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Abstract

We prove that for a finite collection of real-valued functions fi,..., f, on the
group of complex numbers of modulus 1 which are derivable with Lipschitz
continuous derivative, the distribution of (trfi,...,trf,) under the properly
scaled heat kernel measure at a given time on the unitary group U(N) has
Gaussian fluctuations as N tends to infinity, with a covariance for which we
give a formula and which is of order N~!. In the limit where the time tends to
infinity, we prove that this covariance converges to that obtained by P. Diaconis
and S. Evans in a previous work on uniformly distributed unitary matrices.
Finally, we discuss some combinatorial aspects of our results.

Keywords: Central Limit Theorem, Random Matrices, Unitary Matrices,
Heat Kernel, Free Probability
2000 MSC: 15A52, 60F05, 58J65, 46154

1. Introduction

In [8], P. Diaconis and S. Evans studied the fluctuations of the trace of func-
tions of a unitary matrix picked uniformly at random. Let us recall briefly their
main result. If U is a unitary matrix of size N > 1 and f a real-valued function
on the set U of complex numbers of modulus 1, then the eigenvalues Aq,..., Ay
of U belong to U and trf(U) = + Zf\il f(Ai), where tr is the normalized trace
(so that tr(Iy) = 1) and the matrix f(U) is obtained from U and f by functional
calculus. Using Weyl’s integration formula and the rotational invariance of the
Haar measure, it is easy to see that if f : U — R is defined almost everywhere,
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is integrable and has zero mean on U then trf(U) is defined for almost every U
and, seen as a random variable under the Haar measure, also has zero mean.

The function f being fixed, trf can be seen as a random variable on the
unitary group U(V), endowed with the Haar measure, for all N > 1. Thus,
the single function f gives rise to a sequence of random variables indexed by
the integer N, which is their main object of study. In order to understand
the behaviour of this sequence, a fundamental fact, which has been proved and
used extensively in this context in [8], is the following: for all p,q € Z, one has
Eltr(UP)tr(U?)] = 6p,N 2 min(|p|, N). Using this, one can easily check that, if
f is square-integrable on U, then the variance of trf converges to 0 as N tends
to infinity. Moreover, if f belongs to the Sobolev space H %(IU) (see Definition
9.1 below), then the series of the variances of trf on U(IN) converges, which
gives a strong law of large numbers.

The main result of [8] is that the fluctuations of trf under the Haar measure
are asymptotically Gaussian. More precisely, they have proved that if f belongs
to H%(U) and has zero mean on U, then Ntrf converges in distribution to a
centered Gaussian random variable with variance equal to the square of the
Hz-norm of f (see Theorem 9.2 below for a precise statement).

In this paper, we consider the fluctuations of trf when the unitary matrix is
picked not under the Haar measure, but rather under the heat kernel measure at
a certain time. The heat kernel measure at time T is the distribution of Uy (T),
where (Un(t))i>0 is the Brownian motion on U(N) issued from the identity
matrix, that is, the Markov process whose generator is the Laplace-Beltrami
operator associated to a certain Riemannian metric on U(N). The choice of a
Riemannian metric that we make is explicited at the beginning of Section 2.
Apart from being one of the most natural stochastic processes with values in
the unitary group, the Brownian motion arises for example in the context of
two-dimensional U(NN) Yang-Mills theory ([18, 12, 11]).

Let f: U — R be a function, as above. Once a time 7" > 0 is fixed, trf is
a random variable on U(N) for each N > 1, the unitary group being endowed
with the heat kernel measure at time 7. With our choice of Riemannian metric,
it is known since the work of P. Biane [3] that if f is continuous, then trf
converges almost surely towards the integral of f against a probability measure
vy on U, which is characterized by the formula (4) below. By this almost sure
convergence, we mean that the expectations of these variables and the series of
their variances converge. For all T' > 0, the measure vy is absolutely continuous
with respect to the uniform measure on U, with a density which unfortunately
cannot be expressed in terms of usual functions. Its support is the full circle
only for T > 4. For T € (0,4), its support is an arc of circle containing 1,
symmetric with respect to the horizontal axis, which grows continuously with
T, and for the width of which a simple explicit formula exists. In fact, as
N tends to infinity, not only the distribution of the eigenvalues of Uy (T") but
the Brownian motion itself as a stochastic process converges in a certain sense
towards a limiting object called the free multiplicative Brownian motion, which
is defined in the language of free probability. The measure vy is the non-



commutative distribution of this free process at time T and can be considered
as a multiplicative analogue of the Wigner semi-circle law.

The main result of this paper is that for any function f : U — R with Lip-
schitz continuous derivative, the fluctuations of Ntrf are asymptotically Gaus-
sian with variance o (f, f), where or is the quadratic form defined in Definition
2.4. This definition of o (f, f) involves three free multiplicative Brownian mo-
tions which are mutually free and the functional calculus associated to f’. It
makes sense for functions of class C*, or at best for absolutely continuous func-
tions. An alternative definition of o (f, f) is given by Definition 9.10 in terms of
the Fourier coefficients of f and the solution of an infinite triangular differential
system (see Lemma 9.7). We prove that, when T is large enough, this second
definition makes sense for functions in the Sobolev space Hz (U), which are not
even necessarily continuous.

Moreover, we prove that, as T tends to infinity, or(f, f) converges towards
the square of the H z-norm of f. This convergence is consistent, at a heuristic
level, with the result of P. Diaconis and S. Evans, since the Haar measure is the
invariant measure of the Brownian motion, and its limiting distribution as time
tends to infinity.

For small values of T', the analysis seems much harder to perform. We have
no expression of the covariance other than Definition 2.4 and it seems plausible,
considering the limiting support of the distribution of the eigenvalues of Uy (T')
and some puzzling numerical simulations (see Figure 1 in Section 9), that the
largest space of functions f for which Ntrf has Gaussian fluctuations might
depend on T, say for T' < 4. Unfortunately, we have no precise conjecture to
offer in this respect.

The understanding of global fluctuations of random matrices has been widely
developed in the literature using various techniques. By combinatorial meth-
ods applied to the computation of moments, Ya. Sinai and A. Soshnikov [29]
derived a central limit theorem (CLT) for moments of Wigner matrices grow-
ing as o(N?/3). An important breakthrough is the work of K. Johansson [17]
where he got, using techniques of orthogonal polynomials on the explicit joint
density of eigenvalues, a CLT for Hermitian or real symmetric matrices whose
entries have joint density eN"V (M) for a large class of potentials V. Recently,
M. Shcherbina [28] has been able to lower, in the symmetric case, the regularity
of those functions for which the CLT holds. The study of Stieltjes transform
for this purpose, initiated by L. Pastur and others [25, 26], has recently given
some striking results, among which one can cite the works of G. W. Anderson
and O. Zeitouni [1] or W. Hachem, P. Loubaton and J. Najim [15]. Recently
S. Chatterjee [6] proposed “a soft approach” based on second order Poincaré
inequalities.

The technique of proof that we have chosen is rather of the flavour of the one
introduced in [5]. Therein, T. Cabanal-Duvillard proposed an approach based on
matricial stochastic calculus to get a CLT for Hermitian and Wishart Brownian
motions but also for several Gaussian Wigner matrices. In this direction we can



also mention a CLT for band matrices obtained by A. Guionnet [13].

Some tools of free probability will play a key role in our analysis. The notion
of second order freeness was developed in a series of papers [24, 23, 7] in order
to give a general framework to CLT’s for large random matrices. In particular,
the second paper [23] of the series deals with unitary matrices and the results
therein might be relevant to the problem under consideration (see Section 8 for
more details).

Let us mention the work of F. Benaych-Georges [2], which is closely related
to ours. He also considers unitary matrices taken under the heat kernel measure,
and he obtains a CLT for functions of the entries of these matrices, whereas we
are rather considering functions of their empirical measure.

The paper is organized as follows : Section 2 is devoted to defining the Brow-
nian motion on the unitary group, recalling from [3] its asymptotics, defining
the proper covariance functional and stating our main result (Theorem 2.6).
In Section 3, we present the structure of the proof of our main theorem by
introducing a family of martingales (see Equation (6)) that will be the main
object of study. The proof will in fact boil down to proving the convergence
of the bracket of these martingales (Section 5) and to controlling the variance
of this bracket (Section 6), relying on some technical results on the functional
calculus on U(N) gathered in Section 4. In Section 7, we extend our result to
other Brownian motions on the unitary group and to the Brownian motion on
the special unitary group. In Section 8, we deal with the fluctuations of uni-
tary Brownian motions stopped at different times. Section 9 is devoted to the
study of the covariance for large time, in connexion with the CLT for Haar uni-
taries [8]. Finally, in Section 10, we discuss a combinatorial approach to some
of our previous results and we obtain, via representation theoretic arguments,
an explicit formula (Theorem 10.2) for mixed moments of the heat kernel on

SU(NV).

2. The Brownian motion on the unitary group

2.1. The stochastic differential equation

Let N > 1 be an integer. We denote by U(N) the group of unitary N x N
matrices and by u(N) its Lie algebra, which is the space of anti-Hermitian N x N
matrices. We denote by Iy the identity matrix. We will use systematically
the following convention for traces: we denote the usual trace by Tr and the
normalized trace by tr, so that Tr(Iy) = N and tr(Iy) = 1.

Let us endow u(N) with the real scalar product (X,Y), ) = NTr(X*Y) =
—NTr(XY). We denote by || - [[y(n) the corresponding norm.

The scalar product (-, -),(y) determines a Brownian motion with values in
u(N), namely the unique continuous Gaussian process (Kn()):>o with values
in u(N) such that

VS,t Z O,VA,B c u(N), E[<A, KN(5)>u(N)<B7KN(t)>u(N)] = min(s,t)(A, B>u(N)-



Equivalently, let (B, Cki, Di)k,i>1 be independent standard real Brownian
motions. Then Ky (t) has the same distribution as the anti-Hermitian matrix
1

whose upper-diagonal coefficients are the ﬁ(Bkl(t) + iCki(t)) and whose di-

agonal coefficients are the ﬁDk (t).
The linear stochastic differential equation

dUN (t) = Un (8)dK n () — %UN(t)dt (1)

admits a strong solution which is a process with values in My (C). This process
satisfies the identity d(UnUR)(t) = 0, as one can check by using Ité’s formula.
Hence, this equation defines a Markov process on the unitary group U(N),
which we call the unitary Brownian motion. The generator of this Markov
process can be described as follows. Let (X1,..., X yz2) be an orthonormal basis
of u(N). Each element X of u(N) can be identified with the left-invariant first-
order differential operator £x on U(N) by setting, for all differentiable function
F:U(N)—=Randall U € UWN),

d

(LxF)(U) = i 1o

F(Ue™). (2)
The generator of the unitary Brownian motion is the second-order differential
operator

1 1 &
o 2
FA=3D Lk,
k=1

This operator does not depend on the choice of the orthonormal basis of u(N).
We denote the associated semi-group by (P;)¢>0. From now on, we will always
consider the Brownian motion issued from the identity matrix, so that Uy (0) =
Iy.

