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TRUNCATIONS OF HAAR UNITARY MATRICES,
TRACES AND BIVARIATE BROWNIAN BRIDGE

C. DONATI-MARTIN AND A. ROUAULT

ABSTRACT. Let U be a Haar distributed unitary matrix in U(n). We
show that after centering the two-parameter process

W(n)(&t) — Z |Ui'|2
i<|ns],j<|nt]
converges in distribution to the bivariate tied-down Brownian bridge.
The proof relies on the notion of second order freeness.

1. INTRODUCTION

Let o be a random permutation uniformly distributed on the symmetric
group S, . Define for p,g < n

XZ(,Z) = card{1l <i <p,o(i) <q}.

711) converges in
distribution to the bivariate tied-down Brownian bridge. Note that XI%) =
Tr(¥p,%5 ) where ¥, is the truncated matrix of size p x g of ¥, the per-
mutation matrix associated to o. In this paper, we prove a similar result
when the symmetric group is replaced by the unitary group, equipped with
the Haar measure.

Let U be a Haar distributed unitary matrix in U(n). We consider, for
p < nand g < n, the upper-left p x ¢ submatrix V,, , and the p x p Hermitian
matrix

In [4], G. Chapuy proved that a suitable normalization of XI(,

Apg = V}qu}:q'
We are interested in the asymptotic behavior of

Tpq=TrApq= Z ‘Ui,j‘2' (1.1)
1<p,j<q
Let for p,g <n
Yp(,z) =Tpq—ETp,-

We define a sequence of two-parameter processes W by

(n) .__ (n)
Wi = Y\_nsj,\_nt]’s’t € [0,1]
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2 C. DONATI-MARTIN AND A. ROUAULT

Chapuy used the space C([0,1]?) completing its process in such a way that
it is continuous and affine on each closed ”lattice triangle”. We prefer using
the multidimensional generalization of Skorokhod space D([0,1]?) given by
[3]. It consists of functions from [0, 1]? to R which are at each point right
continuous (with respect to the natural partial order of [0,1]?) and admit
limits in all "orthants”. The space D([0, 1]?) is endowed with the topology
of Skorohod (see [3] for the definition).

Our main result is the following

Theorem 1.1. The process W™ converges in distribution in D([0,1]?) to
the tied-down Brownian bridge W () which is a centered continuous Gauss-
ian process on [0,1]% of covariance

E[W ) (s, ) (/, )] = (s A — s8)(t AT — 12,

The proof of this theorem relies on the notion of second order freeness
introduced by [14] and further developed in [15] in the case of unitary matri-
ces. Roughly speaking, whereas the freeness, introduced by Voiculescu [20],
provides the asymptotic behavior of expectation of traces of random matri-
ces, the second order freeness describes the leading order of the fluctuations
of these traces.

Previous works are related to our problem. First, Borel in 1906 shows
that for a uniformly distributed point on the (n — 1)-dimensional (real)
sphere, the scaled first coordinate converges in distribution to the standard
normal. Since that time, many authors studied the entries and partial traces
of matrices from the orthogonal and unitary group. In particular Diaconis
and d’Aristotile ([8, 9]) proved that the sequence of one-parameter processes

[ns]
ZUZ'Z' , S€E [0,1]
i=1

converges in distribution to the complex Brownian motion. Besides, Silver-
stein [I8] proved that for ¢ fixed, the sequence of one-parameter processes

[ns)

n'2(3 UG —s), s€[0,1] (1.2)

1=1
n

converges in distribution to the Brownian bridge.

The rest of the paper is organized as follows. In section 2, we compute
the two first moments of 7T}, , from some relations obtained in [12] giving
the multiple moments (up to order 4) of the matrix elements U;; of a Haar
distributed unitary matrix U. Section 3 is devoted to some combinatorics
for the unitary group, giving a summary of the main results of [I5]. In
particular, we state a formula for the cumulants of variables of the form X =
Tr(AU BU*) for deterministic matrices A, B of size n. In Section 4, we apply
the above formula to the computation of the second and fourth cumulant of
Tp.q- Section 5 is devoted to the proof of Theorem [[Il As usual, the proof is
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divided in two parts: tightness of the distributions of W (™ and convergence
of the finite dimensional laws. To prove the tightness, we use a criterion
of Bickel and Wichura for two-parameter processes, with the help of the
estimates obtained in section 4. The convergence of the finite dimensional
distributions to Gaussian distributions relies on the computations of their
cumulants and their asymptotics, obtained in [I5] and recalled in Section
3. In section 6, we give complementary remarks, connections with other
problems and a conjecture of universality.

