n b
Electr® 8biljty

Electron. J. Probab. 20 (2015), no. 121, 1-30.
ISSN: 1083-6489 DOI: 10.1214/EJP.v20-3937

Limit theorems for linear eigenvalue statistics
of overlapping matrices

Vladislav Kargin*

Abstract

The paper proves several limit theorems for linear eigenvalue statistics of overlapping
Wigner and sample covariance matrices. It is shown that the covariance of the limiting
multivariate Gaussian distribution is diagonalized by choosing the Chebyshev polyno-
mials of the first kind as the basis for the test function space. The covariance of linear
statistics for the Chebyshev polynomials of sufficiently high degree depends only on
the first two moments of the matrix entries. Proofs are based on a graph-theoretic
interpretation of the Chebyshev linear statistics as sums over non-backtracking cyclic
paths.
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1 Introduction

Recently, there was a surge of interest in the spectral properties of overlapping
submatrices of large random matrices. A seminal study was done by Baryshnikov [3],
which derived the joint eigenvalue distribution for principal minors of Gaussian Unitary
Ensemble (GUE) and related this distribution to the last passage percolation problem.
Later Johansson and Nordenstam [15] established the determinantal structure of this
joint distribution, and their results were generalized in [11], [12] and [19] to other
unitarily invariant ensembles of random matrices. Recently, Borodin in [4] and Reed
in [20] obtained limit theorems for eigenvalue statistics of overlapping real Gaussian
matrices. We extend these results further to Wigner and sample covariance matrices
which lack the rotation invariance structure.

1.1 Main Results

1.1.1 Wigner matrices

The overlapping real Wigner matrices, Ay and By, are two symmetric matrices which
are submatrices of an infinite real symmetric matrix X. This matrix X has independent
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Figure 1: Overlapping symmetric matrices

identically distributed entries above the main diagonal and independent entries (with a
possibly different distribution) on the main diagonal. The off-diagonal entries of X are
random variables with all moments finite and E (X;;) = 0, E (X}) = 1,and E (X},) = ma.
The diagonal terms have all finite moments and E (X;;) =0, E (X2) = d».

Let Ax have a™) rows and columns, and By have ") rows and columns. In addition,
Ay and By have A®) rows and columns in common. (See Figure 1.)

We think about Ay and By as sequences of matrices of increasing size and we assume
that there is a parameter ¢ that approaches infinity as N — oo, and that quantities
a®™) /tn, b /tn, and AN /t; approach some positive limits a, b, and A, respectively.

We define the normalized matrices

~ 1 ~ 1

AN = WAN’ and BN = mBN
The normalization is chosen in such a way that the empirical distribution of the eigenval-
ues of Ay and By converges to a distribution supported on the interval [—1,1].

If f: R — R is a test function, then the corresponding linear statistic for matrix Ay
is

N (£ AN) =T |f (An)| = 2 00,

where \; are the eigenvalues of the matrix Ap. It is the linear statistic of the eigenvalues
of Ay after rescaling. We define linear statistics for matrix By similarly. Let us also
define the centered linear statistics,

No(f7AN) ::N(f7AN)_EN<f7AN)7

and similarly for N (f, By).

We are interested in the joint distribution of these linear statistics when N is large.
Recall that the Chebyshev polynomials of the first kind are defined by the formula:
T}, (cos ) = cos k. We will prove the following result.

Theorem 1.1. Let Ay and By be overlapping real Wigner matrices. Let Ty () denote
the Chebyshev polynomials of the first kind. As N — oo, the distribution of the cen-
tered linear statistics N° (T}, Ax) and N° (T}, By) converges to a two-variate Gaussian
distribution with the covariance equal to

k
k A .
E(m) : ifk=1>3,
—1 A . _ _
my <ﬁ) , ifk=1=2, (1.1)
(L), itk=1=1,
0, otherwise.
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For the author, the motivation for this model came from the paper by Borodin [4]
where a similar problem was considered and solved for matrices whose entries have
the same first four moments as the Gaussian random variable. (The covariances of
linear statistics depend only on the first four moments of matrix entries, as was noted by
Anderson and Zeitouni in [2] and by Tao and Vu in [26]).

Interestingly, Theorem 1.1 shows that the fourth-order moment influences only the
covariance of the Chebyshev polynomials of the second order. (For non-overlapping
matrices, this fact can also be deduced from the formulas in Theorem 3.6 in [18] or
Theorem 1 in [21].) Our combinatorial proof sheds some light on the origin of this
phenomenon.

1.1.2 Sample covariance matrices

a,

AP

Figure 2: Overlapping non-symmetric matrices

Next, we study the singular values of non-symmetric overlapping matrices. This is
equivalent to the study of eigenvalues of certain sample covariance matrices. Namely,
let Ay and By be two submatrices of an infinite random matrix X with independent
identically distributed random entries. Let the entries of X be real random variables
with all moments finite and assume that

E(X;;) =0, B(X}) =1, and B(X}}) = my. (1.2)
Suppose that Ay has agN) rows and aéN) columns, and that By has ng) rows and béN)
columns. In addition, suppose that Ay and By have AgN) rows and AgN) columns in
common. (See Figure 2.)

As before, we think about Ay and By as sequences of matrices of increasing size and
we assume that there is a parameter ¢ that approaches infinity as N — oo, and that
quantities agN)/tN, aéN)/tN, ng)/tN, béN)/tN, AgN)/tN, and AgN)/tN approach some
positive limits a1, as, b1, ba, A1, and As, respectively.

Let us define the normalized sample covariance matrices

1
Wiy = e [ANA*N - (a§N> + a§N>) Iam} , (1.3)
91/a™) g !
1 2
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where I (v is the agN)-by-agN) identity matrix, and
1

o * (N) (N)
W, = T [BNBN (bl + b )Jbgm}. (1.4)

Again, the normalization is chosen in such a way that the empirical distribution of the
eigenvalues of W4, and Wp, converges to a distribution supported on the interval
[-1,1].

If f: R — R is a test function, then we define the corresponding linear statistic for
matrix Wy, as

N (f,Way) :=Te[f Wa, )l =D F (M),

where )\; are the eigenvalues of the matrix W4, . Hence, this is a linear statistic of the
matrix Ay’s squared singular values. We define linear statistics for matrix Wp,, similarly.
Let us also define the centered linear statistics,

NO(foWay) =N (f,Way) —EN(f,Way,), (1.5)
and similarly for N° (f, Wg,, ). Finally, let
Ay
Varaghiby

Theorem 1.2. Assume Ay and By are the real random overlapping matrices with the
matrix entries that satisfy (1.2). Let Ty (x) denote the Chebyshev polynomials of the
first kind. As N — oo, the distribution of the centered linear statistics N° (T}, W4, ) and
N°(T;,Wg, ) converges to a two-variate Gaussian distribution with the covariance equal
to
{ 5kl§’yk, ifk>1,
Sy ifk = 1.
This result parallels the result for Wigner matrices and has the same surprising

conclusion that the fourth moment of matrix entries influences only the covariances of
low-degree Chebyshev polynomials. In this case, these are the first order polynomials.

1.1.3 CLT for continuously differentiable functions

In order to extend our results to continuously differentiable functions, we have to restrict
to models with matrix entries that satisfy the Poincare inequality property.

We say that a matrix entry X;; satisfies the Poincare inequality property if there is a
constant ¢ > 0 such that for every continuously differentiable function f (x), we have

Var (f (X)) < ¢E IV (X3)) P). (1.6)

For example, the Poincare inequality property holds for models with Gaussian entries
or with entries uniformly distributed on the unit interval but not for the model with +1
entries.

We will use the Poincare inequality to bound variances of linear statistics of large
dimensional matrices and prove the tightness of their distributions. We consider only the
case of Wigner matrices. The results can be extended to the case of sample covariance
matrices.

First, let us define the coefficients in the expansion of a function f over Chebyshev
polynomials:

1 X
Fr = 2 [0 f (@) T (@) b, for k > 1, 0
. %f_llf(f)\/%, for k =1. :
EJP 20 (2015), paper 121. b eipocp o
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Let F be the linear subspace of functions f : R — R which are differentiable
with continuous derivative in the interval Is = [1 — 4,1 + 4], and grow no faster than a
polynomial outside of this interval.

Theorem 1.3. Assume Ay and By are overlapping real Wigner matrices, and their
matrix entries satisfy the Poincare inequality. Then for every pair of functions f and
g in F, the linear statistics N° (f, Axy) and N° (g, By) converge in distribution to the
bivariate Gaussian random variable with the covariance matrix V :

w2 -0 () Sk ())
k=3

1 (do~_. ~ UL
5 <22f191’y + (ma—1) f2527° + Y kfrdi (’Y)k>

k=3

Vl 2

Var = ;(dz(§1>2+(m4—1)(§2>2+Zk(§k>2>7

2 k=3
where v = A/Vab.

