.*, 7| - ||), with faithful states. Then, the following assertions are
equivalent.

e xy converges strongly in distribution to X.

e For any self-adjoint variable hy = P(xy), where P is a fized polynomial, pup,, converges in weak-x
topology to pyp where h = P(x). Weak-+ topology means relatively to continuous functions on C.
Moreover, the spectrum of hy converges in Hausdorff distance to the spectrum of h, that is, for
any € > 0, there exists Ny such that for any N > Ny,

o(hy) C o(h) + (—¢,¢). (6)

In particular, the strong convergence in distribution of a single self-adjoint variable is equivalent to its
convergence in distribution together with the Hausdorff convergence of its spectrum.

It is important to note that thanks to [22, Theorem 7.9], that we recall below, one can consider free
version of any random variable.

Theorem 2.3. Let (A;, ¢;)icr be a family of C*-probability spaces such that the functionals ¢; : A; — C,
i € 1, are faithful traces. Then there exist a C*-probability space (A, d) with ¢ a faithful trace, and a
family of norm- preserving unital x-homomorphism W; : A; — A, i € I, such that:

o poW;, =¢;, Viel.
o The unital C*-subalgebras form a free family in (A, ¢).

Let us finally fix a few notations concerning the spaces and traces that we use in this paper.

Definition 2.4. o (An,7n) is the free sum of Mx(C) with a system of d free semicircular variable,
this is the C*- probability space built in Theorem 2.3. Note that when restricted to My (C), Ty is
just the reqular renormalized trace on matrices. The restriction of Ty to the C*-algebra generated
by the free semicircular system x is denoted as T.

e Try is the non-renormalized trace on My (C).

o My (C)sq is the set of self adjoint matriz of My (C). We denote E, s the matriz with coefficients
equal to O except in (r,s) where it is equal to one.

o We regularly identify My (C) @ My (C) with Myn(C) through the isomorphism E;; @ E, s
Eiyrn j+sn, similarly we identify Try ® Try, with Tryy.

o If AN = (AN, ... AY) and BM = (BM,...,B}) are two vectors of random matrices, then we
denote AN ® BM = (AN @ BM, ..., AY @ B)). We typically use the notation X ® Ips for the
vector (X @ Ing, ..., XY @ Iy).



2.2 Non-commutative polynomials and derivatives

We set Agq = C(X1,...,Xq,Y1,..., Y, Yy, ..., Y the set of non-commutative polynomial in d+2q
indeterminates. We endow this vector space with the norm

1Plly= D lem(P)lAtes™, (7

Mmonomial
where ¢pr(P) is the coefficient of P for the monomial M and deg M the total degree of M (that is the
sum of its degree in each letter Xi,..., Xq,Y7,...,Y,, Y, ... 7Y;,{’"). Let us define several maps which we

use frequently in the sequel First, for A, B,C € Agq, let

A® B#C = ACB ,
A® B#C = BCA ,

m(A® B) = BA .

Definition 2.5. If 1 < i < d, one defines the non-commutative derivative 0; : Aqq — Adq ® Adq by
its value on a monomial M € Ay 4 given by

oM= Y A®B,

M=AX;B

and then extend it by linearity to all polynomials. Similarly one defines the cyclic derivative Dy : Aqq —
Agq for P € Agq by

The map 9; is called the non-commutative derivative. It is related to Schwinger-Dyson equation on
semicircular variable thanks to the following property 2.6. One can find a proof of the first part in [2],
Lemma 5.4.7. As for the second part it is a direct consequence of the first one which can easily be verified
by taking P monomial and then concluding by linearity.

Proposition 2.6. Letx = (x1,...,xp) be a free semicircular system, y = (y1, ..., Yq) be non-commutative
random variables free from x, if the family (x,y) belongs to the C*-probability space (A, x*,T,||.||), then
for any P € Ay,

T(P(],‘, Y, y*) xz) =T® T(alp(xa Y, y*)) .

Moreover, one can deduce that if ZNM are matrices in My (C) ® My, (C) that we view as a subspace of
An @ My (C), then for any P € Aqq,

TN QTMm (P(I@IAI,ZNM,ZNM*) .CEZ(X)IM) =Tm ((TN®IM) ®(TN®IM)(87;P(.T®IM,ZNM,ZNN[*))) .
We define an involution * on Ag 4 such that

(X)) =X, (V) =Y", () =Y

K2

and then we extend it to Ag by the formula (aPQ)* = @aQ*P*. P € Ay, is said to be self- adjoint if
P* = P. Self-adjoint polynomials have the property that if z1,...,24,21,..., 2, are elements of a C*-
algebra such as z1,..., x4 are self-adjoint, then so is P(%1,...,%4, 21, .-, 2¢, 255+ - -, z;) Now that we
have defined the notion of self-adjoint polynomial we remark for later use that

Proposition 2.7. Let the following objects be given,
o v = (x1,...,%p) a free semicircular system ,
o XN = (X{,...,XY) self-ajoint matrices of size N,

o XN =et2XN 1 (1—e )22 elements of Ay,



o ZNM matrices in My (C) @ M (C),
o feC'(R),
e P a self-adjoint polynomial.

Then the following map is measurable:
(XN, ZNM) 7y @ g (f (POXN @ T, 289, 2807)) )

Proof. This is obvious if f is a polynomial and the general case is obtained by approximation. O

Actually we could easily prove that this map is continuous, however we do not need it. The only
reason we need this property is to justify that if X% is a vector of d independent GUE matrices, then

the random variable Ty ® Tas <f (P(XtN ® In, ZNM ZNM*))) is well-defined and measurable.

2.3 GUE random matrices

We conclude this section by reminding the definition of Gaussian random matrices and stating a few
useful properties about them.

Definition 2.8. A GUE random matriz X~ of size N is a self adjoint matriz whose coefficients are
random variables with the following laws:

e Forl <i< N, the random variables v/ NX% are independent centered Gaussian random variables
of variance 1.

e For1 <i < j <N, the random variables /2N S%Xf\g and V2N C\‘inI’Vj are independent centered
Gaussian random variables of variance 1, independent of (Xf\i)z

We now present two of the most useful tools when it comes to computation with Gaussian variable,
the Poincaré inequality and Gaussian integration by part. Firstly, the Poincaré inequality:

Proposition 2.9. Let (z1,...,2,) be i.i.d. centered Gaussian random variable with variance 1, let
f:R®™ = R be Cl, then

Var (f(z1,...,20)) <E[|Vf(a1,...,z.)]3] -

For more details about the Poincaré¢ inequality, we refer to Definition 4.4.2 in [2]. As for Gaussian
integration by part, it comes from the following formula, if Z is a centered Gaussian variable with variance
1 and f a C! function, then

E[Zf(2)] = E[02f(Z)] . ®)

A direct consequence of this, is that if x and y are centered Gaussian variable with variance 1, and

_ zHiy
7 = 73 then

E[Zf(z,y)] =E[0zf(z,y)] and E[Zf(z,y)] =E[ozf(z,y)], 9)

where 07 = %(833 +1i0,) and 05 = %(81C — i0y). When working with GUE matrices, an important
consequence of this are the so-called Schwinger-Dyson equation, which we summarize in the following
proposition. For more information about these equations and their applications, we refer to [2], Lemma
5.4.7.

Proposition 2.10. Let X~ be GUE matrices of size N, Q € Aqq, then for any i,

1 N N _
B | Tov(XY Qx| =B

(&) (@Q(XN))] .



Proof. One can write XV = ﬁ(wi’s)lgr’SSN and thus

1 1 )
B | T (XY Q)| = 5z SSE (e, Ten(Bs QUC)

1
W ZE [TTN(ETvS arng(XN))}
= % S E[Try(E. B:QXN)#E,,)]

=E

(% TrN)®2 (&Q(XN))] .

Now to finish this section we state a property that we use several times in this paper:

Proposition 2.11. There exist constants C, D and o such that for any N € N, if XV is a GUE random
matriz of size N, then for any u > 0,
P (HXNH >u+ D) < e ouN,

Consequently, for any k < aN/2,
E[[lx]] < c*

Proof. The first part is a direct consequence of Lemma 2.2 from [15] in the specific case of the GUE. As
for the second part, if £ < aN/2, then we have,

k o _
B[] =k [ (x> 0 et

oo
S ka +I€/ e—Na(u—D)uk—ldu
D

S ka +keDNa/ e(kaa)udu
D

< kDF + %ekD <ck
alN

for some C' independent of N and k. In the third line we used that In |u| < u for all positive real numbers,
O

3 Proof of Theorem 1.1

3.1 Overview of the proof

Given two families of non-commutative random variables, (X~ ® I, Z¥M) and (z ® I, ZVM), and
we want to study the difference between their distributions. As mentioned in the introduction, the main
idea of the proof is to interpolate these two families with the help of a free Ornstein-Uhlenbeck process
XN = (XfN)Z started in deterministic matrices (XiN’O)i of size N. However, as we shall explain in this
subsection, we are only interested into the law of the marginals at time ¢ of this process, hence we do not
need to define it globally. We refer to [4] for more information about it. Some properties of this process
are well understood. For example, like in the classical case, we know its distribution at time . In the
classical case, if (S;); was an Ornstein-Uhlenbeck process, then it is well-known that for any function f
and t > 0,

E[f(S))] = E[f(e™"/?So + (1 — e ")/ X)]

10



where X is a centered Gaussian random variable of variance 1 independent of Sy. Likewise, if u is the
trace on the C*-algebra which contains (X});>0, we have for any function f such that this is well-defined
and t > 0,

(X)) =7 (F(e2XE + (1= 7)) (10)
where z is a system of free semicircular variables, free from My (C). Thus a free Ornstein-Uhlenbeck
process started at time ¢ has the same distribution in the sense of Definition 2.1 as the family

e*t/zXéV +(1- e*t)l/zx

Consequently, from now on, we write X¥ = e #/2X} + (1 — e~*)}/2z. Since our aim in this subsection
is not to give a rigorous proof but to outline the strategy used in subsection 3.2, we also assume that
we have no matrix Z¥M and that M = 1. Now under the assumption that this is well-defined, if
Q€ Ao =C(X1,..., Xa),

BT (Q(r)] - Q@) = [ & [ (rw (@xi) )| et

On the other hand, using the free Markov property of the free Brownian motion, we have for Q) € Aqo

%TN(Q =—= Z {5 (X)(DiQ)(X])) = v @ v ((0:D:Q) (X)) } -

One can already recognize the Schwmger—Dyson equation. Indeed thanks to Proposition 2.10, one can
see that

[iw@“‘f >>} = —*ZE v (XN (DQ)IX™) — 7y @ 7y ((BD,Q)X™)] = 0.

t=

And then, thanks to Proposition 2.6,

B | (@)

However what happens at time ¢ is much harder to estimate and is the core of the proof. The main idea
to deal with this issue is to view the family (X%, 2) as the asymptotic limit when k goes to infinity of
the family (X~ @ Iy, R*N) where R*VN are independent GUE matrices of size kN and independent of
XN,

Another issue is that to prove Theorem 1.1, we would like to set @ = f(P) but since f is not
polynomial this means that we need to extend the definition of operators such as 9;. In order to do so
we assume that there exist 4 a measure on R such that,

= —3 DA (@ (DiQ)(@) =7 @7 ((0:D:Q)(x))} = 0 .

t=o0

VeeR, f(x)= /Rei”y du(y) .