The stochastic differential equation satisfied by Uy can be translated into
an Itd formula, as follows.

Proposition 2.1. Let F: R x U(N) — R be a function of class C?. Then for
all t >0,

N? t
Ft,Un(t) = F(0,Iy) + Z/O (Lx, F)(s5,Un(5)) d{Xp, Kn)u(n)(5)
k=1

+ /Ot (;AF—H%F) (5, Un(s)) ds, (3)

and the processes {(Xg, Kn)uny : k € {1,.. ., N?}} are independent standard
real Brownian motions.

This result is classical in the framework of stochastic analysis on manifolds
(see for example [16]), but since our whole analysis relies on this formula and
for the convenience of the reader, we offer a sketch of proof in this particular
setting.



Proof. For all a,b € {1,...,N}, let 4, : My (C) — C denote the coordinate
mapping which to a matrix M associates the entry M,;,. Let also d,; denote
the partial derivation with respect to the ab-entry. The definition of Lx given
by (2) makes sense for any matrix X. One can check the following identities:

N
VX €MN(C), Lx = Y €acXepOap
a,b,c=1
N
and »C%( - ‘CXZ = Z 5acchEa’c’Xc’b’aabaa’b/7

!’ ! y—
a,b,c,a’ b’ ,c'=1

N? N
A= LC + Z Z 5ac()(k)cbga’c’ (Xk)c’b’aabaa’b’a

k=1a,b,c,a’,b’,c’=1

where C = ZZN:l X2. Moreover, C = —Iy, regardless of the choice of the
orthonormal basis (X7, ..., Xyz).

Any smooth function F : R x U(N) is the restriction of a smooth function
defined on RxMy (C). Applying the usual It6 formula to this extended function
and using the identities above leads immediately to (3). O

2.2. The free multiplicative Brownian motion

We are interested in the large N behaviour of the stochastic process Uy
issued from I. P. Biane has described in [3] the limiting distribution of this
process seen as a collection of elements of the non-commutative probability space
(L* @My (C),E®tr). We start by describing the limiting object. As a general
reference on non-commutative probability and freeness, we recommend [30].

Definition 2.2. Let (A, 7) be a (non-commutative) *-probability space. A col-
lection of unitaries (u)y>o in A is called a free multiplicative Brownian motion
if the following properties hold.

1. For all0 <t; < ... <1y, the elements uy,, ug,uy ..., ug, uy _, are free.

2. For all 0 < s <t, the element usu} has the same distribution as ui—s.

3. For all t > 0, the distribution of u; is the probability measure vy on
U={z€C:|z| =1} characterized by the identity

1
/ PR th(g) =1+ 2, (4)
ul— 1€ Zez &

valid for z in a neighbourhood of 0.

The following result was proved by P. Biane. The second assertion follows
from the first by a general result of D. Voiculescu.



Theorem 2.3. The collection (Un(t))i>0 of non-commutative random vari-
ables converges in distribution, as N tends to +o0o, towards a free multiplicative
Brownian motion.

Moreover, if U](Vl), UJ(VQ), ey Uz(\;l) are n independent sequences of unitary Brow-
nian motions, then the family ((U](Vl)(t))tzo, (U](\,Q) )e>05-- -, (UJ(\?)(t))tZO) con-
verges in non-commutative distribution, as N tends to infinity, towards
((ugl))tzo, (u§2))t20, e (uﬁ"))tzo) where vV, ... u™) are n free multiplicative
Brownian motions which are mutually free.

2.8. Statement of the Central Limit Theorem

Recall that U denotes the group of complex numbers of modulus 1. Let
f : U — R be a function. Then, by the functional calculus, f induces a function,
still denoted by f, from U(N) to My (C). Moreover, for all unitary matrix U,
the matrix f(U) is Hermitian.

We endow U with the usual length distance, that is, the distance such that
d(e'®,e®) = |a — B for all a, 8 € R such that |a — 8| < 7. Accordingly, we
define the Lipschitz norm of a function f : U — R as follows:

in — su
Hf”Llp z,wEUPZ;&w d(z,w)

Note that if f is Lipschitz continuous and z,w belong to U, then the following
inequalities hold: | £(2) — f(w)| < || flluipd(w) < E[flluipl* — wl.

By the derivative of a differentiable function f : U — R, we mean the
function f’: U — R defined by

VzelU, f'(z) = }llin%
-y

fze™) — f(2)

- .
We denote by L!(U) the space of integrable functions on U, with respect to the
Lebesgue measure. We denote by C*(U) the space of continuously differentiable
functions and by C11(U) the subspace of C'*(U) consisting of those functions
whose derivative is Lipschitz continuous. We define a family of bilinear forms
on C1(U) as follows.

Definition 2.4. Let (A,7) be a C*-probability space which carries three free
multiplicative Brownian motions u,v,w which are mutually free. Let T > 0 be
a real number. Let f,g: U — R be two functions of C*(U). For all s € [0,T],
we set o1 s(f,g) = 7(f'(usvr—s)g’ (uswr—_s)). Then, we define

T

UT(fv g) = /0 UT,s(fv g) ds = / T(fl(usvas)g/(uszfs)) ds.

0

Lemma 2.5. For oll T > 0, op is a symmetric non-negative bilinear form on

cY().



Proof. The symmetry of or comes from the fact that the triples (u,v,w) and
(u,w, v) have the same distribution. In order to prove the non-negativity, let us
realize (u, v, w) on the free product of three non-commutative probability spaces.
So, let (A, 7y), (Ay,7y) and (A, 7)) be three non-commutative probability
spaces which carry respectively u, v and w. We consider their free product, so
we define A = A, x A, * A, and 7 = 7, * 7, * T,. We also use the notation
Tus Tv, T for the partial traces on A. Then

T
or(f.f) = / r (T (F (svp )7 (ustr ) ds

T
- /0 ru (o (svr—s))?) ds > 0,

the positivity coming from the fact that f/(usvr—_s) is self-adjoint. O

We will use the notation or(f) = or(f, f). Let us state our main result.

Theorem 2.6. Let T' > 0 be a real number. Let n > 1 be an integer. Let
fiseoos fn : U — R be n functions of C11(U). Let us define a n X n real non-
negative symmetric matriz by setting Xr(f1,..., fn) = (or(fi, [5))iseq1,...n}-
Then, as N tends to infinity, the following convergence of random vectors in R™
holds in distribution:

N (trf(Un (T)) ~ B[ fiUn (D), my o N(O,Sr(frve s f)). (5)

N—o00

3. Structure of the proof

For T = 0, the result is straightforward. Let us choose once for all a real
T > 0. In order to study the left-hand side of (5), we write each component
of this random vector as the difference between the final and the initial value
of a martingale. To do this, let (Fn¢)i>0 denote the filtration generated by
the unitary Brownian motion Uy. To each function f of L!(U) we associate a
real-valued martingale (M 1{, (t))tefo,m) by setting

M (t) = Eltrf (Un (T)| F ). (6)
The left-hand side of (5) is simply N (M{; (T) - M}\c; (0)) S and we
1€1,...,n

are going to study the quadratic variations and covariations of the martingales
M ]{, In order to state the main technical results, let us introduce some notation.

Recall that the gradient of a differentiable function F' : U(N) — C is the
vector field on U(N) defined by VF = Zkle(ﬁxkF)Xk, where (X1,...,Xn2)
is an orthonormal basis of u(N). To each pair of functions f,g € L'(U) we
associate a function E4Y on [0,T) x U(N) by setting

B (5,U) = NX(V(Pr_y(trf))(U), V(Pr_s(tr9)) (U))u(v).-



Let us check that this function is well-defined. By the Weyl integration formula,
the fact that f is integrable on U implies that trf is an integrable function on
U(N). Hence, for all s € [0,T), Pr_s(trf) is a function of class C* on U(N)
and E}:;g is well defined.

Proposition 3.1. Consider f,g € L*(U). With the notation introduced above,
the following properties hold.

1. For allt € [0,T], the quadratic covariation of the martingales NMJ{, and
NMZ, is given by

. ¢
(NM, NMF ), :/ E{(s, Un(s)) ds.
0

2. Assume that f and g are Lipschitz continuous. Then for all s € [0,T)

and all U € U(N), |E1{,’g(s,U)\ < (| fllwip + ||gHLip)2. Moreover, if f and
g belong to C1(U), then the following convergence holds:

E[EL (s, Un ()] = oras(f.9).
3. Assume that f and g belong to C11(U). Then the following estimate holds:
sup Var(EL9(s,Un(s))) = O(N2).
s€[0,T)
Let us show that these results imply Theorem 2.6.

Proof of Theorem 2.6. For all N > 1, define a R™-valued martingale Qn =

(@QL,..., Q%) by setting Qu(t) = N (M}:{(t) —M]{,]'(O))' oy Tis amar
JE{Ln
tingale indexed by [0,T], issued from 0 and with the same bracket as

N (M}Q) Forall € = (€,...,6,) € R" and all t € [0, T], set

J€{1,...,n}

Rav(t) = exp Z@Qﬂ Zéjsk/mfmfk)

]k:l

It0’s formula yields

n

BN (0] =1+ 5 D 668 [ A(s) (oralfinfo) — BE (5. Un(s) ds.

7,k=1
Thus,
nl€]? =S max 15515
Elrx () - 1) < "
t
cmax B[ o (f, fi) = BYT (5, Un(s)| ds.
r=1..n 0




For fixed j and k, the last integral is smaller than

[

ors(fi, fu) — E [EJJ:,?’f’“(s,UN)(s)” ds
+E/(:‘E{:;"f"(s, Un)(s) —E [Efvf’fk(&UN)(s)H ds.

By the second part of Proposition 3.1, and by the dominated convergence the-
orem, the first integral tends to 0 as IV tends to infinity. The square of the
second integral is smaller than tfot VaLr(E]J:,"’f’c (s,Un(s))) ds, which, thanks to
the third part of Proposition 3.1 and by dominated convergence again, tends
also to 0. Finally, we have proved that

vg c Rn’ ngnoo]E [eiZ?:1 E?Q_}V(t):| =exp | — Z fyfk/ oT,s f],fk) )

jkl

which, for ¢ = T, yields the expected result. O

In Section 4, we collect some technical results that we use in Sections 5 and
6 to prove Proposition 3.1.

4. Regularity of the functional calculus

In this section, we relate the regularity of a function f : U — R to the
regularity of the functional calculus mapping f : U(N) — My (C) and the
function trf : U(N) — R. We start with a result which, logically speaking, is
not necessary for our exposition, but which is the simplest instance of a crucial
phenomenon.

4.1. Lipschitz norms

The group U(N) becomes a metric space when it is endowed with the Rie-
mannian distance, denoted by d, associated to the Riemannian metric induced
by the scalar product (-, )y (ny on u(N). We denote by || F'||Lip the corresponding
Lipschitz norm of a function F : U(N) — R, that is,

[F(U) = F(V)|

| FllLip = SUP{ A U,V e UN),U # v} .

As a reference for the notions of Riemannian geometry that we use, we
recommend [9].