1.2 Discussion

Let us put our results in a more general prospective. Linear statistics of sample
covariance matrices have been first investigated in Jonsson [16], who established the
joint CLT for the moments of the empirical eigenvalue distribution. A recent contribution
by Anderson and Zeitouni [2] extended the study of linear statistics to a very general class
of matrices with independent entries of changing variance. They derived a formula for
the covariance of linear eigenvalue statistics and proved a CLT theorem for continuously
differentiable test functions when the matrix entries satisfy the Poincare inequality. They
have also noted a relation to the Chebyshev polynomials. Their method is combinatorial,
in the spirit of the method of moments.

For more restricted classes of matrices, namely, for Gaussian and unitarily invari-
ant matrices, important results about linear statistics were established in Diaconis-
Shahshahani [9], Costin-Lebowitz [7], Johansson [14], Soshnikov [23] and [24], and
Diaconis-Evans [8].

In [18], Lytova and Pastur showed how to use an analytic method to interpolate
the results from Gaussian and Wishart ensembles to Wigner and sample-covariance
matrices. For example, they derived a CLT theorem for test functions in the class C® (five
continuously differentiable derivatives) when the matrix entries have 5 finite moments.
Later, the proofs were simplified and conditions on the test function smoothness were
weakened in [21].

The main novelty of our results is that they extend the investigation to the spectra
of overlapping submatrices. This was started by Borodin in [4] who investigated the
Gaussian case of Wigner matrices. Here we treat the case of non-Gaussian Wigner and
sample covariance matrices.

The second contribution is that we give a combinatorial explanation for the important
role of the Chebyshev polynomials of the first kind. These polynomials were related
to the fluctuations of the empirical eigenvalue distribution in Johansson (Corollary 2.8
in [14]) by analytical methods, and this relation was later extended to a dynamical
version in Cabanal-Duvillard [5]. Feldheim and Sodin in [10] explained the combinatorial
significance of the Chebyshev polynomials of the second type in the context of random
matrices, and we extend their work by explaining the role of the Chebyshev polynomials
of the first type.

EJP 20 (2015), paper 121. ejp.ejpecp.org
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Finally, recall that from the “four moment theorem” by Tao and Vu [26], we can
expect that the CLT covariance matrix for linear statistics depends only on the first four
moments of the matrix entries. For non-overlapping matrices, Anderson and Zeitouni
in [2] and Lytova and Pastur in [18] derived explicit formulas for the CLT covariance
matrix by using combinatorial and analytic methods, respectively. In particular, they
showed that the third moment of matrix entries does not influence the covariance of
linear statistics. We extend these findings to overlapping matrices and find an additional
interesting fact that in the basis of the Chebyshev T-polynomials, the fourth moment
affects only the covariance of the second or first degree polynomials, for the Wigner and
sample covariance matrices, respectively.

The rest of the paper is organized as follows. In Section 2, we will show how the
Chebyshev polynomials of the first type are related to the non-backtracking tailless paths
on regular and bi-regular graphs. In Section 3, we will prove the CLT results for simple
models in which the entries are either +1 or uniformly distributed on the unit circle
(Theorems 3.1 and 3.2). In Section 4 we will prove Theorems 1.1 and 1.2. Section 5 is
devoted to the proof of Theorem 1.3. And Section 6 concludes.

2 The Chebyshev polynomials and non-backtracking paths

The Chebyshev polynomials of the first and the second kind are defined by the
formulas Ty (cos #) = cos(kf) and U (cosf) = sin((k + 1)8)/ sin 0, respectively. For k > 2,
both the T"and U polynomials satisfy the same recursion. For example, for U polynomials,
it is Uy () = 22Uj_1 () — Ux—2 (x) . The inital conditions in this recursion are Tp(z) =1
and 7T (z) = « for T-polynomials and Uy(x) = 1 and U; () = 2« for U-polynomials.

The T and U polynomials can be related as follows:

Uk (z) =2 [Tk () + T2 (z) + ... + T= (z)] + (e — 1), 2.1
where ¢ = 1 if k£ is odd and € = 0 if £ is even.

2.1 Regular graphs and Chebyshev polynomials

Let G be a (d + 1)-regular graph with the vertex set V = {1,...,n}. We will say that
the matrix A is a generalized adjacency matrix if it is Hermitian and if |A,,| = 1 if (u,v)
is an edge of G and 0 otherwise.

A path ~ is a sequence of vertices (ug,u1,...,u;) which are adjacent in graph G.
The length of this path is k. The path is called non-backtracking if u;;1 # uj_1. It is
closed if uy = ug. A closed path is non-backtracking tailless if it is non-backtracking and
Uk—1 F U7-

Theorem 2.1 and the following remark are essentially due to Feldheim and Sodin
[10]. (See Lemma II.1.1 and Claim II.1.2 in their paper, where this result is proved for
complete graphs.)

Theorem 2.1 (Feldheim-Sodin). Suppose that A is a generalized adjacency matrix for a
(d + 1)-regular graph G. Then forall k > 1,

Z Avgur Ay + - Ay = [P (A)],0 (2.2)

Ug=uU, U =70

where the sum is over all non-backtracking paths of length k from u to v, and Py (z) is a
polynomial defined fork = 1,2 as P, (z) := z, P> (x) := 22 — (d + 1), and for k > 3 by the
recursion:

Pk (LL') = .%‘Pk,1 (LL') — de,Q (l‘) . (23)

EJP 20 (2015), paper 121. ejp.ejpecp.org
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Remark: P (z) can be expressed in terms of Chebyshev’s U-polynomials as follows:

Pe (@) = d"/20 () _ a-2/2g, () . 2.4
% () k N k—2 NG (2.4)

Let us use the following notation
A(PY) = Auou1 Auluz cee Auk,luka (25)

where ~ is a path (ug, w1, ..., Uk—1, Ug).

Theorem 2.2. Suppose that A is a generalized adjacency matrix for a (d + 1)-regular
graph G. Then for all k > 1,

> A(y) =

where the sum on the left hand-side is over all closed non-backtracking tailless paths v
of length k.

2vd

Tr [2d*/2T;, (i)} : if k is odd,
Tr [Qd’“/sz (2—%) F(d—1) In} . ifk is even,

Proof of Theorem 2.2. First we say that a closed non-backtracking path (ug, u1, ..., ug—1,uo)
has a tail of length | whenever

U = Uk, Ul = Ug—1, -+, U = Ug—;, aNd U1 7# Up——1-
A tailless path, therefore, has a tail of length 0.
Define,
Qi(A) ==Y A(),

where the sum is over all closed non-backtracking tailless paths of length k. Note,
Theorem 2.1 gives,

Te[Pe(A)] = Y A(y),
where the sum is over all closed non-backtracking paths of length k. We partition the
sum depending on the tail length to get,

Tr[Pe(A)] =Y A(y) + > A() +...

where the first term on the r.h.s. is the sum over all closed non-backtracking paths with
a tail of length 0, the second term is the sum over all closed non-backtracking paths with
a tail of length 1, etc.

The first term on the r.h.s. is Qx(A). Consider the second term on the r.h.s. Recall that

each v = (uo, ..., ux) is non-backtracking with a tail of length 1. This is true if and only if
(u1,...,ur—1) is a closed non-backtracking tailless path of length k — 2, ug = ug, ug # uz
and ur # uk_o. Thus, given a fixed (u,...,ur—1) which is closed non-backtracking

tailless, there are d — 1 choices for the tail (ug,u1) = (ug,ur—1) (u1 = ur—1 has d+1
neighbors, but ug # us and ug # ug_2). Thus the second term equals (d — 1)Qx_2(A).
Similar considerations show that the third term on the r.h.s. equals d(d — 1)Q_4(A4),
the fourth term equals d?(d — 1)Qx_¢(A), the fifth term equals d®(d — 1)Qx_s(A), etc.
Therefore,

Tr[Py(A)] = Qx(A) + (d = 1)Qr-2(A) + d(d = 1)Qr-4(A) + d*(d = 1)Qp—6(A) + ...

Consider the l.h.s. Recall that

P(z) = z=2/dT, (%) :

Py(z) = xz(d+1)2dT2<2\/E>+(d1).

EJP 20 (2015), paper 121. ejp.ejpecp.org
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Also, whenever k > 3 and odd, equations (2.1) and (2.4) give,

Pu(z) = 2d*/°T;, (2%) +dk=2/2(g 1) [2Tk_2 (23&> 42 (2\%)} .

Finally, whenever k£ > 3 and even, equations (2.1) and (2.4) give,

Pi(w) = 2d%/?Ty, (2\%) d*k=2/2(q - 1) [2Tk2 (23&) 4ot 2T (2\96/8) - 1] .

A proof by induction then gives the required result. O

2.2 Bipartite biregular graphs and Chebyshev polynomials

A bipartite graph is a graph whose vertices belong to two sets, V and W, such that
the vertices in V' are connected only to vertices in W and vice versa. A bipartite graph is
(¢+1,d + 1)-regular if every vertex in V is connected to ¢ + 1 vertices in W, and every
vertex in W is connected to d + 1 vertices in V.