2. PRELIMINARY REMARKS: SOME MOMENTS

We have the following important relations (see [12], Proposition 4.2.3).
If U, j is the generic element of U € U(n), then the random variable |U; ;|*
follows the beta distribution on [0,1] with parameter (1,n — 1) of density
(n —1)(1 — 2)"~2. Thus,

1 2 n—1
E|U;.;|*> ==, E|lU; |* = ——— Var|U;;|* = —— 2.1
| 7J| n’ | ,J| n(n+ 1) ar | 7J| ng(n+1)7 (2.1)
and more generally
— 1)I&!
E Z-»%:(”i. 2.2
sl (n—1+k)! (22)

If X = |U;;/? and Y = |U; |? with k # 7, then (X,Y) follows the Dirichlet
distribution on {0 < z,y,x +y < 1} with parameters (1,1,n — 2) of density
(n—1)(n—2)(1 -z —y)" 3. Thus

1

E (|Ui;|*|Uix?) = Y

(2.3)

Besides, if i # k,j # £,

1
21
From these relations, we can compute the first moments of 7}, ,, defined in

(1.

Proposition 2.1. The mean and the variance of T, , are given by:

E (|U;; *|Us,e?)

(2.4)

pq
ETpq = Z E|Uij|2 = pgE|Uy |* = Pt (2.5)
1<p,j<q
and
n? —n(p+q) + pq
n?(n? —1) '

Assume that p/n — s, q/n — t, then,

VarT), , = pq (2.6)

1
lim —ET,, = st , lim VarT, , = st(1 — (s +t) + st) = st(1 — s)(1 —¢).
n n n
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Proof:
ET;, = D EU U«
i,k<p,j,l<q
= > EU'+ ). EUGPUL
i<p,j<q i<p,j#l<q
+ > EUGPIUGP+ Y ElUGP UM
i#k<p,j<q i#k<p,j#l<q
= = )
pqn(n +1) +palg )n(n +1)
1 1
S} — — (g —1)———
+p(p )qn(nJr 0 +op—1alg —1)5—

_ pq<np+q +(p—1)(q—1)> '

(n+1) n?—1
This yields (2.6]).
Remark 2.2. An easy consequence of the above Proposition is
fim = Tins ) ne) = st

in probability. Actually the convergence is uniform in s,t € [0,1] (see section

6).
3. COMBINATORICS FOR THE UNITARY GROUP

We recall in this section the notations and the main result of [I5] that we
shall use to prove our main theorem. Let U be a n x n Haar distributed uni-
tary matrix. The expectations of products of entries of U can be described
by a special function, called the Weingarten function (see [5]) defined as
follows:

Wg(n,ﬂ) = E(Ull ---UkkUhr(l) Ukﬂ(k)) (31)
where m € S the set of permutations of k elements, & < n. Then, matrix
integrals can be expressed as follows:

E(Ullﬂi U [72'1]'1 ce U,k]k)

kJKP

= D iy, Ot Sivdeq - - O, Wan, Ba”h),
a7B€Sk

(see [7] Cor. 2.4). The Weingarten functions for £ = 1,2 are given by (see
[5]):
Waln, (1) = -
gn, =

1 1
Wa(n, ()(2) = — . Wa(n(12)= -~ —

From these equations, we can recover (2.3)), ([2.4)).
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Notations: For n a positive integer we set [[n]] := {1,2,--- ,n}.
1) Let € : [[2]]] — {—1,1} be such that 222121 € = 0. We write e (1) =
{p1 <p2 < ...<p}and e'(~1) = {q1 < @@ < ... < q}. Let Sélﬁ)

be the permutations 7 in Sy such that 7 sends {p1 < p2 < ... < pi}

on {¢1 < ¢ < ... < ¢} and conversely. For Sélg)

permutation 7 in &; defined by

, We can associate a

T (pr) = Pagk) -

For m € Sy, a partition A = (Ay,... Ag) of [[2]]] is called 7-invariant if 7
leaves invariant each block A;. To 7 € 82(? and A a partition w-invariant,
we can associate a partition A on [[l]] which is #-invariant as follows: for a
block A; of A, we associate the block fli ={k<l,px € A;}.

