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Abstract

Let UN = (UlN7 RN szv) be a d-tuple of N x N independent Haar unitary matrices and Z™¥* be
any family of deterministic matrices in My (C) ® M (C). Let P be a self-adjoint non-commutative
polynomial. In [28], Voiculescu showed that the empirical measure of the eigenvalues of this polyno-
mial evaluated in Haar unitary matrices and deterministic matrices 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 Dy (© ® Ty ) (f(P(UN ® In, ZNM))) ;

and its limit when N goes to infinity. If f is seven times differentiable, we show that it is bounded by
M? || flle= N™2. As a corollary we obtain a new proof with quantitative bounds of a result of Collins
and Male which gives sufficient conditions for the operator norm of a polynomial evaluated in Haar
unitary matrices and deterministic matrices to converge almost surely towards its free limit. Our
result also holds in much greater generality. For instance, it allows to prove that if UY and Y™~
are independent and My = o(N'/?), then the norm of any polynomial in (UY ® Iny, In @ YMN)
converges almost surely towards its free limit. Previous results required that My is bounded.

1 Introduction

Understanding the behaviour of random matrices in large dimension is the core of random matrix
theory. In the early nineties Voiculescu showed that one could get very accurate results with the help
of non-commutative probability theory. This theory is equipped with a notion of freeness, analogous to
independence in classical probability theory, which often describes accurately the asymptotic behaviour
of random matrices. In [27] he studied the asymptotic behaviour of independent matrices taken from
the Gaussian Unitary Ensemble (GUE). In a later paper he proved a similar theorem for Haar unitary
matrices, which are random matrices whose law is the Haar measure on the unitary group Uy. In
a nutshell, Voiculescu proved in [28] that given U, ..., U;,V independent Haar unitary matrices, the
renormalized trace of a polynomial P evaluated in these matrices converges towards a deterministic limit
a(P). Specifically, the following holds true almost surely:

lim NTrN(P(Ul L UNUNT LU )):a(P). (1)

N —oc0

Voiculescu computed the limit «(P) with the help of free probability. To give more detail, let By be 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 By. In particular, if P is a
self-adjoint polynomial, that is such that for any matrices Ai,...,Aq, P(A41,..., A4, A},...,A}) is a
self-adjoint matrix, then one can define the random measure BpUN . UN UN* . UN*)- In this case,
Voiculescu’s result (I)) implies that there exists a measure pup with compact support such that almost
surely ppy vy uy+,. vy converges weakly towards pp: its moments are given by pup(zh) = a(PF)
for all integer numbers k.

However, the convergence of the empirical measure of the eigenvalues of a matrix does not say much
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. For a comprehensive survey of important milestones related
to these questions, we refer to the introduction of our previous paper [I1]. In a nutshell, when dealing
with a single matrix, incredibly precise results are known. Typically, concerning the GUE, very precise
results were obtained by Tracy and Widom in the early nineties in [26]. On the other hand, there are
much less results available when one deals with a polynomial in several random matrices. One of the
most notable result was found by Haagerup and Thorbjgrnsen in 2005 in [16]: they proved the almost
sure convergence of the norm of a polynomial evaluated in independent GUE matrices. Equivalently, for
P a self-adjoint polynomial, they proved that almost surely, for N large enough,

o (P(X{Y,..., X)) C Suppup + (—¢,¢), (2)

where o(H) is the spectrum of H and Supp up the support of the measure pp. The result ([2)) was a major
breakthrough in the context of free probability and was refined in multiple ways, see [25] 9] [T}, [3], 23] [T1].
Those results all have in common that the basic random matrix is always self-adjoint. Much less is
known in the non self-adjoint case. However Collins and Male proved in [I2] the same result as in
[18] but with unitary Haar matrices instead of GUE matrices by using Male’s former paper. With the
exception of [I2] and [I1], all of these results are essentially based on the method introduced by Haagerup
and Thorbjgrnsen who relies on the so-called linearization trick. The main idea of this tool is that given
a polynomial P, the spectrum of P(X{,..., X) is closely related to the spectrum of
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where ao, . ..,aq are matrices of size k depending only on P. Thus we trade a polynomial of degree d

with coefficient in C by a polynomial of degree 1 with coefficient in My(4)(C). In [12], the main idea was
to view Haar unitary matrices as a random function of a GUE random matrix. Then the authors showed
that almost surely this random function converges uniformly and they concluded by using the main
result of [I8]. An issue of this method is that it does not give any quantitative estimate. An important
aim of this paper is to remedy to this problem. Our approach requires neither the linearization trick,
nor the study of the Stieljes transform and attacks the problem directly without using previous results
about the strong convergence of GUE random matrices. In this sense the proof is more direct and less
algebraic. We will apply it to a generalization of Haar unitary matrices by tackling the case of Haar
unitary 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 Haar matrices

i.e. if P is self-adjoint:
Try (f (P(U{V,...,U;V,va*,...,U;V*))).

This strategy was also used by Haagerup, Thorbjgrnsen 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(UlN,...,U;V,va*,...,U;V*)) > C) < P(TrN (f(P(U{V,...,U;V,UfV*,...,U;V*))) > 1).

Hence, if we can prove that Try (f(P(UlN, e Uév, UN™, ..., Uzﬁv*))) converges towards 0 in probability,
this would already yield expected results. The above is just a well-known exemple, but one can get much
more out of this strategy. Therefore, we need to study the non-renormalized trace. The case where f



is a polynomial function has already been studied a long time ago, starting with the pioneering works
[8, 4], and later formalized by the concept of second order freeness [20, [19]. 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 21— 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. We define

*

) a family of p free Haar unitaries and their adjoints,

_ *
o U= (Ul,...,Up,UT,..., U

o UN = (UY,..., Uzﬁv, (UN)*, ..., (Uév)*) random unitary i.i.d. matrices of size N whose law is
invariant by multiplication by a matriz of SUn(R), and their adjoints.

o ZNM — (ZNM ZéVM) deterministic matrices and their adjoint,
e P a self-adjoint polynomial,
e f:R— R a smooth enough function.

Then there exists a polynomial Lp which only depends on P such that for any N, M,
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where ||f| s is the sum of the supremum on R of the first siz derivatives. Besides if ZNM = (In ®
M, . Iv® 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 [l 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 ZV™ were deterministic, but thanks to Fubini’s theorem we can

assume that they are random matrices as long as they are independent from X V. In this situation
though, Lp (HZ NM ||) in the right side of the inequality is a random variable (and thus we need
some additional assumptions on the law of ZVM if we want its expectation to be finite for instance).

e In Theorems [[.]] and A1l we have UY ® I; and u ® Ins, however it is very easy to replace them by
UV @Y™ and u® Y™ for some matrices Y; € Mj;(C). Indeed we just need to apply Theorem
[0 or @I with ZN¥M = Iy ® Y. Besides, in this situation, Lp (||ZV]|) = Lp (||[YM]]) does
not depend on N. What this means is that if we have a matrix whose coefficients are polynomial
in UY, and that we replace UN by u, we only change the spectra of this matrix by M2N~2 in
average.

e In the specific case where ZVM = (Iy @ Y{M,... Iy ® V) and the Y} commute, as we stated
in Theorem [[LI] we have the same inequality without the M?2. This shows that the M? term is
really a non-commutative feature. Lowering the exponent in all generality would yield a direct
improvement to Theorem A lead to do so would be to prove a sharper version of Lemma 3.1
While this seems unrealistic for deterministic matrices, it might be possible to get some results
when considering random matrices.

A detailed overview of the proof is given in Subsection Il Similarly to [II], we interpolate Haar
unitary matrices and free Haar unitaries with the help of a free Ornstein-Uhlenbeck process on the
unitary group, i.e. the free unitary Brownian motion. For a reference, see Definition 271 However in [I1]
this idea was only to understand the intuition of the proof. In this paper the computations involved were
quite different, indeed since we were considering the usual free Ornstein-Uhlenbeck process, we could use
a computation trick to replace this process by a well-chosen interpolation between GUE matrices and



free semicirculars. This means that we did not need to use free stochastic calculus. There is no such
trick for the free unitary Brownian motion, hence the computations use much more advanced tools.

When using this process, the Schwinger-Dyson equations, which can be seen as an integration by
part, appear in the computation. For more information about these equations we refer to [I5] to find
numerous applications. In the specific case of the unitary group it is worth checking the proof of Theorem
5.4.10 from [2]. Even though those equations only come into play in the proof of Lemma (3] they play
a major role in the proof since we could get a theorem similar to Theorem [[LT] for any random matrices
which satisfies those equations.

Theorem [Tl is the crux of the paper and allows us to deduce many corollaries. Firstly we get the
following result. The first statement is basically Theorem 1.4 from [12]. The second one is entirely new
and let us tensorize by matrices whose size goes to infinity when until now we could only work with tensor
of finite size. This theorem is about strong convergence of random matrices, that is the convergence of
the norm of polynomials in these matrices, see Definition 211

Theorem 1.2. Let the following objects be given:

o UN = (U{,...,UY) independent unitary Haar matrices of size N,
o u=(uy,...,uq) a system of free Haar unitaries,
oYM = (YM . .,YpM) random matrices of size M, which almost surely, as M goes to infinity,

converges strongly in distribution towards a p-tuple y of non-commutative random variables in a
C*- probability space B with a faithful trace 5.

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 IfUYN and ZN are independent, almost surely, (UN, ZN) converges strongly in distribution towards
F = (u, z), where F belongs to a C*- probability space (A, *,74,|.||) in which v and z are free.

o IfUN and YMN are independent and My = O(Nl/g), almost surely, (UN ® Iy, Iy @ YMN)
converges strongly in distribution towards F = (u®1,1®vy). The family F thus belongs to AQ@min B
(see Definition [27)). Besides if the matrices Y™~ commute, then we can weaken the assumption
on My by only assuming that My = o(N).

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 Thorbjgrnsen’s theorem. Our proof
does not use this tool, however our final result, Theorem [£.1] allows us to deduce the following estimate.
Being given a self-adjoint NM x N M matrix, we denote by G 4 its Stieltjes transform:

1 1
Galz) = NI Tryva (ﬂ) .

This definition extends to the tensor product of free Haar unitaries with deterministic matrices by
replacing Try s by 7v ® Tas.
Corollary 1.1. Given

o u=(u,...,up,uj,... ,u;) a family of p free Haar unitaries and their adjoints,

o UN = (UYY,...,UN (U{)*,...,(UY)*) random unitary i.i.d. matrices of size N whose law is
invariant by multiplication by a matriz of SUn(R), and their adjoints.

oYM = (YM . | YqM, YM* YqM*) deterministic matrices of size M a fived integer and their
adjoints,

e P a self-adjoint polynomial,



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

M? 1 1
’E [GP(UN®1M,1N®YM)(ZH - GP(u®1M,1®YM)(Z)‘ <Lp (HYMH) N2 <|S(z)|5 + |%(z)|2> .

One of the limitation of Theorem [[1lis 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 Fry be the set of Lipschitz
function 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:

dru(p,v) = sup
feFLu

Corollary 1.2. Under the same notations as in Corollary 1], there exists a polynomial Lp such that
for every matrices Y™ and M, N € N,

111]\7>1/3

drv (Blup@n i ivevin ) KPueh1eva)) < Lp (|[YM]]) M? ( N

This paper is organized as follows. In section [2] we give many usual definitions and notations in free
probability, commutative and non-commutative stochastic calculus. Section [3] contains the proof of many
important properties which we will need later on. Section Ml contains the proof of Theorem [Tl Finally
in section [B] we prove all of the 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 of free probability.

Definition 2.1. o A C*-probability space (A, *,1,]|.||) 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 7(ab) = 7(ba) for any a,b € A. An
element of A is called a (non commutative) random variable. We will always work with faithful
trace, that is such that if a € A, 7(a*a) = 0 if and only if a = 0, in which case the norm is
determined by T thanks to the formula:

llal| = kh%H;o (T((a*a)Qk))l/Qk.

o Let Ay,..., Ay, 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 j1 # j2, jo # J3, -+, Je—1 7 Jk:

T((al —7(a1))(ag — 7(az)) ... (ar — T(ak))) =0.

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

o Let A = (a1,...,ar) be a k-tuple of non-commutative random variables. The joint distribution
of the family A is the linear form pa : P +— T[P(A,A*)] on the set of polynomials in 2k non
commutative indeterminates. By convergence in distribution, for a sequence of families of variables



(An)n>1 = (o, ... a) )n>1 in C*-algebras (An,* ,7n,|.||), we mean the pointwise convergence
of the map
HAyN P TN[P(AN,A*N)},

and by strong convergence in distribution, we mean convergence in distribution, and pointwise
convergence of the map

P ||[P(ANn, AY)]-

o A non commutative random variable u is called a Haar unitary when it is unitary, that is uu™ =
w*u = 14, and for alln € N, one has
1 ifn=0
ny __ )
T(u") = { 0 else.
The strong convergence of non-commutative random variable is actually equivalent to the convergence

of its spectrum for the Hausdorff distance. More precisely we have the following proposition whose proof
can be found in [12] (see Proposition 2.1):

Proposition 2.1. Let xy = (a2, ..., xév) and x = (x1,...,xp) be p-tuples of variables in C*-probability
spaces, (An,.*,7n, || - ||) and (A, .*,7,|| - ||), with faithful states. Then, the following assertions are

equivalent.
e x5 converges strongly in distribution to x.

e For any self-adjoint variable hy = P(xn,X%), where P is a fized polynomial, py, converges in
weak-* topology to u, where h = P(x,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(hn) C o(h) + (—¢,¢). (3)
In particular, the strong convergence in distribution of a single self-adjoint variable is its convergence in
distribution together with the Hausdorff convergence of its spectrum.