Proposition 4.1. Let f : U — R be a Lipschitz continuous function. Then
trf : U(N) — R s also Lipschitz continuous and

1
[tr f{|Lip = NllfHLip

10



Note that this result can be compared to Lemma 1.2 in [14], where it was
a key point towards the concentration results for Wigner and Wishart random
matrices. In order to prove this proposition, we use the following lemma.

Lemma 4.2. Let U and V be two elements of U(N). Then there exists A, B €
U(N) such that AUA™' and BV B~ are diagonal and d(AUA™, BVB~!) <
d(U, V).

Proof. Let O be the conjugacy class of V. It is a compact submanifold of U(V).
Let V' be a point of O which minimizes the distance to U. Let 7y : [0,1] — U(N)
be a minimizing geodesic path from V' to U parametrized at constant speed.
It is thus of the form v(t) = V’e!? for some Z € u(N). Since V' minimizes
the distance to U, the vector 4(0) is orthogonal to the tangent space Ty O.
This space Ty O, identified with a subspace of u(N) by a left translation, is the
range of the linear mapping Ad(V'~!) — Id. Hence, Z belongs to the kernel of
the adjoint linear mapping, that is, to the kernel of Ad(V’) —1Id. In other words,
V'ZV'=1 = Z. Tt follows that Z and V' can be simultaneously diagonalized, in
an orthonormal basis, and the same is true for V' and V'e# = U. Finally, V'’ and
U are conjugated by a same unitary matrix to two diagonal unitary matrices.
The result follows easily from the fact that translation are isometries on U(N). O

Proof of Proposition 4.1. Let f : U — R be Lipschitz continuous. Consider U
and V in U(N). Thanks to Lemma 4.2, let us choose U’ and V' which are
both diagonal, conjugated respectively to U and V, and such that d(U’, V') <
d(U,V). Let us write U’ = diag(e’®, ..., eV ) and Vi — diag(e®,...,e"~) in
such a way that |8; — ;| < 7 for all j € {1,..., N}. Let us compute d(U’, V’).
It is equal to d(Ix,U'~1V"), hence to

d(1N7 eidiag(/31—a1,...,/3N—aN)) — ||idiag(61 —aq,..., BN — 04N)||u(N)
N

= NZ(ﬂ]
j=1

It follows that d(U,V) > Zjvzl |B; — a;|. On the other hand,

[t f (V) — tef(U |<—Z|f i) — Wﬂ>|<—||f||LlpZ|ﬂj

< N”f”Lipd(Uv V).
This proves the inequality ||trf||lLi, < % f|lLip- By choosing «, 3 such that

|£(e'P) — f(e')] is close to || fllLip|B — a| and by considering U = "Iy, V =
eI, one verifies that the opposite inequality holds. O

11



Let us make a short heuristic comment on this result. The scalar product
which we have chosen on u(NV) corresponds to a metric structure on U(N) which
gives this group the diameter d(Iy, —In) = |idiag(m, ..., )|y = N7, of the
order of N. The function f : U — R being fixed, the variations of the function
trf : U(N) — R are of the same order of magnitude as those of f but occur on
a space NN times as large. This makes the equality that we have juste proved
plausible.

In the same order of ideas, note that the distance to the origin at time T of a
linear Brownian motion in a Euclidean space of large dimension d is, by the law
of large numbers, of the order of v/dT'. Assuming that the Brownian motion on
the unitary group behaves in a comparable way, and considering the fact that
the dimension of U(N) is N2, this indicates that the Brownian motion Ux (T
might be at a distance of order Nv/T of I, thus a fraction of the diameter of
U(NN) which does not depend on N. This gives an intuitive justification for the
choice of the normalization.

4.2. First derivatives

We are now going to prove that the functional calculus induced by f is
differentiable when f is differentiable, and to compute its differential. For this,
we introduce some notation. Let f : U — C be a differentiable function. Let us
define a function Df : U x U — C by setting
M if 2 £ w,

= —w
Vz,w e U, Df(z,w)—{ —éf’(z) F oy
The function Df is symmetric and, if f is C1(U), it is continuous and bounded
by Z||f'|lcc- Note that Df takes its values in C even if f is real-valued.

If the function f is only Lipschitz continuous, then it is differentiable with
bounded differential outside a negligible subset of U, and the definition of D f
still makes sense outside the corresponding negligible subset of the diagonal of
U xU. Moreover, outside this subset, the inequality |Df(z,w)| < Z|| f'[|sc holds.

If U is a unitary matrix, we denote by Ly and Ry the linear operators
on My (C) of left and right multiplication by U respectively. These operators
commute and they are normal with respect to the scalar product (A, B) =
NTr(A*B) on My(C). In fact, L}j; = Ly-1 and R}; = Ry-1. Hence, if g is a
function on U x U, then g(Ly, Ry) is a well-defined endomorphism of My (C).
Even when f is only Lipschitz continuous, D f(Ly, Ry) is well-defined for almost
all U € U(N).

Let us define a special orthonormal basis of u(N). We use the notation
(Ejr)jkeq,...,ny for the canonical basis of My (C). For all j,k with 1 < j <
k < N, set Xju = o= (Ej — Eiy) and Yy = i< (Ejx + Egj). For all
je{l,...,N}, set H; = \/LNEjj. These matrices form an orthonormal basis of

u(N).

12



Proposition 4.3. Let f : U — C be a differentiable function. Let U be an
element of U(N). Let X be an element of u(N). Then

d
—  f(Ue™) = (Df(Lu, Ry)) (UX). (7)
dt |t=0

In particular, when U is a diagonal matriz with diagonal coefficients (u1, ..., un),

the following equalities hold.
1. Forallje{l,...,N}, & f(Uetfi) = Df(u;,u;)UH;.

7 dt |t=0
2. Forall j,k e {1,...,N} with j <k, %‘tzof (UetXir) = Df(u;, ur)UX .
3. Forall j,ke€{1,...,N} with j <k, %It:of (UetYir) = Df (uj, uk)UYjy.

If f is only Lipschitz continuous, then the same conclusions hold for almost all
U € U(N) (with respect to Haar measure).

Proof. We will give the proof under the assumption that f is differentiable. The
extension to the Lipschitz continuous case is straightforward (We have to take
into account that in this case the differential operators involved are only defined
for almost all U with respect to Haar measure).

Let us start by proving the part of the statement which concerns a diagonal
matrix U.

1. Since Uet’i is diagonal, this assertion is proved by an easy direct com-
putation.

2. This case is less trivial. Let us assume that u; # ug. Then for small
t, there is a unique pair of continuous functions (u;(t),ux(t)) such that the
spectrum of Ue!¥i* is deduced from that of U by replacing u; and uy, respectively
by u;(t) and ug(t). The functions u; and uy are in fact smooth and they satisfy
u’;(0) = u(0) = 0, an equality which can be phrased by saying that the right
multiplication by e!Xi* does not affect the spectrum of U at the first order.

Let D(t) be the diagonal matrix obtained from U by replacing u; and u by
u;(t) and uy(t) respectively. By diagonalizing Ue'*i* for small ¢, one can find
a unitary matrix P(t) which depends smoothly on ¢, such that P(0) = Iy, such
that the only non-zero off-diagonal terms of P(t) are P(t);, and P(t)g;, and
finally such that

UetXit = P(t)D(t)P(t)". (8)

By differentiating with respect to ¢ at ¢ = 0, one finds

UX,. = [P'(0),U),

from which one deduces that P’(0);, = ﬁu;‘ju] and P'(0); = ﬁu;juj.
By applying f to both sides of (8) and then differentiating again with respect

tot at t =0, we find

d

%H:Of (Uethlc) — [P/(O),f(U)].

13



Knowing the off-diagonal terms of P’(0) is enough to compute this bracket and
we find the expected result. The case where u; = uy is left to the reader, as
well as the third assertion.

Let us now turn to the first part of the statement, where no assumption is
made on U. Let us first prove that (7) is true when U is a diagonal matrix with
diagonal coefficients (uq,...,uy).

In this case, for all j,k € {1,..., N}, the matrix Ej; is an eigenvector for
Ly and Ry, with the eigenvalues u; and uy, respectively. Hence, by definition of
Df, E;j is an eigenvector of Df(Ly, Ry) with the eigenvalue D f(u;, ug). The
validity of (7) in this case follows, because UH; (resp. UXjx, UYj;) has the
same vanishing entries as H; (resp. X, Yjx).

Let us finally prove that (7) holds for any unitary matrix. Consider U €
U(N). Choose P,D € U(N) such that D is diagonal and U = PDP~!. Set
Y = P~'XP. Then Ue!* = PDe?¥ P~1. The result follows now easily. O

Before we apply the last result in order to compute the differential of trf,
let us state a classical yet very useful lemma, of which a version can be found
in [27].

Lemma 4.4. Let (Xy)peqi,... N2} be a orthonormal basis of u(IN). Let A, B be
elements of My (C). Then the following equalities hold:

N2

; tr(AXy)tr(BXy) = —%tr(AB), (9)
N2
> tr(AXyBX}) = —tr(A)tr(B). (10)
k=1

Proof. 1. For A, B € u(N), this equality multiplied by N* is indeed simply

N2
D (A Xk uvy (B, Xi)uv) = (A, B)uwv)-
k=1

The general case follows thanks to the equality My (C) = u(N) @ iu(N) and the
fact that the relations are C-bilinear in (4, B).

2. Choose i, j,1,m € {1,...,N?}. By taking A = Ej; and B = E,, in the
first relation, we find

N2

1
D (Xn)ig (Xi)im = =y 0imjt-
k=1
The second relation follows by developing the trace. O
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Proposition 4.5. Let f : U — R be a differentiable function. Then trf is
differentiable and, for allU € U(N) and allY € u(N), we have

(Ly (e )(U) = —ite(f (O)Y). (11)
In particular, YU € U(N), |V (trf)(U)|? = m=tr(f'(U)?).

Proof. Since trf is invariant by conjugation, we have for all U,V € U(N) and
all Y € u(N) the equality (Ly (trf))(U) = (Lyyy-1(trf))(VUV ™). Hence, it
suffices to check (11) for all Y when U is diagonal. In this case, the result is
a direct consequence of Proposition 4.3. The second assertion follows from the
definition of the gradient and the identity (9). O

4.83. Lipschitz norms again

At the end of the proof of Proposition 3.1 (see Section 6.2), we will need to
estimate the Lipschitz norm of a function of a unitary matrix of a special form.
We state and prove this estimation below, although the reader might want to
skip it now and jump to Section 5.

Proposition 4.6. Let f be an element of C11(U). Let V,W be two elements
of UN). Define a function Fyw : UN) — C by setting

Fyw(U) =tr (f'(UV)f(UW)).

Then F' is Lipschitz continuous and we have the estimate
™ ! 1
1Evwlivip < 7 1 Tz [ f7 Nl s

Proof. We prove that Fy,y is differentiable almost everywhere on U(N) and
estimate the L> norm of its differential. According to Proposition 4.3, we have,
for all X € u(N) and almost all U € U(N), the equality

(LxFyw)(U) =tr (V7 'Df (Lyu, Rvu)(VUX)VF(UW)) +
tr (f/(UV)WilDf/(LWU, RWU)(WUX)W) .