2) Cumulants. For r > 1, k, denotes the classical cumulant of order r
(see [17], [15]). It is a multilinear function of r variables defined as follows:
if a1,...,a, are random variables,

kr(ar,...a,) = Y Mb(C,1,)Ec(a,. .. a)
CeP(r)

where P(r) is the set of partitions of [[r]], the Mdbius function is given by
Mo6b(C, 1,) = (—1)*~!(k — 1)! where k is the number of blocks of C' and for
C={C,...Cx},

k
Ec(ar,...ar) = [JE(]] @)

i=1 jeC;
If X1,... X9 are random matrices , for m a permutation with cycle structure
=T X e X T With m = (m1, -0, T 00y)

(X1, .00, Xog) = Ky (Tr(mel T Xﬂl,e(l))’ s Tre( X, 'XWr,l(r)))

For A = {A4,..., A} a o-invariant partition of [[2[]] we can write o =
o1 X -+ X 0}, where 0; = 0|4, is a permutation of the set A;, we define

HQA(Xl,...,Xgl) = H,Ul(Xl,... ,Xgl)---ligk(Xl,...,Xgl) .

Remark 3.1. When the matrices X; are deterministic, ko a(X1,...,Xop)
18 mon zero only if A is the partition consisting in the cycles of o.

3) Limit distribution. Let s be a fixed integer and let {A;, ..., As}y be a
sequence of n x n deterministic matrices. We say that {A1,... As}, has a
limit distribution if there exists a non commutative probability space (A, ¢)
and a1,...as € A such that for any polynomial p in s non commuting
variables,

lim tr(p(A4i,...,4s)) = p(plai,...,as)).

n—oo
where tr denotes the normalized trace.
We can now state a proposition which is a particular case of [15, Theorem
3.10]. In the following, U¢ = U if e =1 and U* if e = —1.
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Proposition 3.2. Let (Uy,) a sequence of Haar distributed unitary matrices
of size n and {A1,...,As}n a sequence of deterministic matrices of size n
which has a limit distribution. Let r > 1 and €1,... € € {—1,1} such that
> € = 0. Consider pi1,...par polynomials in s non commuting variables.
Fori=1,...,2r, we set

D; = pi(Ay, ..., As)
and for 1 <i<r,
X; = Tr(Dy; U= Dy, U<y
Then,

fr(X1, o, X)) = D0 Y Ch g figr1 (D1, Day) (3.3)
res() AB

where the second sum is taken over pairs of partitions of [[2r]] such that A
is m-invariant, B is ym ' -invariant and AV B = 1, the one block partition,
v is given by the product of transpositions [[,,.(2i — 1,2i) and Cr 4 are
relative cumulants (see [5]) defined, for A a T-invariant partition, by

Crn= > Mobh(C, A) We(rly,) ... We(nly,).  (3.4)
celn,Al,C={V1,..Vi,}

Moreover, forr > 3,
lim k. (Xq,...,X,)=0.
n—oo
In the sequel, we shall apply this Proposition with €(2i — 1) = 1, €(2i) =
—1.

4. COMPUTATIONS OF THE SECOND AND FOURTH CUMULANTS OF Tp,q

4.1. The covariance of T}, ,. The fundamental remark is that
A, =DUDU*

with Dy = I,,Dy = I,;, where I}, is the matrix of projection on the &
first coordinates. Note that if p/n — s,q/n — t, {D1, Dy} are commuting
projectors with a limit law a1, as commuting projectors on (A, ¢) such that
ajaz = ap if s <tand =ag if t < s, and ¢(a1) = s, ¢(az) =t.

Let p,p',q,qd < n. We now give an application of Proposition to the
computation of cov(T} ¢, Ty ) = k2(Tpq;Tpq). This can also be done,
using the computations of Section 2.