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

Theorem 2.1. Let (A;, &;)icr be a family of C*-probability spaces such that the functionals ¢; : A; — C,
1 € I, are faithful traces. Then there exist a C*-probability space (A, @) with ¢ a faithful trace, and a
family of norm-preserving unital *-homomorphism W; : A; — A, i € I, such that:

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

2.2 Non-commutative polynomials and derivatives

We set C(Y7q,...,Yy) the set of non-commutative polynomial in d indeterminates. We will also use
Pqg=C(Y1,..., Y, Y, ..., Y)) the set of non-commutative polynomial in 2d indeterminates. We endow
this vector space with the norm

IPla= 3 lear(P)Ats™, (1)
M monomial
where cps(P) is the coefficient of P for the monomial M. One can define several maps which we use
multiple times in the rest of the paper, but first let us set a few notations, for A, B, C non-commutative
polynomials,

A® B#C = ACB,
A® B#C = BCA,

m(A® B) = BA.



Definition 2.2. If 1 < i <d, one set 0; : Pg —> Pyq ® Py such that for P,Q € Py,
aiY} = 1i:ja aﬂ/}* = 0.

We also define D; : Pqg — Pq by D;P = mo 0;P. We similarly define 0F and D} with the difference
that for any j, 0;Y;" = 1,5, 0;Y; =0.

Because they satisfy the Leibniz’s rule, the maps 0; and 9; are called non-commutative derivatives.
It is related to Schwinger-Dyson equations on semicircular variable, for more information see [2], Lemma
5.4.7. While we do not use those equations in this paper, we use those associated with Haar unitary
matrices. To do so, we define the following non-commutative derivative.

Definition 2.3. If 1 < i < d, one set §; : Pqg — Pq ® Pq such that for P,Q € Py,
0i(PQ)=6P x1@Q+P®1x§Q,
6Y; =1V, @1, 6Y] =-1,;10Y".
We also define D; : Pg — Pg by D;P = mo §; P.

We would like to apply the map §; to power series, more precisely the exponential of a polynomial,
however since this is not well-defined in all generality we will need a few more definitions. Firstly, we
need to define properly the operator norm of tensor of C*-algebras. Since we use it later in this paper,
we work with the minimal tensor product also named the spatial tensor product. For more information
we refer to chapter 6 of [21].

Definition 2.4. Let A and B be C*-algebra with faithful representations (Ha,¢4) and (Hp, ¢g), then
if ®2 is the tensor product of Hilbert spaces, A Qmin B is the completion of the image of ¢4 ® ¢p in
B(H 4 ®2 Hp) for the operator norm in this space. This definition is independent of the representations
that we fixed.

Consequently if P € Ag, 2 = (21,...,2q) belongs to a C*-algebra A, then (§;P)(z, 2*) belongs to
A ®min Aa and H(ézpk)(z’z*)
can define

< Cpk||P(z,2%)|" " for some constant Cp independent of k. Thus we

(die”)(z,27) = k,(5 PF)(z,2%). (5)

keN

While we will not always be in this situation during this paper, it is important to note that if
A = My (C), then up to isomorphism A ®pin A is simply Mp2(C) with the usual operator norm. Now
we prove the following property based on Duhamel formula.

Proposition 2.2. Let P € Py, z = (z1,...,24) elements of a C*-algebra A, then

1
(6:e") (z,2%) = / (e’lp 5; P e(lfo‘)P) (z,2") da,

0
with convention

Ax(B®C)x D= (AB)® (CD).
Proof. One has,

1—a
aP (1—a)P _ nos. m *
/0 ( 5;P e ) z,2%) da = g / o —— " da (P" ;P P™)(z,2")

-y Y /0 %da (P" ;P P™) (2, 2.

But for any n,m,



1 n o m 1 n+m
/ Mda :/ @ da — 1 _
0 nlm! o (n+m)! (m+n+1)!

Hence,

/0 (eO‘P 6;P e(lfo‘)P) (2,2%) da = Z ﬁ Z (P" ;P P™)(z,2%) = (§; ') (z,2%).
k

n+m=k

2.3 Free stochastic calculus

The main idea of this paper is to use an interpolation between Haar unitary matrices and their free
limit. In order to do so, we will need some notion of free stochastic calculus. The main reference in this
field is the paper [6] of Biane and Speicher to which we refer for most of the proofs in this subsection.
That being said, we made the choice to be rigorous, but in the rest of the paper we will not use all of
the notations and objects introduced here.

From now on, (A, 7) is a W*-non-commutative probability space, that is A is a von Neumann algebra,
and 7 is a faithful normal tracial state on 4. We take A filtered, that is there exists a family (A¢)iep+
of unital, weakly closed *-subalgebras of A,such that As C A; for all s < ¢. Besides we also assume that
there exist p freely independent (A;);cpr+-free Brownian motions (S;);cp+. That is S} is a self-adjoint
element of A; with semi-circular distribution of mean 0 and variance ¢, and for all s < ¢, Sf — S? is free
with Ag, and has semi-circular distribution of mean 0 and variance t — s. Besides since the state 7 is
tracial, for any unital, weakly closed *-subalgebra B of A, there exists a unique conditional expectation
onto B. We shall denote it by 7(.|B). A map t € RT — M, € A will be called a martingale with respect
to the filtration (At)ser+ if for every s < ¢ one has 7(M;|Ay) = M.

We define the opposite algebra A°P as the algebra A endowed of the same addition, norm and
involution, but with the product a x b = b - a where - is the product in .A. We can endow A°P? with a
faithful normal tracial state 7°P, which if we view as a linear map on A is actually 7. Similarly to the
minimal tensor product, we will denote L*°(7 ® 7°P) the von Neuman algebra generated by A ® 4°P
in B(L?(A,7) ®2 L*(A°P,7°P)) where ® is the usual tensor product for Hilbert spaces. Similarly to
classical stochastic calculus, we now introduce piecewise constant maps.

Definition 2.5. A simple biprocess is a piecewise constant map t — Uy from RV into the algebraic
tensor product A® AP, such that Uy = 0 fort large enough. Besides it is called adapted if for anyt > 0,
Ui e At @ As.

The space of simple biprocesses form a complex vector space that we can endow with the norm

013~ = [ IO oy . 6

We will denote by B2° the completion of the vector space of adapted simple biprocesses for this norm.
Now that we have defined the notion of simple process, we can define its stochastic integral that we will
later extend to the space BZ°.

Definition 2.6. Let (S¢)i>0 be a free Brownian motion, U be a simple adapted biprocess, we can find a
decomposition U = 2?21 AT @B7 and 0 =ty <ty < -+ < ty, such that fort € [t;,tir1), Al = Al € Ay,
and BJ = Bgi € Afip. We define its stochastic integral by

J

m—1 n m-—

/ Us#dss = Z Uti#(sti+1 - Stl) = Z Z Ail (Sti+1 - Stl)Bil

j:1 1=

This definition is independent of the decomposition chosen. Besides t +—> fg Us#dXs is a martingale.



Thanks to Burkholder-Gundy inequality, that is Theorem 3.2.1 of [6], if we see the stochastic integral
as a linear map from the space of adapted simple biprocesses endowed with the norm ||.||z- to A, then
this map is continuous. Hence we can extend it to B;° and the martingale property remains true. Before
talking about It6’s formula, as in the classical case, we need to introduce the quadratic variation. We will
not develop the idea, but by studying random matrices, in the case of simple tensors, we are prompted
to define

({a®b,c®d)) =a 7(be) d.

We call § the product law in A ® A°P. If by contrast we want to use the usual product in A ® A, we
will not put any sign. Let t be the linear application such that on simple tensors, (a ® b)! = b® a. In
all generality for any Z,Y € A ® A°P,

(Z2,Y) = 1a©7) (Z8(YT)).

Since [[((Z, Y| < 1 Z]| oo (r@rory |Y | oc (7 rory> We can extend this bilinear application to Z,Y € L*(T®
7°P). Besides by Cauchy-Schwarz, for U,V € B2, ((U,V)) is integrable.

Now that we have defined all of the necessary object to do stochastic calculus, we can state Itd’s
formula. We will need to handle polynomials in several processes, however Biane and Speicher only stated
Ito’s formula for a product of two processes, that is if Xg,Yy € A, U, Vi € B and K, L € LY(R*, A),
we set

t t
Yt:Y0+/ K5d5+2/ Ui4dS:,
0 7 Jo

t t
Z :ZO+/ Lsds—i—Z/ VigdS?,
0 . Jo

then for any ¢ > 0,

t t
YiZy = YoZo + / (YL + K Zo+ Y (UL, V;’))) ds + Z/ (Vs ® La)Vi + Ui (La ® Zs)) #dS.
0 i i 0
(7)

To find a proof of this formula, see Theorem 4.1.2 in [6]. While this theorem only proves the case where
L = K = 0 and we only have a single Brownian motion, deducing equation (7l does not need much
more work. Finally this formula let us prove the general Itd’s formula. Even though this formula is used
without a proof by Dabrowski in [I3], we do not know of any satisfying reference. Hence we include a
proof for self-containedness. Let us first fix a few notations.

o If P e C(Xy,...,Xaq), X € (L®(R", A))Yand K € (LY(RT, A))?, then OP(X)#K = >, 0; P(X)#K;.
e Similarly if U € (B°)?, then OP(X)iU = >, 0; P(X)4U;.
e Finally if U,V € B>®, A, B,C € L*(R*, A), then (A® B C)# (U,V) = ((A® B)iU, (12 C){V).

Theorem 2.2. Let X € A%, P be a non-commutative polynomial in d indeterminates, for any t > 0,
K € (L'([0,#], A)? and (15<,U?)ser+ € (BX)E. With I the application identity on Py, we define

t t
X, :X0+/ sts—l—Z/ Ui#dS?,
0 . Jo

Ap(P)(X) =Y (((8; ® 1) 0 0 P(X)#(U™,U) ).
i gk

Then for any t > 0, OP(X)#K and Ay(P)(X) € LY([0,t],.A), and (15<tOP(X)4Us)ser+ € BS°.
Finally for any t > 0,

P(X:) = P(Xo) +/O OP (X )#K; ds + Z/o OP(X)$U! #dS: +/O Ay (P)(Xs) ds.



Proof. Thanks to Burkholder-Gundy inequality, that is Theorem 3.2.1 of [6], we know that

T et B R T AR ol At
- - J

Thus for any ¢ € RT, (X)seo,q € L>([0, 1], A)?, thus for any polynomial P, 0P(X)#K € L>([0,t], A),
and (1s<:OP(Xs)iUs)ser+ € BS°. With the help of inequality || ((Z,Y))]] < HZHLOO(T(@TOP) HYHLOO(T®TOD),
we also have that Ay (P)(X) € L'([0,],.A)). Finally to prove the formula, we proceed recurrently. If P
is of degree 1, there is nothing to prove. For larger degree, by linearity we only need to deal with the
case where P is a monomial. Thus we can write P = QR with @ and R monomials of smaller degree for
which the formula is verified. Thus thanks to equation (7)), we have that

P(X1) = Q(Xo)R(Xo) +/O Q(Xs) OR(X)#Ks + 0Q(Xs)#Ks R(Xs)ds

=3 [ QX © 1) ORX)EU: + 0QUX)VS 14 RX,) .

It is clear that,
a(QR)(Xé)#Ks = Q(Xé) aR(Xs)#Ks + aQ(Xs)#Ks R(Xs)a

QR)(X)HU! = (Q(Xs) ® I) OR(X UL + 0Q(Xo)tUL 1.4 @ R(X,).
And finally,
Au(QR)(X) =7 DU (9, @ 1) 0 (QR)(X)#(U™,U™) )
i gk

=X Y ({AX)®BX)e CO)#UY,U™) )RX)

i jk Q=AX;BX;C

+ ) QX)(AX) @ B(X) @ C(X)#(U™,U) )
R=AX,;BX,C

+ > (( A(X) ® (BC)(X) ® D(X)#(U™ U™ ) ))
Q=AX;B,R=CXD

=Q(X) Au(R)(X) + Au(Q)(X) R(X) + 3 ((0Q(X)U", OR(X)8U" )).

O

Finally, one of the fundamental tool that we use in this paper is the free unitary Brownian motion,
a good reference on the matter is [4]. In particular one can find a proof of its existence.

Definition 2.7. Let (Si)i>0 be a free Brownian motion, the free unitary Brownian motion (u)i>o is the
unique solution to the equation

t t
U
Vit >0, utzlAf/ 75 deri/ Us ® 1 4#dSs.
0 0
In particular, for any t > 0, ug is unitary, that is ugu; = ujur = 1 4.