Let G be a (c+ 1,d + 1)-regular graph with |V| = n and |W| = m. Consider an n-by-m
matrix A. We will identify row indices with elements of V' and column indices with
elements of W. We say that an n-by-m matrix A is a generalized adjacency matrix for a
bipartite graph G, if |A,,| = 1 for (u,v) € G and A,, = 0 otherwise.

We define

A2 (’Y) = A?)()U)l A’Ulwl e Avk,lwk Avkwky (2'6)
where ~ is a path (v, wy,v1, ..., Wk, V) -
Let us define the following quantity
Ry (A, vg,v1) = ZAQ('Y), (2.7)

where the summation is over all non-backtracking paths « of length 2k from vy to vy.
The following two results are essentially due to Feldheim and Sodin [10]. (However,

their expressions for Rj in terms of Chebyshev polynomials are incorrect. Compare their

Lemma IV.1.1 and Claim IV.1.2.)

Theorem 2.3. Suppose that the matrix A is a generalized adjacency matrix for a

(¢ +1,d + 1)-regular bipartite graph G. Then for all k > 1,

R}C (A, Vo, ’Uk) = [Fk (AA*)] (28)

VoV

where Fy(x) are polynomials, which for k = 1,2 are defined as F;(x) :==x — (¢ + 1) and
Fy(z) := 2% — (2c+d + 1)z + (¢ + 1)c, and for k > 3, by the following recursion:

Fi(z) = (z — (c+ d)Fr—1(z) — cdFg_a(x).

Note that if we define

Uk (z) := (ccl)k/2 Uy, (W} )

where Uy, are the Chebyshev polynomials of the second kind and Uy := 0 for k < 0, then,
fork > 1,
Fk($> = Uk(l‘) + (d — 1)Uk,1(l’) — dUk,Q(l‘) (2.9)

This can be checked by verifying the recursion for Fj(z).

EJP 20 (2015), paper 121. ejp.ejpecp.org
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Proof of Theorem 2.3. 1t is easy to check the statement for £ = 1. Indeed,

Zwl Avowl A'Ulwl7 if Vo 7é U1,
Zwl AvowlAvlwl - (C + 1)7 if vg = 1.

FL(AA) oy, = [AA" — (c+ D]y, = {

Thus, since A is an adjacency matrix of a (¢ + 1,d + 1)-regular bipartite graph,

Z(vo,wl,vl) AvowlAv1w17 if Vo # U1,
0, if Vo = V1,

[Py (AA) gy = {

where the sum, when vy # vy, is over all paths (vg, w;,v;). Note that, when vy # vy, all
paths (vg, w1, v1) are necessarily non-backtracking. Also, when vy = v;, there are no non-
backtracking paths (vo, w1, v1). Therefore [Fi(AA*)] o0, = R1(A,vg,v1), by definition.
For k£ > 2, consider
Z Az (7),

where the sum is over all paths v = (vg, w1, v1, . .., wg, vg) for which (vo, wy, vy, ..., WE_1, VK1)
and (vg_1, wg, v;) are both non-backtracking. There are three possibilities for such paths:

* Wp_1 # Wg.
® Wk—1 = Wg and Vi—2 7& Vi .

® Wkp—1 = Wg and V-2 = Vg.

These possibilities are illustrated in Figure 3.

VU Q“ VU .“. VUQ‘.
W ‘) Wio W,
Vk_g VK—2 VK—2=VI<
Wy, W =W
v v k-1 Tk
w1 ) W, _=w v
W, k-1 kK k-1
Vv, L[
Figure 3: Three possibilities
The first possibility is satisfied if (vo, w1, v1, ..., wg, vg) is non-backtracking. Thus the
sum over all terms which satisfy the first possibility is Ry (A, vo, vg).
The second possibility is satisfied if (v, w1, v1, ..., wk—1,v%) is @ non-backtracking
path of length 2(k — 1), vx—2 # vk—1 and vx_1 # vk. Thus, summing over all terms
which satisfy the second possibility, each fixed (vg,ws,v1,...,wk—1,vr) Which is non-

backtracking is included d — 1 times (there are d — 1 choices for the edge (wg—1,vk—1)
since wy_1 has d + 1 neighbors and vg_1 ¢ {vk—2,v;}). Therefore the sum over all terms
which satisfy the second possibility is (d — 1) Rg—1(4, vo, vk).

EJP 20 (2015), paper 121. ejp.ejpecp.org
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The third possibility is satisfied if (vg, w1, v1,...,wg_2,vx—2) is a non-backtracking
path of length 2(k — 2), (vk_2, wr_1,vk—1) is a non-backtracking path, wy_s # wi_1, and
(Vk—1,wk,vg) is the path (vi_2,wi_1,vk—1) in reverse. Thus, summing over all terms
which satisfy the third possibility, each fixed (vo,w1,v1, ..., wk—2,Vk—2) Which is non-
backtracking is included (¢ + 1)d times when k& = 2 and cd times when k > 3. (These
are the number of choices of the path (vg_2,wr_1,vx—1) with the above restrictions. To
see this, note v;_s is fixed and has ¢ + 1 neighbors. Thus, since wy_s # wy_1, there are
¢+ 1 choices for w;_1 when k = 2 and c choices for w;_; when k > 3. Also given such a
choice for wy_1, note that wi_; has d + 1 neighbors. Thus, since vg_1 # vi_o, there are
d choices for v;_1.) Thus the sum over all the terms which satisfy the third possibility
is (¢ + 1)dRp—2(A, v, vk—2) = (¢ + 1)dRg_2(A,vo,vr) when k = 2, and cdRy_2(A, vy, vi)
when k£ > 3.

Alternatively note that, by definition,

ZA2(’Y) = Z Ri_1(A,vo,vp—1)R1(A, vp_1, 1),

V-1

where the sum on the Lh.s. is over all paths for which (vp, w1, v1,...,wk_1,vk—1) and
(vk—1,wg, vg) are both non-backtracking, and the sum on the rh.s. isoverallvy_; € V.
For k£ > 2, the above observations thus give,

> Ri1(A, vo, vk 1) Ra(A, v 1, 1)

Vg—1

= Ri(A,vo,vi) + (d — 1) Ri—1(A,vo,vk) + (¢ + Lp—2)dRi—2(A, vo, v).

A proof by induction then gives the required result. O
Now, let us define
~ —(c+4d)
Ty (z) := (cd)** T, <M> (2.10)
@) 5= (e T (= O

where T}, are the Chebyshev polynomials of the first kind.

Theorem 2.4. Suppose that the matrix A is a generalized adjacency matrix for a
(¢c+1,d+ 1)-regular bipartite graph G with vertex set VU W. Assume ¢ > d. Then
forallk > 1,

> As(y) = Tr |2T} (AA™) + scanl

where the sum is over all closed non-backtracking tailless paths of length 2k that start
with a vertex in V, and
(c—d)(=d)* +cd—1
d+1 '
Proof of Theorem 2.4 is similar to the proof of Theorem 2.2 and is deferred to
Appendix.

Se,d,k =

3 Linear statistics of polynomials for simple models

We will use the results of the previous section to prove Theorems 3.1 and 3.2 below,
which are versions of Theorems 1.1 and 1.2 for models with a special distribution of
entries.

3.1 Wigner matrices

Assume in this section that X is an infinite random Hermitian matrix with zero
diagonal entries. We consider two possibilities for off-diagonal entries. Either the entries
take values +1 with probability 1/2, or they are uniformly distributed on the unit circle.

EJP 20 (2015), paper 121. ejp.ejpecp.org
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(The second model is not needed for the proof of Theorem 1.1. However, the results
for this model can be obtained without any additional effort and they give a hint what
happens in the situation with complex-valued entries.)
Matrices Ay and By are principal square submatrices of X of the size a(") and b(),

respectively. The normalized matrices A n~ are defined as follows:

~ 1 ~ 1

AN = 714]\[, and BN = 73]\[.

2,/ (a™ —2) 2./ (b — 2)

The choice of a(™) —2 instead of a(N) and b(¥) —2 instead of b(") is clearly not essential for
first-order asymtotics. However it makes some formulas shorter. Recall thatif f : R - R
is a test function, then its linear statistic for matrix Ay is

N(f,An) :==Tr [f (EN)} =Y ),

where ); are the eigenvalues of the matrix A . The quantity A (f, By) is defined similarly.
The centered statistics N° (Ty, Ay) and N° (T}, By) are obtained by subtracting the
corresponding expectation values.

Theorem 3.1. Let T}, (z) denote the Chebyshev polynomials of the first kind. As N — oo,
the distribution of the centered linear statistics N° (T}, Ax) and N° (T}, By) converges
to a two-variate Gaussian distribution with the covariance equal to

k

A if i

5kl% (ﬂ) , If min{k,l} >3, (3.1)
0, if min {k,1} <2,

with g = 1 for the model with +1 entries and 8 = 2 for the model with entries on the unit
circle.