We have used the fact that %‘tzof’(UetXV) = V’lﬁltzof’(VUetX)V. Let us

focus on the first term of the right-hand side, the second being similar. By the
Cauchy-Schwarz inequality,

ltr (V™'Df'(Lvu, Ryo)(VUX)V f'(UW)) 12 < tr(M*M)tr (f/(UW)*f(UW)),

where we have set M = Df'(Lyy, Ryy)(VUX).

Recall that My (C) is endowed with the scalar product (A, B) = NTr(A*B).
We claim that the operator norm of the endomorphism Df'(Lyy, Ryy) of
My (C) with respect to this norm is bounded above by Z || f”| re. Indeed, this
operator is normal with respect to this scalar product, so that its operator norm
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equals its spectral radius, which is smaller than the L° norm of Df’. Hence,
we find

(M M)} < 2| f" | (XX,
It follows that
m [ X Nluev
£ F oo < 27 " oo ! oo
I£x Fvw o < 251" e =1/ 2=,
from which the result follows easily. O

5. Convergence of the bracket

In this section, we prove the first two assertions of Proposition 3.1. Let us
first prove a fundamental property of the generator of the Brownian motion
on U(N). The action of U(N) on u(N) by conjugation is an isometric action.
Hence, for all V' € U(N), the processes Uy and VUNV ! satisfy two stochastic
differential equations (see (1)) driven by two processes in u(N) with the same
distribution, so that they have the same distribution.

Lemma 5.1. Let F: U(N) — R be a Lipschitz continuous function. Let' Y be
an element of W(N). Lett > 0 be a real number. Then Ly (P;F) = Py(Ly F).

Proof. Since F' is Lipschitz continuous, Ly F' is well-defined as an element of
L>(U(N)). The result amounts simply to the interversion of an integration
and a derivation: for all U € U(N),

[,y(PfF)(U) = %\S:OE [F(UeSYUN(t))} — %lS:O}E [F(UUN(t)GSY)]
=E %|S:0F(UUN(75)@SY) = P,(LyF)(U).

We have used the fact that Uy (t) has the same distribution as e =Y Uy (t)e®Y . O

5.1. Ito formula

The following result summarizes the applications of It6 formula that we will
use. The third assertion below implies, by polarization, the first assertion of
Proposition 3.1.

Proposition 5.2. Let F': U(N) — R be an integrable function. Define a real-
valued martingale LY indexed by [0,T] by setting, for all t € [0,T], L¥(t) =
E[F(Un(T))|Fn.]- Let (Xp)reqa,... N2y be an orthonormal basis of u(N'). Then
the following equalities hold for all t € [0,T].

1. LF(t) = (Pr_F)(Un(2)).
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t N?
2. LF /0 Z‘ka (PT—QF)(UN(S)) d<XkaKN>u(N)(5)

k=1

3 (L)) = / [(V(Pr—P)(Un ()] ds.
t N?

4. If F is Lipschitz continuous, then (L¥)(t / Z[PT—S(»CXkF)(UN(S))]2 ds.
0 k=1

Proof. 1. Chooset € [0,T]. Since the unitary Brownian motion has independent
multiplicative increments, LY () can be rewritten as

L¥(t) = E[F(Un(T)|Fn.¢] = E[F(Un (t)Ux ()Un (T)) | Fiv]
= E[F(Un®)VN(T = )| Fn.dl;

where Vi is a Brownian motion on U(NN) with the same distribution as Uy and
independent of Uy. The result follows.

2. Let us apply (3) to the function G : [0,7] x U(N) — R defined by
G(t,U) = (Pr_.F)(U). It follows from the definition of the semigroup (P;);>0
that G satisfies the time-reversed heat equation %AG + 0;G = 0. Hence, It0’s
formula reads

N2 t
L¥(t) = L(0) + Z/O (L (Pr—s F)(Un (5))d( X, K () (5)-
k=1

3. The equality follows immediately from the equality 2 and the fact that
the processes {(Xx, Kn)yv) : k € {1,... ,N?}} are independent standard real
Brownian motions.

4. This equality follows from the previous one by applying Lemma 5.1. O

5.2. Expectation of the bracket

We can now prove the second assertion of Proposition 3.1. Recall that
we use the notation B§? (s, U) = N2(V(Pr_y(trf))(U), V(Pr—s(tr9))(U))u(n)-
We will use the fact, which is a consequence of Jensen’s inequality, that for any
square-integrable function G : U(N) — R, and for all ¢ > 0, (P,G)? < P,(G?).

Proof of the second assertion of Proposition 3.1. Let f : U — R be Lipschitz
continuous. By definition and by Lemma 5.1

NZ
B (5,U) = N " (Pr_o(Lx, (tr)))(U)?
k=1
N2
<N2N " Pr_ ((Lx, trf)?)(U) = N2Pr_o(|V(tcf)[I*) ().

k=1
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By Proposition 4.5 and the fact that Pr_s does not increase the uniform norm,
this implies that
BE (s, 0)] < 17~

By polarization, the estimation of |E1{,’g (s,U)| follows.

Now, let us consider two independent copies Vy and Wy of the unitary
Brownian motion Uy. Then, denoting by Ev, w, the expectation with respect
to Vi and Wy only, we have

N2
B (5,Un(5)) = N2 (Pr—y(Lx, (1)) (Un(s))?
k=1
N2
= N> Evywi [(Lx, trf)(Un (5)Va (T = 9))(Lx, trf) (U (5) Wi (T = 9))).
k=1

Using successively Proposition 4.5 and Lemma 4.4, we find
B (5. U (5)) = Eviywy [tr (f'(Un (8)V (T = ) f (Un ()W (T = 9)))].
Taking the expectation with respect to Uy, we find finally
BB (s, Un ()] = E [ix (' Un () Vi (T = 9)) ' (Un ()W (T = 5)))]

Let (A,7) be a C*-probability space which carries three free mutliplica-
tive brownian motions w,v,w which are mutually free. According to Theo-
rem 2.3, the family (Un(s), Vn(t), Wn(w))s.t.u>0, seen as a collection of non-
commutative random variables in the non-commutative probability space (L*°®
My (C), E®tr), converges in distribution to (us, v, wy)s,tu>0 as N tends to in-
finity. This implies in particular that for all non-commutative polynomial p in
three variables and their adjoints, and for all s,t,u >0

E[tl‘ p(UN(S)’ VN(t)a WN(U’))] — T(p(usa Ut, wu))

N—o0

Let us fix s € [0, 7). Since A is a C*-algebra, there is a continuous functional
calculus on normal elements, hence on unitary elements, and f/(usvr—s) f/ (uswr—s)
is a well-defined element of A. On the other hand, choose € > 0 and let ¢(z, w) be
a polynomial function in z,w and their adjoints such that sup, .,y [f(2) f'(w)—
q(z,w)| < e. Then

E [tr (f"(UN($)VN(T = 8)) f' (Un ()W (T = 5)))] = 7(f (usvr—s) f' (uswr—s))|
<|E[tr (f'(UN($)VN(T — 8)) f'(Un (s)Wn (T — 3)))
—tr g(Un(s)VN(T — ), Un(s)Wn (T — 3))]|
+ |E[tr ¢q(Un(s)VN(T — ), Un(s)Wn (T — 5))] — 7(q(usvr—s, uswr—_s))|

+ ‘T(Q(usvasa uszfs)) - T(fl(us'UTfs)f/(uszfs)” .
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The first and the third term are smaller than the uniform distance between
q(-,-) and f'(-)f'(-), hence smaller than e. The middle term tends to 0 as N
tends to infinity. Altogether, this proves that

E[‘E‘]J:I)f(s7 UN(S))] N:Zo T(f/(uS’UTfs)f/(uszfs))y

from which the expected result follows by polarization. O

6. Convergence of the variance of the bracket

This section is devoted to the proof of the third assertion of Proposition 3.1.

6.1. A weak concentration inequality

Consider a function F : U(N) — R. If F is Lipschitz continuous, then the
equality ||F|lLip = ||[VF| L holds. The goal of this paragraph is to prove the
following inequality.

Proposition 6.1. Let F': U(N) — R be a Lipschitz continuous function. For
all T > 0, one has the following inequality:

Var[F(Un(T)] < T||F|IE,

Note that this inequality is preserved by rescaling of the Riemannian metric
on U(N), that is, by rescaling of the scalar product on u(N). Indeed, let A be
a positive real and let us consider the scalar product (-,-), = A{-,-), on u(N).
Then, putting a tilda to the quantities associated with this new scalar product,

we have on one hand d = Az d and 1F g = ~2||F||Lip, and on the other hand
A = AA and Uy/(T) has the distribution of Uy (A~1T).
Proof. Recall the definition of the martingale L (see Proposition 5.2). The

left-hand side is equal to E[(L¥)(T)], thus, by the third assertion of Proposition
5.2, to

T
E/ [(V(Pr—sF))(Un(s))|? ds < T sup ||V(Pr—sF)|?=
0 s€[0,T)

=T sup ||PT_SF||%ip.
s€[0,T)

On the other hand, since F' is Lipschitz continuous, for all ¢ > 0, ||PF||Lip <
| F'||Lip- The result follows. O
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6.2. An estimate of a Lipschitz norm

With Proposition 6.1 in mind, we are going to study the Lipschitz norm of
U+ ELY(s,U) in order to estimate the variance of ELf (s, Un(s)).

Proposition 6.2. Assume that f is of class C1(U). Then

sup || ELY (s, )l|Lip = O(N 7).
s€[0,T]

Proof. The proof relies on the identity
E (5, Un(5)) = Evy wy [tr (' (Un (8)Va (T = ) ' (Un ()W (T = 5)))].

By Proposition 4.6, the expression between the brackets is a Lipschitz contin-
uous function of Uy(s) for all values of V(T — s) and Wn(T — s), with a
Lipschitz norm which does not depend on V(T — s) and Wx (T — s) and is
O(N~1). Hence, the same estimate holds for the expectation. O

Proof of the third assertion of Proposition 3.1. It suffices to combine Proposi-
tion 6.2 and Proposition 6.1 to find that that supc(o 1) Var[EJf\,’f(s7 Un(s))] =

O(N~2). The same result for E}i;g follows easily. O

This concludes the proof of Proposition 3.1 and thus of Theorem 2.6.

7. Other Brownian motions, on unitary and special unitary groups

In this section, we explain how Theorem 2.6 can be extended to other Brow-
nian motions on the unitary group and to the Brownian motion on the special
unitary group.