2.4 Notations

Let us now fix a few notations concerning the spaces and traces that we use in this paper.
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Definition 2.8. o (An,7n) is the free sum of My (C) with the von Neuman algebra A from the
former subsection. To build Ay we use Theorem [21] and we get a C*-probability space C with
a faithful trace . Since we want (Ay,7n) to be a von Neuman algebra, we set L?(C,p) as the
completion of C' for the norm a — ¢(a*a)*/?, we have an injective C*-algebra morphism from C' to
B(L?(C, ¢)). We then proceed to take Ay the closure of the image of C in this space for the weak
topology. As for Ty, since we can extend (z,y) — p(z*y) to a scalar product {.,.), on L*(C,¢),
we set for a € B(L*(C, p)), v (a) = (a(1),1),.

e Note that when restricted to My (C), Tn is just the regular renormalized trace on matrices. As in
the former subsection, the restriction of Ty to the C*-algebra A is denoted as T.

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

o E; ; is the matriz whose only non-zero coefficient is (i,7) and this coefficient has value 1, the size
of the matriz E; ; will depend on the context.

o In general we identify My (C) @ My(C) with Myn(C) through the isomorphism E; ; @ E,. s
Eitrn jtsn, similarly we identify Try © Try with Tryy.

o If AN = (AYN,... AY) and BM = (BM,...,B}) are two vectors of matrices, then we denote
AN @ BM = (AN @ BM ... AN ® BM) and if M = N, ANBN = (ANBN ... ANBY). We
typically use the notation X~ ® Ins for the vector (XN @ Ing,..., XN ® Ip).

o If P € Py, in order to avoid cumbersome notations when evaluating P in (X, X™), instead of
denoting P(X, X™*) we will write P(X).

o We define (e:)ic1,m), (9i)iep,n) and (fi)iep k) the canonical basis of CM, CN and CF

We define an involution * on Py such that (¥;)* = Y*, (Y;*)* =Y, and we extend it to Py with the

formula («PQ)* = aQ*P*. P € Py is said to be self-adjoint if P* = P. Self-adjoint polynomials have the
property that if z1, ..., zq are elements of a C*-algebra, then P(z1,..., 24, 2],...,2;) is self-adjoint. Now

that we have defined the notion of self-adjoint polynomial we give a property which justifies computations
that we will do later on:

Proposition 2.3. Let the following objects be given,

o u=(uj,...,ul)i>0 a family of p free unitary Brownian motions,
o UN = (UV,...,UN) matrices of size N,
o ul = (U uf,...,UNuY) elements of An,

o ZNM matrices in My (C) @ M (C),
o [€CR),
e P a self-adjoint polynomial.

Then this map is measurable:
OV, 2 sy @ e (f (P (Y @ I, 28M)) )

For a full proof we refer to [I1], Proposition 2.7. But in a few words, it is easy to see the measurability
when f is a polynomial since then this map is also polynomial in the coefficient of UY and Z¥M | and we
conclude by density. 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 U is a vector of random matrices, then
the random variable 7 ® T ( f (P (uiv ® I, ZNM ))) is well-defined. To conclude this subsection we

introduce different notations related to application defined on tensor spaces.
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Definition 2.9. Let n : A® B € My(C))®? — AB € My (C)), we define the linear application
(v @ Inr) Q(7v @ Ingr) = (An @ Mps(C))®? — M (C) as

(v @ Ing) ®(7‘N ® In) =no(ty @ Iy)®2

We will also use the shorter notation (Ty ® IM)®2.

The following notation has similarities with the previous one, but its interest will be clear in section
[ For the reader familiar with it, this is close to Sweedler’s convention.

Definition 2.10. Let P € Py, C be a C*-algebra. Then let a: Py — C and S : Pq — C be morphisms.
We also setn: AQ BeC®Cw— AB € C. Then we use the following notation,

a0l P) R B(62P) = no (a® B(6;P)).

This notation will be especially useful when our applications a and 8 are simply evaluation of P
as it is the case in section @l Indeed we will typically denote, §} P(X) X §2P(Y), rather than define
hx : P — P(X) and use the more cumbersome and abstract notation, n o (hx ® hy (§;P)).

2.5 Random matrix model

We conclude this section by giving the definition and a few properties on the models of random
matrices that we will study.

Definition 2.11. A Haar unitary matriz of size N is a random matrixz distributed according to the Haar
measure on the group of unitary matrices of size IN.

Definition 2.12. A hermitian Brownian motion (X} )ier+ of size N is a self-adjoint matriz whose
coefficients are random variables with the following laws:

e For1<i< N, the random variables vV N((X}N )i i)tecr+ are independent Brownian motions.

e For 1 <i < j < N, the random variables (V2N R(X{)i j)ier+ and (V2N (X} )i j)ier+ are
independent Brownian motions, independent of \/N((ng)i7i)t€R+.

To study the free unitary Brownian motion, we will need to study its finite dimensional version.
There are several ways to define it, but in this paper the handiest way to define it is through a stochastic
differential equation.

Definition 2.13. Let X~ be a hermitian Brownian motion, then UN is said to be a unitary Brownian
motion if it is the solution of the stochastic differential equation,

1
dulN =ivNax}N — §UtN dt, UY = Iy, (8)

where we use the convention (UNdX{);j = > (UN )i nd( XN )i ;.

The following property is typical of the kind of computation that we can do with unitary Brownian
motion with classical stochastic calculus, see [I0] for exemple.

Proposition 2.4. Let U, ..., Uzﬁv be unitary Brownian motions of size N, AéVH, ooy AN be determinis-
tic matrices, QQ € Py be a monomial, we set Qs the monomial evaluated in (U{YS, cee Ué\fs, AéV_H, o AT

and their adjoints, |Q|p the degree of Q with respect to (Ui, ...,Up, Uf,...,Uy). Then there exists a
martingale J such that,
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1
dTry Qs = dJ — @ Try Qs — > Trn (A,UNCs) Trn (BSULY)
i<p, Q=AU;BU,;C
> Ty (AU ) Tew (BUN)
i<p, Q=AU;BU}C
1
5 > Tr(AsCs) Tr(Bs)
i<p, Q=AU; BUC

+ % 3 Te(A,Cy) Tr(By).

i<p, Q=AU} BU;C

2= =

3 Preliminaries

3.1 A matricial inequality
We are indebted to Mikael de la Salle for supplying us with the proof of the following lemma.

Lemma 3.1 (de la Salle). Let A be a C*-algebra, Ay, As € A, By, Ba € My (C), as in subsection[Z:3 we
define (A1 @ B1)(A2 ® Bg) = (A142) ® (BeB1). Then if v,y € A® My (C), with the operator norm in
their respective space,

gyl < M [zl ly]l -

Proof. We write & =37, iopr @iy @ Eij, Yy =321 <p 1< Yet ® By, then

Ty = Z Tk, jYik @ Ei 5.
N

We define A, = Zi,j ThYik @ Fij, Xp = Zj Thy; @ By j @ Iy, Yy = Ziyi,k ® Iy ® By . Then
by using the fact that Xj and Y} are band matrices, we have || Xx| < ||z| and ||Yk| < |ly||. Besides
28yl <3 °1<p<ar 1Akl Finally we have for any &,

Xk Y5l” = [ X5 Ye (X Y5)"|

*

= Zxkgyzk ® By ; @ B j, sz,jyi,k ® By ; ® Bk,
1,7 ,J

= g Tk, jYi kY kThp @ Bk jEuk @ Ei g Egy

,7,U,v

= Z Tk jYi kY kTho @ Bk @ Bi jEy o,
1,7,u
[Ax AL © Exkll
2
= || Agl”.

Thus ||lzy|| < Z1§k§M Akl < M ||zl ly]-

3.2 A Poincaré type equality

One of the main tool when dealing with GUE random matrices is the Poincaré inequality (see Defi-
nition 4.4.2 from [2]), which gives us a sharp majoration of the variance of a function in these matrices.
Typically this inequality shows that the variance of the renormalized trace of a polynomial in GUE ran-
dom matrices, which a priori is of order O(1), is of order O(N~2). In this paper we need a similar type
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of inequality but instead of working with independent GUE random matrices, we work with marginal
of independent unitary Brownian motions at times t. We will follow the approach of [I7], Proposition
6.1. We cannot however reuse directly their result since they only consider a single brownian motion and
they prove an inequality instead of an equality.

Proposition 3.1. Let Q € Pa, (U )ier+, (VN )ier+s (W )ier+ be independent vectors of p unitary
Brownian motions of size N. Let AN be a vector of deterministic matrices, with notations as in Definition
[Z8, one has for any T >0,

Var (T (QUYY, 4™)) ) = % > /OTE[TYN (DRQUAL U, AN) x DQWR U, AN ) |at.
k<

Proof. To simplify notations, we will not write the index N in U}, VN, W and AN. For U € My(C)?,
we set f: (U, U*) — Ten(Q(U, A, U*, A*)). We can view f as a polynomial in the coeflicient of the ma-
trices U and their conjuguate, since those are complex variables we use the notion of complex differential.
That is if g : (z,y) € R* — g(z,y) € C is a differentiable function, we define 9.9 = 1 (9,9 — i9,g) and
929 = % (8,9 + iayg).. If uy” is the (4, j)-coefficient of the k-th matrix in U, we denote the differential of
f with respect to u? by 9, f, and the differential of f with respect to the conjuguate of this coefficient
k
by 8;‘? f. In particular,

0. i,

Uy, B
aui’j ((Uk)a,b) = 0; a:;;] ((Ulj)a,b) = Oa for all (aa b) 7é (Z j)
au;’((Ulz)a b) = 07 a:;z,j((Uk>a,b) = 05 fOI‘ any (a’a b)

Next we introduce
M, = Pr_ f(U, U),

where Pr_.f(U,U*) = Ev[f (Vr—U, (Vr—U)*)] with (V})¢>0, p independent unitary Brownian motions
of size N and Ey the expectation with respect to (V;);>0. We will follow the approach of [17], Proposition
6.1, and show that (M;)o<i<7 is a martingale. It will follow that,

Var (e (QUF, AY)) ) = EIlf (Ur. UF)? ~ [E[fUr, U7
= E[M7 Mz — MoMo) 9)
=E [(Mr, Mr)] .

If we set (X¢)¢>0, d independent hermitian Brownian motions of size N, and f; = Pp_. f, then

dMy = (0 f1)(Uy, Uy )dt + Z(auZ’jft>(Ut7 Ui) d(Ug,t)ij + (3;;;1 o) (U, UF) d(Up )i g

N
1 * 1 2
t5 Y (@02 UL UY) AU (Ui rs)e
2 k, i,9,1r,s h F
81:527é1{i7*}

By using equation (8)), we can isolate the martingale term in the previous equation. We get that in order
to show that (M;)o<¢<7 is a martingale we have to show that if
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1 * * * *
A= 5 Y 0, F)ULUY) Uk )i+ @es F) (U UF) (U )i
5,k "
1 *
toN (3%,1 Aure [o) (U, UY) (Uk,t)iys(Uk,t)r,

k, i,3,7,8
1 * * * * *
ton (3u;'€w:'8u;v5ft)(Ut, Uf) (Uit)is(Ug o)r

k, i,5,r,s
1 . .
N Z (au;jaui,ift)(Ut, Uy),
k, i,j
then Ay = (0 f¢)(Us, U;). We will use the fact that if g; : (V,V*) — f(VU,, UV*),

0,0 foU, UP) = By | 3 (Vir—o)qi Q0 f (Ve—iUn, U VE_y)

q

3

5;2,1 ft(Ut; Ut*) = EV Z(V]:,T—t)j7q a;i'qf(VT—tUt, Ut*ij_t)

q
8UZ’bgt(VT7tﬂ Vi:kft) = Z(Ukyt)bﬁq auZ’qf(VT*tUtv Ut*VT*ft)v

q

)

Dwrgt V-t Vi) = Y (Ui g T f(VeoiUn USVE).
q
Consequently,

> 0,0 fOULUD) (Ura)i =By | Y (Ver—t)ai Oygo f(Ve—tUn U Vi) (Une)ig

ij L#:3-9

=Ev | Y | D 0urs [(Vr—iUn Ui Vi_y) Un)ig | (Vir—t) g
iq J

=Ey Zavz,igt(VT—t,VTtt) (Vie,r—t)gi

| &9

We also have,

Z(Q’jz,j@uyﬁ)(w, Ui) = Z(Q’j;jaugsft)(Ut, Ur) Li=s
2,7 2,78
= Z(azz,jaui,sft)(m, U;) (UpUk)i s
07,8

= Y By 00, U UF) (Vi iV (Ui Dia (U

,3,5,¢,a,b

> Ey Z(azz,aaugsft)(Utan) (Ui t)iaWUkt)as | Vir—e)ja(Ver—t)o,;

J:q,a,b 8

=Y Ey (053:20,0.09t) (VI -1, Vi) > Ve (Vir_ia

q,a,b J

=Ey Z(a;kgva Oypage)(Vr—t, Vi _y)

q,a
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With a few additional, but similar, computations we get that