Proof of Theorem 3.1. We will only compute the limit covariance of N° (T, Ay) and
N° (T}, By). The proof for higher moments follows from a similar combinatorial analysis.
This analysis is sketched below in the proof of the corresponding theorem for sample
covariance matrices.

Note that Ay and By are generalized adjacency matrices for complete graphs G4,
and Gp, . These graphs are (ay — 1)- and (by — 1)-regular, respectively. Therefore, by
Theorem 2.2 the covariance of N° (T, Ay) and N° (T}, By) equals to:

1
A(ay — 2)k/2

w37 2 [BAMB() - BAMEB(Y)), (3:2)

where the sums are over all pairs of non-backtracking tailless (“NBT”) cyclic paths v and
~" of length k and [, respectively, and B(v’) is defined analogously to A(~). Consider the
sum

> [EBAM)B(Y) - BEA(YEBX)], (3.3)

el

and assign a graph and a type to each term in this sum. The graph is formed by the edges
of the NBT closed paths v and +'. The type of a pair of paths (v, 1) is the graph together
with a pair of paths on this graph, which are induced by v and v'. We understand that
the original labels of the vertices are removed in the sense that two pairs of paths (v,v)
belong to the same type if they can be obtained each from the other by re-labeling of
vertices.
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Matrices A and B are submatrices of an Hermitian matrix X and by assumption the
entries of X are either +1 with equal probability (case 8 = 1) or uniformly distributed
on the unit circle (8 = 2). It follows that

]., 1fﬂ:1and k1+k2+k3+k4EO(IHOd 2),
E [(Aij)kl (Aji)kz (BU)k3 (Bji)k‘l] = 1, lfﬁ =2and Kk + ]{13 =ko + k4,
0, otherwise.

In addition, the entries corresponding to different edges are independent. Hence, the
only types that bring a non-zero contribution to the sum (3.3) are those in which paths
traverse every edge an even number of times.

Also, the contribution of every term with a disconnected graph is zero, since in this
case the paths v and ' are disjoint, and the contribution of EA(y)B(y’) is cancelled by
the contribution of EA(y)EB(Y).

Now, consider the sum of all terms that have their graphs equal to the cycle on &
vertices. This only happens if I = k£ > 2 (there are no cycles of length 1 or 2 in the
underlying graph).

If k =1 > 2, then EA(y)EB(y') = 0 and E[A(y)B(7’)] = 1. (In the case 8 = 2, this
expectation is 1 only if v and 7’ have opposite orientations.)

Note that each cyclic graph corresponds to 2k different types of paths (v,v’) since
every NBT path can start from any of £ possible vertices in V and the paths can have
either the same or opposite orientations. (Recall that the types are different only if they
cannot be obtained by a re-labeling of the graph. Hence, the type is determined by the
offset of the starting point and the orientation of one path relative to the other.) In the
case $ = 1 both orientations contribute and in the case § = 2, only opposite orientations
contribute. So the number of contributing types is %k

In order to estimate the number of terms within each type, we note that since both
paths are on the cycle, the vertex labels are common to both A and B matrices. Since
the number of rows and columns common to matrices A and B is by definition A?Y), the
number of choices of k£ (non-equal) labels is

(AMHYAN —1) (AN — k1) = (A(N))k +0 (k2 (A(N)>k1> .

Hence, the total number of contributing terms with the cyclic graph can be estimated as

%k (A(N))k +0 (k3 (A(N))k_l> .

Each of these terms brings a contribution of 1 to the sum (3.3). After the normaliza-
tion given in (3.2), we find that the contribution of these terms to the covariance is

asymptotically 55 (\/%)k

The next step is to show that the contribution of all other terms is negligible for all
other types if N is large. The crucial observation here is that every vertex in the graph
of a pair (v,7’) has the degree greater or equal to two, since the paths v and 7’ are NBT.

Consider the case [ = k. Fix a type of (,7’) and assume that the graph is not a cycle of
length k. First, suppose that there exists an edge of the graph which is traversed by the
NBT paths more than twice. Then the total number of edges in the graph is < k, hence
the number of vertices is also less than & (using the fact that each vertex must have the
degree of at least 2). The number of types with this graph is bounded by a function of
k that counts the number of pairs of paths on the graph. The number of labellings of
a graph with less than k vertices is bounded by (a(N) + b(N))5~1 The number of non-

isomorphic graphs with less than & vertices is bounded by another function of k. Hence
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the total number of pairs (v,7’) with non-cyclic graphs is bounded by c; (a™¥) + p(M))k—1,
where ¢y, is a constant that depends on £ only. Finally, the contribution of each term is
bounded by 1 by our assumption on the entries of the matrix X. Since we normalize by
dividing by a multiple of (¢x)*, these considerations imply that the sum of all considered
terms gives a negligible contribution for large N provided that & is fixed.

Next, suppose that every edge in a type’s graph is traversed exactly twice by the NBT
paths, hence the number of edges is k. Since the graph is not a cycle, one of the vertices
must have the degree of at least 3 (since the graph is connected and all vertices have
the degree of at least 2). Since the sum of vertex degrees is twice the number of edges
it follows that the number of vertices is < k. By the same argument as in the previous
paragraph the contribution of the sum of these terms is negligible.

If £ # [, then either the graph is not a cycle or some of the edges is traversed
more than twice, and we find by a similar argument that contributions of all types are
negligible. O

3.2 Sample covariance matrices

In this section we assume that Ay and By are submatrices of an infinite random
matrix X whose entries are either +1 with equal probability or are uniformly distributed
on the unit circle. For the first case we set 8 = 1 and for the second, § = 2.

Let us define the normalized sample covariance matrices in the following form:

Wi, = = [ANAyv - (agm +af™ — 2) IGM :

2/ (o) -1) (- 1)

where [ (v) is the agN)-by-agN) identity matrix, and define Wp, similarly.
1

The normalization is chosen in such a way that the empirical distribution of eigen-
values of W4, and Wpg, converges to a distribution supported on the interval [—1,1].
Define

N(fv WAN) =1Tr [f (WAN)] = Zf(Al)a

where )\; are the eigenvalues of the matrix W, , and let
No(f,WAN> :ZN(f,WAN)—EN(f,WAN). (3.4)

The linear statistics for the matrix Wp, are defined similarly. Recall that there is a
parameter ¢ty that approaches infinity as N — oo, and that quantities agN) /N, aéN) /N,
ng)/tN, ng)/tN, AgN)/tM and AgN)/tN approach some positive limits a1, as, b1, ba, A1,
and A,, respectively.

Theorem 3.2. Let T}, (z) denote the Chebyshev polynomials of the first kind. As N —
oo, the distribution of the centered linear statistics N° (Ty,,Wa, ) and N° (T}, Wg,)
converges to a two-variate Gaussian distribution with the covariance equal to

k
P Rpa—
kl257 )

o . o AAS _ i
1fm1.n {k,1} > 1 and 0 otherw1se.' Here, 7= m ﬂ = 1 for the model with £1
entries and 3 = 2 for the model with entries on the unit circle.
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Proof of Theorem 3.2. Let

) )\ 2
X (An) = (alN 12?\,(%1\[ 1) N (T, Way)

(tn) " [/\/ (Tk[ (M) _ 1, (™ —1],ANA}‘V>
_ EN( ™ — 1,0V - 1],ANA7V)} (3.5)

where fk are as in (2.10):

Tule, d) () = (cd)*/* Ty (W) |

Let X}, (By) be defined similarly.

Then it is enough to check that for N — oo, the distribution of the random vari-
ables Xj (Ay) and X; (By) converges to a two-variate Gaussian distribution with the
covariance matrix equal to

5klk< (a1a2)kk (AlAQI)ck )7 (3.6)
B\ (A1Az)"  (bib2)
if min {k,{} > 1 and 0 otherwise.

In order to prove this, note that the matrix Ay is a generalized adjacency matrix
for a complete bipartite graph G. The vertex sets of G have agN) and agN) vertices,
respectively. In particular, the graph is (agN) aé )>-regular. By Theorem 2.4, we see

that

2Xk(AN k Z 77’1(4N),
where the sum is over all NBT paths ~ that start with a vertex in V, and rgN) depends
only on a( ) and agN) and, therefore, is non-random. A similar formula holds for X (By).

Since rgN and T‘(BN) are not random, we only need to understand the joint distribution

of (tn) " 32 Ay(7) and (tn) ™' 32 By(v), where By(v') is defined analogously to Ay (7). In
particular, we need to show that in the limit of large N this distribution is Gaussian and
to compute its covariance. The pattern of the argument is well-known (see, for example,
Section 2.1 in Anderson, Guionnet, Zeitouni [1]) and for this reason we will be concise.
Consider the case k = [. (The case of k # [ is similar and will be omitted.)
1. Covariance We are interested in estimating the following object:

lim Cov (Xi, (An) , Xk (BN))

LAY QkZEAz JEB:(+) — EA>(1)EB2(7')],

where the sum is over all pairs of non-backtracking tailless (“NBT” ) cyclic paths of
length 2k each. Note that for £ = 1, the number of such paths is zero. In the following
we assume k > 1.