While we have to assume that the support of p is indeed on the real line, p can be a complex measure.
However we will usually work with measure such that |u|(R) is finite. Indeed under this assumption we
can use Fubini’s Theorem, and we get

E [1\14 Try (f (P(XN))>] —T(f (P(x))) - /R {E [;f Try (ein(XN))] _T(eiym))} du(y) -

We can then set @ = €. And even though this is not a polynomial function, since it is a power series,
most of the properties associated to polynomials remain true with some assumption on the convergence.
The main difficulty with this method is that we need to find a bound which does not depend on too high
moments of y. Indeed terms of the form
[ ot diultw
R

appear in our estimates. Thanks to Fourier integration we can relate the exponent [ to the regularity
of the function f, thus we want to find a bound with [ as small as possible. It turns out that with our
proof [ = 4.

11



3.2 Proof of Theorem 1.1

In this section we focus on proving Theorem 1.1 from which we deduce all of the important corollaries.
It will be a consequence of the following Theorem :

Theorem 3.1. Let the following objects be given,
o XN =(XV,...,XY) independent GUE matrices of size N,
o &= (x1,...,2q4) a system of free semicircular variables,

o ZNM — (ZNM | ZéVM) deterministic matrices,

P e Ag 4 a polynomial that we assume to be self-adjoint,

[ : R R such that there exists a measure on the real line p with [(1+ y*) d|u|(y) < +oc and
for any x € R,

fl@) = /Reimy du(y) .

Then, there exists a polynomial Lp which only depends on P such that for any N, M,

MN

E {1 Tran (f (P (XN ® Iy, ZNM, ZNM*>) )} P (f (p (m @ Loy, ZNM ZN]W*)) )‘

<l (125 [ (ol +") i)

The proof is a direct corollary of Lemmas 3.3 and 3.4 below. The first one shows that the crux of the
proof lies in understanding the following quantity:

Definition 3.2. Let the following objects be given,
e a,5€0,1],
e A, B,C,D e Ay, monomials,
o XN = tPXN (1 —e )2
o ZN = (XN @ Iy, ZNM | ZNM™)
Sy = (A B)(Z}),

o V, = (CelvID)(ZN).
Then we define:

1
Svi(AB.CD)=E | > v @mu(Bur @ Iy x S x Bry @ L x Vi)

1<s,r<N
-E {TM ((TN ® In)(St) (v ®IM)(Vt))} '

We can now state the next lemma which explains why this object appears:

Lemma 3.3. Let f be a function such that there exists a measure j such that for any x € R,

f(z) = / ¢ Vdu(y)

We also assume that [, (14 y*)d|pu|(y) < oo. Then one can write

12



B |y T (F (P (X% @ 10,299, 259°)) )| < o ma (1 (P (0 1, 22,2907 ) )

as a finite linear combination of terms of the following kinds :

[e] 1
/ et /y2 / SJO\‘/;_O‘(A,B,C,D)da du(y) dt , (11)
0 0
and
| et [usiia . Dy d (12)
0

where the monomials A, B,C, D € Aq 4 and the coefficients of the linear combination are uniquely deter-
mined by P.

Proof. First, we define the natural interpolation between the trace of matrices at size N and the trace
of semicircular variables,

s(t,y) =E [TN Q T (ein(ZtN)” )

By definition of f we have

/Rs((Ly) du(y) = E []\41]\7 TryunN (f(P(XN®IM,ZNM,ZNM*)))} ,

/Rs(oo,y) du(y) = TN®TM<f(P(x®IM,ZNM,ZNM*))).

Thus under the assumption that this is well-defined, we have

© [y T (1 (7 (¥ 0 10,2, 29)) )| w5 (2 (v 12,2707

= 7/00/ Os(t,y) du(y) dt . (13)
0 R

We compute

—t

. e
Oes(t,y) = = E

™ ® T (eiyp(z,{V) Z@P(ZtN)# (((1_2:;)1/2 - et/QXiN) ®IM>>] :

Since we assumed that p is such that [(1+y*)du(y) < +o0o and that since X}V and z; have all moments
uniformly bounded by Lemma 2.11, we can find a constant C' independent from y and ¢ such that

0:s(t,y)| < C ye /2,

we can deduce that (13) is well-defined. Besides, writing P = ) c(P)@ with monomials @ € Ag4 4, we
get

. et i N x;
8ts(t,y) = lyT ZCQ(P) Z E |:TN R Tm (6 yP(Z:") B(Ztlv) <_e_t)1/2 — et/ZXiIV> ®IMA(Z£V)):| .

Q=BX;A (1
(14)
Hence, 0;s is a finite linear combination of terms of the form
ye 'S;(A, B) = ye 'S} (A, B) —ye 'S%(A, B) (15)
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with
SHA,B) = S4(A,B,(1—e ") "'/22;) and S?(A, B) = S;(A, B, et/?XN)

where
SuA,B,G) =E [ry @ 7y (A(Z)) #PEDB(ZNG @ I )| (16)

We first study SZ(A, B). We denote by Q = Ae'YY B. We want to use Gaussian integration by part: if
we set VNXN = (% ,)1<s.r<n, then with @,: as in equations (8) and (9), thanks to Duhamel formula

VNe'? 9, Q(ZY) = GAZY ) #(Ers ® In) VP70 B(Z)Y)
1
iy / A(ZN)ANPEY) (N V(B ® D) *VPED BZNY da (17)
+ A(ZN)EWPED) 9, B(ZN)#(Er s @ Tnr) -

Consequently, expanding in S?(A, B) the product by XV in terms of its entries, we have

S}(A, B) =e'E [ty @ mar (AP B)(ZY) XY @ In)]
= N2 N B ol my @7 (B I (AT B)(Z)))]

1<s,r<N
1
5 T Efvem(eon o, aw@)
1<s,r<N
1 iy P
~Ely X mom(B ol 04#(E. o ) 7 B)

1
1 : .
+ iy/ E N Z ™~ Q T (Es,r X IM A@l(l_a)yp 61‘P#(ET,S ® IM) €1ayPB) do
0 1<s,r<N

) .
+E N Z ™ ® Tag (ES,T ® Iy Ae" 0, B#(E,. ® IM)) 18)

1<s,r<N

where A, B, P are evaluated at Z}. To deal with S} (A, B), since a priori we defined free integration by
parts only for polynomials, we expand the exponential as a power series,

i @1
TN @ Tm (A(ZtN) eWP(ZY) B(ZtN) z; @ Ing )

(1—et)1/2

— Z% ™ ®@ Tm <A(ZtN) (yP(Z)" B(Z")

x; @ Ipg
i 1 '
k>0

— e t)1/2

We define (7y @ Ins) @ (v @ Inr) : (Ay @ Mps(C))®2 — My (C) the linear application which is defined
on simple tensor by (7n ® Inr) @ (78 @ Inf)(A® B) = (v @ Ing)(A) x (T @ Ipg)(B). Hence, thanks to
Proposition 2.6, with the convention that A x (B® C) x D = (AB) ® (CD), we have
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™~ ® Tm (A(ZtN) (in(ZL{V))k B(ZtN) x; ® Ipg )

=t (v @ 1) @ (v @ In) (B:A(ZY) (yP(Z))* B(2})))

+ iy (mv ® Iv) Qv @ D) (A(ZY) ()1 > P(ZY)oP(2)) P(zM)! B(Zf)))
1<I<k

+ 7 (v @ D) @ (e © L) (A(ZY) (yP(Z)* 0B(2))))).

Now we can use the fact that

1 Lo d=1(] — q)k—1
1_ / o (-,
k! o (I —DYk-=1D)

to deduce that

c pq K
rur ( (e © 1) @ © ) (A(ZY) 3 W0 S™ Pz 0,P(20) PUZY VB2

k>1 =1

(iyaP(Z]))"

1 k
:/O ZZTM<(TN®IJW)®(TN®IM)<A(ZtN) W oiP(ZN)

k>11=1
i —a NY\k—I1
(iy(1 (k>P§)z!t ) B(ng)» o

1
- / v (v @ 1) @) @ L) (A(ZY) 0=PED gp(zY) v P ED) B(Z)Y))) da
0

And thus, after summation, we obtain

St(A,B) = i ((TN ® In) ®(TN ® Inr) (&-A einB>>
+ iy /01 ™ ((TN ® Ing) ®(7’N ® 1) (Aei(lfa)yp 0; P eiayPB))da
+ e (v @ In) Qv @ Tng) (A €7 0,B) ) .