A= (BlV V) = @)W 7).

|s=T—

Hence

My =) (9,05 fOWU Up) (Uns dX{0)ij = (000 fWU UF) (Uke dXE)")ig, (10)
3,7,k

and thus M; is a martingale. Therefore, as we saw in equation (), we are left with computing the
bracket of M;. To begin with we have,

ﬂ

N,

" dt

(Une dX5) )igs (Ure dXN,) )rs) = Limrj=s 3y
a

8,7 Na

(Ut dX) )igs Ure dXN,)rs) = Ok,)s,i Uk )ir 57

<(Uk,t dX}i\ft)i,j; (Uk,t dX]i\,[t)T,s> - ]-i:r,j:s

<(Uk,t Xmi\,[t)i,ja ((Uk,t dX,ﬁYt)*)T,S> = (Uk,t)i,r(Uk,t)

Let us remind that f: (U, U*) — Try(Q(U, A, U*, A*)), thus one has
(D0 ) (U UF) = By [ Ten (DQ(Vi— Uy, A) Vir—oErg)|

(0555 [)(Us, Uf) = By |:TrN(VI:,T—t D;Q(Vr_Uy, A) Em»)} :

We will now compute four different brackets, and by summing them we will get the bracket of M; (see
equation ([I0))). First,

<Z(5u;;j I U UF) Ukt dXEigs Y (0,00 f)(Ue, U) (Un dXzﬁ\,’t)i,j> (11)

6,3,k i,9,k

=D > O fULUF) @y f(U UF) <(Uk,t dX 1), (Unt Xmﬁ\,]t)T,S>

k 4,3,m,8

—ZZ it FOULUY) (9,00 F1) (U, UF) dt

N ZZEV [TYN(DkQ(VTftUh/U Vk,TftEi,j)} Ev |:T1"N(Ej,i(vk,Tft)*m(VTftUt;A)* )} dt
1 _— _—
=~ ZEV,W {TYN(DkQ(VTftUt;A) Vier— Wi r_ 1 DrQ(Wr—_ Uy, A)*) | dt.
%

Similarly one has,

<Z(az;;jft)(UtaUt*) ((Uk,e dX3%0) " )igs Z(a:;jft)(Ut’Ut*) ((Uks Xmi\,ft)*)i,j> (12)
.5,k i,j,k

- %ZEV,W [TYN (Vk*,T—t DiQ(Vr—Ui, A) DiQ(Wr_,Us, A)* Wk,T—t)} dt.
k

Next we have,
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<Z(5u;j U, U) (Ure X0, Z(afj;y f) U UE) (U dX;ﬁYt)*)i,j> (13)

i,5,k 3,5,k

= Z Z Iﬂft Uta Ut ) W<(Uk7t dX]th)i,ja ((Uk,t Xmth)*)T7s>
k i,5,r,s
:_Z Z 1]ft Uta )W(Ukt)zr(ljkt) dt
k i,5,r,s
1 —_
=N Z Z Ey [TI‘N(DkQ(VTftUt,A) Vk,TftEi,j)}
k 1,3,r,8
x Ew [TYN(ES,TBFQ(WTftUt;A)* Wk,T—t)} (Urt)ir(Ukt)s,; dt
- 1 Evw m(VTftUt;A) Vier—t)  (Ukt)igr l/)_;\c(@(WTftUt,A)* Wir—t (Unt)s.j | dt
N k i,4,r,s i y

1 — —
~ 2 Evar | Tr (De@(Ve—iUs, A) Visr—iUs DiQWr—iUs, A Wer—iUss) | dt.
k

And similarly,

<Z(az;;jft)(UtaUt*) Uk dXi%)igs Z(auijfft)(UtvUt*) (Ut dX;th)z',j> (14)

i,k 1,5,k
- %ZEVVW {TrN ((Vva,tUt’“)*l/)\;@(VT,tUt,A) (Wk,T,th)*B,Z@(WT,tUt,A)*)} dt.
k
We sum equations (1)) to (I4).
Var ((Tey QU 4Y)))
= %;/{)TE[TYN (BI:Z)(VT—tUtaA) Vier—tUg ¢ (Wk,T—tUk,t)*l/)—I;@(WT—tUt;A)*

+ (Vie,r—tUkt)* Ei_@(VT—tUtaA) %(WT—tUtaA)* Wi r—tUk+
— DrQ(Vr_ Uy, A) Vier—Up s DiQ(Wr_yUy, A Wi U
= (Vir—oUF) DEQ(Ve- Ui, A) (Wi UF) DeQ(Wr— Us, A)* ) |t

1 T __ L
N 2 [ o (Dr@WVe—iUh, 4) Viir- Ui — (Vir—iUsa)” DiQWVi—iUs, )
k 0

X (m(WTftUt;A)Wk,TftUk,t - (Wk,TftUk,t)*l/)_i@(WTftUtaA)) )}dt.

Hence the conclusion.
O

Corollary 3.1. Let P,Q € Pa, (UM)ier+, (VY )ier+, W )ier+ be independent vectors of p unitary
Brownian motions of size N. Let ZNM be a vector of deterministic matrices. We also define the map

h:z®ye€ (MN((C) ®MM((C))®2 — yﬂl‘ S MN((C) ®MM((C)

With notations as in subsection[2-4], one has for any T > 0,
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E[(TYN 1) (ﬁ(U;V © I, Z9) 0 OUN © Iy, ZNIV[)) }

— E[Try @192 (IS(U%V ® Ing, Z¥M) @ QUY ® Iy, ZNM))

1 T ~ ~
-~ Z/ E{TrN ®Ins (h o 6PV UN @ Iy, ZNM) x ho 5,Q(WA_,UN & I, ZNM))}dt.
0

k<p

Proof. Let AN be a vector of deterministic matrices, by polarization and the fact that Dy(Q*)* = —DyQ,
we have

E{TrN (ﬁ(U;V,AN)) Try (@(U%V,AN))} - E[TrN (JS(U%V,AN)) }E{TrN (@(U%V,AN)”

(e (P ) -t (Pt 4 ) o (07 9~ [ @10 )]

B %Z/OTE{TYN (ﬁ(VTthUfVaAN) x Y/DZQ/*(W%V,tUtN,AN)*)}dt
k<

1 T ~ ~
- Z/O E[ oy (mo se PV UN, AY) xmo 5@V U, AY)) |t
k<p

Now we want to study a polynomial in (U¥ ® Ins, ZVM) and their adjoints. By linearity we can assume
that P is a monomial. One can also assume that ZN™ = A; ® B; where A; € My (C) and B; € M, (C).
Then,

PUN @ Iy, ZVMy = P(UN, A) @ P(Iy, B).

Thus assuming that P and () are monomials, we have

E[(TrN @1)®2 (ﬁ(U}V ® I, ZNMY @ QUN ®IM,ZNM))}

—E[Try ®@1]®? (ﬁ(U%V ® Ing, ZNM) @ QUN @ I, ZNM))

= (B[Ten (PO, 4) Ten (QURY, A))] — E[Ten (PUF, A))] ElTen(QUE, A))]) @ P(Iur, BYQ(ar, B)

1T - - -
- / E[ Trw (m o 6 POELUN, 4) x mo 5,QW,UY, 4)) | @ Iy, B)Q(I, B) dt
0
1 r ~ ~
- Z/ E{TrN ®Ins (h 0 6 P(VY ,UN @ Ing, Z8M) x h o 5, QWA ,UN @ Iy, ZNM))}dt.
k<p”O0

Hence the conclusion by linearity.

3.3 Convergence of the submatrices of Haar unitary Brownian motions

The following lemma will be useful for a computation trick later in this paper. We prove the con-
vergence in distribution of a family of random matrices by using a well-known trick. We first prove that
the moments of the limit are the unique solution to some system of equations, then we prove that the
moments of our random matrices satisfies the same system of equations up to a term which converges
towards 0. We refer for exemple to the proof of Theorem 5.4.10 in [2] for a use of this method.

Proposition 3.2. We define the following family of random matrix processes, let (Xi]fjhgigjgN and
(Y;f“j)ngjSN be independent hermitian Brownian motions of size k. We set Hfz = sz-, Hf] =
27V2(XE +1YE) fori < joand HE, = 27V2(XF, —iY}E) fori > j. We then define
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tUk

Vi >0, UM =10 —

]

Z/ ksdes.

We similarly define (H; j)1<ij<n where we replaced the independent hermitian Brownian motions by
freely independent free Brownian motions. And similarly

tug
VtZO, u§7J:11:\71A7/ i,7 d5+1—2/ ll®1A#dHlJ
0

We consider U**, p independent copy of( )1<l <N, and u', p freely independent copy of (u} ])1<1 J<N-
Then the family Ut in the C*-algebra L°°(Q My (C)) endowed with the trace X — Elrn(X)] converges
towards the family u® in the sense of Definition 2.1l

Proof. 1t is easy to see that (U )1<l j<n is a unitary Brownian motion of size kIV, thus for any 4, j and
t, the operator norm of Uik jt is smaller than 1. Next we proceed as usual, for a polynomial @, we denote

Q, this monomial evaluated in U**, we have for a monomial @ of degree n,

B (Q)
— 2 B (@)
dt 2
1 k,s k,s
FL XY Em(UF)nCaAdnUF ) B
a 11,J1,12,72 Q:AUZI »J1 BU;ZVJZC
MDY ) Elr(U5);, ;,CoA) Tel(UE);, ;B

a 11,J1,92,02 Q= A(UL J1ys g(UizI2y- o

+ — Z Z Z [Tk (CsAs) Tk(Bs)]

a 4j Q=AU B(ULY)*C

+ NZZ > Elri(CsAs) i(Bs)].

a 4j Q=AU )*BUL'C

One can view U as the matrix in the upper left corner of I ® E1 ; (Ui]ff)lgi,jgj\[ I, ® Ej 1, thus for
any polynomial P there exists a polynomial S such that,

T(P(UP) = % Try (§ (UR Iy @ ELZ-)Z-)) ,

where we view U*? as a vector of matrices of size kN. Since it has the law of a vector of unitary Brownian
motions of size kN, thanks to Proposition 3.1l we get that

E[7(Qs)] =E[7(Qo)]
+/0 ez (=9 < - %Z > > E[7k (US*)iy.52Cs As)] Elra(UL*)iy j, Bs)]

a i1,j1582,02 Q=AU BUi22 0
1 . .
N X > Efrs(U5*)}, 5,0sAd)] Bl (US*)5, , B

a 11,j1,t2,J2 Q—A(Uil’jl)*B(U;iZ’jZ)*C

FxXY Y ER(CA) En(B)

a 4j Q=AU B(UIY)*C

+ % Z Z Z E[7 (Cs As)) E[Tk(BS>]> ds + O(k™?).

a ij Q=AULY)*BUL'C
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Similarly, thanks to Theorem 221 if Qs is now the monomial @ evaluated in u®, we get that

T(Qs) = T(QO) + /0 eig(tis) ( - % Z Z Z T((uzsz)iiquCSAS)T((UZ)iijiBS)

a i1,j182,2 Q= AU 1 B2z o

B %Z Z Z T(( a)117]20 A ) (( a):;,les)

a i1,71,2,j2 Q:A(Uél 21 )*B(U}F’j?)*c

+ %ZZ > 7(CyAs) 7(Bs)

a 4] Q=AU B(U}M)*C
ZZ Z T(CsAs) T(Bs)> ds.
a 1] Q=AWULY*BUIC

Thus, since for any k, E[7.(Qo)] = 7(Qo), we can show the convergence by induction.

3.4 Convergence of the free unitary Brownian motion

If u; is a free unitary Brownian motion at time ¢, one can define i, as in Definition 2.1l Then thanks
to Riesz theorem, there is a measure 14 such that for any function polynomial P in two commuting
indeterminates,

T(P(ug,uy)) /fzz ) dvi(2).

The measure v; is well-known albeit not explicit, the proof of the following theorem can be found in [4].

Theorem 3.1. For everyt > 0, the measure vy is absolutely continuous with respect to the Haar measure
onT={z¢€C||z| =1}. Fort > 4, the support of v is equal to T, and its density is positive on T.
We set k(t,w) the density of vy at the point w € T. Then for t > 4, k(t,w) is the real part of the only
solution with positive real part of the equation,

z—1 4
2% = w. 1
z+162 w (15)

This theorem let us prove that when ¢ is large, we are exponentially close to a Haar unitary for the
operator norm topology.

Proposition 3.3. There erists a C*-algebra C which contains u;, ..., u} freely independent free unitary
Brownian motions at time t > 5 and @', ..., freely independent Haar unitaries such that for any i,
Hué — @H < dePrez.