Consider the normalized sum

%ZEAQ JEB;(v') — EA;(7)EB2 (7).
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and assign a graph and a type to each term in this sum. This is done as for Wigner
matrices with a small modification. Namely, since the original graph is bipartite, the
term graphs are also bipartite and we will keep the information about the partition.

Let v € V and w € W. Consider the term where path v goes k; times from v to w,
and ko times from w to v. In addition, let 4" go k3 times from v to w, and k4 times from
w to v. Matrices A and B are submatrices of matrix X and the entries of X are either
+1 with equal probability (case 5 = 1) or uniformly distributed on the unit circle (8 = 2).
Therefore,

[t

N N , if,B:1andk1+k2—|—k3+k450(mod2),
E [ Ab, A" BBy =4 1, i B =2and ky + ks = ky + ku,
0, otherwise.

In addition, the entries corresponding to different edges are independent. Hence, the
only types that bring a non-zero contribution to the sum are those in which paths traverse
every edge an even number of times.

Similar to the case of Wigner matrices, the contribution of every term with a discon-
nected graph is zero.

Now, consider the sum of all terms with the graph equal to the cycle on 2k vertices.
Since both paths are on this cycle, the vertices must have the labels that are common to
both A and B matrices. Repeating the argument from the proof of Theorem 3.1, we find
that the contribution of the terms with the cyclic graph has the limit (2/8)k (A, A)
(The first factor is from the choice of path orientations on the cycle, and the second
factor is from the choice of starting points. Note that although the cycle has the length
2k, there are only k possible starting points since the paths must start with a vertex in a
particular partition.)

The next step is to show that the contribution of all other types is negligible if N
is large. This is done in the same way as in the proof of Theorem 3.1. The crucial
observation is that the paths v and v/ are NBT and therefore every vertex in a graph of
the pair (v,7') must have the degree greater or equal to two.

We conclude that

. k X
Jim Cov (X (An), X (Br)) = 52 (A14,)".

2p
Similarly;,
. k k
lim Cov (Xk (AN) ,Xk (AN)) = — (alag) s and
. k k
1\/1£I<1>o Cov (Xk (BN),Xk, (BN)) = % (blbg) .

2. Higher moments
The argument for higher moments is similar. Consider an m-th joint moment,

B ([t ™3 4] [t Y B ).

where m, + m;, = m and v and ' are NBT cyclic paths of length 2k and 2/, respectively.
When we expand this expression, we obtain,

(2tn) TN T B As (1) - - Ao (Yma) B2 (Y 41) - Ba(m),

The type of a term in this expansion is given by a graph and m NBT cyclic paths. Non-
negligible contributions arise only if £ = [ and come from the types whose graph is the
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union of disjoint cycles of length 2k. Every edge in these cycles must be traversed by the
NBT paths exactly twice, and therefore exactly two paths traverse a cycle. Therefore,
every type with a non-negligible contribution corresponds to a matching on the set of m
NBT paths: The paths are matched if they traverse the same cycle.

Let a particular matching on paths be fixed. The number of the m-tuples of paths that

correspond to this matching converges asymptotically to the product cics ... ¢y, 2 (¢ N)km,
where ¢; = % (a1 ag)k , if the ¢-th pair in the matching pairs ~, with v, and max{s,t} < m,

(that is, the paths in the i-th pair are both from the factors A,(y) in 3.2), ¢; = % (b bg)k ,
if min{s,t} > m,, and ¢; = % (AlAg)k , otherwise.

Hence, in the limit the sum of normalized contributions over all matchings coincides
exactly with the Wick formula for the higher moments of the two-variate Gaussian
distribution with the covariance matrix (3.6). (See Zee [27]). O

4 Matrices with more general distribution of matrix entries

4.1 Wigner

Proof of Theorem 1.1. The idea of the proof is to use Wigner matrices from Section 3, for
which the covariances of the Chebyshev polynomials have been already computed, and
then calculate how a change in the moments of matrix entries affect these covariances.

The key formula is the following expression, valid for matrices that satisfy assump-
tions of Theorem 1.1,

lim Cov (Tr [(AN/\/IE)k} , Tr [(BN/\/E)ID =

N —oc0

11— kl : L
d2klc(k_1)/20(l_l)/2Aa%blTl + (m4 -1) ECk/QCl/2A2a§_1b%_l

o0

+Z2Tkl > lc. S JIc. | A= (4.1)

r—3 5;>0 ;>0
23 s;=k—r 23 ti=l—r

Here C} = (Qkk)/ (k + 1) are the Catalan numbers, which count the number of planar
rooted trees with k edges. If k is not integer, then we set Cj, = 0.

This formula comes from counting the contribution of various types in the expansion
similar to (3.2). It is significantly more complicated because the paths can now be
backtracking and can have loops associated to the diagonal terms. The first term comes
from the contribution of the paths (v, 7’) that traverse two trees with (k — 1)/2 and
(I — 1)/2 edges, respectively. These trees are disjoint except that they hang from a
common vertex and the paths have a loop at this vertex. The factor kl comes from a
choice of starting points on the trees and the factor Aa*7 b7 comes from the label
counting. (In particular, A comes from the number of labels for the common vertex.)
The factor ds also comes from the common vertex.

Similarly, the second term comes from two trees with k/2 and /2 edges, respectively,
that are glued along one edge. There are k/2 x [/2 choices for this edge and 2 possible
orientations for the gluing. The factor m4 — 1 comes from the glued edge.

The third term comes from two graphs each of which is a cycle of length r with
attached trees. The graphs are glued along the cycle. The third term equals to the count
of such graphs, multiplied by kI, which is the number of choices of starting points, and
by 2, which is the number of possible orientations for the gluing.

One can find a sketch of the proof for this formula (for the case dy = 2, my = 3) in
Borodin’s paper [4] in the discussion after formula (4). We omit the details.
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We can understand the limit covariance of linear statistics as a bi-linear functional on
the space of all polynomials:

AN By
o ool (G alo()). e
where P and @ are two polynomials.

Then, (4.1) gives a representation of this bi-linear functional as a sum of three
bi-linear functionals (corresponding to the three terms in the formula (4.1)):

Oé(P,Q) = al(Pa Q) + a2(P5Q) + Oég(P,Q). (43)

We will evaluate these functionals at the Chebyshev’s polynomials Tvk,a () := T (x/2+/a).
Note that by (4.1), al(x’“, xl) is not zero only if both k£ and [ are odd, in which case,

ar(a®,al) = dzklc(k 1)/2C0- 1)/2Aa%b%
l -1
= ﬂ 2 2
2
B / kdz

\ |[=c1

l
x / (w—l—b) . (4.4)
w w

|w|=c2

By the standard property of the Chebyshev’s polynomials, Ty (5 (z+271)) = (2" +27%)
for = # 0. Hence,

(D) @) (9]

By (4.4), (4.5), and the bi-linearity of a;, we have:

~ ~ dgA / a
Tya, T = bl
1(Tea, Tio) (27Ti)2 |z|=c1 ( z)

dw

+
X / Ty ( ) —
|w|=c2 w?
B dzA/4 (z) ( ) dz
(27Ti) | |[=c1 f 22
l
/ ( w >l Vb dw
X — )+ | =
|w|=c2 \/B w w
This is different from zero if and only if £ =1 = 1, in which case we find

= d A

a1(f1,a7T1,b) = Zﬁ (4.6)
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Similarly, ay (2", 2!) is non-zero only if both k and I are even, and then,

ki :
ar(zF 2l = (mg—1) 5Ck/2cl/2A2a%—1bé—1

2(mg — 1) K : A2q51pz—1
E_1/J\L_1
2 2

- s [ 'S

lzl=c1
!
b\ d
x / <w+> w, 4.7)
w/) w
lw]=ca
Therefore,
~ 2(my — 1)A2 ~ a\ dz
@2(Th,a, Tip) = 7/ Tk.a (z+ f) —
(2mi)? 2]=c1 z) 23

~ b\ d
></ Ty (w + > i;}
lw|=c2 w/w
_ lmo ety (e (v
B (27”)2 |z|=c1 \/a’ z 23
l
/ ( w )l NG dw
X — )+ | =
|lw|=c2 \/Z; w w3
This expression is not zero if and only if k¥ = [ = 2, in which case it is

m4—1A72
2 ab’

QQ(TQ,aa T2,b) = (4.8)

Suppose now we take Ay and By in equation (4.1) to be Wigner matrices in Section
3. In this case do = m4 — 1 = 0. Theorem 3.1 and equation (4.1) then give

k
~ k(A .
043(Tk7aaTl,b) = 6kl 2 (m) ’ if mln{k7l} 2 37
0, if min{k,1} < 2.