In this paper so far, we have considered the Brownian motion Uy on U(N)
associated to the scalar product on u(N) given by (X,Y),n) = NTr(X*Y),
for any X, Y € u(N). The crucial property of this scalar product is its in-
variance under the action of U(N) on u(N) by conjugation. There is in fact a
two-parameter family of scalar products with this invariance property, namely
aTr (X —trX)*(Y — trY)) + 0Tr(X*)Tr(Y) with a,b > 0. Multiplying the two
parameters a and b by the same constant simply affects the Brownian motion
by a global rescaling of time, indeed dividing time by this constant, so that we
may choose the value of one of them. We take a = N in order to have correct
asymptotics as N tends to infinity. This choice being made, varying b really
yields different Brownian motions. It turns out to be more convenient to take
a=b"2 as the parameter: we define, for all @ > 0, the scalar product

(X, V)0 = NTe((X = teX)*(Y — trY)) + %Tr(X*)Tr(Y)

on u(N). In particular, the scalar product considered in the rest of this paper
corresponds to a = 1.
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In order to understand the Brownian motions associated to the scalar prod-
ucts (-, )Ejl)\,), we start by defining the Brownian motion on SU(N), which
corresponds to the limit where o tends to 0.

Let us denote by su(NN) the hyperplane of u(N) consisting of traceless ma-
trices, which is also the Lie algebra of the special unitary group SU(N), and let
K$ be the linear Brownian motion on su(N) corresponding to the scalar prod-
uct induced by (-,-)yn). Let Vi be the solution of the stochastic differential
equation

dVn(t) = Vi (t)dK % (t) — % <1 - zé?) Vy (t)dt. (12)

One can check that if the initial condition is in the special unitary group, then
the process Vi stays in it: the constant 1 — # is designed for that purpose.
We call Viy the Brownian motion on SU(N).

Now, for all @ > 0, let us consider the following process with values in U(N):

iaBy

N VN(t),

Vi) =e

where (By);>0 is a standard real Brownian motion independent of Vy. Let
(Y1,...,Yy2_1) be an orthonormal basis of su(N). For all « > 0, the generator

of VJS,O‘) is given by

NZ-1

1
S g3ar, |
k=1

1
Al — =
2 2

and we call V]E,a) the a-Brownian motion on U(NV).

For each o > 0, the process V]S,a) is naturally associated with the scalar
product (X, Y)E‘O(‘J)V) on u(N). Indeed, let K](\?) be the linear Brownian motion
on u(N) corresponding to this scalar product. It can be expressed as K](\‘,l) =
K% + %B . Then the process V]S,a) satisfies the stochastic differential equation

e o o 1 a2 -1 o
avi @) = v (dk O t) — 3 <1 + 3 > Vi (b)dt. (13)

In particular, V]S,I) has the same distribution as Uy .

The main feature of the Brownian motion on U(N) which we have used
extensively in the proof of Theorem 2.6 is that its generator commutes with all
Lie derivatives. Since the Lie derivative in the direction of iy commutes with
all Lie derivatives, this is also the case for the generator of Vy and of all the
processes VJE,O‘), a> 0.

Finally, following [3], one can check that for all « > 0, the process VIS,O‘)
converges as N tends to infinity to a free multiplicative Brownian motion.
Let us now define a modified version of the covariance or.

21



Definition 7.1. With all the notation of Definition 2.4, we define, for alla > 0,

T
s (f,9) = /0 T(f (usvr—s)g (uswr )+ =D)7(f (usvr—s)) (g (uswr_y)) ds.

Following step by step the proof of Theorem 2.6, one finds the following
result.

Theorem 7.2. Let T > 0 be a real number. Let n > 1 be an integer. Let
fi,-s fn : U—= R ben functions of CY(U). Let us define a n x n real non-
negative symmetric matriz by setting Zgg)(fl, ey fn) = (qua)(fi, fi))ige{1, ..n}-
Then, as N tends to infinity, the following convergence of random vectors in R™
holds in distribution:

N (trfi(VJE,o‘)(T)) _E [trfi(V]E,“)(T))Die{l . N%o N(O,Z (fry s )
(14)

We leave the details to the reader, since every step can be adapted in a
straightforward way. The only substantial change is in Lemma 4.4, which now

will take the following form.
Lemma 7.3. Let (Xi)re(1,...,n2} be an orthonormal basis of (u(N), (-, >1(10(LJ)V))

Let A, B be elements of My (C). Then the following equality holds:

N2
1
Ztr(AXk)tr(BXk) =-N2 (tr(AB) + (a® — 1)tr(A)tr(B)) . (15)
k=1
Assume that (X1, ..., Xnz2_1) form an orthonormal basis of su(N) endowed with

the scalar product induced by (-, -)uny. Then

S tr(AXe)tr(BX) = _% (t2(AB) — tr(A)tx(B)) . (16)
k=1

It is this modification which gives rise to the new covariance introduced in
Definition 7.1.

8. Joint fluctuations of the unitary Brownian motion at different
times

A natural generalization of our main result consists in considering several
Brownian motions stopped at possibly different times. The goal of this section
is to establish an analogue of Theorem 2.6 in this case. In order to state the
result, we define a new covariance function.
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Definition 8.1. Let (A,7) be a C*-probability space which carries three free
multiplicative Brownian motions w,v,w which are mutually free. Let T1,T> > 0
be real numbers. Let f,g : U — R be two functions of C1(U). For all s €
[0,T1 A T3], we set ory 1y,s(f, 9) = T(f (usvr, —s)9' (uswr,—5)). Then, we define

Ty AT, Ty AT,
UTI,T2(f, 9) = / O'Tl,Tg,s(fv g) ds = / T(fl(usUTl7s)gl(usz27s)) ds.
0 0

We have the following result.
Theorem 8.2. Let n > 1 be an integer. Let Ty,...,T,, > 0 be real num-

bers. Let fi,...,fn : U — R be n functions of C11(U). Let us define a
n x n real non-negative symmetric matriz by setting Xy 1, (f1,---, fn) =
(or,,1;(fis fi))ijeqr,...ny- Then, as N tends to infinity, the following conver-
gence of random vectors in R™ holds in distribution:

N (6 fi(Un (T3)) = E [ fi(Un (T)Dic r,my o, NO Sy, 1 (o fa):
(7)

The proof of this result is very similar to the proof of Theorem 2.6 and, as
in the previous section, we simply point out the small differences between the
two.

For the sake of convenience, let us assume 77 < ... < T,,. Let f1,..., fn:
U — R be n functions of C1'1(U). We define for each i € {1,...,n} a martingale
indexed by [0, T,] by setting

M (t) = E(tr fi(Un (T3))| Fu.e).

Observe that the martingale M J{, is constant on the interval [T}, T;,]. Let us now

define the vector-valued martingale Qn(t) = N (M}:, (t) — MIJ:, (O)) . X S0
ie{l,..., n

that the left hand-side of (17) is equal to Qn(T;,). The proof of Theorem 8.2
relies on an analogue of Proposition 3.1, for which we introduce the following
notation : for all ¢,5 € {1,...,n} with ¢ < j and all s € [0,T;), we set

BT (5,U) = NX(V(Pr, (60 ) (U), V(Pr, s (tr£;))(U))u(wy-
We state the following result for the two functions f; and fs.

Proposition 8.3. With the notation introduced above, the following properties
hold.

1. For allt € [0, T3], the quadratic covariation of the martingales NM]]\C,1 and
NM]{,2 is given by

tAT,
(NMI NME)Y, :/ ELP(5,Un(s)) ds.
0
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2. Assume that fi and fo are Lipschitz continuous. Then for all s € [0,T})

and all U € U(N), |EL (s,U)] < (I f1llLip + |l follLip)®. Moreover, if fi
and fo belong to C1(U), then the following convergence holds:

E[EL (s, Un(s))] o T, (f1s f2):

3. Assume that fi and fo belong to C11(U). Then the following estimate
holds:
sup Var(E}(}Jz (5,Un(5))) = O(N?).
s€[0,T1)

The proof of this Proposition is in no way different from the proof of Propo-
sition 3.1. The unique novelty is the fact that M ]’:,1 is constant on the interval
[T1, T3] so that the quadratic covariation (M }:,1 M ]{,2> vanishes on this interval.

Then, one deduces Theorem 8.2 from Proposition 8.3 just as one deduces
Theorem 2.6 from Proposition 3.1.

Let us mention that, in the case where the functions f,..., f, are polyno-
mial, and given Theorem 2.6, the Gaussian character of the fluctuations in the
case where the Brownian motions are stopped at different times is a consequence
of the work of J. Mingo, R. Speicher and P. Sniady [24, 23] on the notion of sec-
ond order freeness and its specialization to the case of unitary matrices. Their
work also provides one with a covariance function and it could be interesting
to investigate the relation between our expression of what we call o, 1, and
theirs.

Another natural question which is answered by the theory of second order
freeness is that of the asymptotic fluctuations of random variables of the form
trp(Un(Th), ..., Un(Ty)) where p is a non-commutative polynomial. It seems
more difficult, although not hopeless, to apply our techniques to such function-
als.

9. Behaviour of the covariance for large time

For any fixed N, the Markov process (Un(T))r>o converges in distribution,
as T goes to infinity, to its invariant measure, which is the Haar measure on
U(N). In [8], P. Diaconis and S. Evans established a central limit theorem for
Haar distributed unitary random matrices. In this section, we relate our result
to theirs by comparing the limit as T" tends to infinity of the covariance o with
the covariance which they have found.

9.1. Statement of the result of convergence
In order to state the result of Diaconis and Evans, we need to introduce
some notation.

Definition 9.1. Let H%(U) denote the space of functions that are square-
integrable on U and such that

. 12

1 F(9) = 7(e)

91 = oy [ MEDIOO gy < oo
P16 Jioare  sin? (£37)
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We denote by (-, -)% the inner product associated to this Hilbertian semi-norm.

For all f : U — C which is square-integrable and all j € Z, we denote by
a;(f) = 5= [y [(€)e™"8dE the j-th Fourier coefficient of f. One can check that
f € Hz(U) if and only if djez |j]|a;(f)|? is finite and that, in this case,

IF13 =D Lillas ().

JEZL
The result of Diaconis and Evans states as follows.
Theorem 9.2. (5.1 in [§]) For all N € N, let Mn be a N X N unitary matric

distributed according to the Haar measure on U(N). Let n > 1 be an integer.
For all f1,...,fn € H%(U), let X(f1,...,fn) be the n x n real non-negative

symmetric matriz defined by X(f1,..., fn) = (<fz; fj>%> . As N goes to
i,j=1,...,n
infinity, the following convergence of random vectors in R™ holds in distribution:

N(trfi(MN) - E[trfl<MN)]>z€{1,,n} ﬂ N(O?E(fl? : af’ﬂ))

N—o0
In view of this result, it is natural to expect the covariance that we have

introduced in Definition 2.4 to converge, as T tends to infinity, to the covariance
1
given by the H 2-scalar product. This is what the following result expresses.

Theorem 9.3. For allm > 1 and all f1,..., [, € H%(U),

ET(f17 .. ,fn) TjZo Z(fl, .. 7fn)

Let us emphasize that X7 (f1,..., fn) has only been defined so far for func-
tions in C'1!(U). From this point on, we focus on extending the definition of
the covariance to functions of the space Hz(U) and proving Theorem 9.3.