Therefore, after making the difference (15) to compute Si(A, B), we conclude that the difference we wish
to estimate in (13) is a linear combination of terms, whose coefficients only depend on P, of the form
(11) and (12).

O

We need to study the quantity Sﬁ,f

small. Let (g;)1<i<n be the canonical basis of CV so that E, s = g,g%. We observe that S]‘i‘,g (A,B,C,D)
vanishes since

(A,B,C, D). Let us first explain why one can expect it to be

15



1
N Z TN®TM(ES,T®IM So Ers @ In Vo)

1<s,r<N

1
= N2 Z TM(Q:@’IM S0 9r @ Inr g5 @ Ing Vo gs®IM)

1<s,r<N

- TM((TN ® Inr)(So) (T ® IM)(VO)) '

Let us now estimate S]‘i‘,’ﬁ (A,B,C, D). We first notice that if X,Y € Ay are free from My (C) then

,00
(with constants being identified with constants times identity):

o Ifr#s: 7y (ET,S(X — (X)) Es (Y — T(Y))) =0.

o 1= st (B = &) (X = (X)) (Brr = £) (V = 7w (¥))) = 0.

Consequently, since 7n (Ey sEs ) = 1/N for all r, s, we get:

TN(Y).

o Ifr #£s: 7y (ErngE‘s,rY)
)

NN (X)
e Ifr=s:7n (ET,SXES’TY %TN(X)TN(Y) + ﬁ (TN(XY) - TN(X)TN(Y)>'

Hence
1

v 3 (B XELY) = (X)) 4 5 (rn (XV) e (X)a(7)):
1<s,r<N

This implies that NQSJO\‘,’EO(A, B,C, D) is bounded by a constant independent of N or y since

1
N Z ™ & T (Es,r & IM Soo Er,s & IM Voo)

1<s,r<N

- TM((TN ® In)(Seo) (T & IM)(VOO)> T % (TN ® 701 (Soo Vo) — 7o (T @ Ing(Soo) i ® IM(VOO))> .

With this in mind, we now study what happens at time t. More precisely we show:

Lemma 3.4. There is a polynomial L which only depends on A,B,C,D and P such that for any
a,8€0,1], NeN,te Rt and y € R,

(1+y*)M?
L2

This lemma is a direct consequence of Lemmas 3.6 and 3.7. We first show that the family (X ®
Ing, o @ Ing, ZNM) is actually the asymptotic distribution (in the sense of Definition 2.1) as k goes to
infinity of the family (XV ® I, R*N @ In, ZVM ® I;,) where RFN are independent GUE random
matrices of size kN. The advantage of this representation is that it allows us to use classical analysis,
and to treat the GUE variables and the semi-circle variables in a more symmetric way. A direct proof
using semi-circular variables should however be possible.

S8 (A, B,C, D)‘ <

Proposition 3.5. If R*N are independent GUE random matrices of size kN, independent of XV, we
set

vk = ((e2xV @ lo+ (=)' 2RY ) @ Iy 2" @ 1, 2V 0 1)

Then if ¢ = AePYP B, we have that Py~ -almost surely for any t,
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(v @ Ing) (a(Z])) = kli_{TOlOER [(Ten ® In) (@(UF))]
where Eg is the expectation with respect to R*N . Here M, N are kept fized.

Proof. This proposition is mostly a corollary of Theorem 5.4.5 of [2]. Indeed this theorem states that if
R*N are GUE matrices and D*N are deterministic matrices such that

11
1
Sup max sup < Tr(|DfN|l)) <00,
leN i ken \ IV

and if D*V converges in distribution towards a family of non-commutative random variables d, then
the family (R*Y, D*V) in the non-commutative probability space (Myx(C),*, E[z% Tr]) converges in
distribution towards the family (z,d) where x is a system of free semicircular variables free from d. In
our situation we can write for every 1,

NM __ 2 : M
Zi - ET,S ® Ar,s,i :
1<r,s<N

Thus, if EN = (Ers)i<rs<n, we fix DEN = (XN @ I, EN ® I,), and we can apply Theorem 5.4.5 from
[2] to get that for any non-commutative polynomial P,

lim Eg [ron (P(RFN, DM )] = 75 (P(z, DF1)) .
k—o0
Consequently, for any non-commutative polynomial P, we also have
lim Eg [TM ® Ing(P(R*N, DR AM AM*))} =75 ® Int (P(x, XN EN AM, AM*)) .
—00
Hence, for any P € Agq,
Jim Ep [Ty @ I (P(UF))] = v @ Ing (P(ZY)) (19)
Thanks to Property 2.11, we know that there exist « > 0 and D < oo such that for all u > D, for N
large enough,
P(|RyY] > u) <emem B (20)
Since if ¢pr(P) is the coefficient of P associated with the monomial M, one has

[PWH < > len(P)| MUY |

M monomials

there exist constants L and C' which do depend on HZ jN M H and HXZN H such that for IV large enough

P(||P(Uf)]| = C) < e PFN . (21)

Knowing this, let f. € C[X] be a polynomial which is e-close from x + ¢!#¥% on the interval [~1—C, C+1].
Since one can always assume that C' > HP(ZtN) , we have, with ¢ = AelvP B :

I(rn @ Ine) (a(Z1)) = (v @ In) ((Af(P)B)(ZY)) || < De

where D is some constant which can depend on the dimensions N, M but not on k.
Thus

I © Ian) (@(Z)) — B [(miw @ Do) (@(U))] 1| < De + DEg [|[(a = AL-(PYBYUD| L peopy 2]
+ (v ® [M)((Afs(P)B)(ZtN>) —Er [(kn © IM)((AfE(P)B)(Utk))] [

The last term goes to zero as k goes to infinity by (19). Besides
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Er [H(q — Af(P)B)(U)]| 1||P(Utk‘)||20+1]
< B [(ABI [BGH] + [Ar BB RPEh] > 0+ 1

The first term is bounded independently of k thanks to (20) and the second converges exponentially fast
towards 0 thanks to (21). Consequently

limsup [[(7v @ Inr) (a(Z])) = Er [(men @ In) (a(UF))] || < De

k—o0

Hence the conclusion follows since the left hand side does not depend on €.

O
Recall that by definition
syl (A, B,C, D) = E[AS” (A, B,C, D)] (22)
with, following the notations of Definition 3.2 :
N 1
A]\/:fz(A’B’C7D):N Z TN®TM<Es,r®IMXStXET,3®IMXW)
1<s,r<N
= (@ In)(S1) (7w @ Tan) (V) )
By Proposition 3.5, we deduce that
A% (A,B,C.D) = lim AT, (A, B,C, D) (23)
where Azﬁ,’t (A, B,C, D) equals
1 . .
Er [N > mn@TM (Es,r ®@ Iy @ Iny (AP B)(UF) B @ It @ Iy (Ce'ayPD)(Utk))}
1<s,r<N
—7m (Eg [min @ Ing (AePYPB)(UF)| Eg [riy ® In(CeYP D) (UF))] ) (24)

We can now prove the following intermediary lemma in view of deriving Lemma 3.4.
Lemma 3.6. Define UF as in Proposition 3.5, and let

o Pio=IN®FE2® I,

o Q= (AT B)(Uf),

o T = (CvPD)(U}).

Then there is a constant C and a polynomial L which only depend on A, B,C,D and P such that for
any o, 3 €10,1], M,N € N, t e RT and y € R,

2 2
QLML 1z ) (25)

+ k3 |7 (Br [(Ten @ Ing)(QP12) Er [(Ten @ In)(TP12)))] -

AZR (A, B,C, D) | <

Proof. We denote in short AZ (4, B,C, D) = Axvoar = ErlAL y ] = A2y with

1
Azlc,N,M = — Z TN @Iy (Esp @I, @ Ing Q Er s @I, @ Ipg T)
1<s,r<N
Ai,N,M = TM(]ER[TkN®IMQ}ER[T]€N®IM(T))]) (26)

18



Let (gs)ien,n) and (fi)icq1,x) be the canonical basis of CN and C*, E; ; is the matrix whose only non-zero
coefficient is (4, j) and this coefficient has value 1, the size of the matrix E; ; will depend on the context.
We use the fact that E, = g,g5 and I}, = ), E;; with E;; = f/" fi to deduce that

1
A}C,N,M =~ Z Z TN @Iy (Bsr @B @I QEr s @ Epp @Iy T)

1<s,r<N 1<l,l'<k

1 * * * *
Nk Z 9r D f @Iy Q gr @ frr @Iy Z R InT g @ fi®In

1<U/<k1<r<N 1<s<N

1
=2 2 welnUneff©lyQIve frely) (velu)(In®fi @l T Ix® fi®I)
1<L,lI'<Ek

=k Z (Teny © Ing)(Q In @ By @ Ing) (mion @ Ing) (T In @ Erp @ Ing). (27)
1<LU<k

The last line of the above equation prompts us to set Py ; = IN®@ Ey @Iy If (ei)ie[l,M] is the canonical

basis of CM, we set

1—et
Nk

Fpuo BN =€t (v @ IM)((I((G_t/zXN @ I + ( ) PRN) @ Iy, ZNM, ZNMTY Pl’ﬁl) €y

with ¢ = Q = AP B or ¢ = T = Cel*¥F’ D. We thus have with (27)

Er [Agnu] = K Z ™™ (Er [(Ten @ Ing) (Q Pry) (mionw @ Ing) (T Pry)]) (28)
1<1,V<k
= Y Covn (G (B, F ()
N M R LU u,v y U Lu,v
1<1,1' <k
1<u,v<M
S s (B [ © 1) (Q Pet)] Er (e © 1n) (T o)) -
1<L,l<k

However, the law of UF is invariant under conjugation by Iy @U@ I, where U € My (C) is a permutation
matrix. Therefore, if | = I, Er[mun(Q Pry)] = Eg[ren(Q Pi1)], and if 1 # U/, Er[men(Q Pry)] =
Eg[men (@ Pi2)]. We get the same equation when replacing ) by T. Consequently, we get

k Z Er [(TkN @ In)(Q Pl’,l)]ER [(TkN @ In)(T Pl,l’)}
1<l <k
= k? Eg[(ten ® In)(QP11)] ER[(Tin ® Ing)(TP11)]
+(k — 1)E* Er[(ten @ Ing)(QP12)] Erl(Tin @ Ing)(TPy2)] -

where the first term in the right hand side equals A%)MM = Eg[(meny @ Im)(Q)] Eg[(Ten ® In)(T)]
because Ips = >, P;. Thus equation (28) yields

k
Mol < = 30 [Cov (B (V) FE L (BEY))| (29)

1<1,l'<k
1<u,v<M

+ ‘kgTM (ER[(Tk:N ® In)(QP12)] Erl(men ® IM)(TP1,2)]> ‘ .