This formula, and formulas (4.3), (4.6), and (4.8) complete the proof of Theorem 1.1. O

4.2 Sample Covariance

We proceed as in the previous section about Wigner matrices. The covariance of the
linear statistics for a special model has been already computed in Theorem 3.2). We
define the bi-linear form

OL(P, Q; {mk}|;0:3) = J\}E)noc Cov (TI‘ [P (WAN)] , Tr [Q (WBN)D ) (4.9)

where P and () are two polynomials, and m; are the moments of the matrix entries. Let
{m},}|,—, denote a specific sequence of moments, with mj, = 0 for odd k and mj, =1 for
even k. Define

a(P,Q) = a(P,Q, {m}}is) (4.10)
al(PvQ) = Oé(P,Q7 {mk}|20:3) _a2(P>Q)' (411)
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Then,
a(P,Q, {mk}\zozs) =a1(P,Q) + az(P, Q). (4.12)
Since as (P, @) is known from Theorem 3.2, we only need to calculate «;.
The quantities o (z¥, 2!) are calculated in the next two results.

Lemma 4.1.
al(xk,xl) = (mg4 — 1) YRy (a1,a2) Ry (b1, b2).

Here, Ry (a1,a2), k > 1, is defined as follows:
a1 +a k a
R _ 1 2 72
+(61,02) (wm) v ar
k s s
k
— \a1 + ao S et t

s|  1fs—1 s

M -—s(t_l)(t_l)
These coefficients are called Narayana numbers and they frequently occur in combinato-
rial problems. In particular, they count the number of rooted planar trees with n edges
and k leaves, and also the number of partitions of the set [n] = {1,...,n} that have k
blocks.

This lemma follows from the combinatorial analysis of graph contributions. Its proof

is postponed to the end of this section. Surprisingly, Ry (a1, a2) can be computed quite
explicitly and its value does not depend on a; or as.

where

Lemma 4.2.
Ry (ar, as) :{ —3 (&), ifkis odd,

The proof of this lemma is also postponed to the end of this section.

0 if k is even.

Proof of Theorem 1.2. By using Lemmas 4.1 and Lemma 4.2, we find that a;(z*, 2!) is
non-zero if and only if £ and [/ are odd, and then,
(mg— 1)y ( k l
alehe) = T (s )
(mg — 1)y / 1 n 1\\" dz
a0 PO hiad
(27i)? 2 z 22
|z]=c1
l
1 1 d
x / S (wr—)) = (4.13)
2 w w2
|w|=cz
Hence,
(myg — 1)y 1 dz
T., 7)) = ——— z e
ai(Ty, Tr) (2mi)? /Z_c1 < ( +Z>) )
1 dw
13 ()
w|—02 2 ’LU2
_ (ma—1)y @2
B (27i)2 /Z |=c1 Z +z ] 22
1
[ St S
|lw|=ca
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which is non-zero if and only if £ = [ = 1, in which case

(mg—1)7y
—

Then, equation (4.12) and Theorem 3.2 give the statement of the theorem. O

a1 (Ty,Ty) =

Proof of Lemma 4.1. We use the definition of W4, and Wp, in equations (1.3) and (1.4),
and note that by the binomial theorem,

* k k * s k—s
(o)L (Y (22
2. /a1ao N  2./aias — s 2. /a1as N 2 /a1as

S

ai + a
N 4.14
() @.14)
and similarly for matrix By. Next, we consider the following expression:
E(ﬂ(ANA}fTMBNBEY)fETMANA}fETMBNB;Y. (4.15)

By formula (4.14) the covariance in definition (4.9) is a linear combination of these
expressions for appropriate k£ and .

As usual, we expand expression (4.15) as a sum of the expected products of matrix
entries. Every product can be coded by two paths on a graph. The following statements
are easy to check. Every edge in a graph must be traversed at least twice. Only
connected graphs contribute. The only graphs that contribute are therefore either trees,
or graphs with only one cycle. The types corresponding to the graphs with a cycle
contribute only if each edge is traversed exactly twice. Hence the contribution of such
graphs involves only the second moment of matrix entries. This contribution is the same
for the special model, and therefore (by definition (4.11) and by linearity) these graphs
contribute zero to a; (z*, z!).

The graphs that involve moments higher than the second are trees. Each of the two
paths on a tree traverse a sub-tree and the entire tree is given by these (two) sub-trees
glued along an edge. One of these sub-trees has k edges and another one has [ edges.
The corresponding paths have lengths 2k and 2/, respectively, and they traverse every
edge of the corresponding tree twice.

Recall that the graphs are partitioned. Some of its vertices correspond to rows of
matrices Ay and By and some to columns. In order to count valid labellings correspond-
ing to a particular type, suppose that the sub-tree with k£ edges has ¢; row vertices and
k +1—t; column vertices, and the sub-tree with [ edges has ¢, row vertices and [ + 1 — o
column vertices. (We set the matrix size parameter ¢y equal to N here, and use letter
t for a different purpose.) The subtree with k vertices corresponds to matrix Ay and
its row and column vertices can be labeled in agN) and agN) different ways, respectively.
The only exceptions are a row and a column vertices that belong to glued edge. These
vertices can be labeled in AgN) and A(QN) different ways, respectively. Similarly for the
subtree that corresponds to matrix By . Thus, the contribution of this type is

N N _ N _ N N _ N)\—
(my — I)A(l )(ag ))tl l(aé ))k tlAé )(b(l ))tz 1<b(2 ))l to
+O (Nk:-‘rl—l) )

(Here, we have the factor m4y — 1 and not m4 because we subtract the corresponding
contribution for the special model with m/, = 1.) Hence, for

AnA% \F ByB% !
Cov | Tr | —=L_) Tr( —2-) ), 4.16
( (2«/@1@2]\[) (2\/ b1b2N ( )
EJP 20 (2015), paper 121. ejp.ejpecp.org

Page 20/30


http://dx.doi.org/10.1214/EJP.v20-3937
http://ejp.ejpecp.org/

Limit theorems for linear eigenvalue statistics of overlapping matrices

as N — oo, the contribution of this type converges to

(m _l)i % k/2—t1 bf2 1/2—ts ﬁ&
4 2k+l ap b1 a1 b1

1 as k/2—t1+1/2 b2 1/2—t2+1/2
= -y — —= . 4.17
(m4 )72k+l <a1> (b]_) ( )

In order to calculate the number of types with this contribution, we need the following
lemma.

Lemma 4.3. The number of the non-isomorphic bipartite planar rooted trees with n
edges that have k vertices in one of the partitions equals the Narayana number [Z]

Let us postpone the proof of this lemma. It implies that the number of types with
contribution (4.17) is given by
k11
)L
t1]| [to

(The prefactor kl corresponds to the choice of the tree edges that are glued together in
the graph.) Therefore, the total contribution of trees to (4.16) converges to

(ma = 1) vkl o~ [K] (o \20 2GR0 (b))
T ok+l — — . 4.18
okl tz::l [tj <a1> %2::1 [tJ <b1> ( )

By using (4.14) and (4.18), we obtain the formula in the claim of Lemma 4.1. O

Figure 4: An NC polygon diagram with superimposed bicolored plane tree. Polygon
sides ¢ tree edges. The NC partition is (1, 6,10)(2,3,4)(5)(79)(8). (Graphics is courtesy
Callan and Smiley.)

Proof of Lemma 4.3. The proof is based on a bijection between bipartite planar rooted
trees and polygon systems corresponding to non-crossing partitions. The bijection
appears in Callan and Smiley in [6] who use it to derive several results about non-
crossing partitions. However, the connection with Narayana numbers has not been
noticed.

First, let us explain the correspondence between non-crossing partitions and polygo-
nal systems. Recall that a non-crossing partition of [n] = {1,...,n} is one for which no
4-tuple a < b < ¢ < d has a and c in one block and b and d in another. This implies that if
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the elements of [n] are realized as points on the circle, and neighboring elements within
each block are joined by line segments, then a non-crossing partition will appear as a
system of non-overlapping polygons. It is clear that the number of polygons equals to
the number of blocks in the partition.

The bijection of these polygonal systems with bipartite planar trees works as follows.
Let the polygons be colored yellow and the remaining regions of the disk colored white.
Place a vertex in each region of the disk, both yellow and white. Join vertices in adjacent
regions by edges. Then allow each vertex to inherit the color of the region it is in to get
the desired bicolored plane tree. Figure 4 explains this bijection with an example. See
[6] for a proof that this is indeed a bijection.