We set D3 = Iy, Dy = Iy and apply formula B.3) to X1 =T}, 4, Xo = Tpy o,
r = 2. We have €(1) = ¢(3) = 1,¢(2) = €(4) = —1. The elements of Sf) are
the permutations of Sy which send {1,3} on {2,4}, namely

Sf) ={o,m, 1,7} (4.1)
where

o=(14)(23) , 7= (1234) , 7 =7 ' = (1432) , 7 = 722 = (12)(34)
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We have, successively

yo l =0 =(13)(24) , yr =47 = (13)(2)(4) , 7t = ym = (1)(24)(3)

and, of course yy~! = (1)(2)(3)(4). The tilde permutations are obtained
easily:
021)2 ; ()(2) , (1) =3, ?:(12)
(1) = =(12) , YM)=1,75=1)2).

In (33]), for given m, B := B, is determined as the partition given by the
cycles of yr~! (see Remark B.1)). Thus,

By = {{1,3}1,{2,4}} , Bx = {{1,3},{2},{4}} , Br = {{1},{2,4}, {3}},
By = {{1},{2}, {3}, {4}}.
The corresponding A satisfying the conditions of (B8.3]) are
Ay =A, = A, ={{1,2,3,4}} and A = {{1,2}}
and for o, we have two choices

Aa(l) = {{1727374}} ) Aa(z) = {{174}7 {273}} and ;1(2) = {{1}7 {2}}
The relative cumulants are given by (see (3.2)), (34]))

Coi,=Ciq = _m
G =Cam = nl2 " 21— 1 n2(n;— 1)
C~7m = 2
2 1
;C&,m = o1

and the D’s contribution (we omit the arguments) are

bing—1 = (TrD1Ds3) (Tr DoDy) = (p Ap') (g A q)
byp—1 = (TrD1D3) (Tr D) (Tr Dy) = (p A P)aqd
biyr—1 = (TrDy)(TrD3) (TrDyDy) = pp'(q A ¢')
Kiyy—1t = (TrDy)(TrDy) (Tr D3) (Tr Dy) = pp'qq
Plugging into ([B.3]) , we get
K2 (Tpq Ty ) = (4.2)

(AP )dANd)  (pAP)ad  pp'(and) n p'd'qd
n?—1 S onm?2—-1) nam2-1)  n2n2-1)
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In the limit p/n — s,q/n — t,p'/n — s',¢'/n — ', we get
lim ko (Tp.q: Tpr )
n
= (sASYEAY)— (s A&t —ss'(t AY) + ss'tt
= (sAns —ss)(tnt—tt). (4.3)

4.2. The fourth cumulant. We now give an estimate for x4(7p4) . From

B.3),
R4 = Z Z A ’Y7T 1B Dl,...,Dg) (4.4)

res® AB

where Sée) is the subset of Sg which sends {1,3,5,7} onto {2,4,6,8} and
conversly, v = (12)(34)(56)(78) € Ss, A and B are partitions of [[8]] such
that A is 7-invariant, B is yr~'-invariant, AV B = L], and finally

Dy =D3=Ds=D;=1,, Dy=Dy=Dg=Dg=1,.
Since the matrices D; are deterministic, k,, (D) is non-zero only if B is the
partition consisting in the cycles of o. If y7~! =71 x --- X 73,, then

’i-wr*LB(Dla T 7D8) = k1 (Tr(DTl,l e DTl,eu))) TRl (Tr(DTh,l o 'DTh,z(h))>

Note that ym~! sends even (resp. odd) integers to even (resp. odd) integers,
thus h > 2.

First assume p < ¢. For each block Bj; of B corresponding to a cyclic
permutation 7;,

(D, D, =P TR {1357
n #0) q otherwise.

Let N be the number of blocks B; of B such that 3k : 7;(k) € {1,3,5,7}.
We have now
K"yﬂfl,B(Db DS) N #(B)

In [5, Cor. 2.9], Collins proved that the order of C’ﬁ’g is at most n 8~ #(M)+2#(4)
where #(m) denotes the number of cycles of 7. Finally

C; ibiyr-1,8(D1, -+, Ds) = O (n_8_#(”)+2#(A)qu#(B)—N)

From equation (20) in [15], we see that
24#(A) + #(B) — #(m) <6

so that
SRR N #EB)-N qu#<B> -2 #(B)
< (g/n)#B)2g2 NN
< 2NNy
< pént.
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It is straightforward that this result holds also if p > ¢q. We conclude that
kg =0 (p2q2n_4) (4.5)