Hence, we only need to bound the first term to complete the proof of the lemma. Thanks to Cauchy-

Schwartz’s inequality, it is enough to bound the covariance of F}, (RFN), for ¢ = Q and T. To
study these variances, we shall use the Poincaré inequality, see Proposition 2.9. If we set z% _ and y}l’s

T8

the real and imaginary part of v2kN(RI'V), , for r < s and 2%, = VEN(RFY),,, then these are real
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centered Gaussian random variables of variance 1 and one can view F}!, as a function on (xi’s)rq’i
, <

, U,V

and (y}. .)r<s,i- By a computation similar to (17), we find

kN
1—e-t

q
vﬂ,l’,u,v

2 *
, = Z Z er (TkN®IM)(8iq#Er,s®IM Plf,l)%@i (TkN®IM)<3iCI#Er,s®IM Pl’,l) €y
i 1<r,s<kN

It is worth noting that here the matrices E,. s have size kN in this formula. Thanks to Poincaré inequality
(see Proposition 2.9), we deduce

2

)

1 * *
i Z er (Teny @ In) (@‘Q#Er,s ® Iy Pzgz)%% (30)
1<u,v<M

k k
17 Z Varg(Fy , ,(Rin)) < Vi Z E [HVFz(fl',u,v
M

1<u,v<M 1<u,v<

<Y X Ex

i 1<r,s<kN

% (7 @ Tng) (00 Ers @ Int Pry) eu]

<o Y Bl (e © 1) (00#Brs @ I P ) (i ® ) (Oua#t o © Tt Pt )]
i 1<r,s<kN

Moreover we have, if ¢; is an orthornormal basis of C¥,

Z ™ ((TkN ® Inm) (3iQ#E7-,s ® Ing Pl',l) (Thn ® IM)(@‘Q#ET,S ® In Pl/,l) )
1<LU<k

1
= ﬁ Z T™ (67 ® Iy (TN ® Iy ®IM)(aiq#E7-,s ® Ing ) 61/6; ® Ing (31)
1<LU<k

(v @ I, ® IM)(aiQ#Er,s ® IM) e @ Iy )

= %Tk ® T <(TN ® I ® IM)(@‘C]#ET,S ® I ) (v @I ® IM)(aiq#ET,S ® IM)*) )

Hence by combining equations (30) and (31) we have proved that

f% 3 \%IR(Ff“vﬂ(RkN))

1<,l'<k
1<u,v<M

< ﬁ > > Er |:T]g ® Tm <(TN ® I’“M)(aiq#E"s © In ) (v ® IkM)(ﬁiq#ET’s ¢ IM>*)} &

i 1<r,s<kN

Moreover, let us remind that, with the convention A x (B ® C) x D = (AB) ® (CD), we have (for
q = Q = AePYP B but with obvious changes for ¢ = T')
1
9iq = 0;A éPY" B +iByA / GA—WBYP 9 p JuBYP By 4 A (PP 9B |
0

Consequently, (32) is a finite linear combination of terms of the three following types Q% = Eg[qy],
1 <i<3, with

1 .
an = N Z T @ TM((TN ® IkAI)<A1E7",s @ Iy AgePP A3)
1<r,s<kN

(Tn ® IkM)(BSEs,r @ Ipy Boe PVF B1>> ,
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1
0y = %/ Z T @ T ((TN ® Iar) (A1€‘(17")ﬁyp AsE, @ Iy AzetPvr A4>
0

1<r,s<kN

(5 @ Tpnr) (33 By, ® Iyg Boe P9 Bl)> du |

2 1 1
ax = (ii}\? / / Z Th®TM ((TN ® IkM)(Aw‘(l*")ﬁyP AsE, s ® Iy AzetPvP A4> (33)
0 JO 1<p s<kN

(Tn ® IkM)<B4€7iU5yP B3E,, @ Iy Bye {1-0)8P B1)>du dv,

where the A; and B; are monomials in Ut’“. Besides the coefficients of this linear combination only depend
on A, B and P.

We first show how to estimate ¢3. Let us recall that we set (e;)1<i<n, (fi)1<i<k and (gi)1<i<m as the
canonical basis of CM, C* and CV. Then, for any matrices A, B,C, D € My (C) ® My(C) @ M;(C), we
have

S Tow (TrN @I (A By ® I B) x Try L (C Eor® Iy D)) (34)
1<r,s<kN

= > > Y gofioe Ag, @f, Qe xgl @f5L €} Bga® fa®e,

1<a,b,r1,51<N 1<c,d,r2,52<k 1<e,f,g,h<M

X gy @ fi®e; Cgs, @fs,@en x gy, @ fr, @€, D gy @ fe®ee

= D GOLec ANl (eser) D In @ (fef]) © (ce)) C Iy @ Ik @ (ene}) B ga ® fa© e
1<a<N
1<c,d<k
1<e,f,g,h <M

= Y Ty (IN ® Trpnr (A Tin ® ewe’ D) Iy @ Trpnr(C Iiy © egel, B)) .

1<u,v<M

Let K be a GUE matrix of size M, independent of everything else. Performing a Gaussian integration
by part, we get

S

Z Try (IN(X)TrkM(A IkN@Guez D) IN®TrkM(C' IkN®eUeZ B)) (35)
1<u,v<M

:]EK

Try (IN ® Trpas (A Inny ® Ky D) In @ Trin (C Iy ® Ky B))

Consequently by combining equations (34) and (35), we have

d=(5) [ [ e

TN ((IN ® TkM) (Alei(lfu),@yPAQ Iy @ Ky BQefi(lf'u)ByPBl)

X (IN ® TkM)(B467ivﬂyPB3 Iy @ Ky AgeiuByPA4)> du dv .

Since P is self-adjoint, we know that for any real r, ||e! ™7 W)

= 1. Besides ||[Iny @ mem(A)|| < || 4]

thus we can bound ¢3; in (33) by
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2
yM 2
g < (N ) A1 A2 Ao 11 Aa | B Bl 1Bsll 11 Bal Exc [I15a?] (36)

Finally, by [13], Ex [HKMHQ} is bounded by 3. One can bound similarly ¢k and ¢%;, the only difference

on the final result is that we would have 1 or y instead of y2. Finally after taking the expectation with
respect to R*V in equation (36) and using Proposition 2.11, we deduce that there exists S which only
depends on A, B and P, hence is independent of N, M,y,t, « or (B, such that the covariance in (32) is
bounded by

2 2
B S Ve (B () < M g v 29

N2
1<L,l'<k
1<u,v<M

Thus, we deduce that there exists a polynomial H which only depends on A, B, C, D and P such that
the first term in the right hand side of (29) is bounded by

k 1+ y?)M?

M E : ‘COVR (Flci’,u,v(RkN%F‘lrl’ﬂ,l,u,v(RkN))’ S %H (HXN ! ZNMH) : (37)
1<l,lI'<k
1<u,v<M

This completes the proof of the Lemma in the general case. For the specific case where ZV¥M = (Iy ®
M .. Iy ®YqM ) and that these matrices commute, we can get better estimate in equation (36) thanks

to a refinement of equation (35). Indeed if A, B, C, D are monomials in UF, then we can write A = A; ® A,
in My n(C) @ M (C) and likewise for B, C, D such that As, Ba, Cy, Dy commute. Thus,

1
_ Z Try (IN ®TI‘kM(A TN ®€u€: D) In ®T1“kM(C Iin @61,6: B))
1<u,v<M
1
= MTrN (IN ®Trk(A1D1) In ®Trk(C'1B1)) Z TI‘M(AQ eue: DQ)TI‘M(CQ 6u62; Bg)

1<u,v<M

1
M Try (IN ® TI‘k(AlDl) In ® TI‘k(ClBl)) TI‘M(DQAQBQCQ)

1
= M Try (IN X Trk(AlDl) In® Trk(ClBl)) TI‘M(AQDQCQBQ)

1
= - Trnu (INM ® Trp(AD) Iy & Trk(CB)) .

By linearity and density this equality is true if we assume that A, B, C, D are power series in Uf. Thus
combining this equality with equation (34), we get that in this case

y 2
lax] < (N) AL | A2 [ [ As[ [ Aall (1B I B2l | Bl | Ball -

The same argument as in the general case applies and the proof follows.
O

In order to prove Lemma 3.4, we show in the following lemma that the term appearing in the second
line of equation (25) vanishes.

Lemma 3.7. Let U}, P12,Q and T be defined as in Lemma 3.6, then Px~-almost surely,

Jim kK rar (B [(7en @ In)(QP12)| B [(Ten ® Tn)(TP1)]) = 0.
Proof. 1t is enough to show that given y € R and monomial A and B, we have

lim k**Eg [(ron @ Tn) (A " B)(UF) Pro)] =0

k—o0
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For this purpose, let us define for monomials A, B and y > 0

fa.B(y) =Eg [(Trony ®1v)((A €Y7 B)(UF) Pro)] -

We want to show that f4 p goes to zero faster than k—1/2. We first show that we can reduce the problem
to the case y = 0. To this end, we also define

dn(y) = sup 1faB@) -
deg(A)+deg(B)<n
We know thanks to Proposition 2.11 that there exist constants o and C' such that for any ¢ and n <
akN/2,
B[R] <o

Consequently, Pxn~-almost surely, there exist constants v and D (which do depend on, N, HX N H and
||ZNMH) such that for any n < ~vk,
dn(y) <D™ . (38)

It is important to point out that this constant D can be very large when N is, it does not matter since,
in the end, we will show that this quantity will go towards 0 when k£ goes to infinity and the other
parameters such as N, M or y are fixed. Next, we define

gra(y) = Y dn(y)a" .