Note that the number of vertices in one of the partitions of the tree corresponds
to the number of polygons in the polygonal system. It follows that the number of the
bipartite planar rooted trees with n edges and k vertices in one of the partitions equals
the number of non-crossing partitions of [n] with & blocks, which is known to be equal to
the Narayana number [7]. O

Proof of Lemma 4.2. Recall that the Narayana polynomials are defined as

Hence, if we take = = a; /as, then we have

1 o1
Ry (a1,a2) = Q—k(l—kx)km_%

S () e

s=1

Next, we use the fact that N, (z) are related to a particular case of the Jacobi
polynomials. Namely,

_ 1
N, (z) = E(x—l)n IP,EE? (i—i_l)'

(This fact was apparently first noted in Proposition 6 of [17].) By substituting this identity
into the previous formula, we get

k
1 1+x> NS 4.19)

R = —
(01, 02) 2k<\/:z z—1
k —s
X - P — .
;( x—l) <s) st \z -1
Next, we use the contour integral formula for the Jacobi polynomials:

1 t+1 \" t—1 \""
P(O"ﬁ) - 1 1 —n—1
A (t) 57 + 5 z + 5 z z dz,

with the integration along a small circle around the zero. (See formula 4.4.1 in [25].) It
follows that

Seo (et = & fgi () (e ) e

k
1 & 2 —1,
= 5= (—tz) <1+4 z) dz,
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where we used the binomial theorem in the last step. This is zero for even k. For odd k

we calculate:
k=1

Xk:(_t)‘s <];)Rs(i711) (t) = _tl’f(kl;> Cll) |

s=1

Next, we sett = (x + 1)/(z — 1) in (4.19). Since

1+2\" vz ([ t \'viE—1
2vr ) x—1 \Viz2_1 2

hence, for odd k,

5 Linear statistics of continuosly differentiable functions

5.1 Preliminary remarks

In this section we study the limit distribution for the centered linear statistics
N°(f,Ay) and N°(g,By), when f and g are continuously differentiable functions.
First, consider the case of polynomial f and g. Recall that the coefficients ]?k and gj, are
defined as follows:

Jri= A (5.1)
LN fa) Ay, fork=1,

n { %Lllf(l“)Tk(x)\/flfT, for k > 1,

and similarly for g;. By the orthogonality of Chebyshev polynomials, one can write:

f=Y ATiandg=> GiTx,
k=0

k=0

and for polynomial f and ¢, the summations in these series are over a finite number of
terms.
Here is a corollary of Theorem 1.1.

Corollary 5.1. For the real overlapping Wigner matrices Ay and By, and for polyno-
mial functions f and g, the random variables N° (f, Ay) and N° (g, BNy) converge in
distribution to a two-variate Gaussian variable with the covariance

1 |dy . o o
C(f.9)= B §f1917+(77l4_1)f29272+zkfk9k *,
k=3

where v = A/+/ab.

Now let us outline the plan of the proof of Theorem 1.3.

(1) Take a sequence of polynomials Py ,, and P, ,, that approximate f and g, respec-
tively, in a suitable norm. Let W,, be the two-variate Gaussian distribution which is the
limit for the joint distributions of N° (Ps ,,,, Ay) and N° (P, 1, By) as N — oo. Show that
the sequence W,, converges to a limit, a Gaussian distribution W, as m — oc.

(2) Prove that the joint distributions of pairs N (f, Ax) and N° (g, By) form a tight
family with respect to N. Let {Vx} denote this family and let ) be one of its limit points.

(3) Show that a suitably defined distance between ) and W,, converges to zero as
m — 00.
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From (1) and (3), we can conclude that ) must coincide with W . Since this is true for
every limit point )V, we will be able to infer that N (f, Ay) and N (g, By) converge to
W as N — oo.

Before proceeding with this plan, let us derive some preliminary results.

First, we will need some additional facts about expansions in Chebyshev polynomials.
Consider the change of variable x = cos 6, where 0 € [—7, 7|, and define F' () = f (cos ).
If f(x) is absolutely continuous on [—1, 1], then F' () is absolutely continuous on [—m, 7].
By a standard property of Chebyshev polynomials, T, (1 (e + 7)) = (¥ + 7).
Therefore, the coefficients ]?n in the expansion of f in the series of Chebyshev’s polyno-
mials correspond to the Fourier coefficients in the Fourier expansion of F' (6):

1~ .
F(G) _ 5 Z fn (ezne + efznO) )
n=0

12
First, we are going to show that if f is continuously differentiable, then ZZO=1 n ’ fn’ <

oo. This will show that the entries of the covariance matrix V, defined in the statement of
Theorem 1.3, are finite. In fact, this holds for a more general class of functions, namely,
for the continouous embedding of the Sobolev class WP,

Lemma 5.2. If f' € L? ([-1,1],dx) with p > 1, then
D n
n=1

Proof. If f' € LP (|-1,1],dz) with p > 1, then

F

2 12
<& |[fl, < oo

/|F’ O)"do < / |f' (cos0) sind|” df

—T

1
< / |f/ (m)|17 (1 _ $2)p/2 dx

1 17552

1
< /_|f’(m)|pdm.

1

(The notation A(f) <« B(f) for two non-negative functionals A and B means that there
is a constant ¢, independent of f, such that A(f) < ¢B(f).)

Hence, F’ € LP ([-m, 7], df). Moreover, since the interval is finite, hence F’ € L? if
1<s<p.

Recall that the Fourier coefficients of F’ are inf,. Take an s € (1,min(2,p)) and

2
define r := s/ (2 — s) > 1. Then by the Holder inequality,
9 S r s/ o 12g 1/q
() (kA1)
n=1 n n=1
where ¢ = r/(r—1) = 1s/(s—1). The first series on the rh.s of this inequality is
convergent because r > 1. Since 2¢g > 1, the Hausdorff-Young inequality is applicable,

and 20
0o o 12q q 1 ) . 1/s )
> [nf < (3 [IF@raz) <17,
n=1 i

N

n=1

It follows that

o0
~ 2 2~y 2
donlfal <clfll; <ElF, < oo (5.2)
n=1
O
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Lemma 5.3. For sequences z := {z;},-, and y = {yx}re, , define (z,y), = 2x17, +
(my — 1) 297y + 3.0 g n2,y,, and ||z|? := (x, ). Then ||-||, is a Hilbert norm induced by
the scalar product (x,y),. .

Proof is by verification that (c, d) . is a scalar product.

Recall that F is the class of functions continuously differentiable on the interval

Is = [-1—46,1+ 4], that grow no faster than a polynomial at infinity. For functions
f € F, we define ||f],. := H{ﬁ} , where f; is the coefficients of the expansion of
1= K

f in Chebyshev’s polynomials. This is a seminorm on F. (It is zero on the subspace
spanned by constants.)

5.2 Proof of Theorem 1.3

First, let us approximate the derivative f’ by polynomials Jgf’m (z) of degree m. So
we take Py, (z) so that

sup |f' () — Pf.m (3:)‘ <é&m — 0asm — occ. (5.3)
zels

Define

x

Pt () = f(—=1-9) +/ Pf o (t)dt.

—1-6
Then, we have

x

@ = Prn @I [ |70~ Prn(t)]dt < csm.

—1-6
where c is a constant. Hence

sup |f (x) — Ppm (2)] < cey = 0@as m — oo. (5.4)
zels

From (5.3) and (5.4) it follows that | f — Pym|,,, — 0, where [|-||,, is the Lipschitz
norm on the interval Is. (For differentiable functions, Lipschitz norm is defined by
1l iy = SuPyes, 1 (@)] + supger, | (@)].)

In addition, | f' — P}, [/, is bounded by [|f" — P}, || This implies, by (5.2) and (5.3),
that

|f = Prmll,, < cem —0asm — oo.

11, = I Prmll,.| = 0 as m — oo, and also
2 2
[P

In particular, by the triangle inequality,

— 0asm — oo.

(since || f[|,, + | Pf.mll . < 31/ fll, for sufficiently large m),

We define P, ,, similarly.
By Corollary 5.1, as N — oo, TrPs p, (K N) and Tr Py ,, (§N> converge in distribution
to a bivariate Gaussian variable WW,, with the covariance matrix V,,,, where

1 2
Vs = 5 1Pl
1 (dy —— —— —_— T —
(Vm>12 = D) (2(Pf,m)1(Pg,m)1'V + (mg — 1) (Pf,m)2(Pg,7n)272 + Z k(Pf,m)k(Pg,m)k'Yk>
k=3
1 2
(Vm)22 = By ||Pg,m||,{~

The diagonal entries (V;,);; and (V;,),, converge to 3| f||? and %||g||2, which are
the diagonal entries of the matrix V, defined in the statement of Theorem 1.3. The
off-diagonal term (V;,,),, can be written as

<Pf,m - f7Pg(%>5 + <f7Pg(’z;7)~L _g(7)>,§ + <fag(7)> s

K
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where
pév) :Z ). YT (), and
g" Z YT, (2

The first two terms are small by the application of the Schwartz inequality for the
scalar product (-, -), , and the third term coincides with V15. Hence we can conclude that
Vi, — V|| converges to zero as m — co. This implies that the Gaussian distributions W,,
converge to the Gaussian distribution W with the covariance matrix V. This finishes the
first step of the proof.

