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Abstract

We study the global spectrum fluctuations for S-Hermite and (-Laguerre ensem-
bles via the tridiagonal matrix models introduced in [11], and prove that the fluctu-
ations describe a Gaussian process on monomials. We extend our results to slightly

larger classes of random matrices.

1 Introduction

1.1 The Semicircle Law, deviations and fluctuations, numerically

The most celebrated theorem of random matrix theory, the Wigner semicircle law [44, 45],
may be illustrated as in Figure 1 by histogramming the eigenvalues of a single random
symmetric matrix using the simple MATLAB code (normalization omitted)

A =randn(n); S= (A+A")/sqrt(8*n); a = hist(eig(8),[—1:delta: 1]);
bar([—1:delta: 1],a/(n+*delta))
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Figure 1: 25 bin-histogram of the eigenvalues of a 300 x 300 symmetric matrix from the
real Gaussian distribution, versus the semicircle.



Every time we run this experiment, we obtain deviations from the semicircle. The
difference from theory is readily explained computationally:

e we use a finite matrix size n, while the semicircle law is a theorem about the n = oo
limit;

e histograms bin eigenvalues into boxes of finite width, while the semicircle density is
a continuous function.

There can also be numerical error in the experiments due to finite precision computa-
tions and truncation error, but in practice this does not appear to be significant.

It is worth noting that the algorithm above is inefficient in two ways: first, it uses the
full matrix A, rather than the equivalent tridiagonal matrix Hg, of Table 2 (with 5 = 1),
and it calculates the eigenvalues to obtain the histogram. For more on how to obtain the
histogram plot efficiently and without calculating the eigenvalues, see Section 5.

To study the next order behavior in the law, for large n, we can subtract away the
semicircle and multiply by n. The next order average behavior is what we call the deviation
and it was first computed by Johansson [21] to be

1 1 1
DEVIATION = 15_1(:13) + 151(:13) — 2—\/ 1—a2; (1)
m
here ~ stands for “has the distribution of”.
This expression for the deviation is the § = 1 (corresponding to real matrices) instance
of the more general 3 > 0 case (which was also computed by Johansson, and will be

explained in the next sections). The 3 > 0 deviation contains a (% — 1) multiplicative

factor in front of the expression on the right of (1), which disappears for g = 1.

One can see this deviation result as stating that as n — oo the eigenvalues are decre-
mented in the interior at a rate that is fastest at the center, pulling the eigenvalues toward
the endpoints.

Upon further examination of the next-order term, one can observe a phenomenon not
appearing in the leading order term; there are fluctuations around the mean.

Fach time we run a trial we can compute this fluctuation. For example, if we have 25
bins, the random fluctuation vector v = (vy,. .., ve5)T is the difference between the count
in each bin and the number of eigenvalues predicted by the semicircle plus the deviation.
The entries of v can vary quite wildly, but inner products with discretized smooth functions
result in normal distributions in the continuous limit. Specifically, if f; is the vector of
size 25 consisting of the evaluations of f(z) = x* on the centers of the bins, then the dot
products f v are heading towards Gaussians with covariances F|( f,zl v)( f,z; v)].

Precise statements require the size of the matrix to go to infinity and the histogram
to melt into a smooth density function so that the v vector becomes a Gaussian process.

Denote by FLUCTUATION(f(x)) the random quantity representing the limit ob-
tained of fTv where, as above, f is the vector of function values and v is the vector
of histogram differences. For smooth functions, FLUCTUATION (f(x)) converges to a
normal distribution; for example, in the limit as n — oo,

FLUCTUATION (z¥) ~ 2N (0,02) , (2)
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For general 3, the right side of (2) gains a multiplicative factor of %
The limit of the entry (k1, k2) of the covariance matrix becomes the covariance between
FLUCTUATION (z") and FLUCTUATION (x*2) (see Theorem 1.2 with 3 = 1).

1.2 [(-Hermite and (3-Laguerre ensembles

This paper studies deviations and fluctuations in a wider context than real symmetric ma-
trices with semicircular asymptotic density: We consider Hermite and Laguerre matrices
with general parameter § > 0. For a great reference for these ensembles, see Forrester’s
upcoming book [16].