0<n<~k
But we have i ()
%yy = iEg [(Tran ®1n) (A Pel? B)(UF) Pry)]
so that if we set ¢, (P) to be the coefficient associated to the monomial L in P, P =" ¢ (P)L,
dfa,B(y)

‘dy' < Y 1en(P)] dacg(a)+deg(B)+des(z) (V) -

L monomials

Thus, for any y > 0, any monomials A, B with deg(A) + deg(B) = n,

fa,B(y) < fa,B(0) + Z e (P)] /Oy dntdeg(r) () du .

L monomials

Therefore, we have for y > 0 and any n > 0,

Yy
a"d,(y) < a"d,(0) + Z len(P)|a™ deg(L) / 4 dos(1) (u)anereg(L)du .
0

L monomials

And with ||.|[,-: defined as in (7), thanks to (38), we find a finite constant ¢, independent of k such that

y
01.0(0) < 910 0) + (@D + [Pl r [ gralu)d
0
where we used (38). As a consequence of Gronwall’s inequality, we deduce that for y > 0,

Ir.a(¥) < (9r,a(0) + ca(aD)?*) eI Pl (39)

Hence, it is enough to find an estimate on gj ,(0). First for any j, one can write Z]NM = 1<uw<n Bup®
Iy ® A}, for some matrices AJ ,, then we define

U,V

Unyi = (RkN,XN @ Iy, (Byo ® Ik)u,v) , Cp = sup |Er [Tren (L(Un k) Pi2)]| -

deg(L)<n, L monomial
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Note that since we are taking the trace of L(Un ) P12 with P1 o = In ® f1f5 ® Ing, we have ¢ = ¢; = 0.
We consider K the supremum over u,v,j of HA{M |, we also assume without loss of generality that
K > 1. Thus, since

ZN]\/I Z Euv ®Ik ®Auv , ng — eft/2XN ®Ik + (1 _eft)l/QRkN ,
1<u,v<N
if L is a monomial in Uf = (XN ® Ins, ZVNM @ Iy, ZNM" @ I,) of degree n, then we can view L(UF) as a
sum of at most 2" N> monomials in e~*/2XN @ I, (1 —e t)Y/2RFN Eu®1y (X)A{w7 E, . ®I ®Ai,v*'
Consequently, since sup,, , ; |47, ,|| < K, we have

|ER [Trin @In (L(UF)PLo)] || < 2"N*"K"c, .

Thus, if we set
fpla) = Z cna”
0<n<p
we have
9,a(0) < frx(2N?Ka) . (40)

Now we need to study the behaviour of fi(a) when k goes to infinity for a small enough. In order
to do so, let us consider a monomial L in Uy j. Since XN ® I, and E,» ® I, commute with P; 5, one
can assume that L = RFVS for some i (unless L is a monomial in XV ® I} and E, , ® Ij in which case
Trin (LPi2) = 0), thus thanks to Schwinger-Dyson equation (see Proposition 2.10),

]ER [TrkN(L-Pl,Z)] = LER [TrkN®TrkN(8 (S.Pl 2))] Nk Z ]ETrNk(U) TIN]C(VPLQ)}. (4].)

Nk S=UR;V

To use this Schwinger-Dyson equation as an inductive bound we shall use Poincaré inequality to bound
the covariance in the above right hand side.We hence compute for any monomial V|

1
IV Traw (VP25 = 57 D2 D Trkn (0 V#Er o Pr2) Trn (9 #Ee r Pr2)’

i s

1
= Z Z ﬂ TrkN(BPLQAC*Pl*’QD*) (42)
i V=AR;BV=CR;D

Varg(Trpn (VP 2)) < —(degV)2@%deeV,

R‘\H

Likewise, for any monomial U, we find
Varg(Trpn (U)) < (degU)?@2 48V,

Therefore, if n is the degree of L, we deduce from (42), (41) and Poincaré inequality that

1 = 1
\ERYH%NU312H|Sk§mA,§: in—2-0)0"+ Y N ErTren (U)ER[Tren (V Py 2)]
i=0 S=UR;V
n*e" degU
<mnnt > [Eg[Tren (VP 2)]| 0%V
S=UR;V

By replacing D by max{D, 0}, we can always assume that © < D. We also bound N~! by 1, thus for
n > 2,
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n—2
n3D"

—2—
Cng k3/2 +chD” i
=0

We use this estimate to bound f,(a) with g such that g3 D9 < Vk. Since ¢y = ¢4 = 0 and for any n < g,
n3D"k=3/2 < k=1 we have for aD < 1

9 2 +1 g—2 m 2
1 a*—af _ 1 a fq(a)
azgca"<f><7 aQE Ec-D"za"<f>< a4 .
fg() n=2 " Tk l-a i m=0n=0 ' K 1_a+ 1= Da

Thus, for a small enough,

(1 — Da)a?
(1-a)(1— Da-—a?)

fgla) < X % .

Besides, we want g such that ¢?D9 < vk, hence we can take ¢ the integer part of ﬁ. Since by

definition we have ¢, < ©", this also means that ¢, < D™, thus

(Da)9+! In(Da) 1
n n n E

Z n@ SZ(D“) 1" Da < kP X 1—Da "
g<n<vk n>g

Thus, if we fix a small enough, f,x(a) = O(1/k). Hence, we deduce from (40) that for a small enough
(depending on N, K but not k) there exists a finite constant C' independent ofk such that

G.a(0) < fu(2N?Ka) < %

Therefore, by plugging this inequality in (39), we obtain for a small enough and y > 0, gi.o(y) = O(1/k).
By replacing P by —P, we have for a small enough and any y € R, gx .(y) = O(1/k). This completes
the proof by teh definitions of g , and d,,.

O

We can now prove Theorem 1.1.

Proof of Theorem 1.1. 1t is based on Theorem 3.1. To use it, we would like to take the Fourier transform
of f and use Fourier inversion formula. However we did not assume that f is integrable. Thus the first
step of the proof is to show that up to a term of order e, we can assume that f has compact support.
Thanks to Proposition 2.11, there exist constants D and « such that for any N and i, for any v > 0,
P (| 2 u+ D) <emon
Thus, there exist constants C' and K, independent of M, N, P and f, such that
1 N NM NM*
[ (0 (7 (57 01022 ) Y
<E[|r (P (XY@ 00, 2%, 2 ) ) | 10y ooy

<Nl P (3 | XN > D+1)
<O flle ™.

XN

There exists a polynomial H which only depends on P such that

[P (x7 @ 1 22, 2 ) g, <H 127D -

xN||<D+1}
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We can also assume that HP(:U@IM,ZNM,ZNM*) < H (HZNMH) We take g a C°°-function which

takes value 1 on [—H (HZNMH) ,H (HZNMH)], Oon [-H (HZNMH) -1,H (HZNMH) + 1]¢ and belongs
to [0, 1] elsewhere. From the bound above, we deduce

‘]E Lwlzv Te (f (P (XN @ Ly, 2, 2V47)) )} —r(f (P (v I, ZVM, 207 ) )‘

E [1N T (f (P (XY @ L, 2V, 287 ) )1{Vi,||XiN||SD+1}:|

+ O fllge™™ (43)

™ (
— T(f (P (x ® Ing, ZNM, ZNM*)) )
™ (

<
<

E [1N T ((f9) (P (XN ® IM,ZNM,ZNM*)) )}

- T((fg) (P (x ® I, ZNM, ZNM*)) ) +20 | ]l e KN

Since fg has compact support and can be dlfferentiated six times, we can take its Fourier transform and
then invert it so that with the convention h = 5= fR )e~®¥dz, we have

Ve eR, (fg)(x)= /Reiwyf;(y) d

Besides, since if h has compact support bounded by K then Hiz” < 2K ||h|| o, we have

[ul+6) [Fatw] av < '“'yl'i*yy“y Fatw)| dy
PO+ |F9®w)| + | TP W) + | (F)® )|
1492 %

1
NM
<212+ Ifales | oz o

<CH(([2™]) +1) 1 flles -

for some absolute constant C'. Hence fg satisfies the hypothesis of Theorem 3.1 with u(dy) = E(y)dy
Therefore, combining with equation (43), we conclude that

‘]E Lwlzv Te (f (P (XN @ Ly, 2, 2V47)) )} —r(f (P (v I, ZVM, 207 ) )‘

2 —
< Iloe™ + 3z Lo (121) [ (ol + 9 \fy(y)\ dy
< S (OLe (2] (7 (12 ) 4 1) + %) e

4 Consequences of the main result

In this section, we deduce Corollaries 1.3 and 1.4, as well as Theorems 1.2 and 1.5.
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4.1 Proof of Corollary 1.3

We could directly apply Theorem 1.1 to f. : # — (z — )~!, however we have [|f[ce = O ((Sz)7)
when we want an exponent 5. Since G'p(,)(2) = G p()(Z) we can assume that 3z < 0, but then

f=(z) :/0 ey (ieiiyz) dy .