Proof. We view B(L?([0,27])) as the C*-algebra endowed with the state 7(u) = (u(10,27)), Ljo,27)) L2([0,27]-
The endomorphism x : f — (¢t — ¢f(¢)) is self-adjoint and has distribution (as defined in ZT) p.(f) =
f[o o] f Consequently we set g : s — k(t,e*) and G : s — fo ) du. Since g is positive, we can define

up = el “'@) which has the distribution of a free unitary Brownian motion at time ¢, indeed for any
polynomial P in two commuting indeterminates,

27 2w
T(P(ut,uj)) = / P (eiGil(s),e_inl(s)) ds = / P(el*, e7))g(s)ds = / f(z,2%) dve(z).
0 0
And similarly, v = e* is a Haar unitary. Besides, since
1 . 1 .
Up — U = / elod (z)(G_l(z) — x)e‘(l_a)mda,
0

thanks to the fact that G is a dipheomorphism of [0, 27],

Jur —ull < G- (@) o] = sup |G7s) sl = sup |s—G(s)| <2r sup [1—g(s)]
s€[0,27] s€[0,27] s€[0,27]
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We set y(s) the imaginary part of the only solution with positive real part of the equation ([H). Then
we have for any s,

(9(s) =1 +9()* _ _sg(s)
(9(s) +1)2 +y(s)? — '

However since (g(s) — 1)? < (g(s) + 1)?, we have,

(9(5) = 1% _ (90s) = 12+ 9(5)° _ oy
(o) T 17 = Gols) + 12y =

First in the case where g(s) > 1, then since we assumed t > 4, [g(s) — 1] < (|g(s) — 1| +2)e2l9(s) =3
and since the function u — (u + 2)e~2% is decreasing, we have, |g(s) — 1| < 2e~ 2.

If g(s) < 1, then after studying the graph of the function h : g +— e~t9/2 — ﬁ, we have that this function
takes value 0 in in 0, is negative on (0, ¢;) for some ¢; € (0,1), and finally is positive for g > ¢;. Since
we know that g(s) is positive for ¢ > 4 and h(g(s)) > 0, if we find g such that h(g) < 0, then g(s) > g.

Besides for ¢ > 5, we have that h (In(¢/2)2) < 0. Thus necessarily g(s) > In(t/2)2, consequently since
g(s) < 1, we know that 1 — g(s) < 2e~29(5). Hence,

t 2 4
1 o < 2 7§Xln(t/2)? —_—
g(s) < 2e ;

Thus by bootstrapping, for any s,
L=g(s) < 267%(17%) = 2273,

Consequently |lu; — u|| < 4e*me~t/2, and thanks to Theorem I} we take C the free sum of p copies of
B(L*([0,27])).

O

3.5 Free stochastic calculus and free unitary Brownian motion
As we defined in Proposition 23} we consider u¥ = (U{Vuf,...,UNu?) ® Iy and ZVM. As we will
see later, thanks to Proposition B3] this will let us interpolate between UN = (U, ..., Uév ) random

unitary Haar matrices and u = (u!,..., u?) free Haar unitaries. Concretely if P € P4, we set
h(ﬁ) =TN @ TMm (P(uiV, ZNI\/[)) .

Then,

_ 1 D N NM
h(0) = 577 Trarw (P(U @ Iy, Z )) ,

h(OO) =TNn Q Tm (P(u@IAI,ZNM)).

Consequently we would like to write,

LI N (15(UN, ZNM)) TN ®TM (P(u, ZNM)) - /OO 0y ar,

NM o dt
Hence we need to compute the differential of s with respect to ¢, which we do in the following proposition.
Proposition 3.4. Let the following objects be given,
o u=(ui,...,ul)s>0 a family of p free unitary Brownian motions,
o UN = (UN,..., Uév) matrices of size N,
o u = (UNuf,...,UNuY) elements of Ay @ M (C),

o ZNM —(ZNM ..., ZYM) matrices in My (C) ® My (C),

P e Py
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With notation as in subsection[2.4), the map H :t — Tn @ Tar (ﬁ (ufv ® I, ZNM)) is differentiable on

R* and,
%(t) B _% ;TM ((TN ®IM)®(TN ® In) ((m)”g (uf ®IM,ZNM))) '

Proof. We want to use Theorem to write H as an integral which we can then easily differentiate.
We need to define X € A%, K such that for any ¢t > 0, K € (L'([0,t],.4))?, U such that for any ¢ > 0,
(Lo<tUlser+ € (B°), and then,

t t
Xt:X0+/ sterZ/ Ui#dS:.
0 . Jo

By using the linearity of the trace and the non-commutative differential, we can assume that
A; ® B; where A; € My (C) and B; € M;(C). We then set X; = (u,ulN", A, A*). Since (A, A*) is free
from A, the processes K and U associated to (A, A*) are zero. As for (ul, ugv*), by definition of a free
unitary Brownian motion, we have

NM _
Z; =

tuN t
Yt >0, uﬁV:UN_/ 75ds+i/ ulN @ 14#dS,,
0 0
N

t * t
vt >0, (uiv)*:UN—/ %dsfi/ 14 ® (u)*#dS;.
0 0

To minimize cumbersome notations, we will forget about the N in ul¥, and assimilate u with wu;.

Consequently we set for any s > 0,

Vi€ [Lp],Vj € [17p]7 Kg = *uj,s/27 U;’j =i li:jujﬁs ® 14,
Vie[LplVjelp+1,2p], KI=—u’,/2, UM=-ili;la®ul,,
Vie[l,p],Vj>2p, K]=0, UM =0&0.

Thus we have for any monomial @),

QUK = —5 3 0Q(X)#u: + 0 QX (we)

AU(@(X);Z (( (8 @ 1) 0 QX )H(u; ® La,u; ®14) )
{00 D)0 0 QX) (s © L 1u ® () )
—(((0; 1) 0 0;Q(X)#(1a® (us)",u; ®14) ))
+(((0F @ T) 00 QX)#(1a ® (ui)*, 1a @ (ug)*) ).

And thanks to Theorem 2.2, we have for any ¢ > 0,
t t . ' t
X)) = Q(Xo)+ | 00(X)#K, ds+ QXU #dS' + | Ap(Q)(X,) ds.
QX = Q) + [ () s;/OQmﬁ# | sv@ux as
Thus if we fix t € RT, then for any £ > —t,
t+e t+e ) ) t+e
Qi) - Q) = [ dQue K. s+ 3 [ aQuepul #asi+ [ Av(@(X.) ds.
t —Ji t

As we said in section [Z3] (ZZ fot 0Q(X)tU! #ng) is a martingale, thus

t>0

t+e t+e
v (Q(Xis)) — T (QUX)) = / v (OQXIHE.) ds + / v (Ap(Q)(X.)) ds.
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Finally we have,

IO _ (@) #E) + 7 (Bu(Q)(X0). (16)
Besides, )
TN (0Q(X1)#K) = 3 Z TN (DiQ(X¢) uie) + 7 (uf D7 P(Xt)),
and, i
™ (0@ 1) 0 0QX)#(u; @ 1aui @1a) M) = Y *n(CX)AX )ui)n (uB(X)),
Q=AY, BY;C
(0@ D)o dfQX)#(w @14, 1a@u; )= > 7n(AX)uu;C(X))rn(B(X)),
Q=AY,BY*C
™ ({0 @ 1) 0 BiQX)#(Aa @ uf,u; @14) W)= > 7n(AX)C(X))7n (uu] B(X)),
Q=AY; BY;C
™™ (((0F @D 0 0;QX)#(Aa@uf, 1a®ul) )= Y,  7n(C(X)AX)uf)7n(uf B(X)).

Q=AY BY;C

Besides we also have,

TN (GDQX) x1@u)=2 > 7(B(X)u)7T(C(X)A(X)u;)
Q=AY:BY;C
- Y T(CX)AX))T(B(X)usu;)
Q=AY BY;C

- Y T(BEOTCX)uui AX)),
Q=AY;BY;C

@ TN (GDIQX) xu ® 1) ==2 3w BO)(C)AX)u)
Q=AY BY;C
+ ) T(BX)wu)r(C(X)A(X))
Q=AY;*BY;C
+ Y HCX)uu AX))T(B(X)).
Q=AY;BY;C

Which means that

™~ (Ap(Q)(X)) = —%ZTN @ 7N (0:DiQ(X) x 1@ w;) — 78 @ 7 (6: D7 Q(X) x uf @ 1).

1<p
And with equation (I6),

w _ 7% ;,, N (DiQ(Xy) uie) + 7w @ 7 (6:DiQ(X,) X 1® ugy)
+ v (uf D Q(Xy)) — v @ v (0: D Q(Xy) X uj, ® 1)
= —% Z ™~ TN ((Sl (DiQ(Xt)ui7t)) — TN QTN (61 (U;tD;kQ(Xt)))

i<p

— _% Z ™~ @ 7N (6, D;Q(Xy)) .

i<p
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Now we want to study a polynomial in (ul, ZVM) and their adjoints. If P is a monomial, we have,
Pl @ Ing, Z¥M) = P(ulY, A) ® P(In, B).
Therefore,

%(ﬁ) — _% d v @ty (6iDiﬁ(u£V,A)) X T (IS(IMaB)) :

i<p

And since for any S, T € Py,
v @ v (TS, 4)) x 7ar (ST(Ia, B)) = 7ar (rv @ Tng) @) (v @ T) (875 (u @ Lar, A B ) ).

Hence after summing,

%TN ® T;m (ﬁ (uiV,ZNM)) = —%ZT]M ((TN ®IM)®(TN ® In) ((Sipiﬁ (uiV,ZNM))) ,

1<p

and we conclude by linearity.

4 Proof of Theorem [1.1], the main result

4.1 Overview of the proof

If we take the point of view of free probability — for details we refer to the third point of Definition
[Z11- we have two families of non-commutative random variables, (UY @ Iy, ZV¥M) and (u® Iy, ZNM),
and we want to study the difference between their distributions. As mentioned in the introduction the
main idea of the proof is to interpolate those two families with the help of free unitary Brownian motions
ul¥ = (uf\ft)Z started in deterministic matrices (U}Y )Z of size N. A big difference with the case of the
GUE which was treated in [11] is that we do not have an explicit expression of the law of ul¥ in function
of UN and u, which is why we had to introduce notions of free stochastic calculus.

Since our aim in this subsection is not to give a rigorous proof but to outline the strategy used in
subsection B2, we assume that we have no matrix ZV™ and that M = 1. Now under the assumption
that this is well-defined, if @) is a non-commutative polynomial,

B |y (QEM)] - r(@w) == [ B |4 (m (@) o

In the classical case, if (S;)¢>0 is a Markov process with generator 6, then under the appropriate assump-
tion we have

d

SE((S0)] = EI(6)(S1).

And if the law of the process at time 0 is invariant for this Markov process we have that for any t,
E[(0f)(S:)] = 0. Since (ul);>0 is a free Markov process, we expect to get similarly that

d

= (v (@) ) = v ((0Q)(wl)) .
for some generator © which we will compute with the help of Proposition 3.4l Besides the invariant law
of a free Brownian motion is the law of free Haar unitaries. Thus if (u;);>0 is a free Brownian motion
started in free Haar unitaries, we have that 7 ((0Q)(u:)) = 0. Since unitary Haar matrices converges in
distribution towards free Haar unitaries (see [2], Theorem 5.4.10), we have that 7n ((©Q)(u)) converges
towards 7 ((©Q)(us)) = 0. As we will see in this proof, the convergence happens at a speed of N=2. To
prove this, the main idea is to view free unitary Brownian motions started in U as the asymptotic limit
when k goes to infinity of a unitary Brownian motion of size kN started in UY ® I}, (see Proposition

[41).
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Another issue is that to prove Theorem [Tl 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 §;. In order to do so
we assume that there exists p a measure on R such that,

VeeR, f(x)= / e du(y).

R

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 [% Try (f (P(UN)))} fT(f (P(u))) /R{E [% Try (ein(UN))} T(eiyﬂw)} du(y).

We can then set Q = e'%". And even though this is not polynomial, 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 uniform in y, indeed we have terms of

the form
/ yl* dlul(v)
R

which appear. 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.

4.2 Proof of Theorem [4.1]

In this section we focus on proving the following theorem from which we deduce all of the important
corollaries.

Theorem 4.1. We define
o u=(ul ..., uP) a family of p free Haar unitaries,

o« UN = (U],..., Uév) random unitary i.i.d. matrices of size N whose law is invariant by multipli-
cation by a matriz of SUn(R).

o ZNM —(ZNXN ..., Z M) deterministic matrices,

e P c Py a self-adjoint polynomial,

o f:R > R such that there exists a measure on the real line p with [(1+y*) dlp|(y) < +oo and
for any x € R,

flz) = /]Reizy du(y).

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

MN

E |:LTI'MN (f (IS(UN(X)IM,ZNM)) )} *TN®TM(f (?(u@IM,ZNM)))|

< Fz e (1227 ) somin {2 ) [ (ol +%) il [ G+ 10%) aul( |

Even though we do not give an explicit expression for Lp, it is possible to compute it rather easily
with the help of Lemma .4l In particular given a set of polynomials whose degree and coefficients are
uniformly bounded, we can find a polynomial R such that for any P in this set and any matrices ZV M,
Lp (HZNMH) < R(HZNMH). Besides, if we replace P by aP where o € C, then up to a constant
independent from «, we can bound L,p by (|a| + |a|?)Lp, or even (|a| + |a|*)Lp if one picks the first
expression in the minimum. The first step to prove this theorem is the following lemma, who is a direct
consequence of Proposition B.4] and equation (B,
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Lemma 4.1. With the same notation as in Theorem[].1] we define
o u=(uj,...,ut)t>0 a family of p free unitary Brownian motions,
o ul = (UNu},...,.UNuY) elements of Ay .