9.2. The main estimate

In the sequel, (u;)i>0, (vt)i>0 and (wy)i>o will be three multiplicative free
Brownian motions, that are mutually free. For all T > 0 and all k£ € Z, let us
denote by pu(T) = 7(uk) the k-th moment of ur. Recall that, since ur has the
same law as u}., one has, for all k € Z, the equality pi(T") = p—x(T). For each
k > 1, according to [3], ux(T) is given by

k—1

_ -k (_T)l k -1
ur(T)=e 2] <l+1)kl . (18)

Lemma 9.4. For alle > 0, all T > Ty(e) = 2log(1+ 2) and all k € Z, one
has
k()] < e WG =2),
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Proof. It k = 0 or ¢ > %, the inequality is trivial. Moreover, since ux(T) =
p—x(T), it suffices to prove the inequality for & > 0. So, let us assume that
e < % and k € N*. Tt is easy to check that the expression (18) of ug(T) is
equivalent to the following:

efkTT 1 k
T) = Tz (14 2) d
(@) = 5 e ( +2> "

where we integrate over a closed path of index 1 around the origin of the complex
plane. If we choose as our contour the circle of radius 5 centered at the origin,
we get

kT

. 2 k
e 2 e 10 2 [
T = —kT5e 1 i - & 10d9
e (T) 2¢k7r/0 ¢ ( +seu‘)> e

so that, provided T' > Tg(e),

as expected. O

We will denote by Ty a real large enough such that for all T > Ty and all
k € Z, the inequality |uu(T)| < e~¥15 holds. One can check that 31 is large
enough but we choose Ty = 32 for reasons which will soon become apparent.
For all j,k € Z and T > 0, we define

7i.5(T) :/0 7 ((usvr—s)’ (uswr—s)*) ds. (19)

Proposition 9.5. Set Ty = 32. For oll T > Ty and all (4,k) # (0,0), the
following inequality holds:

e T Lil+1k]
()] < A (Ll ) Toe 54010, (20)

Moreover, if j # 0, then
_T
4

e|j| +2j|Toe™ 5 T-T0), (21)

1

In particular, for all (j, k) # (0,0), the following convergence holds :

1
li ik(T) =0, —.
A 75k (T) = bj410 ]

The proof of these estimates relies on a differential system satisfied by the
functions 7; . This differential system is a consequence of the free It6 calculus
for free multiplicative Brownian motions. We state the form that we use, which
is of interest on its own.
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Proposition 9.6. Let (u)>0 be a free multiplicative Brownian motion on some
non-commutative x-probability space (A, 7). Let ay,...,an € A be random vari-
ables such that the two families {u; : t > 0} and {a1,...,a,} are free. Finally,
choose €1, ...,en € {1,x}. Then

%T(uflal cugtay) = — gT(uflal coustay)
= > L@ ) r(ay . apguft)
1<i<j<n
+ Z ]lg,i¢5j7'(ai...aj_1)7'(aj ...ai_l),
1<i<j<n

where for all 1 < i < j < n, we have used the shorthands a;...a;—1 for

€it1 €j €i—1
AUy Aj41 -+ - Uy
Proof. In [3], P. Biane showed that the free multiplicative Brownian motion
(ut)e>0 satisfies the free stochastic differential equation du, = iupday — %utdt,
where (2¢)¢>0 is a free additive (Hermitian) Brownian motion. The identity
above follows from this fact by free stochastic calculus, which has been developed
by P. Biane and R. Speicher and is exposed in [4]. For the reader not familiar
with free stochastic calculus, and without entering into the details, let us explain
how the computation goes. The analogy with usual 1t6 calculus should be a
helpful guide.

The equation satisfied by u,; implies that u; satisfies the equation du; =
—idzyuf — ujdt. The time derivative of 7(ug'ay . .. ug"ay) is computed formally
by applying the formula

n

d(rt(uitay ... ui"ay,)) = ZT(uflal cduit utag)
i=1

: e
+ E T(ugtay .. .duf' ... du .. ui"ay),

1<i<j<n

together with the rules

T(adt) = 1(a)dt, T(adz) =0, 7(adtbdt) =71(adtbdx:) =0,

and 7(adz;bdxy) = 7(a)T(b)dt

valid for all a,b € A, and using the invariance of 7 under cyclic permutation of
its arguments. O
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Lemma 9.7. The family (7 )k ez> satisfies the following system of differ-
ential equations :

3] + 1K =
5 Tik(T) = > 5] = D (T) Tgniy g1 -0 (T)

=1
k-1
= > (k] = m) ()75 sin ) 11—y (T

m=1

T k(1) = pjk(T)

where T; 1, s the derivative of the function T w— 7, 1 (T).

Proof. This differential system follows easily from an application of Proposition
9.6 to the expression (19). O

Before we turn to the proof of Proposition 9.5, let us state some elementary
properties of the functions 7; ;. For all k > 0, define the polynomial P} by the

relation pu,(T) = e~ "2 Py(T). For k < 0, define P, = P_j,.

Lemma 9.8. For all j,k € Z, the function 7, is real-valued and satisfies
Tjk = Th,j = T—j—k. Moreover, there exists a family of polynomials (R; 1) kez
with rational coefficients such that the following equality holds :

. 1;
VJ,]{: IS/ Tj,k(T) = |]T;|606j+k’0 +e

Lil+1k]
— Bl

R, (T). (22)

These polynomials are characterized by the fact that for all j,k € Z, R;(0) =0
and

j1-1 k|1
Rjk = LjksoPjrr— Y (11=DPiRagn(iytil-k— Y (FI=m) P Ry sgn(i) 1k —m) -
=1 m=1

(23)

Proof. The equalities 7; , = T—; _ = 73,; follow from the definition of 7; 1., using
the unitarity of u, v, w, the traciality of 7, and the fact that the families (u, v, w)
and (u,w,v) have the same joint distribution. The fact that 7; is real-valued
can be proved by induction using the differential system stated in Lemma 9.7,
or directly using the definition and the fact that (u,v,w) and (u*,v*, w*) have
the same distribution.

The functions R, ; defined by (22) are easily checked to satisfy the differen-
tial system (23) and, by induction, to be polynomial. O

Proof of Proposition 9.5. Since the differential equation for 7; ) expressed by
Lemma 9.7 involves only indices (j', k’) such that |j'| + |K'| < |j] + |k, we will
prove the conjunction of (20) and (21) by induction on |j|+|k|. It is understood
that k = —j in (21).
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The symmetry properties of 7 allow us to restrict ourselves to the two
cases where j,k > 0 and j > 0, £ < 0. We may also assume that j + k > 0.

The smallest possible value of |j| + |k| is 1. So, we start with 7 o(T) =
Tui(T) = Te 7, which is smaller than e~ 7 for T larger than Ty. Hence, if
l7| + k] =1 and T > Ty, then |7;5(T)| < e~%. This proves the result when
3] + [k] = 1.

Let us consider now j and k and assume that (20) and (21) have been proved
for all j/, k' such that |j’| + |k'| < |j] + |k|. Let us first assume that j + & # 0.

In this case, define
lal 1kl >

pik(T) =e 7k (T).
Then Lemmas 9.4 and 9.7 and the induction hypothesis imply the inequality

e~ Isen()(1=D+k|§

3] = 1+ [K]

| | il
BT <e 5T T g HEET ST () — et

li]-1

(T+T0 Z (|]| _ 1)6—1%61T1T0

=1

+ (4] + [k = DToe ™

T o g €7k
2 (- 3T T8l -
LiLEEL (o i r o T-1
F (U] + K] - DTpe ST 3 (] - 1)t
m=1

Since |j| — 1 < || — L+ |k|, |k| —m < [j| + |k| — m and e~ < 1, we find
l7l-1

. |3 1+1%] _ li+kl \7H—|k\ T
i) <e 2z Tem s T+ T E 13 o —lsen() (1311 +k| 5

L o
4TI 37 e e litsen () (K -m) I

NH

+2()5] + [k — 1)°Tpe 5 T+ 37 el
=1

If we are in the case where j, k > 0, then we obtain immediately the estimate

11+1k]
5T

IRGIEE
_T v ,
(T S (5o T (] 1] — 1Ty )
(25)

In the case where j > 0 and k£ < 0, the computation is slightly more complicated.
In this case, let us also assume that j + k > 0, as we have indicated that it is
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possible to do. Then the estimation of the sum over m in (24) is the same as
before, since j + sgn(k)(|k| — m) is positive for all values of m. However, the
sign of sgn(5)(|j| — 1) + k now depends on I. Thus, we bound the first sum over
[ by

lJJrk‘TZe_llz + Z _l%e—(l—(j"rk))%_

l=j+k+1

In the first term, we could actually have e~'% instead of e~!72 but we are not

seeking any optimality. In the second term, we write

e~ U=GHNE — o~@-GHNT T < =Gt E T

and we find that the first sum over [ in (24) is bounded by 2e~
Finally, we have established that, when j > 0,k < 0 and j 4+ k > 0,

151+1k|
51

pik(T)] <e

((Ewng+ e 1 T (1267% T
1—e"12

In view of (25), the last estimate holds for all values of j and k. Our choice of
Ty guarantees that for T > T}, the inequalities

o

2(|51 + Ikl - 1)2Toe”'tk<TTo>)> .

hold. Hence, we find

pis(T) < e 20T (ejﬁkT i(ljl + |k = 1)*Tpe~ jt“"@To)) ,

Integrating the last inequality from T} on and using the fact that LQW L Zkl >
W,We find

Ll k] L1+ k] e~ T i

J j ] kL
o (D)) < Tye 54170 o1 T<4 oy (k] - DT T°)>,

from which it follows immediately that
_ |jtk\ T
71+ K|
which is the expected equality.
Let us now treat the case where K = —j. As before, we can assume that
j > 0. Setting p;(T) = eliI” (Tj,,j(T) 5 I) we find, using the same estimates
as before, that

16;(T)| < 8elIT i

) _ Lil+IE]
mk(T)] <4 + (5] + |k Tpe™ 2 T=To),

U 4 9(2]j] — 1)2 3@+ Ze 1,

l\JM—\
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It follows that

’i

01 (T)| < Te T + BT —Cmc (215 = 1)Tpe 3 T4,
2(ljl - 3)
so that .
el Ll
75,-i(T) = 7l ’ —— +2/j[Tpe~ =TT,
which is the expected inequality. ThlS concludes the proof. O

9.8. Ezxtension of the definition of the covariance
Proposition 9.9. Let f € Hz (U) be real-valued. The following properties hold.

1. For allT > Ty, Y _ |jka;(f)an(f)7jx(T)| < co.
3,kEZ

2. lim > dkai(far(f)min(T) = —II£13-

J.keZ

Proof. Choose an integer n > 1. Then for all T' > Tj, Proposition 9.5 implies

j 4|k Ltk
Z ljka;(f)ar(f)7je(T)] < Z |j||+||l<;||aj(f)ak(f)|e kg
[l <n FINTIE
i ; _ LIkl
+To > 1ikl(d] + [KD]aj (Far(f)le” = =T
31 Ikl<n
~ _Litkl
<2 Y Viikllag(Hax(le "
gl Ikl<n
. _ il Lkl
+2 Z |]|2|aj(f) #(T-Tv) ‘kﬁ| |Cl,k( )|e 1 (T—To)
g1, Ikl<n
2
<o e ME N VRl (Aar(A+2 [ D 15Plas (e F T
leZ 31, | <7+ k=L i1<n
< IR (22 e T w23 Jjpe BT
’ LEZ JEZ

The first assertion follows. The second is a consequence of the second statement
in Proposition 9.5 and the theorem of dominated convergence. O

Proposition 9.9 above allows us to give a new definition of the covariance o
when T is large enough.