Consequently, with . (dy) = ie”¥* dy, we have

e 1 24
4
d|p = ——+ — .
/0 (y+y°) dlp=|(y) RHE + 5P
Thus, by applying Theorem 3.1 with ZVM = (IN QYM, ... IN® YPM), P and f,, we have

M?
‘E I:GP(XN®I]\/17[N®YZM)(’Z)} - GP(w@IM,INQbYM)(z)‘ < 7LP (HZNMH)/ (I+y ) dlp:|(y) -

Now since HZNMH = (HYlM ey YPMH) which does not depend on N, we get the desired estimate
M? 1 24
[ [Gren (9] = Gro@)] < Fzle (1Ko 1) (5 + o)

4.2 Proof of Corollary 1.4

Let f: R — R be a Lipschitz function uniformly bounded by 1 and with Lipschitz constant at most
1. We want to bound from above the quantity

Anu(f) =

1
E {MN Tryar (f (P (XN ®@In,In ®Yur)) )} —T®TM<f (P (x® Inr, IN @ Yar)) )‘ (44)
Firstly, one can see that with the same argument as in the proof of Theorem 1.1 (in particular equation
(43)), we can assume that the support of f is bounded by a constant S = H(||Y*]|) for some polynomial
H independent of everything. However, we cannot apply directly Theorem 1.1 since f is not regular

enough. In order to deal with this issue we use the convolution with Gaussian random variable, thus let
G be a centered Gaussian random variable, we set

fe:x = E[f(z+eG)] .

Since f has Lipschitz constant 1, we have for any x € R,

Elf(z +eG)] - f(z)| <e.

Since f. is regular enough we could now apply Theorem 1.1, however we a get better result by using
Theorem 3.1. Indeed we have

fe(z) = V%—W/Rf(xﬂtey)e’yz/z dy

(z y)2

\ﬁ/f e W

/f / i(z— yue—ue 2/2 dudy

Since the support of f is bounded, we can apply Fubini’s Theorem:
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1 : .
felw) = o— / eluw/ Fly)e i dy e /2 du
2w R R
And so with the convention h(u) = & [2 h(y)e ¥dy, we have

fe(z) = /Rei“’”f(u)e_(“g)z/zdu .

Thus, if we set p.(dy) = f(y)e_(ys)z/zd% then, since [|f| <1,

/ (1 -+ yM)dlpel(y) < 28 / (14 yh)e 2 dy e |
R R

Consequently, we can apply Theorem 3.1 with f. and since | f — f.|, < €, there exists a polynomial
Rp such that the difference in (44) can be bounded by:

M2
Ana(f) <26+ Re (YY) 15
We finally choose ¢ = N~1/3 to get the desired bound

M2
N1/3 °

Anwm(f) <2Rp (HYMH)

4.3 Proof of Theorem 1.2

Firstly, we need to define properly the operator norm of tensor of C*-algebras. When writing the
proof it appears that we should work with the minimal tensor product.

Definition 4.1. Let A and B be C*-algebras with faithful representations (Ha,¢4) and (Hp, ¢5), then
if ®g is the tensor product of Hilbert spaces, A Quin B is the completion of the image of ¢4 @ Pp in
B(H 4 ®2 Hp) for the operator norm in this space. This definition is independent of the representations
that we fized.

The following two lemmas are well known facts in operator algebra. The first one is Lemma 4.1.8
from [31]:

Lemma 4.2. Let (A, 74) and (B,78) be C*-algebra with faithful traces, then T4 ® 5 extends uniquely
to a faithful trace T4 @min T8 01 A Qumin B.

We did not find a reference with an explicit proof for the following Lemma, so we give our own. In
order to learn more about this second lemma, especially how to weaken the hypothesis, we refer to [23].

Lemma 4.3. Let C be an exact C*-algebra endowed with a faithful state ¢, let YN € An be a sequence
of families of noncommutative random variables in a C*-algebra An which converges strongly towards a
family Y in a C*-algebra A endowed with a faithful state 74. Let S € C be a family of noncommutative
random variables, then the family (S ® 1,1 ®@ YY) converges strongly in distribution towards the family
(S®1,1Y).

Proof. The following sets

M= {(iEN)NEN

N € An, sup |lzn] < oo} ,
N>0

= {(en)ven € M| lim fan =0} .

are C*-algebras for the norm ||z|| = supy~g [|zn||. We also define

B=C"((Yn)nen ,I) ,
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the C*-algebra generated by Z and the family (Yn)nyen. Since 7 is a closed ideal of B, by Theorem 3.1.4
of [21], B/Z is a C*-algebra for the quotient norm. We naturally have the following exact sequence
0->Z—-B—->B/IT—0.

And by hypothesis, since C is exact, we have the following exact sequence

O—>C®m1nI—>C®m1nB_>C®mln(B/I)_>O

By definition, this means that (C ®min B)/(C @min Z) =~ C Qmin (B/I). If w7 is the quotient map from B
to B/Z, the isomorphism between these two spaces is

[ 2+ C ®min L+ ide @min 7z(7) .

Hence
J(P1® (YN)Nen, S®1) +C@min L) = P(1® (Yn)Nen + 1), S®1) . (45)

Let (H, ) be a faithful representation of C, and (Hy,¢n) a faithful representation of Ay. The direct
sum (P ey v, D yen v ) is a faithful representation of M and consequently of B too. More precisely,
it is defined by

P By = {(xN)NGN

NeN

oy € Hy, Y llonl; < oo} .

N

Consequently, by definition of the spatial tensor product, it is the completion of the algebraic tensor C® B
in the operator space B (H ®s (©®nHy)) endowed with the operator norm. The notation ®9 means that
we completed the algeraic tensor H ® (& Hy) to make it a Hilbert space. It is important to see that
this space is isomorphic to ®n(H ®2 Hy), indeed it means that if P is a non-commutative polynomial,
then

1P(® W)vew S©1)|cq,,5= sup [POLOYN,S®1)|lcq,,, 4, -
Consequently by using the definition of the quotient norm, we have

|[P(1® (Yn)nen: S ®1) 4 C Omin IH(C@)mB)/( = limsup ||P(1®Yyn,S®1)

N—oc0

||C®min.AN ’ (46)

CQ®minZ)
Since f is a C*-algebra isomorphism, thanks to (45), we have
[P(1® (YN)nen: S ©1) + C @min IH(C@,nt)/(ce@mmI) =[|P1® ((Yn)ven+1),5®1) HC®m;n(8/I) .
By definition of Z, if P is a non-commutative polynomial, we have
IP((YNn)Nen + Dllgyz = 1P )] 4 -

For our purposes, we can assume that A = C*(Y). Therefore the map

P((YN)NEN +I) S C<(YN)NEN +I> — P(Y) S (C<Y>

is well-defined and is an isometry. Thus since C((Yn)nen + Z) is dense in B/Z and C(Y') is dense in A,
this isometry extends into an isomorphism between B/Z and A. Consequently

|P1® (Yn)nen +I),5®1)
Thus, combined with (46), we have

 =PleY,se

||C®mm(5/z 1) H0®minA ’

limsup HP(l YN, S® 1)

N—oc0

=[|[P(1eY,S®1) (47)

||C®mi,,AN Hc®mmA ’

Finally let f be a function which takes value 0 on (oo, [[P(1®Y,S® 1)[|q . 4 — €] and positive value
on ([PA®Y,8®1)|eg, . 4—& 00). Since the family (S ® 1,1 ® Y™) converges clearly in distribution
towards the family (S ® 1,1 ® Y), we have

29



Jim e @i Tay (F(P(L& YN, 8§ ©1))) = 7¢ Guin 74 (F(PA @Y, S©1))) .

Thanks to Lemma 4.2, we know that 7¢ Quin 74 is faithful, consequently
Tc ®minTA(f(P(1 ®Y7S® 1))) >0.

This means that for N large enough, 7¢ ®min TAy (f(P(l RYN,S® 1))) > 0, thus for any ¢ > 0,

lminf |PAoYy,§©1)|lcg,,, 4 2 [POAEYS@1)|cg, 4 —¢
This allows to conclude with (47) that
J\}i_rgo [P1®Yy,S®1) HC@minAN =||P(leY,S® 1)||C®min,4 :

O

In order to prove Theorem 1.2 we use well-known concentration properties of Gaussian random vari-
able coupled with an estimation of the expectation, let us begin by stating the concentration properties
(see [2] Lemma 2.3.3).

Proposition 4.4. Let G be a Lipschitz function on R™ with Lipschitz constant K for the £?- norm

Il = CivA)Y2, v = (71,...,79) independent centered Gaussian random variable of variance 1.
Then for all § > 0,

52

P(G(y) —E[G(y)] 2 0) < e 2r® .

In our situation, we have p independent GUE matrices (X %), of size N, hence we fix v the random
vector of size dN? which consists of the union of (\/]VXQZ’)ZS, (V2N RXN:H)s<ri and (V2N SXN)s<r
which are indeed centered Gaussian random variable of variance 1 as stated in Definition 2.8. We would
like to apply Proposition 4.4 to

However Gy is not Lipschitz on R4V * because of its polynomial behaviour at infinity. Hence we cannot
use directly Proposition 4.4. The following lemma is a well-known tool for this kind of situation, the
proof can be found in [14, Lemma 5.9].