5. PROOF OoF THEOREM [.1]

5.1. Tightness. According to Bickel and Wichura [3] Theorem 3], since our
processes are null on the axes, the tightness of the distributions of W™ is
in force as soon as the condition C(8,) with 8 > 1 is satisfied (see (2), (3)
in [3]):

E(IW™ (B)HW(C)[2) < (u(B)) (1(C))" (5.1)
where y = y1+7v2 > 0and § = 1+ 82 > 1, B and C are two adjacent blocks
in [0,1]? and W™ (B) denotes the increment of W™ around B, given by

wo(B) =wl) - w) —wih) + wly

for B =|s, s']x]t, '], ju is a finite positive measure on [0; 1] with continuous
marginals.
From Cauchy-Schwarz inequality, (5.]) is implied by

E([W™(B)[™) < (u(B))*". (5.2)
Moreover, it is enough to consider blocks whose corners points are in T" =
{2,0<p<n}x{L,0<q<n} (see [3], p. 1665.)
Let p<p' <nandq<¢ <nandB=|2 E]x]L L]

n’n n’n

(n) Ao () y(n) (n) (n)
W (B) _A (p7Q) - }/;)/ Y }/;)7(1/4—}/;)7(1

D.q . phq

= > >, IUE;—E(UEy.

p+1<i<p’ ¢+1<i<q’

If we show that there exists a constant C, such that
. 4 pl —p 2 q/ —q 2
sup E [(A;(,q) (p’,q/)> ] < ol X )

4
n
then (5.2) is satisfied with v1 = 2, 81 = 1 and p is the Lebesgue measure.
(n)

; (5.3)

Since Aﬁ,’fg (p', ¢') has the same distribution as Y, it is enough to show

P'—pq'—q’
4
_ 2.2 4
E [(Y;,{’?) ] =O0(p“¢°n™"). (5.4)
If X is a real random variable, an elementary computation gives
E(X — EX)* = k4 + 353, (5.5)

where r, is the r-th cumulant of X. Taking X =T, , = Tr DiUDyU*, we
saw above in (2.0)) that

pq
kg = VarT,, < 2? . (5.6)

Gathering (5.5]) , (5.6) and (£35]) we get that (5.4) is checked, which proves
the tightness.
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5.2. Finite-dimensional laws. Let (a;)i<x € R, (si,t:i)i<k € [0,1]2. We

must prove the convergence in distribution of X™) := Zle aZWs(le to a

Gaussian distribution.
Let us denote p; = |ns;], ¢; = |nt;|. Then

k
X0 = S
=1

k
= Z 73 [TI'(DQZ'_IUDQiU*) — E(TI‘(DQZ_lUDQZU*))]

=1

where Dgi_l = Ipw DQZ' =1 it

{D3i—1,D9;,i = 1,...k} are commuting projectors with a limit distribution
{@2i-1,G2i, = 1,...k} on a probability space (A, ¢1) with ¢1(g2i—1) = s;,
¢1(q2i) = t; and ¢;q; = ¢; if v; < u; (and = g; otherwise) where u; = s; for
7 odd and u; = t; for i even.

Let r > 3, then

k
re(XM XMy = Z a, ... air“T(Y;o(Z),qil b ’Yp(z‘tl-),%)

B1yeenyipr=1

k
= Z a,-l...a,-r,/ir(Xil,...,XiT)
i1yeip=1
where X; = Tr(Dg;,—1UDy;,U*). From Proposition
lim K:T’(Xila e 7Xi7n) =0. (57)

n—oo

Now, the second cumulant is given by

k
KQ(X(n),X(n)) = Z aiaj/@(Tr(Dgi_lUDgiU*),Tr(ng_lUngU*)).
1,j=1
From (£3)
lim /ig(TI‘(DQi_l UDQZ'U*), TI‘(DQj_lUDQj U*))
(Si Nsj— SiSj)(ti Nt — titj).