Definition 9.10. For all T > Ty and all f € H2(U), we define
or(f.f) ==Y jka;(f)ar(f)7jx(T).

3,.kEZ

31



Lemma 9.11. Let f be a function of C11(U). For all T > Ty, the two defini-
tions (Definition 2.4 and Definition 9.10) of or(f, f) coincide.

Proof. Theseries Y7 |a;(f')] is convergent, so that Sn(f) () = 022 1j1<n ja;(f)eis

converges uniformly to f’ on U as n tends to infinity. Therefore, starting from
Definition 2.4,

T .
ar( ) == [ 7| X (s wor ) | ds.

J.kEZ

As the processes are unitary and >, 7 |jlla;(f)| < oo, we get by dominated
convergence that, for all T > 0,

or(f, ) ==Y jka;(f)ax(f)7;x(T),

3,.k€EZ

as expected. O

Theorem 9.3 is now a straightforward consequence of the polarisation of
Definition 9.10 and Proposition 9.9.

Remark 9.12. Let us emphasize that Proposition 9.5 implies that, for alle > 0
and oll T > Ty, the following series converges:

D U+ [EDE (D) < oo
J,kEZ

Hence, for all T > Ty, the equality

(4,k)€Z2\{(0,0)}

defines Kt as a square-integrable real-valued function on U? and, for alle > 0
and f,g € H%“(U), one has the equality

or(fg) = [ PR )y ) T
[0,27]2 0
‘We conclude this study of the covariance by showing some puzzling numerical
experiments (see Figure 1). It is striking on these pictures that the behaviour
of the covariance or(f, g) is complicated and interesting for small 7', and much
simpler for large T. It is thus not surprising that we have been only able to
analyse or for large T.
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Figure 1: For all k > 1, let us define sj(e*?) = sin(kf) and cj(e*®) = cos(kf). The pictures
above are the graphs of the following functions of T for T € [0,6]. Top left : or(sk,sk)
and or(ck,ci) for k € {1,...,8}. Bottom left : ug(T) for k € {1,...,6}. Top center :
or(sk, sk+1) for k € {1,...,15}. Bottom center : op(ck,crt1) for k € {1,...,15}. Top right
2 op(sk, sk+3) for k € {1,4,7,10,13}. Bottom right : op(sk, sk4+2) for odd k € {1,...,13}.

10. Combinatorial approaches

10.1. The differential system satisfied by the Tj 1

The differential system satisfied by the functions 7;; (Lemma 9.7) can be
interpreted, at least when j and k have the same sign, in terms of enumeration
of walks on the symmetric group, in the same vein as the computations made
by one of us in [19]. This is what we explain in this section.

Fix j > 1. We consider the Cayley graph on the symmetric group &; gen-
erated by all transpositions. The vertices of this graph are the elements of &;
and two permutations o; and o9 are joined by an edge if and only if o705 lisa
transposition. A finite sequence (o, ..., 0,) of permutations such that o; and
o;+1 are joined by an edge for all ¢ € {0,...,n — 1} is called a path of length
n. The distance between two permutations is the length of the shortest path
that joins them. We call defect of a path the number of steps in the path which
increase the distance to identity. Heuristically, one can understand the defect
as follows : each time we compose a permutation with a transposition, either
we cut a cycle into two pieces and this is a step which decreases the distance
to identity, or we coalesce two cycles into a bigger one and this is a step which
increases the distance to identity. The defect counts the number of steps of the
second kind.

For any o € G;, and any two integers n,d > 0, we denote by S(o,n,d) the
number of paths in the Cayley graph of &, starting from o, of length n and with
defect d. The interested reader can find more details about those combinatorial
objects in [19].

Let j,k > 1. If o € §; and 7 € &, we denote by o x 7 the concatenation of
o and 7, that is the permutation in &;4 such that o x 7(i) = o(¢) if 1 <i < j
and o x7(i) =7(i—j)+jifj+1<i<j+k

33



From Theorem 3.3 in [19], it follows that for all T' > 0,
E [tr(Un (T) ) tr(Un (T)F)] — E[tr(UN(T)j)}E [6r(Un (T)9)]

it [ o= (=T )
— Utk % Ed: ;!T;S((l...])x(l...k),n,d)
n,d=0

e (_T)n1+7l2 )
— Z WS((l...]),nl,dl)S((l...k),nQ,dQ) . (26)
n1,n2,d1,d2:0 ’ ’

Moreover, for all 77 > 0, we recall that all the expansions involved converge

uniformly on (N,T) € N x [0,T"].
Using this equality, it is for example easy to check that

lim (]E [t (Un (Y tr(Un (T)F)] — E[tr(UN(T)j)]E [tr(UN(T)k)]) -

N—oo
-G+ E i (=1)" <S((1...j) x (1...k),n,0)

where the last equality comes from Proposition 5.3 of [19]. Each term of the sum
is indeed zero and heuristically, it means that a path without defect starting
from (1...j) x (1...k) is simply obtained by “shuffling” two paths without
defect from each of the two cycles in their respective symmetric group.

More interesting for us is the fact we can also deduce from (26) that

def
tjk(T) (eH

lim N2 (E [tx(Un (T) tr(Un (T)F)] — ]E[tr(UN(T)j )}E [tr(UN(T)k)]) _

N—oc0

etk % i (_nil)ns’((l gy x (1K), 1), (27)
n=0 :

where, 0 € 6,7 € & and n > 1 being given, we use the notation
S'"(o x1,n,1)=S(0c x 1,n,1)

- f: (:1) (S(U7n171)5(7',n—n1,0) —l—S(U,nl,O)S(T,n—nhl)).

n1=0

Thus defined, S’(o0 x 7,7n,1) is the number of paths of length n starting from
o X 7 such that the unique step which increases the distance to the identity is
the multiplication by a transposition which exchanges an element of {1,...,5}
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with an element of {j+1,...,7+k}. Thus, heuristically, the unique step which
is a coalescence is a coalescence between ¢ and 7.
Our goal is now to show the following combinatorial identity

Proposition 10.1. For any integers 3,k > 1, and n > 0, we have

S((1...5) x (1...k),n+1,1) =3k S((1...5+k),n,0)

+j Z_: (n>S((1...l),p7O)S’((1...j—l) x (1...k),n—p,1)

+k >

The combinatorial interpretation of this identity is the following : let us
consider a path of length n + 1 from (1...5) x (1...%k) whose unique step
increasing the distance to identity is a true coalescence between the two cycles.
The first step of such a path can be of three kinds, corresponding respectively
to the three terms of the right hand-side :

(Z)S((l...m),q,O)S’((l...j) x (1...k—m),n—q,1).

e either it coalesces the cycles, creating a (j+ k)-cycle, and this can be done
by choosing an element in each cycle. Then the path can be completed by
any path of length n without defect from a (j + k)-cycle.

e cither it cuts the cycle (1...7) into two cycles, one of length [ that will
then be cut p times without being affected by the coalescence and another
of length j — [ which contains the element which will be exchanged with
an element of {j +1,...,7 + k} during the coalescing step.

e cither, symmetrically, it cuts the cycle (1...k).

We will hereafter propose a rigorous proof of this identity through the free
stochastic calculus tools introduced above in the paper. It should be noted
that the combinatorics which we investigate here is related to that of annular
noncrossing partitions introduced by J. Mingo and A. Nica [22].

Proof. Let the integers j, k > 1 and the real T' > 0 be fixed. If we consider the
quantities k; (1) as defined in (27), if we denote, for any r € Z, by f, : U — C
the function given by f,.(z) = 2", then, from Definition 2.4 and Theorem 2.6,
we get k; x(T) = or(fj, fr) and from (19), it can be reexpressed as x; (1) =
—jk 7j%(T). Now, from Lemma 9.7, we get immediately

. . i + k
ey k(T) = =gk i (T) — 2 5

j—1 k—1
=i T k) = kS (T (T),
=1 m=1

Kk (T)
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so that we get immediately the anounced result, as we know from [19] that, for
any r € N*

wr(T) = e T Z (_T)nS((l ...1r),n,0)

o n!
and from (27) that
. i+ k _ T © n
ii(T) = =I5k, (T) = " 0% T;O )% (1 k)n+1,1)

10.2. Mized moments of special unitary matrices

In principle, any computation involving functions invariant by conjugation
on the unitary group can be performed by using harmonic analysis, that is, the
representation theory of the unitary group. In this section, we use this approach
to prove the following formula, which yields for each N > 3 an explicit expression
for the covariance of traces of powers of the Brownian motion on SU(N). With
the help of Section 7, it is easy to deduce the analogous result for the Brownian
motion on U(N).

Theorem 10.2. Let N > 3 be an integer. Consider, on SU(N), the Brownian
motion (Vn(t))i>o0 associated with the scalar product (X,Y)syn)y = NTr(X*Y)
on su(N). Let n and m be positive integers. Assume that N > n+m-+1. Then

n(n—1)+4+m(m—1) ¢ (n—m)2 4

E [’I‘r(VN(t)n)W} = nén,m + (_1)n+m€7(n+m)%7 N 27 T N2 2

n—1 m—1
Z Z [ r1+r2 e~ T3 (’Il ]‘) <N+r1)enr2é(m]‘> (N+T2>
ooy 1 n T2 m
11— =
(N—f—rl+r2—|—1)(N—n—m+r1+r2+1)}
(N—=n+r+r+1)(N-—m+ri+ro+1)]"

The basic strategy for the proof is to expand the heat kernel and the traces
in the basis of Schur functions, and then to use the multiplication rules for
Schur functions and their orthogonality properties. The multiplication rules are
expressed by the Littlewood-Richardson formula and they are rather compli-
cated. Fortunately, in the present situation, the Young diagrams which occur
are simple enough for the computation to be tractable.

Let us recall the fundamental facts about Schur functions. Details can be
found in [10]. A Young diagram is a non-increasing sequence of non-negative
integers. If A = (\y > ...... Ar > 0) is such a sequence, we call k the length
of A and denote it by ¢(X). The set of Young diagrams of length at most k is
denoted by N’j. We draw Young diagrams downwards in rows, according to the
convention illustrated by the left part of Figure 2.
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n—r
-

Figure 2: The Young diagram on the left is (7,6, 3,3, 1), which we also denote by 76 321. The
diagram on the right is 7,,» = (n — 1) 1".