Then with notation as in subsection [2.7)

o (1 (P07 10 2) = (1 (P 1027

= %Z//;TM ((TN ®IM)®(TN ® Ing) (& (Di eiyﬁ) (uy ®IM,ZNM))) dt du(y).

i<p
Since D; e =iy §; P ;ﬁ e this prompts us to define the following quantity.

Definition 4.1. Let A, B € Py, we set
St]Yy(A’B) =K |:T]\/] ((TN ®I]\/])®(TN & IM) (51 (A €in B) (ZtN)))i| ,

where ZtN = (’U,I{V X I]\/],ZNM, (uév)* ® I]\/], (ZNM)*)

The following proposition justifies why the family (UN ® Ipn, us @ Ing, ZNM) has in the large k limit
the distribution — in the sense of Definition 1] of the family (UY ® Ixr, UFN @ Iy, ZVM ® I) where
UFN are independent unitary Brownian motions of size kN at time t.

Proposition 4.1. If UFN are unitary Brownian motions of size kN at time t, independent of UN | we
set
v) = ((UN @Iy UN) @ Ing, ZMM @ Iy, (UN @ I, UFN)* @ Iy, (ZVM)* @ Ik).

Then if ¢ = AeT B, we have that for any t,

(v @ In) (q(Z]Y)) = Jm By [(7en ® Ing) (V)]
where By, is the expectation with respect to (UFN)y>o.

Proof. It has been known for a long time that the unitary Brownian motion converges in distribution
towards the free unitary Brownian motion, see [5]. However since we also have to consider deterministic
matrices we will use Theorem 1.4 of [I0]. This theorem states that if (Uf");>o are independent unitary
Brownian motions and D*V is a family of deterministic matrices which converges strongly in distribution
towards a family of non-commutative random variables d, the family (UFY, D¥V) in the non-commutative
probability space (M (C), *,Ek[kLN Tr]) converges strongly in distribution towards the family (u,d)
where u; are freely independent free unitary Brownian motions at time ¢ free from d. That being said,
we do not use the convergence of the norm, we only need the convergence in distribution which is
way easier to prove. We did not find a satisfying reference but for the reader interested, the proof of
Proposition is very similar. In our situation we can write for every ¢,

28 = Y B e Al

T,8,1°
1<r,s<N

Thus if BV = (B, s)1<rs<n, we fix DY = (UN @ I}, EN @ I};), and we can apply Theorem 1.4 of [10] to
get that for any non-commutative polynomial P,

Jim By [ron (PUSY, DY) | = 7y (Plun, U, E))
—00
Consequently, for any non-commutative polynomial P, we also have

lim B, [rkN ® Lng (P(UFN, DN AM))} — &Iy (ﬁ(ut, UN, EN, AM)) .
— o0
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Hence for any P € Py,
Jim [Ty ®@ I (P(YF))] = v @ Ing (P(Z)Y)) .

Now since UFYN are unitary matrices, we can find a polynomial L such that for any &, HP(Ytk)H <C=
L([[U™],]|ZNM]|). Knowing this, let f. € C[X] be a polynomial which is e-close to @ — €i¥* on the
interval [—C, C]. Since one can always assume that C' > HP(ZtN)H, we have a constant K such that
[ ® L) (a(2))) — (7 @ Ing) ((AS(P)B)(Z1)| < Ke,
(v ® Inn) (a(Y)) = (v @ Ln) ((Af-(P)B) (V)| < Ke.
Thus

(v @ Ine) (0(Z1)) — By, [(men © Ine) (a(VF))] ||
< ||(rw ® 1) (A£-(P)B)(ZY)) — Bie (7w © Inr) (Afo(P)B)(Y)))]|| + 2K

Consequently

limsup ||(ty  Inr) (9(Z1)) = Eg [(en © Ing) (¢(Y))]|| < 2Ke.

k—o0

This completes the proof.

The next lemma shows that the non-diagonal coefficients can actually be neglected.

Lemma 4.2. We define Y} as in Proposition[[1, P12 = IN ® F12® Iy, ¢ = AeYP B, then
lim k'/?By, [(Trin ®In)(q(Yi)Pro)] = 0.

k—o0

Proof. Let us first define for A, B € Py,

Fa W) =Er [(Trey @) ((A €Y7 B)(Y]) Pro)],

dy,(y) = sup [ fasW)]-
A,BEP4 monomials,
deg(AB)<n
0<s<t

Consequently, there exists a constant D (which does depend on, N, HU N || and ||Z NM H) such that for
any n, d(y) < D™ Note that this constant D can be exponentially large in N, indeed it does not
matter since in the end we will show that this quantity tends to 0 when k goes to infinity and the other
parameters such as N, M or y are fixed. Next we define for a small enough,

Ghaly) = dh(y)a™.
n>0
But if we set ¢ps(P) the coefficient associated to the monomial M in P, we have for any s < ¢,

df3.5(v)

L monomials

Thus if deg(AB) < n, we have for any y > 0,

Fan@ < Fs@+ S le(P)) / 0 dogiy ()

L monomials

Thus we have for y > 0 and any n > 0,
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Yy
d(y) <ad () + S Jer(P)a~des®) / 0 s ey (0)a™ 5D
0

L monomials

And with |.|| -1 defined as in (@), we have

Y
0ha(0) < 0k 0) + I1Ps [ ahaw)i
Thanks to Gronwall’s inequality, we have for y > 0,

9t () < gb 4 (0)e¥IPllamr. (17)

Now we need to find an estimate on gy 4(0), first for any j, one can write ZJNM = ij Euv ®Ik®Aﬂ,U

for some matrices A7 . then we define

Vﬁak = (UtkN’ (Ut’“N)*, UN @ I, (UN @ L), (Buw ® Ik)u,v), (18)
cl = sup |Ex [Trin (L(VR &) Pr2)]|-
deg(L)<n, L monomial
0<s<t

Besides since Y¥ is composed of

(UN @ L)UN @ Iy, Z)M = ZEu,v ® Iy ® Al

u,v

and the adjoints of those matrices, if L is a monomial of degree n, then we can view L(YF) as a sum of at
most N2 monomials of degree at most 2n in USkN @ Inr, UN @ I, Ey.®I® Ai,v and their adjoints.
We consider K the supremum over u, v, j of HA{W H, we also naturally assume that K > 1, then we have
for s <t,

Bk [Trne @Lar (LUF)PL2) || < N* K ch,,.

Thus if we set
fila) =Y cha",

n>0

we have

95.4(0) < fLNVEKa).

Now we need to study the behaviour of ff(a) when k goes to infinity for a small enough. Let @ be a
monomial, we define ); as the monomial () evaluated in V;\f,, - Thanks to Lemma 2.4]

d
EEk [Tren (QePr2)] = — % Ex [Trin (Q¢P12)]
1
- > Er [Trrn (A:UEY CePy o) Trenw (BUSY)]
i<p, Q=AU; BU,C
1 ) ;
- 3 Ex [Tony (AU CiPy2) Tron (BUSY))]
i<p, Q=AU} BU;C
1
+ N > E [Trn (A:CiPr o) Tryn (By)]
i<p, Q=AU BU;C
1
+ o > Eg [Trpn (AtCePr2) Trin (By)] -

i<p, Q=AU} BU;C

Since Ey, [Trgn (QoPr,2)] = 0, we have for any ¢,
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b eln g, 1
Ep [Trin (QePr12)] = /0 em 2l )<_ N Z Ek [Trin (AsUY CoPra) Tren (BoUSY )]

i<p, Q=AU;BU,C

1 * *
_ k_N | E Ek |:TrkN (ASUZ?iV CtPLQ) TI'kN (BSUZ]??] ):|
i<p, Q=AU BUC

1
+ k_N , Z Ek [TI‘]CN(ASCSPLQ) Tl"kN(BS)]
i<p, Q=AU;BU*C

1
+ > Ej, [Trn (AsCs Py o) Tryon (Bs)] ) ds.
i<p, Q=AU; BU,C
As in PropositionB3.1] we consider (V;*V),cp+ and (W/}N),cr+ independent vectors of p unitary Brownian
motions of size kN, independent of (UfN),cp+. We define VJ\T,}C and ij,i as Vi, (see (I8)) but with
VENUEN and WEN UEN instead of UFY. Thanks to Proposition B} by polarization and the fact that

S—r-r

(D;Q*)* = —=D;Q, we have with Cov(X,Y) = E[XY] — E[X]E[Y],

Covi (Trpn (AsCy Py o), Tron (By)) = _%Z/OSE’C{TY’“N ((@(AC)#PLQ) (VJ\T,’}C) (D;B) (V];i) )}dr.

Since P o is a matrix of rank N and that we can assume D > max(1, ||UN||), we have
|Covy, (Trin (AsCsPra), Tran (Bs))| < % deg(AC) deg(B) DIa(ABC),

We now assume that @ has degree at most n, then |Covy (Trpn (AsCsPr2), Tren(Bs))| < %nQD”. Thus
we have,

n*t2D"
E; [Tr P, < ——
| k[ kN (Qt 1,2)“ = k2N
1 [t el
[T e T (ko) 5 [T (5.02)
0 i<p, Q=AU; BU;C
Z }Ek [TrkN (ASUfiV*CtPLQ)] Ek [TrkN (BSUZ]??]*)} ’
i<p, Q=AU} BU;C
> Bk [Tren (AsCoPr2)] Ex [Trin (Bo)]|

i<p, Q=AU BU;C

> |Ex [Trin (AsCs Pr o)) Ex [Tran (Bs)]| ) ds.
i<p, Q=AU;BU;C

29



This means that,

n*t? D" ! — QB (1) t deg(B)+1
B [Tran (QePra)]| < —5—+ [ o7 e > Cdeg(AC)+1D
0 i<p, Q=AU; BU;C

t deg(B)+1
+ Z Cdeg(AC)+1 D
i<p, Q=AU BUC

t d B
+ > Cheg(acy DI
i<p, Q=AU; BU;C

+ > Chog(n )Ddegw)) ds

i<p, Q=AU; BU;C

4t2Dn s at
SN /|Q|B€ 3 Z D%, 14

0<d<n—1

nit2Dn at
<oyt Y. Dbl

0<d<n—1

Hence, for any n > 1,

442 Myn
n*t*D
C’fl S I{/’QN + 2 Z Dd n 1—-d-
0<d<n-—1
Since we are taking the trace of L(V]\S/v7k>P172 with Pio = Iy ® E12 ® Ip, we have ¢ = 0. We fix

4,2 n
S:ar ano %, thus for a small enough,

i< Do (Y pi )

n>1 \0<d<n—1
s(a)

2a
< 27 t
<92 T isap @

Thus for a small enough, ff(a) < 2s(a)k™2. Which means that f}(a) = O(k™2) and since as we have
already said, gy, ,(0) < f{(NVKa), we have for any fixed ¢ and y that g , (y) = O(k~?). Since
(2B (i © Lan) (V) Pra)]| < K20 540 (),

we get the conclusion.
O

We can now prove the following intermediary lemma that will allow us to derive Lemma [£.4] This
lemma is the only one where the law of U” actually plays an important part. In other words the fact
that U is a vector of random unitary i.i.d. matrices of size N whose law is invariant by multiplication
by a matrix of SUy(R) will be the crux of the proof.

Lemma 4.3. We define Y} as in Proposition [}, we set
e Py=IN®Ey®Iy,
o g=AeY’ B,

Then for every M,N € N, t € RT and y € R,

. 1
5P, (A, B) = lim —Inz [TM< Z Ey {(Trkzv ®I)®? (6:q(VF) x Py @ Pz,zr)}

k—o0
1<, U/<k

— Ex[Tryny @10 ®2 (6:q(Y) x Puy® Pry) )
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Proof. Since all of our random variables are unitary matrices, thanks to Proposition 1] and the domi-
nated convergence theorem,

SN,(4,B) = lim B [rur (Exlrin @ In] @ Brlrw @ L] (6 (4 €7 B) (v1)))],  (19)

where Ei[7y @ In] @ Ex[tv @ I (A ® B (YF)) = B[ty @ Ing (A(YF))Ex [ry @ Ing (B(YF))]. Since given
V € SUNR), (UFY,UN @ Iy, ..., UFY , UN @ I}.) has the same law as (V* @ I)UY(V @ L), (UNV) @

t,p >

LU UN @ I, ..., UEN  UY @ 1), we have

Elg(v) = E[q(UF @ I UFY) @ I (V@ L),
U @ Iy U )@ In, ..., (U @ I UFY) @ Ing, 2V @ Ik):|-
Hence let H be an skew-hermitian matrix, then for any s € R, e*# € SUy(R), thus by taking V this

matrix and differentiating with respect to s we get that, E[(Slq(Ytk)#(H ® IkM)} = 0. And similarly we
get that for any 1,

E[(Siq(Ytk)#(H ® IkM)} —0.