Thus, we get the convergence of X (™ to a centered Gaussian distribution
with variance

k
Z CLZ'CL]'(SZ' VAN S5 — SZ'S]')(ZL/Z' VAN tj — titj).
1,j=1

It follows that the finite-dimensional laws of the process W™ converge to
the finite-dimensional laws of the tied-down Brownian bridge. ]
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6. COMPLEMENTARY REMARKS

1) Since the sup norm is continuous for the Skorokhod topology, Theorem
[T implies that

sup (W (s,t)| » sup [W)(s,1)|
s,t€[0,1] s,t€[0,1]

in distribution, which implies that

1
sup ‘_T\_TLSJ,\_MJ — St’ —0 (61)
s,tef0,1] 1
in probability.
2) The definition of our process focusses on the trace of a random matrix
Ap 4. This trace is a linear statistic of its empirical spectral distribution, i.e.

Tpg=TrApq= p/xdu(p) (z),

where
w_ 1y
pt==> 6w,

and the )\,(fp Vs are the eigenvalues of A,,. If we are interested only in
marginals (p = [ns],q = [nt], with s,t € (0,1) fixed), we can look di-
rectly at the asymptotic behavior of u(), as n — co. It is known that the
random matrix A, , belongs to the Jacobi unitary ensemble ([6], [11]) and
we can deduce results from the continuity of the mapping p +— [ zdu(z)
on M;([0,1]). The sequence of empirical spectral distributions converges to
the Kesten-McKay distribution of density which can be parametrized by s,t
or by the endpoints of its support (u_,uy) with 0 <wu_ <uy < 1:

VT =
2rx(1 — x)

(6.2)

Tu_u (x) = Cuf,u
+ +

where

Ot = 5 1 Vi T )0 —wy) .

The relation between (s,t) and uy is

us = [Val )&/ s)tr .

By continuity, we recover a weak form of (6.1), i.e.

1
1111;11 ;TLnantJ = S/xﬂu’u+($)dl' = st,

in probability.
It could also be possible to recover the fluctuation result for the marginal
distribution, i.e.

law
Tins),int) — BT\ ns),nt) — N(0,8(1 — s)t(1 — 1))
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from the known results on the fluctuations of linear statistics of u®. Ac-
tually, the result of Johansson [I3] is not specific of the Jacobi ensemble,
but uses a model of random matrices invariant by conjugation, with poly-
nomial external field. Here, the ensemble is invariant but the potential is
logarithmic. The result is a Gaussian limit with the good variance.

At another level, in the same asymptotics as above, Hiai and Petz [11]
proved that the family (u(®)) satisfies the Large Deviation Principle in
M;1([0,1]) with scale n=2 and good rate function, which in the case s <
t<1/2is

1) = =5 [ [logle— ylav(e)dv(y)
—s / (1—=s—t)log(l —z)+ (t — s)logz)dv(z) + Ip(s,t).

where Ij(s,t) is some constant (the limiting free energy). Appealing again
to the continuity of the mean, we deduce from the contraction principle that
n_lTLnsJ,LmJ satisfies the LDP at scale n~2 with good rate function

1
I(c) = inf{Z(v);v € My(]0, 1]),/0 xdv(x) = c}.

3) It would be interesting to develop the same study with the orthogonal
group O(n) and we will address this point in a separate work. Indeed, in
multivariate (real) analysis of variance, the random variable T}, ; is known as
the Bartlett-Nanda-Pillai statistics. The exact distribution of T}, ; is known
by its Laplace transform which is an hypergeometric function of matrix
argument ([16] p.479). Various asymptotic studies have been performed,
essentially p, g fixed, n — oo (large sample framework), or high-dimensional
framework with ¢ fixed, n,p — oo and p/n — s < 1 (see for instance
[10]). The asymptotic regime of the present paper (p/n — s,q/n — t) is
considered in Section 4.4 of the book [I] and a CLT for the statistic T},
may be deduced from Theorem 2.2 of [2].

4) In the paper [19], Silverstein discussed the similarity between the ma-
trix of eigenvectors of a (real) sample covariance matrix and a Haar dis-
tributed orthogonal matrix, with a one-parameter parameter process anal-
ogous to (I2)). To extend this study, Djalil Chafai conjectures that if M is
a n X n matrix with i.i.d. entries having the same four first moments as the
complex Gaussian standard and if & denotes the matrix of eigenvectors of
MM?*, then the sequence W™ obtained by changing Ui; into U;j converges
to the tied-down Brownian bridge as in Theorem [I.11
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