In order to prove tightness for the family of joint distributions of AN°(f, Ax) and
N? (g, By) (with respect to parameter N), we are going to prove that the norms of their
covariance matrices are bounded. In fact, it is enough to prove that variances of each
of N°(f, An) and N° (g, By) are bounded, since then the covariance will be bounded
automatically.

Here, we rely heavily on the Poincare inequality property (“PI”) of the matrix entries.
The essential feature of the PI property is that it is well behaved with respect to taking
the product of measures. By definition, the measure n on R has the PI property, if for
some ¢, > 0 and all differentiable functions f,

Var, () < ¢, [ 1 @)]n(do).

Then, if ng = @K | n; with n; = and if h : RX — R is a differentiable function, then

Vary, (h) < ¢ / IV (@) ¢ (d)

By approximation, this can be further extended to the case when h is Lipschitz. In
particular, if 4 is a Lipshitz function on R*, then we have

Var,) (h) < Cn ||h||Lip' (5.5)

Next, recall that N (f, Ay) = Trf (AN/\/4a(N)) . By using the facts about the be-
havior of the PI property with respect to scaling and taking products, we find that the
joint distribution of the matrix entries of Ay /v4a(™) satisfies the PI property with the
constant c¢/a(™N). At the same time, if the function f () is Lipschitz on R, then the function
Trf (X) is Lipshitz on the space of ax-by-ay Hermitian matrices, and

||Trf||Lip < ¢yan ||fHsz
(See Lemma 1.2. in [13]). Hence, by using (5.5), we find that

Var (Trf (AN/\/4a(N )) < Ceyllfll 1y (5.6)

where C'is an absolute constant and c,, depends only on the distribution of matrix entries.

A complication arises since under our assumptions, f is assumed Lipschitz only on
the interval I = [-1 — §,1 + 4]. Outside of I5, we only know that it has a polynomial
growth. In order to handle this complication, we can write f as a sum of two functions:
f = Jfi+ fo, with fi lrip < 00, and fo
vanishing on I5/5 : [-1 —0/2,1 4 §/2] and having a polynomial growth. Then (5.6) can be

applied to bound Var (TTfl (AN/\/W)) .
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In addition, from the results about the spectra of Wigner matrices, it is known that the
probability for Ay /v4a(N) to have an eigenvalue outside of I; /2 becomes exponentially
small in N, as N grows. This implies that

E [Trf2 (AN/\/ZM(N))}2 — 0, as N — 0.

Since for two random variables, &; and &, it is true that \/Var (§; + &) < /Var (&) +
Var (&2), we can conclude that

lim supVar (Trf (AN/\/ 4a(N)>) <cllfllpip

N—o0

where the Lipschitz norm is taken over the interval I5.

A similar argument holds for the random variable Trg (B N/ VA4bWN )) , and therefore
the norm of the covariance matrices of these two random variables is bounded. This
shows that the joint distributions of the pairs N°(f, Ay) and N° (g, By) form a tight
family and concludes the second step of the proof.

Next, let Y be a limit point for the distributions Yy of {N°(f, An), N°(g,Bn)},
so that Yy, — ) in distribution for a sequence of N;,. We are going to estimate the
difference between the characteristic functions of the distributions ) and W,,,.

For convenience, we will assume that all relevant random variables are realized
on a single probability space so that convergence in distribution reflects convergence
almost surely. In this realization, let Yy, and W,, n, denote (two-dimensional) ran-
dom variables that have the same joint distribution as {N° (f, An,),N° (g, Bn, )} and
{N°(Pfm, An,) ,N°(Pym,Bn,)} . The variables Yy, and W,, n, converge almost surely
to random variables Y and W,,, that have the distributions ) and W,,, respectively. Let
t= (tl,tg) € R. Then,

|Eez’tY _ Eeith’ — ’Eexp (it lim YNk) — Eexp (it lim Wm,Nk)‘
Nk—>oo Nk—>oo
< limsup |[Eexp (itYy,) — Eexp (itW, N, )|
N—0c0

= limsup|Eexp (it (Yn, — Winn,)) — 1],
N—oco

where the inequality follows from Fatou’s lemma.
By using (5.6), we have

lim supVar {Trf (AN/\/ 4a(N)) —Tr Py m (AN/ Vv 4a(N))} <cl|lf - Pf,m”Lip’

Ng—o00

which implies that for the first component of the vector Yy, — W, n, we have the
following bound:

limsupE [(Yy, — Winn,)1)* < c||f — Pl iy - (5.7)

N —o0

A similar expression can be written for the second component of Yy, — Wy, n, .
Now, let 51 = (YNk — Wm,Nk)l and fg = (YNk — Wm’Nk)Q. Note that Efl = Efg =0.
Then,

[Eexp (is (1161 + ta&a)) — 1| < 25*Var (L& + ta6o)
252 (tl \/Varfl + tg\/Var§2)2 ,

IN
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where the first inequality is a consequence of inequality 11.3.14 on p.278 in Shiryaev [22].
By using (5.7) and its analogue for the function g, we find:

tim sup [Bexp [it (Viv, = Win )] = 11 < e[t max {If = Pl 19 = Poonl oy}

NkA)OO

which implies that
; ; 2
Ee™Y — Eethm‘ <c|t| maX{Hf - Pf7mHLip g — P 7mHL@p}

By our choice, as m — oo, Py, and P, , converge to f and g, respectively, in the
Lipschitz norm. Hence, the random variables W,, converge in distribution to Y. This
concludes the third and final step of the proof. As explained before, these three steps
imply that {N°(f, Ax),N° (g, Bn)} converge in distribution to the Gaussian random
variable W. [J

6 Conclusion

We computed the joint distribution of the eigenvalue statistics for two models of
overlapping random matrices. For both the Wigner and sample covariance cases, we
found that the covariance matrix for linear statistics of Chebyshev’s T-polynomials has
the diagonal structure, and that its diagonal entries depend polynomially on the matrix
overlap.

The computed covariances are different from those found in Borodin’s paper for
Gaussian matrices. However, the covariances of linear statistics of Chebyshev’s T-
polynomials are the same as in case of the Gaussian matrices provided that the degree
of the polynomials is higher than 2 in the Wigner case and higher than 1 in the sample
covariance case.

For matrices whose entries satisfy the Poincare inequality property, we extended the
results to all continuously differentiable functions.

A Proof of Theorem 2.4
Define

Sk = Z As(7)

where the sum over all closed non-backtracking tailless (“NBT”) paths v of length 2k
that start from a vertex in V. Define §k. similarly except that every path in the sum must
start with a vertex in W.

By Theorem 2.3,

Tr[Fp(AA*)] =) As(v)

where the sum over all closed non-backtracking paths of length 2k that start from a
vertex in V. We partition the sum depending on the tail length to get,

Tr[Fj(AA")] ZA2 +ZA2(7)+

where the first sum on the r.h.s. is the sum over all closed non-backtracking paths with a
tail of length 0, the second term is the sum overall non-backtracking paths with a tail of
length 1, etc.

The first term on the rh.s. is Si. The second term is (d — 1)§k,1. Indeed, a tail always
contributes the factor of 1 to the product, hence the second term equals the sum over
all NBT paths of length 2(k — 1) that start from a vertex in W multiplied by the number
of valid choices for the tail. By a similar counting, we find that the third term on the
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rh.s. equals (¢ — 1)dS,_,, the fourth term equals (d — 1)cdSy_s, the fifth term equals
(¢ — 1)cd?Sy_4, etc. Therefore,

Tr[Fu(AA*)] = Sp+(d—1)Sk_1 + (¢ — 1)dSk_s
+(d —1)edSy_s + (¢ — 1)ed?Sp_y + ...

Note that the shift transformation
Y= (/U()awhvla cee 7wku1}0) — ’7/ = (wlvvh e 7wk371}0aw1)

defines a bijection of the NBT paths that start with a vertex in V' to NBT paths that start
with a vertex in W, and
Aa(y) = A2(7").

Hence, §k = S for all k, and

Tr[Fk(AA*)] = [Sk + cdSi_o + (cd)QSk_4 +.. ]
+(d-1) [Sk71 +cdSp_3+ .. ]
—d[Sk—2+ cdSg—g+...].

In order to infer the dependence of S, on A we define the polynomial Sk (z) by the
formula
(c—d)(=d)* +ed—1

d+1
for k > 1 and Sk (z) = 0 for k£ < 0. Then, by using equations (2.1) and (2.9), we check
that:

Sk (z) = 275, (2) +

Fr(z) = [Sk (z) + cdSy_2 (x) + (cd)® Sy_q (z) + .. }
+(d—1) [Sk=1 (x) + cdSk—3 () + .. ]
—d [Sk—2 () + cdSg—_q (z) +...].

This implies the statement of the theorem. (]
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