The Schur function sy is a symmetric function which, when evaluated on
strictly less than £(\) variables, yields 0. Whenever £(\) < N, the function sy
is well defined and non-zero on SU(N). Its value s)(Iy) at the identity matrix
in particular is a positive integer, which is the dimension of the irreducible
representation of SU(N) of which sy is the character. Another number attached
to A will play an important role for us, which is the non-negative real number
¢(A) such that Asy = —c(A)sa.

It happens that distinct Young diagrams yield the same function on SU(NV) :
if X and p are Young diagrams such that (), £(1) < N, then sy = s, if and only
if there exists | € Z such that A=+ (I,...,1) = p+ V. In fact, if py and p,,
are the representations of U(IN) corresponding to A and p, then py = p, ® det®!
and the restrictions of these representations to SU(NV) are equal.

Finally, we need to use the decomposition of the heat kernel and the function
U +— Tr(U™) in terms of Schur functions. For the latter, we introduce a class of
Young diagrams called hooks. For all n > 1 and all r € {0,...,n—1}, we define

Mpr=Mm—-—71,...,1)=(n—r)1",
——

T

which is depicted on the right part of Figure 2.
The heat kernel at time ¢ on SU(V) is the density, denoted by Q; : SU(N) —
R, of the distribution of Vi (t) with respect to the Haar measure.

Proposition 10.3. Choose N > 1 and U € SU(N). Then the following equali-
ties hold. .

1. Foralln >1, Te(U") = Z(—l)rsnn)r(U).
2. Forallt >0, Q(U) = Z e 2 sy (In)sa(U).
AeNY

The proof of the first equality can be found in [21], the proof of the second
in [20]. The expectation that we want to compute in order to prove Theorem
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10.2 is thus equal to

n—1 m—1
E [TV TV (™) = Y- e aalin) 3o D0 (-1
)\ENiV’l r1=07ry=0

/ 33 (0)sm (0) dU.
SU(N)

The multiplication of Schur functions is governed by the Littlewood-Richardson
formula, which describes a non-negative integer N/ s for each triple of Young
diagrams «, 3,7, in such a way that

Sa83 = Z Ngﬂsv.
¥

Using these coefficients, the integral above can be rewritten as

sx(U)sy, . (U)sy,, . (U)dU = N / $5(U)sy,,.... (U) dU
/SU(N) )\( )VIn,,n( )’Wm,rz( ) Z )\,mw.l SU(N) ’y( )nm,rz( )

v

— Y

- Z NA7T]7L,T1 Z ]]-’Y:nmr’"2+lN
Y

1>0

_ 2 Nnm,TQ +lN
Ay
>0

Thus, we need to compute

3

-1 m-—1 . N
Z (= ZNQJ);L,% ’ (28)
r1=0 ry=0 1>0
It turns out that a slightly more general computation is simpler to perform : we
compute the Littlewood-Richardson coefficient Ng,nn _for all a, 3 and all n,r.
Let us introduce some notation. ’

Let a = (ai,...) and 8 = (f1,...) be two Young diagrams. Set |a| =", a;
and || = >, fi. We assume that o C f3, that is, a; < f3; for all i. Then we
denote by S/« the set of boxes of the graphical representation of 5 which are
not contained in o. We say that a subset of 8/« is connected if one can go from
any box to any other inside this subset by a path which jumps from a box to
another only when they share an edge.

We denote by k(8/a) the number of connected components of 3/a. Also,
we define v(f/«) as the number of boxes of §/a which are such that the box
located immediately above also belongs to 3/«. Alternatively, this is the number
of distinct occurrences of the motif formed by two consecutive boxes one above
the other in §/a.

Our main combinatorial result is the following.
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Proposition 10.4. Let o and B be two Young diagrams. Let 0, , be a hook.

Then Ngn is mon-zero if and only if the following conditions are satisfied
s a C B, |8l = |al +n, B/a contains no 2 x 2 square, and v(B/a) < r <
v(B/a) + k(B/a) — 1. In this case, Ngﬁnn’r = (f(_ﬁv/(%)/;;)

Proof. According to the Littlewood-Richardson rule, N(fmn _is the number of
strict expansions of o by 7y, which yield 3, that is, the number of fillings of
B/a with the boxes of 7, such that the following conditions are satisfied:

1. for all s > 1, the union of & and the boxes of 5/« filled by the first s rows of
7n,r is a Young diagram,

2. no two boxes of the first row of 7, , are put in the same column of 5/«,

3. if one goes through the boxes of 8/« from right to left and from top to
bottom, writing for each box the number of the row of 7, , from which is issued
the box which has been used to fill it, one obtains a sequence which starts with
1, and in which all other numbers 2, ..., r appear, not necessarily consecutively,
in this order.

It is important to notice that, according to the third rule, a strict expansion
of a by a hook which yields 8 is completely characterized by the set of boxes of
B/a which are filled by boxes issued from the first row of the hook. We say for
short that these boxes of 5/« are filled by the first row.

The first two conditions & C 8 and |8] = |a| + n are obviously implied by
this rule. A less trivial implication is that there cannot exist a strict expansion
if f/a contains a 2 x 2 square. Indeed, by the first two rules, the bottom-left
box of the square cannot be filled by the first row and the bottom-right box
must then be filled with a boxed issued from a strictly lower (in the graphical
representation) row of 7, .. This contradicts the third rule.

Let us assume that 8/« contains no 2 x 2 square. Then each connected
component of 3/« is a “snake” (see Figure 3).

[

Figure 3: White boxes must be filled by boxes issued from the first row of 7, . Grey
boxes cannot. The black box may or may not, except if this snake is the topmost connected
component of 8/, in which case it must also be filled by a box issued from the first row of

MNn,r-

Any box of such a snake which has a box on its right must be filled by the
first row. These boxes are the white boxes in Figure 3. Any box located below
a white box cannot be filled by the first row. These boxes are the grey boxes
in Figure 3. Only one box is not in one of these two cases, the top-right box of
the snake. In the topmost connected component of 8/« the third rule implies
that this box must be filled by the first row.
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Finally, if the first three conditions are satisfied, then 3/« contains one box
in each connected component, except the topmost one, which can either be filled
by the first row or not. The minimal number of boxes which are not filled by
the first row is the number of grey boxes, which we have denoted by v(8/«).
This is the minimal value of r for which there exists a strict expansion of « by
7n,» Which yields 8. Moreover, for this value of r, the expansion is unique, since
the boxes filled by the first row are completely determined. Similarly, the max-
imal value of r is v(/a) + k(5/a) — 1. For r between these two bounds, there
are exactly as many expansions as there are choices of which snakes have their

top-right box filled by the first row. There are thus (f(fv/ (%)/;3) such expansions.
O

Corollary 10.5. Let a and 8 be two Young diagrams. Choose n > 1. Then

n—1

D (SN, = (<)

r=0
ifa C B, 8| = |a|+n, B/a contains no 2x2 square and is connected. Otherwise,
it 1s equal to 0.
Proof. If the first three conditions are not satisfied, then N(ﬁ% . = 0 for all

r=0...n—1. Let us assume that they are satisfied. Then, by the previous
proposition, the sum above is equal to

()

v(B/a)+k(B/a)—1

r=v(B/a)

which is equal to 0 unless k(8/a) = 1. In this case, only one term of the sum is
non-zero, for r = v(8/a). O

We apply now this result when g is of the sum of a hook and a rectangle.

Lemma 10.6. Considern >m > 1,19 € {0,...,m—1}, and N > m+n. For
all ry € {0,...,n — 1}, define

)‘%,rz,n,n = (n —ri+m— TQ) (n —ri+ 1)T2 (n - rl)N_Tl_Tz_Q (n —r—= 1)“'

Then, for all X € N'™" and all 1 > 1,

n—1 -
(_1)7"1 N?7m,7-2+lN _ (71)n7l Zfl € {13 e ,’I’L} and )‘ = A%,TQ,TL,R*I7
§ : Afn,ry 0 otherwise.

r1=0
Moreover, when 1l € {1,...,n}, the only non-zero term of the sum is the term
corresponding tory =n — .
Finally, if n = m, then N;nnzrl =1ifry =7y and \ is the empty diagram,
and O otherwise. '
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m—Ta

1

N
m,r2,n,T1 "

Figure 4: The diagram X

Proof. Let us first consider the case n > m. In this case, according to Corollary
10.5, in order for the sum to be non-zero, A must be a Young diagram of length
at most N — 1, contained in 7y, ., + IV, such that (9., + 1IV)/\ contains no
2 x 2 square and is connected. Since n > m, [ must be positive, so that the
diagram 7),,, -, +1~ has length N whereas X has length at most N —1. Thus, the
N-th row of (9, +1V)/A is not empty, it has actually length I. In particular,
mrs + V] — |A] > 1. If I > n, all the Littlewood-Richardson coefficients
appearing in the sum are zero. Otherwise, if [ < n, there is exactly one way to
choose A a subdiagram of 7, ., + " such that all conditions are satisfied : it is
A= A%,T‘g,’rb,ﬂ,*l'

When n = m, nothing changes for [ > 1. However, the sum may be non-zero
even for [ = 0. The diagram A must be the empty diagram and it is easy to
check that Ng'" = 6pm6r,r,- O

We can now go on to compute (28). We find the following result.

Proposition 10.7. Let N, n and m be three positive integers. Assume that
n>mand N>n+m+1. Then

—1 —1
= cOR rginry)

E [Tr(vN(t)n)Tr(vN(t)m)] =t 3 Y (L) (I,

m,ro,mn,r1
7‘1:0 7‘2:O

Proof. We have

n—1 m-—1 N m—1 n
r14r Nm,ro+ _ 7 n—I
Z (71) ! : N)\,'flnml - nam’n]lA:m + Z <—1) ’ Z(—l) ]]-A:Afi,rz,n,n—l
r1=07r2=0 >0 ro=0 =1

n—1 m-—1

= N0 nla=p + Z Z (—1)T1+T2Il/\:>\N

m,rg,n,ry
r1=07r2=0
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The claimed equality follows easily. O

In order to prove Theorem 10.2, there remains to compute c()\%“’nh) and

SAN o (In). This is by no means complicated but slightly tedious. We recall

the general formulae, give the results in this particular case and invite the reader
to check them if s/he feels inclined to do so.

Lemma 10.8. Consider n,m > 1,7 € {0,...,n—1} andry € {0,...,m—1}.
Then the following identities hold.

n(n—2r; — 1) m(m —2ro —1)  (n—m)?
C(A%,m,n,rl) =n-+ N m+ N - N2 ’
(In) (N—m—7"2—1)(N—|—n—|—m—r1—r2—1)x
S =
Arg ey SNV (N+n—rm—re—1)(N+m—r; —re—1)

00T

Proof. The general formulae are the following : for all o € Niv , one has

1 (& ANRY
C(a):ﬁ Z:O‘?JF Z (@i — aj) W(ZO%)

1<i<j<N

on one hand and, using the notation A(A) = [],<;;<n(Ai — ;) and § =
(N-1,N-2,...,1,0), -
Ao+ 0)

Aa)

on the other hand. O

Sa(IN) =

Theorem 10.2 now easily follows from Proposition 10.7 and Lemma 10.8.
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