G (7) = [P PXY @ Iy, 28, 2807

Lemma 4.5. Let (X,d) be a metric space and p a probability measure on (X,d) which satisfies a
concentration inequality, i.e. for all f : X — R with Lipschitz constant |f|z, for all § > 0,

u(1f = np)| = 8) < eo(z)

for some increasing function g on RT. Let B be a subset of X and |f|2 be the Lipschitz constant of f
as a function from B to R. Let 6(f) = pu( 1zepe(|f(x)| + supyep |f(w)| + | f|Zd(z, B)) ), then

gl =
/~L<|f —u(f)l = 5+5(f)) < u(B%) +e g(mLB) .
We can now prove the concentration inequality that we will use in the rest of this paper. To simplify

notations we will write M instead of My. We also set ASZNM — (ZN @ Ing, In @ YM) and Z =
(zel,1®y).
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Proposition 4.6. Let P € Agpiq, there are some polynomials Hp and Kp which only depends on P
such that for any N, M,

52
> 64 Kp (||Z2MM]]) V) <d eV 4 ¢~ FRZN

Proof. We want to use Lemma 4.5 and Proposition 4.4. The metric space we will work with is R”
endowed with the Euclidian norm, and we can take the function g to be g : # + 22/2 by Lemma 4.4.
Thus we get that for any B C R", for any G : R” — R, if v = (y1,...,7x) is a vector of independent
centered Gaussian random variables of variance 1, then for all § > 0,

52

P(G(y) — EIG(7)] 2 6+ 6(G)) < ¢ MOE? | (48)

If 0 € B as it will be the case later on, we have §(G) < E[L,¢5(|G(7)| +sup,ep |G(w)| + | f|Z [[7],)]. We
set By = {Vi, ||X1NH < D} where D was chosen thanks to 2.11 such that for any N and i,

B(lx) = D) < e (49)

Thus we have P(BS;) < d e 2. With « the vector of size dN? which consists of the union of (\/]VXﬁf)m,

(V2N RXN:#)ocri and (V2N SXN0) i, we set G () = HP*P(XN ®IM,ZNM,ZNM*)H. One can

see that on By we can find a polynomial H/ such that for any N and ZVM |

)

Gx() = G ()] < Hp (|2]) 3 %N - XF

where ||.|| is the operator norm. Besides

-

Thus, on By, G has Lipschitz constant 2¢H/, (HZNMH) N~'/2. Consequently with (48), we get that

52N

. S\ 12 2d -
| <3 e (XN = XN (Y = XN) T < Ty =l

P(Gn(y) —E[GN ()] > 6 +6(Gn)) < e >HHpUzVMIDT

Therefore, we set Hp = 2971 Hl, we also have that ||’yH§ = N, Tra((XN)?). Consequently we have
some polynomial K, such that,

8(G) SE |Lps xnfsny | 1G]+ Kp(| 2V [) +2H (|2 ) N2 37|18

(2

Hence the conclusion thanks to Proposition 2.11 and our choice of D in equation (49).
O

We can now prove Theorem 1.2. Firstly, we can assume that Z and Y™ are deterministic matrices
by Fubini’s Theorem. The convergence in distribution is a well-known theorem, we refer to [2], Theorem
5.4.5. We set g a C* function which takes value 0 on (—o0,1/2] and value 1 on [1,00), and belongs to
[0, 1] otherwise. Let us define f. : t — g(e~!(t — |PP*(z ®1,Z,Z*)||)). By Theorem 1.1, there exists a
constant C' which only depends on P, sup,, ||YM H and supy HZN || (which is finite thanks to the strong
convergence assumption on ZV ) such that,

E [Ty (fo (PP (XY @ 1, 2% 2V ) ) )| = MN7y @7 (S (PP (w0 Tag, 20, 2997 )‘

M7

<
< (Ce N
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According to Theorem A.1 from [19], (z, ZY)y>1 converges strongly in distribution towards (z, 2).
Besides thanks to Lemma 4.3 and Corollary 17.10 from [24], we have that (x®Ips, 1@Y ™M) )51 converges
strongly in distribution towards (z ® 1,1 ® y). In Theorem 1.2, we are interested in the situation where
ZNM — ZN @ Iny or Z¥NM = Iy @ YM . So, without loss of generality, we restrict ourselves to this kind
of ZNM_ We know that (z ® I, ZVM) converges strongly towards (z ® 1, Z), but since the support of
f< is disjoint from the spectrum of PP*(x ® 1,Z, Z*), thanks to Proposition 2.2, for N large enough,

TN ® Ty (fs(PP*(x ® Iy, ZNM ZNM*))) = 0 and therefore,

E [TrMN (fs (PP* (XN ® Iy, ZNM, ZNM*)) )} < a0

(50)

Hence, using Proposition 2.11, we deduce for N large enough,

E[|[PPr(xY @ L, 28, 28| || - | PP (@ @ 11, 2, 27)]

ge+/ ]P’(HPP*(XNQ@IM,ZNM,ZNM*)‘2 ||PP*(a:®IM,Z,Z*)||+a) da
€

K
<e+ / P (TrNM (fa(PP*(XN ® Ing, ZNM ZNM*))) > 1) da + Ce™N
1>

3

M
< C, 757 .
<e+C'¢ N

Finally we get that,

limsup E [HPP*(XN ®IM,ZNM,ZNM*)‘H < |PP*(x® Ing, Z, 27 .

N—oo

Besides, we know thanks to Theorem 5.4.5 of [2]| that if h is a continuous function taking positive
values on (|PP*(x®1,Z,Z*)|| — £,00) and taking value 0 elsewhere. Then = Tran(h(PP*(XYN ®
Iy, Z, Z*))) converges almost surely towards 74 @minT8(R(PP*(x®1, Z, Z*))). If this quantity is positive
for any h, then for any € > 0, for N large enough,

HPP*(XN ® Ing, ZVM | ZNM*)

|2 1PP (221, 2,27)| =

Since h is non-negative and the intersection of the support of h with the spectrum of PP*(x ® 1, Z, Z*)
is non-empty, we have that h(PP*(x ® 1,Z,Z*)) > 0 and is not 0. Besides, we know that the trace
on the space where z is defined is faithful, and so is the trace on the C*-algebra generated by a single
semicircular variable, hence by Theorem 2.3, so is 74. Thus, since both 74 and 75 are faithful, by Lemma
4.2, 80 18 TA Qmin 78 and 74 Qmin 78(AH(PP*(x ® 1, Z, Z*))) > 0. As a consequence, almost surely,

limin HP(XN ® Ing, ZVM, ZNM*)H > |P(z®1,2,2%)| . (51)
—00
Thanks to Fatou’s Lemma, we deduce

liminf E [HPP*(XN ® Ing, ZVM ZNM*)

N—o00

]2 1PP (e 1n, 2,27 -

We conclude that

lim E [HPP*(XN © Ing, ZNM | ZNM™)
N—o0

| =1PP @e . 2,27)) . (52)
Let us define the following objects,

- ’]E [HPP*(XN ® Ipg, ZNM ZNM*)

| - IPP @e 1, 2,2

K= sup Kp (||ZNMH)+HP (HZNMH) .
N,M>0
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K is finite thanks to the strong convergence of the families ZV and Y. Then thanks to Proposition
4.6, we have that for any 6 > 0,

2N

‘ —1PP*(z @ In, 2,27)| ‘ 2 5+K67N+€N> <de N 47K

]P’(‘ HP*P(XN ® Ing, ZNM | ZNM™

Since this is true for any § > 0, by Borel-Cantelli’s Lemma, almost surely,

lim ‘PP*(XN ® Ing, ZNM | ZNM)

N —oc0

= IPP@®1,2,27)| .
We finally conclude thanks to the fact that for any y in a C*-algebra, ||yy*|| = Hy||2

4.4 Proof of Theorem 1.5

We first prove the following estimate that we use multiple times during the proofs.

Lemma 4.7. Let g be a C* function which takes value 0 on (—o0,1/2] and value 1 on [1,00), and in
[0,1] otherwise. We set f- :t — g(e7'(t — ) with o = ||PP*(x ® In;, 1@ YM)||, then there exists a
constant C' such that for any e >0 and N,

—4

1 x (v N M €
E[WTYNM(]CE(PP (XY @Iy, IN®Y )))]SCN2

Proof. To estimate the above expectation we use the same method as in the proof of Theorem 1.2 with
a few refinements to have an optimal estimate with respect to . We set f= : t +— g(e 71 (t — ))g(e "t (k —
t)+ 1) with o = ||PP*(x ® Ins,1 @ Yar)|| and £ > a. Since g has compact support and is sufficiently
smooth we can apply Theorem 3.1. Setting h : t — g(t — e~ 'a)g(e ‘k+ 1 —t) = fr(et), we have

2r [ 75 dy= [ 4"
= /y4 /h(t)e*iyst 5dt‘ dy
:574/1/4 /h(t)efiyt dt‘ dy

<ot [ o [0+ O]

/ g(e 1t — a))g(e (s — 1) + 1)e ™ dt| dy

The derivatives h(®) and h() are uniformly bounded independently of ¢ or €. Since the support of these
functions is included in [e7ta, et + 1] U [e 71k, e 1k + 1], there is a universal constant C' such that for
any € and &,

/ Y5 ()] dy < Cet |

With similar computations we can find a constant C' such that for any ¢ and &,

/(Iyl +yfE(y) dy < Ce™t . (53)

Since the support of f* is disjoint from the spectrum of PP*(z ® I, 1@ Y™M), for any € and N one have
T®TM (f;(PP* (2@ In,1® YM))> = 0. Consequently thanks to Theorem 3.1, we have a constant C'
such that for any NV, € and &,

1 K * N M 674

Then by the monotone convergence Theorem, we deduce
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E[Tevu (£(PPHXY @ Ly, In @ Y™)))| = Tim E [Trwas (F2(PP(XN @ I, Iy 0 VM)

Hence we have a constant C' such that for any N and € > 0,

—4

1 «(yN M <

O

We finally complete the proof of Theorem 1.5. One can view XV = (X{V,..., X)) as the random
vector of size dN? which consists of the union of (VNX2;"); ,, (V2N RXN:),cri and (V2N SXN)ocrs
which are indeed centered Gaussian random variable of variance 1 as stated in Definition 2.8. Thus we
can apply the Poincaré inequality (see Proposition 2.9) to the function

1
2 XN mTrMN (fs(PP*(XN(g)IMvIN@YN[))) )

and we get

Var (o(X™)) < E[[|Ve(X™)]3]

1
(MN)?
Besides, as in the proof of Lemma 3.6, if Q € Ay pyq,

N HVTI'MN (Q(XN @ In, In ®YM))H§ = ZZTrMN (DSQ E; ; ®IM) Trarn (DSQ E;; ®IM>* .

s 4,]

Besides, if f is a polynomial with a single variable, then D;fy(PP*) = BS(PP*)%&f,’C(PP*). Thus,
taking fi, such that f;, converges towards f. for the sup norm on the spectrum of PP*(XN® Iy, IN@Y M),
we deduce that

Var (p(XV)) < ﬁ S E [TrMN (aS(PP*)%e FA(PP*) B, ® IM) Tra (8S(PP*)%£ FU(PP*) By ® IM)*} .