Classical finite random matrix theory considers the study of eigenvalue ensembles with
joint density

n
flz1,...,2p) = cCun H |x; — :Ej|5H’w(:Ei) ,
i<j i=1
with w a scalar weight function on an interval I. This interval may be a subinterval of the
real line, or the unit circle in the complex plane; other possibilities have been considered,
too, and generalizations are easily conceived. A good reference for these formulae can be
found in Mehta’s book [29].

Some of the most studied eigenvalue ensembles have Hermite, Laguerre, and Jacobi
weight functions on the real line, or uniform weight on the unit circle. In this paper
we will be examining the ensembles with Hermite and Laguerre weights on the real line
(respectively, half-line); see Table 1.

For more references on Gaussian ensembles, see [29]; for Wishart and MANOVA en-
sembles, see [30]; for Hermite, Laguerre, and Jacobi ensembles, see [16].

For three particular values of 3, namely 1,2, and 4, these ensembles have been studied
since the birth of the field, as the Gaussian real, complex, and quaternion ensembles
(Hermite with g = 1,2,4) of nuclear physics ([44], [45], [14], [1]). Similarly, the Wishart
real and complex (Laguerre with 5 = 1, 2 and some restrictions on the Laguerre parameter)
matrices emerged from the world of statistical multivariate analysis ([46], [5], [20], [24]).

The parameter 3 (making the connection to the Boltzmann factor of statistical physics)
is seen by some communities (e.g. statistical mechanics) as an inverse temperature, or
repulsion strength, of the ensemble of eigenvalues (the higher the 3, the more separated
the eigenvalues). It also has the advantage of the easy mnemonic of 1,2 and 4 corre-
sponding to real, complex, and quaternion entries in the matrix models. However, some
communities (like algebraic combinatorics) consider a different parameter, o« = 2/3, which
tends to simplify certain formulas ([27], [36]). In this paper we will use both notations,
for convenience, and make sure that the reader is informed when changes take place.

The reason for the attractivity and success that the study of Gaussian orthogonal,
unitary, and symplectic (Hermite with 5 = 1,2,4), and the Wishart real and complex
(Laguerre with 8 = 1,2), ensembles have enjoyed lies in the existence of matrix models



Table 1: Random matrix ensembles with eigenvalue distribution proportional to
@, mn) o [Ty |z; —x;]° [[w(z;) with w defined on an interval I C R. MANOVA
stands for Multivariate ANalisys Of VAriance.

Name parameters 1 w Historical
name/constraints
Hermite B >0 R w(z) = e */2 Gaussian
B=1,2,4
Laguerre B>0 [0, 00) w(r) = zPe=/? Wishart
a>(n—1)3 p=a—(n-1)5 - B=1,2

a:mg,mGN

Jacobi B >0 [0, 1] w(z) = 2P (1 — x)P2 MANOVA
ar,ap > (n—1)5 pr=ai—(n-1)5 - B=1,2
pgzag—(n—l)g—l alzmlg,mleN

as :mgg, mo €N

with real, complex, and quaternion entries (see [29], [30]). These models have not only
originated the study, but have also allowed for a relatively thorough analysis of the finite
and asymptotical eigenstatistics (statistical properties of the eigenvalues).

One of the developments in the study of arbitrary G-Hermite, -Laguerre, and -Jacobi
ensembles is the introduction of general real matrix models (see [11], [25], [38]). For every
0B, there are simple real tridiagonal matrices which model the corresponding eigenvalue
distributions given by Table 1. For the §-Hermite and -Laguerre ensembles, we present
these forms in Table 2. These matrix forms allow for efficient Monte Carlo experiments
and an alternative representation for the study of eigenstatistics in the general G case.

This paper contains one example of such analysis. With the help these matrix models,
we compute asymptotical global spectrum fluctuations for the G-Hermite and -Laguerre
ensembles. For the latter, these results are new in the general § context; the global
spectrum fluctuations of complex Wishart matrices ((3-Laguerre with § = 2) were studied
by Speicher et al. [26], and before by Cabanal-Duvillard [4]. Johansson’s more extensive
study [21] covers our results for the §-Hermite ensembles.

To prove our theorems, we use a very diverse set of methods and techniques from
Jack Polynomial theory, special functions, perturbation theory, and combinatorial path-
counting. Some of the techniques we used in studying the traces of powers of random
matrices have been inspired by the work of Soshnikov and Sinai [33], [34], and by the
study of traces of unitary random matrices by Diaconis and Shahshahani [9].