Since every matrix is a linear combination of skew-Hermitian matrices, this is true for any matrix
H € My (C), and thus for any ¢,

E{(TYN ®Inr)®? (51'61(3/;6))} = Y g ®hnu E[&Q(Ytk)#(Er,s ® Ikar)|9s @ ey =0 (20)
1<r,s<N

Let S, T € My (C) be deterministic matrices, then
Try @I ((TI"N ®IkM)®2 (S® T))

= Z Trne @Iy (S B @ Iitg T B, @ Iiar)

1<m,n<N
= Z Z I @ ST @ Ine S gm @ frr @ I Z I @ fr@Iu T g, @ fi®In
1<LU<k 1<m<N 1<n<N
= > Tn@Iy(n®ff @Iy S In @ fr @ In) Try @Iy (In @ i @ I T In @ fi @ Iyp)
1<LU<k
= Z Tren @In (S In © By @ Ing) Trany @I (T In @ Epp @ Ing).
1<LU<k

Thus by using equation (20), we have for any i,
> E[(Trw @hn)®? (5a(VF) x Prao P | =0
1<Ll<k
And consequently,
Z ]E{(Trkjv ®In)®? (5;9(Y]") x Py ® Pl,l'):| ) [Ek[TrkN @1n|®2 (8ig(Y}*) x Pry @ ]Dl,l/)}

1<l,/<k
(21)

=- Z E [Ek[TrkN @Iy ®? (0iq(YVf) x Pry® Pl,l/)} .
1< <k

Let V,W € M},(C) be permutation matrices. Since Iny ® V commutes with Z¥™ @ I}, and UN @ Iy,
and that the law of U}" is invariant by conjugation by a unitary matrix, it follows that the law of every
matrix of Ytk is invariant by conjugation by Ina ® V or Inpy ® W. Thus,

B [Tren @13 ® 2 (5111(3/tk) X Py @ Py) = Eg[Trpn @1 ®? (51'(](Ytk) X VP, V@ WP W*).

Thus by using well-chosen matrices, we get
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[ ] lf l = l/, Ek[TI‘kN ®IM]®2 (5111(}/,5]6) X ]Dl’,l X ]Dlﬁl/) = Ek[TI‘kN ®IM]®2 (51(](}/15]6) X P171 X Pl,l);
o if 1 £ 1, By [Trpn @In]®2 (8:9(YF) x Py @ Pryv) = Eg[Trpn @Iy B2 (8:9(YF) x Pro @ Py o).
Consequently, we have that

e equation (2] is equal to

Z E{(TrkN @I)®? (5iq(Ytk) X Pri® Pl,l’)} —-E [Ek[TrkN @I ®? (51'(1(Ytk) X Py ® Pz,lf)]

1<l,l/<k

= —kE [Ek[TrkN DIn]®? (6:9(Y}) x Py @ P1,1)}

—k(k—1)E [Ek [Tren ®I0]®2 (5:9(YF) x Pro® PLQ)] .
e Whereas the quantity inside the trace 7ps in equation (I9) is equal to

E [Ek[TkN ® Ing] ®Ek[7k1v ® In) (g (Ytk))}

1
=~ (kN2 Z E []Ek[Tka @I ]®? (iq (Ytk) x Py ®Pzgz/)}
(kN) 1<LI<k

1
= WE [Ek[TrkN @Iy ®? (6iq (YF) x Py @ P1,1)} .

Thus, we have

—E [Ek[Tka ®@In|®2 (5ig(VF) x Py @ Pz,z/)} )

k-1
—WE |j‘M (Ek[TrkN ®IM]®2 (5iQ(Ytk) X Ppo® P1,2) )

Thanks to LemmalL.2]and Proposition2.2] the second term converges towards 0, which gives the expected
formula. 0

Lemma [£.3] makes a covariance appears. Thus it is natural to want to use Corollary Bl to get an
explicit expression for Sgyy(A, B).

Lemma 4.4. For any N, we have

t

J<p

™ ®TM((h 0 0;)(6; ) (UM @ Ing, ZNMY R (h 0 6;) (67 q)(UN v @ T, ZNM))] :

where uy and vy are vectors of free Brownian motions which are freely independent.

Proof. Thanks to Lemma [£.3] and B.1] we have

S, (A, B)
. 1 ‘ 1 N kN 77N NM
klinéowg/o E |7y © Try <1<;<kpm (hod8;) (0t ) (UN @ ) VENUEN @ Iy, ZNM @ 1)
JI=p SHLUS

X Py (hod;)(02q)(UN @ L)WFENUMN @ 1y, ZVM @ Ik)> ds.
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Consequently,

SN,(A, B)
kl;n;om;/ ™™ @ TN <Tk®IMN ((hod6;)(0tq)(UN @ I)VENUKN @ Iy, 28 @ 1)) B
JI=p

7 @ Inn ((h 0 6;)(07q)(UN @ L)W UM @ Iny, ZVM 1)) )] ds.

Let 2,y € My (C) ® M (C), thanks to Lemma Bl ||h(z ® y)|| < M ||z|| ||ly||. Moreover, let us remind
that, with the convention A x (B ® C) x D = (AB) ® (CD), we have for ¢ = Ae’?YF'B,

1

8;q = 6;A PV B +ifyA / = WBYP 5. p o1UBYP By 4 A VP 5, B. (22)
0

Thus similarly to the proof of proposition .1l we can approximate the exponentials by polynomials and

hence approximate (hod,)(d}q) and (ho§;)(62¢) uniformly in k with polynomials in Y;*. If Q and T are

such polynomials, then thanks to Corollary [3.1]

Ex [tk @ Inn (Q) 7Tk @ Ingn (T7)]

1
= ﬁ Z Ex [(TrkN ®IM(QIk ®E;; ® IM)) ® L ; (TrkN ®IM(TIk QFs,r® IM)) ® Ehs]

1<i,j,r,s<N

1
= ﬁ Z Ex [(TI‘kN ®IM(QIk ® LK ® IM)) (TI‘kN ®IM(TIk QFE;r® IM))] ® (Ei,jEr,s)
1<4,j,r,s<N
1
LGRS (Ek [(Triy ®1n (QL @ By @ Ing))]

1<4,5,7,s<N
Ey [(Triny @Iy (T ® Esp @ Ing))] ) ® (Ei;Er,s)
= O(k72) + Eg [Tk ® IMN(Q)] Es [Tk ® IMN(T)]

Besides, since (U;)¢>0 and (V;);>0 are independent, VN UFN has the same law as U, thus

S, (A, B)
t .
- N2 > Elru® TN<k1Ln;o Er [Tk ® Inn ((ho6;)(0{q)(UN @ L)UFN @ Ing, ZNM @ 1)) ]
J<p

R Ex |7 @ I (R0 ;) (820)(UN @ YUY @ I, 2 @ ) m '

Thanks to PropositionB.2] if 7 is the trace on the C*-algebra where the variables u? belongs, then viewing
u! as a vector of matrices of size N, we get

lim E, [Tk ® Inin ((h 0 6,)(61q)(UN @ L)UFN @ Ing, ZNM © 1)) }

=7® Inn ((hod;) (6} q)(UNu' @ Ing, ZVM))

Thus if v? is a freely independent copy of uf, we have

t
Sty(AB) =55 ) E

J<p

T QTN & T((h o 5j)(5i1q)(UNut ® Ing, ZNM)

X (hod;)(02q)(UNV @ Iy, ZNM))] .
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But then thanks to Proposition again, we have

SY,(A, B) e ZE[ lim {TM ®TkN((hO §) (0t ) (UN @ LU @ Ing, Z8M @ I)

@Mo@xﬁ@«UN®4n¢N®msz”®ugH.

And we conclude with Proposition .11
O

The next step to prove Theorem [Tl is to find an estimate for St]Yy(A, B) in all of its parameters. In
particular we have to be careful to pay attention to the estimation in ¢ if we want to integrate from 0 to
infinity.

Lemma 4.5. There exists a polynomial Lp such that for any t,y, N, ZNM

1SY,(A,B)| < Lp (HZNMH 1+|y| (23)

|SN.(A,B)| < Lp ( HZNMH 1—|—y ) te™2 (24)

Proof. The first inequality is a straightforward consequence of Lemma [£.J] and [£4l For the second one,
we want to study the asymptotic of Stlyy(A, B) when t go to infinity. Let u and v be vectors of freely
independent Haar unitaries free between each other and free from My (C), then by invariance of Haar
unitaries by multiplication by a free unitary,

o © 730 (100 0,)OT) (UM ® Ty, Z¥M) 8 (b0 6,)(0Fa)(UNv @ Ly, ZY)

=T8N @ T\ ((h o 5j)(<$}~(1)(u @ Ing, ZNMYR (ho 5]-)(5%)(1; ® I, ZNM)) (25)

Thanks to equation (B]) and the remark preceding it, we can approximate equation (28) by replacing
q by a polynomial in Py. We know that for any i, Z¥™ = Y _ . A" ® E,,, thus if we set
A = (A;"")iuw, to show that ([25) is zero, we only need to show that for any monomials @,

v (D5 (01Q) (1, 4) B D, (B2Q)(v, 4)) = 0. (26)
In order to do so, if there exist S,7" monomials and [ such that @ = SU;U;T’, then

5iQ = 6,8 x L@ UULT + SUUT @1 x 6T
In particular for any polynomial K, H,

D;(KUU; H)(u, A) = ;K (u, A) # H(u, A) + 6,H(u, A) # K(u, A) = D;(KH)(u, A).
Consequently, we have
v (D5(61Q) (s AR D, (02Q)(v, 4)) = 7v (D; (018) (u, A) B D; (625 x LU T)(v, 4) )
+ v (D4 (S} % 61T (u, A) R D, (57T)(v, 4))
— 7 (D (818)(u, A) M D; (825 x T)(v, 4))

+ v (D;(8 x 81T)(u, 4) K D; (87T (v, A))

—_~—

= 7 (D;(01(ST)) (u, A) B D; (83(ST)) (v, A) )

K2
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By induction one can show that @ is a linear combination of monomial of the form AU Ay ... Aj_1 UZ-Z’“ Ay
where for any s, ns € Z \ {0} and either 7n(A4s) = 0, or As = Iy and is # i541. Thus §;Q is a linear
combination of terms of one of the following form,

AoUﬁlAl o Ak—le'Zk ® BOanl“Bl .. .Bl_lU;lr”Bla

AU Av o AU Ag @ U By L. B UM By,

where for any s, ms,ns € Z\ {0} and either Ay = Iy and i5 # is41, or Ty (As) = 0, similarly for B,. We
are now going to prove (26]). We restrict ourselves to the first case since the second one is similar. We
need to prove that

TN (DJ (Ao’LLZlAl SN Ak_lu?:) X Dj (B()U;-TIBl AN Bl—l’U;?lBl)) =0.
This is a linear combination of terms of the form,

miy o, B1 s ni ay, P2 my
™ (Bovj1 By ... Bi_1v57uy)] A, ... u;! Aouit Ay . .A,«,luiT Vi By ... Bi_1v) Bl),

where a; + 1 = n, and ag + B2 = my. If (a2, 51) # (0,0) and (a1, 82) # (0,0), then this is equal to
zero by freeness of u,v and My (C). Otherwise if (aq, 81) = (0,0) for example, then

mi az, B ng ni a1, B2 my
v (Booj By oo Boquul Al Al Av . Arqul o By Bl By)
_ m me—1 N1 n n ar, B m
=75 (Bov] ' Bi...v; "' (Bi—1Ar — TN (Bi—14r))y, coulPAgult Ay Ar w0 P By B vt By
J1 Jt—1 r+1 k 1 ™ Jt Ji

m mMe—1 Nyt n n ay, B m
+ 7N (Bi-14;))TN (BovjllBl LU ug " upt Agult Ay A o P By Biogvg lBl)

Jt—1 ir41

=0.
Thus we get that,
v @ 7ot ((h 0 8)EL)(UNu ® Iy, 25 B (0 6,)(820)(U N0 Iy, 25 ) = 0.

Consequently, with Lemma [£.4] and B3] we have that

t

J<p

v © g (10 0,)(610)(UN e © Iy, ZV) B (h 0 8,) (070) (U v, @ Ty, 2V

—rne@ru ((ho ;) (81a) UV & Tng, ZM) B (ho 6;)(62)(UN 5 @ Ly, ZNM))]

t
ZFZE

J<p

™~ Q T (h(éj(ézlq)(UNut ® Iy, ZNM) — (Sj((silq)(UNﬂt X IM,ZNM))

X (ho&;)(67q)(UN vy ® Ing, ZNM)
+ (hod;)(67q)(UN @ @ Ing, ZNM)

R (05810 (U™ vy @ Ing, Z2%M) = 6561 q)(UN T @ T, ZNM))] :

Hence by using Duhamel formula with Lemmas[B.3] and B.1] we have that there is a polynomial Lp which
only depends on P such that

M? .
[SNA.B)| < L (|12 Fz (1 +4) te .