552,

Now with A = 9,(PP*)#f!(PP*),

ZTI'MN (A E,;® IM) Trarn (A E;;® IM) = Z g; ®epAgi ®eg g; ®efATg; @ fi

,J i,7,k,1

:Zg; (IN®€ZAIN®€I¢ IN®€?< A* IN®€I) g;
7.k,

=Try (IN ® TI"M(A) In® TTM(A*))
— Trw (Iy @ Trar(A) (Iy @ Trar(A))*) .

So by contractivity of the conditional expectation over My (C) ® Iy, that is Iy ® ﬁ Trys, we have

ZTFMN (A E,;® IM) Trywn (A E;;® IM)* < Tryn(AA™) M .

%]

As a consequence, we find that

Var (o(X) < gy B [T (9(PPORLPP) (0. PPIRIPE))]
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Besides, if U,V and W are monomials,

(Trear (USLPPV FPPYW)] < \/Tean (UF2(PPH)U*) Teagn (V FL(PPHWW* fL(PP)V)
< Tean (S2(PP) (U] V] W] -

Therefore there is a constant C' depending only on P and sup;, HY;M || such that

MN

S

Var (p(X™) < o [H (1N 27 +1) i Towar (IF4PPH(XY @ Do, I @YM»f)] .

Thanks to Proposition 2.11, we can find w and « such that for any s and u > 0,

B (2] 2w ) < e
There is a constant C' independent of N and e such that

Var (p(X7)) < % (]E {MlN Trya ((F)*(PPH(XN @ Ing, Iy @ YM)))} + 5_26_N> . (54)

We can now apply Theorem 3.1 to the right hand side of the above equation, noticing that (53) still
holds if we replace f* by (ef.)2. As a consequence, we find an inequality similar the one of Lemma 4.7
and thus a constant C' such that for any N or ¢,

1 -6

Therefore, thanks to Lemma 4.7 there exists a constant C such that for any N € N and ¢ such that
4 M
e*>C

N

P(|PP* (XN & Iy, Iy @ YM)|| = [P0 T, 10 Y M) +¢)

1 ) 1
<P <Z\4N Trnwm (f-(PPY (XN @ Ing, In @ YM))) > ]\4N>
<P (|- Tewn (£ (PP) —E | — Tewwr (fo(PP))| | > 2 — - C
=5\ M le MN —NM e = MN ~ N2
—6 -2
€ 9 _N 1 B C
SC(N4+E ¢ )(MN N254> |

1/4

Let us now set s = ¢cN~/* with ¢ a constant such that for any NV,

1 c S 1
MN N2gt = 2MN °

Therefore, if 1 = max(z,0), we have for some constant C,

E|(|PP*(X™ @ L, Iy @ YM)|| - [|PP*(@ @ Ly, 1@ Y
:/ P(|PP* (XN @ Ing, In @ YM)|| > ||PP (2 @ I, 1@ YM)|| + €) de
R+
© _—6
§s+4CM2N2/ E3\]—4—1—572671\%5§5—|—4CM2N2($*5N*4—1—571671\7)
<CNYE. s

On one side, we have
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(PP (XY & LIy © Y| - B PP @ T Iy 0 Y] 2 54 K (YY]) )
> (PP (XY & L, Iy 0 V)| - [PP 2@ L1 0 ¥ )|
>0+ Kp([YY e +E [(| PP (XN @ Iy, In 0 Y| - [|PP* (2 @ L, 1@ Y M), ] )

§+CN-1/4 )
(z@ Iy, 10YM)| )~

>P (H]P(XN ® I, IN@YM)|| = ||P(e® I, 10 YM)||| > B

On the other side, thanks to Proposition 4.6, we have

B (PP (X & Do, Iy 8 V)] B[PP8 © D, Y]] 2.4 K (7 4]) )
< & TN | gemaN

Hence we can find constants K and C such that for any N € N and é > 0,

P([|PXY @ I, Iy @ YM)|| = [|Pe @ T, 1@ YM)|| 2 04 ONTVA) < e KON 4 gem2
And we get (4) by replacing § by N~/45.

The other inequality is trickier because we need to study the spectral measure of PP* (@1, 19Y M),
which is far from easy. We mainly rely on the Theorem 1.1 from [26]. We summarize the part of this
theorem which is interesting for us in the proposition below.

Proposition 4.8. Let x = (x1,...,x4) be a system of free semicircular variable, p; ; € C(X1,...,Xa)
be such that S = (p;;(x)):; is self-adjoint with spectral measure p with support K. Then there exists a
finite subset A C R such that if I is a connected component of R\ A, then either p; =0, or I C K. In
the second situation there exists an analytic function g defined for some 6 > 0 on

W:={z€C| 82| <} \ U {a—it| t e R"}
acA

such that for each a € A, there exist N € N and € > 0 such that (z — a)Ng(2) admits an expansion on
WnN{z€eC||z—al <e} as a convergent powerseries in rn(z — a) where rn(z) is the analytic N*"-root
of z defined with branch C\ {—it| t € RT}. Then g1 is the probability density function of pyr.

What this means for us is that at the edge of the spectrum of PP*(x ® Ipr,1 ® YM), either we
have an atom or the density of the spectral measure decays like ﬁ with 7 € Q when approaching a.

Consequently we can find 8 > 0 such that if p is the spectral measure of PP*(z ® Ips, 1 ® YM) then for
€ > 0 small enough,

p([IPP (@@ I 1@ YM)| =2 00]) 2 &7 .

Consequently if once again ¢ is a C* function which takes value 0 on (—o0,0], 1 on [1/2, 00), and belongs
to (0,1] otherwise. We then take f. : t + g(e 7' (t — || PP*(z ® Ins, 1 @ YM)| +¢)) for some & > 0. Then

P(|PP (XN @ Iy, In @ YM)|| < ||PP*(z @ Iy, 1@ YM)|| — )

=P (1 Tryu (f-(PPY(XN @ Iy, In @ YM))) = 0)

MN
< P (| Tovar (oPPY) = B | s Tovas (PP | > 75 o (PP )

< Var (ﬁ TI"NM (fE(PP*) ) .
T E 3y Trvar (f-(PP))]?
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Thanks to (54), we have

Var (MIN Try (fa(PP*))) < 3z (IE [MlN Tenar (( f;)Q(PP*))} + e_Qe_N)

C 9 c _
Sﬁ(”fé” +e 2)§ﬁ5 2,

On the contrary, with the same kind of computations which let us get Lemma 4.7, we can find constants
C and K such that

1 —4
E | 7 Trwar (F(PP7) ZT®TM(f€<PP*))—ciTQ
—4 —4
> p([”PP*(x@IM,l ®YM)H —g/2,00]) — C’iv—Z > K min(1,¢)” — Ci\f—Q .

Therefore we find finite constants C' and K such that

P(|PP* (XN @ Iy, In @ YM)|| < [|[PP*(z @ I, 1@ YM)|| — ) <

K , =4\ 2
N2z (mln(l,s)ﬁ — 01\72> .

Now we fix r = ¢N~Y/G+8) with ¢ constant such that for any N,

C min(1,7)?

min(1,7)? — N2a 2 5

Then, we have

E[(|PP (e 1o YY) - [PPHXY @ L, Ty e Y
= / P (|PP* (XN @ Ing, In @ YM)|| < ||PP*(z @ Ing, 1@ YM)|| — €) de
R+
<r+4KN72 /00 e 2min(1,€)"?Pde <r +4KN"2(r~1728 1 1)
< ON—1/G+B) .T
We deduce the following bound
P(||PP*(XN @ Iy, In @ YM)|| = E[||PP* (XN @ Iy, In@ YM)||] < =6 — Kp ([[YM]]) V)
> P([|PP* (XY @ L, Iv @ YM)| = [PP* (2@ T, 12 YY)
<~ = Kp(|[YM|)e ™ —E[(|PP*(@ @ I, 10 Y™M)|| = | PP(XY @ Iy, Iy 0 YM)|)), | )

> P([|PP (XY @ L, In @ YM) | = [PP* (2@ T, 1@ YM)|| < =6 = CN7HEH9)

Since on the event {Vi, || XN || < D} with D as in (49), we have

PP (XN @ Ing, In @ YM)|| = [|[PP*(x @ In, 10 YM))|
< (|[P(XN @ Ing, In@YM)|| = [Pz @ Ing, L YM)||) (Jp(||[YY|) + || Pl @ I, 10 Y M)
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we deduce that
P(||[PP* (XN @ Iy, In@YM)|| = E [||PP* (XN @ Iy, Iy @ YM)||] < =6 — Kp (|[YM]]) V)
> P([|PP' (XN @ I, Iy @ Y| = |[PP* (@ @ Iy, 1@ YM)|| < =6 = ON YO+ and i, || XN < D)

‘ < —§—CN-UVGB+A) >
Jp(IYMID) + 1Pz @ I, 1@ YM)]

> P (HP(XN @ Ing, INn@YM)|| = [|P(x ® Ing, 1@ YM)|

~ P, | X7 = D)

>P (HP(XN @I, In@YM)|| = |[|[Ple® Iy, 10 YM)| < 7

—§—CN~-Y3B+H) >
Y MI) + 1Pz @ I, 1@ Y M|

—de 2V .
On the other side thanks to Proposition 4.6, we have

P(|PP(XN @ Iy, In @ YY) || = E[||PP* (XN @ Iy, In@ YY) ||] < =6 — Kp (|[YM]]) V)
52N

<de 2N 4 Hp(IVM)

Hence we can find constants K and C such that for any § > 0,

P(|P(XY @ I, In @ Y| = | P(e @ T, 1@ YM)|| < =6 = ONTVOH) < o= KON g ¢=2N

And we get (5) by replacing § by N~1/G+6)§,
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