We now have the tools to prove Theorem [£.1]
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Proof of Theorem [Z.1l Thanks to Lemma[]] and since D; e'¥F = iy 6; P ;,é elP  there exist a family of
monomials (Ag, Bg)r and a constant C' which only depends on P such that,

MN
< cz/m/ S, (A, B)| ds dlul(w).

Thanks to equation (24)), by letting ¢ got to infinity, we get that for some polynomial Lp,

e 0o 8) o)

MN

E [; Tow (f (P (U © 1, 2V7)) )} — v @1 (f (P (u, 2Y)) )}

< 2L (12 % [+ bl dlul)

Whereas with equation (23)), we get that

2 [ (1 (P 0 10279)) oo (P, 2) )|

<t ]]\\{_LP(HZNMH) /|y|+y) d|s(y)

Besides, thanks to Proposition B3] thanks to Duhamel formula we can find a polynomial L’s such that

TN @ Tapp (eiyﬁ(u’ZNM)) — TN & TM( iy P, ZNM)) ‘

™N @ TM (eiyﬁ(UN“’ZNM)) — TN ® Tm (eiyﬁ(UN““ZNM)) |
< 2L (|2 )) x

Hence the conclusion by fixing ¢t = 4 1n(V).

We can finally prove Theorem [Tl

Proof of Theorem [I1. We want to use Theorem[£]l To do so 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 we can assume that f has compact support. Since UY and u are unitaries,

there exists a polynomial H which only depends on P such that Hﬁ (UN ® Iy, ZNM) H <H (HZNMH)

Consequently since we also have that Hﬁ(u ® Ing, ZNM) H <H( HZNM |), we can replace f by fg where

g is a C> function which takes value in [0, 1], takes value 1 in [-H (||ZVM||) , H (||ZV*]])] and 0 outside
of [-H (||ZVM||) — 1, H (||Z~™]|) + 1]. Since f can be dlﬁerentlated six tlmes, we can take its Fourier
transform and then invert it so that with the convention f =5 fR e Yz, we have

Ve eR, f(z)= /R 1 f(y) dy

Besides since if f has compact support bounded by H (HZNMH)—H, then HfH <2 (H (HZNMH) + 1) 1 f1l oo s

we have
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[sl+0) || ay < [LEMELE 2 ) g

1+y
/ D)+ [T )|+ NP w)| + [0 )|
1+y? 4
1 (12 ) + 1) 1l | 5= o

<C(H(|Z¥™) +1) [ flles

for some absolute constant C'. Hence it satisfies the hypothesis of Theorem 1] with p(dy) = f(y)dy,
thus we have

’]E {ﬁ Tr (f (ﬁ (UN ®IM,ZNM)) )] _T(f (ﬁ (“®IM’ZNM)) )‘

M?In*(N
< e (12 [+ |7 a
2 n2
< M) r (12 (7 (1 25M]) + 1) oo

= N2

We similarly get the case where f is a C” function.
O

Finally to conclude this subsection, it is worth noting the following corollary from Lemma [ and

44
Corollary 4.1. We define,
e u=(ul,...,uP) a family of p free Haar unitaries,

o UN = (UY ,...,Uév) random unitary i.i.d. matrices of size N whose law is invariant by multipli-
cation by a matriz of SUn(R),

o uy = (uy,...,u) a family of p free unitary Brownian motions at times t,
o YMN be g family of commuting matrices which converges in distribution towards a family vy,
e P € Py a self-adjoint polynomial.

Then,

NhinooNQ (E [ﬁ Tearw (£ (P (UN @ Iugy. I @YMN)))] —rx @ (f (P (ue Ly, Iy ®YMN))))

Z // ®2<Dj53 (i 7) (wus 1,1 0y) B D;o? (D 7) (uvt®1,1®y>>dt du(y).

1<l J<p
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5 Proof of Corollaries

5.1 Proof of Corollary [1.1]

We could directly apply Theorem LIl to f, : © — (z — x)~!, however for z such that Sz is small, we
have | fllcs = O ((S2)77) when we want O ((Sz)7°) instead. Since P is self-adjoint, Gp(z) = Gp(2),
thus we can assume that Sz < 0, but then

f=(2) /0 ey (iefiyz) dy.

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

e 1 24
4
+ d| b = + .

Thus by applying Theorem B with ZV¥M = (IN QYM, ... IN® YPM), P and f,, we have

M?1n*(N
E [Grumvons.vey)(2)] = Grusn ey (2)] < #LP (21 /R(l +y') dlps|(y)-

Now since ||ZVM|| = (||[YM]],...,||Y;*]]) which does not depend on N, we finally have
M?In*(N 1 24
|IE [GP(UN®IM,1N®YM)(ZH - GP(u®1M,1®YM)(Z)} < %Lp (||Y1M|| ey HYPMH) <W + w) .

5.2 Proof of Corollary

Let f : R — R be a Lipschitz function uniformly bounded by 1 and with Lipschitz constant at most
1, we want to find an upper bound on

MN

E [L T (f (P (UN @ I, In @ Yar)) )} —T®TM (f (P(u®In,1® YM)))‘- (27)

Firstly, since UY are unitary matrices, we can assume that the support of f is bounded by a constant
S=H (HYM H) for some polynomial H independent of everything. However we cannot apply directly
Theorem [ T] 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:xz = E[f(z+eG)).

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

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

Since f. is regular enough we could now apply Theorem [Tl however we a get better result by using
Theorem .1l Indeed we have

fe(z) /Rf(x—i—ay)e_yz/Q dy

1
" Ver

_(z—y)?

1 e 2e2
= — - d
1 .
e /]Rf(y) /]R M d .

Since the support of f is bounded, we can apply Fubini’s theorem:
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1 ; ; 2
fel@) = o / / Fly)e ™" dy e=“97/2 du.
2w R R
And so with the convention h(u) = 5= o h(y)e "¥dy, we have

felx) = /]Reiuj”f(lt)ef(“)z/2 du.

Thus if we set . (dy) = f(y)e_(y5)2/2 dy, then, since ||f[|,, <1,

/ (1+ ") dlpe|(y) < 28 / (14 yh)e /2 dy e,
R R

Consequently we can apply Theorem BTl with f. and since || f — fc||., < €, there exists a polynomial Rp
such that (27) can be bounded by

M?In*(N)
N2gb

Thus we can now fix e = (N ' In(N))'/? and we get that for any f Lipschitz function uniformly bounded
by 1 and with Lipschitz constant at most 1, (27)) can be bounded by

2e + Rp (Y]]

1/3
are (o (5)

N

5.3 Proof of Theorem

Firstly, we need to set the operator norm of tensor of C*-algebras we will work with. When writing
the proof it appears that it is the minimal tensor product as defined in 224l The following two lemmas
were used in [I1], see Lemma 4.1.8 from [7] for a proof of the first one and Lemma 4.3 from [I1] for the
second one. In order to learn more about the second lemma, especially how to weaken the hypothesis,
we refer to [23].

Lemma 5.1. Let (A, 74) and (B,78) be C*-algebra with faithful traces, then T4 ® g extends uniquely
to a faithful trace T4 @min T8 0N A Qumin B.

Lemma 5.2. Let C be an exact C*-algebra endowed with a faithful state ¢, let YN € An be a sequence
of family of noncommutative random wvariable in a C*-algebra An which converges strongly towards a
family Y in a C*-algebra A endowed with a faithful state T4. Let S € C be a family of noncommutative
random variable, then the family (S ® 1,1 ® YN) converges strongly in distribution towards the family
(S®1,1QY).

In order to prove Theorem we use well-known concentration properties of unitary Haar matrices

coupled with an estimation of the expectation, let us begin by stating the concentration properties that
we will use.

Proposition 5.1. Let f be a continuous function on UY,, such that for any X,Y € UY,,
F(X) = (V) < C Y Ten (X = Vi) (Xi = Yi))' 2.

Then if W is a vector of p independent random matrices distributed according to the Haar measure on
SUpn, and U a vector of independent unitary Haar matrices of size N, we have,

P(|f(U) — By [F(WU)]| > 0) < 4p e~ (ze) N,
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Proof. We want to use Corollary 4.4.28 from [2], in order to do so let us first assume that f takes real
values. We then set,

Thus,

.....

..........

Finally we conclude by taking the real and imaginary part of f.

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 ZVM = (ZN@ Iy, In@YM) and Z = (2®1,1®y).

Proposition 5.2. Let P € Py, there are polynomials Hp and Kp which only depends on P such that
for any N, M,

- . K ZNI\/[ -~ 52N
P(‘ HP(UN®IM,ZNM)H *E[HP(UN@)IMvZNM)‘H ‘ZMM) < ¢ HR(IZNT)

Proof. We set Gy : X — H]S(X ® Iy, ZNM)H. One can find a polynomial Lp such that for any N and

NM
ZN,

G (X) =GN ()] < Lp (| 2¥M]]) 321X - Vil
where ||.|| is the operator norm. Besides
DOIX = Vil < 3 Tow (X = i)' (Xi = i),
Hence with Proposition 5.1 there is a polynomial Hp which only depends on P such that for any N, M,
(| 0¥ 290 B [P 290 2) =
Besides for any matrix U € Uy, there exist S € SUy and 6 € [0, 27] such that U = ei¥ S, Indeed we

just have to pick @ such that e = det(U). Thus there is a polynomial Kp such that

Kp(|Z24¥])

o [P o 2] -5 [0 2| < K22

This concludes the proof.
O

We can now prove Theorem Firstly, we can assume that Z"V and Y™ are deterministic matrices
by Fubini’s theorem. The convergence in distribution is a well-known theorem, we refer to [2], Theorem
5.4.10. We set g a function of class C>° 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 — ¢ (5‘1 (t - Hﬁls*(u ® 1,Z)H)). By Theorem [T

there exists a constant C' which only depends on P, sup,, ||YM H and sup HZ N H (which is finite thanks
to the strong convergence assumption on Y™ and Z%) such that,
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E {TI«MN (fa (1313* (U & Iy, ZNM)) )} — MN7y & T (fe (1515* (u® Iy, ZNM)) ) ‘

M
< CeT—.
< Cem'—

According to Theorem A.1 from [18], (u, Z™)y>1 converges strongly in distribution towards (u, z)
since, given a system of free semi-circular variable, we can write u; = f(z;) for a specific function f built
with the help of Lemma 3.1 of [12]. Besides thanks to Lemma and Corollary 17.10 from [24], we
have that (u ® Ins, 1 ® YM) 51 converges strongly in distribution towards (u ® 1,1 ® y). In Theorem
[[2 we are interested in the situation where ZV™ = ZN @ Iy or ZVM = Iy @ YM. So, without loss of
generality, we restrict ourselves to this kind of Z¥™. We know that (u ® Ip;, ZVM) converges strongly
towards (u® 1, Z), but since the support of f. is disjoint from the spectrum of PP+ (u®1,Z), thanks to

Proposition 21, for N large enough, 7n ® Tas (fE (15]5* (u ® Iy, ZNM)) ) = 0 and therefore,

ETean (£ (PP (U © I, 2YM) ) )] < 07" (28)

Hence, we deduce for N large enough,
E[|PP (" @ 1, 2¥Y)||] - [PPr e 1, 2)|
< €+/ P(H?ﬁ* (UN®IM,ZNM)H > Hﬁﬁ*(u@)l,z)H +a) da
€

< 5+/KIP’ (Tenas (fo (PP (U @ Iy, 2Y))) 2 1) da

3

M
< C/ —6_.
<e+C¢ N

Finally we get that almost surely,
limsup E [Hﬁﬁ* (UN @ Iy, ZNM) m < Hﬁﬁ*(u ®1, Z)H .

N —oc0
Thanks to Proposition .2, by taking §5 = N~/* and using Borel-Cantelli lemma, we get that almost
surely,
lim PP (U @ Ly, 28)|| - B[ | PP* (U™ @ 1, 2) | = 0

N—o0
And consequently almost surely,

limsup Hﬁﬁ* (U @ Ly, ZVM) H < Hﬁﬁ*(u ®1, Z)H .
N — 00
Besides, we know thanks to Theorem 5.4.10 of [2] that if i is a continuous function taking posi-
tive values on (HIBIS* (u®1, Z)H -, oo) and taking value 0 elsewhere. Then i Tran (R(PP*(UN @
Ing, ZNM))) converges almost surely towards 74 ®umin 75 (h(ﬁ]s* (u®1,7))). If this quantity is positive,
then almost surely for N large enough so is t Trasw (R(PP*(UN @ Iy, ZNM))), thus

Hﬁﬁ*(UN ® Iy, ZNM)H > Hﬁﬁ*(u ®1, Z)H e

Since h is non-negative and the intersection of the support of h with the spectrum of pp* (u®1,7)is
non-empty, we have that h(PP*(u®1, 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 1] so is 74. Thus, since both 74 and 75 are faithful, by Lemma (.11 so is
TA ®min T8 and T4 @min 78(R(PP*(u® 1,Z))) > 0. As a consequence, almost surely,

liminf || PP* (UY @ 1, 27| = | PP (w1, 2)|

N—o00

We finally conclude thanks to the fact that for any y in a C*-algebra, ||lyy*| = |ly||°.
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