1.3 Statements of results

Among the asymptotical eigenstatistics one may distinguish two classes of properties: lo-
cal (like the scaled distributions and fluctuations of extremal eigenvalues, or like the level
spacing distribution, i.e., the distance between neighboring eigenvalues) and global (like



Table 2: Unscaled and scaled tridiagonal matrix models for the g-Hermite and -
Laguerre ensembles with any 6 > 0, n € N, a € R, and a > g(n -1).

N(Ov 2) X(n—-1)8

Hermite matrix, H 1
unscaled G,n

x2s  N(0,2)  xp

Hermite matrix, ] — 1
scaled Hﬁan T /2n3 Hﬁan

Laguerre matrix, a . o \T
unscaled ﬁ,n - Bﬁv“(Bﬁv“) , Where
X2a
Xﬁ(n—l) X2a—3
B§7n ~ * .
X8  X2a—B(n—1)
Laguerre matrix, Ta — O Ja
scaled B,n nﬁ ﬁ,n

the limiting level density, i.e. the distribution of a random eigenvalue, and fluctuations
thereof). The term global tends to refer to a property that involves all or a significant
portion of the eigenvalues, while local tends to refer to a property that occurs near an in-
dividual or a constant number of eigenvalues. Among the more famous local properties we
enumerate the level spacings for the Gaussian ensembles (see [29], [39]) and the extremal
(largest, corresponding to “soft edge”, smallest, to “hard edge”) eigenvalue asymptotics
(see [41], [40], [22], [23]). All these results relate to real, complex, or quaternion ma-
trices; in the category of results relating to general (3, we have to mention recent work
by Desrosiers and Forrester [8], where they analyze the asymptotical corrections to the
eigenvalue density, and, for 3 € 2N, obtain the expected O(nz/ 3) order in the fluctuation
of the largest eigenvalue in the case of both G-Hermite and -Laguerre ensembles.

For n (the size of the ensembles) finite, the n eigenvalues may be considered as n
fluctuating particles. Roughly speaking, the larger the (3, the less fluctuation there is in
the particles (hence (3 is seen as an inverse temperature). As 3 — oo the particle positions



behave like multivariate normals with variance O(1//3) and means located at the roots of
a Hermite (respectively Laguerre) polynomial (see [12]).

For a fixed 3, as n — oo and, in the case of Laguerre ensembles, 2a/(nf3) — =, the
particles have an emerging (global) level density which is obeys a simple law (Wigner’s
semicircle law [45] for the Hermite ensembles, Marcenko-Pastur laws [28] for the Laguerre
ensembles). The roots of the Hermite, respectively Laguerre, polynomial have this same
asymptotical density — the fluctuations do not change the asymptotics, as they are on a
smaller scale.

In [10], we have proved convergence almost surely (as n — oo) of the asymptotical
eigenvalue distribution of the G-Hermite ensemble to the semicircle distribution S with
density %\/1 — 22, and of the asymptotical eigenvalue distribution of the f3, a-Laguerre
ensemble (with n3/(2a) — v < 1) to the Marcenko-Pastur E, distribution with density
1 V/E=(A-D)((A+)%-2)

S = . We recall that convergence almost surely is stronger (and

implies) convergence in distribution, a.k.a. convergence of moments.
n

We examine here the distribution of the statistic » f(\;), where f is a function of
i=1
the scaled eigenvalues \;. The scaling is A — +/2n8A\ for the §-Hermite ensembles and
A — nf/yA for the S-Laguerre ensembles (see Table 2).

General [ results for this kind of statistic can be found in [6], [21]; this or similar linear
statistics have been considered also in [15] (for unitary matrices), [32] (for Wishart ma-
trices), and, heuristically, in [31]. Another path of interest is represented by asymptotical
large deviations from the density (spectral measure); we mention the results of [4], [2],
[18] (which also covers global fluctuations for Wishart matrices) , [19], [7] (which covers
moderate deviations).

For the linear statistic Y ;- ; f(\;), the Wigner and Marcenko-Pastur laws for the
G-Hermite and (3-Laguerre ensembles state that for any “well-behaved” function f,

n

n 1
1 Zf(/\i) — %/ f(t)V1—12 dt , respectively, (3)
i=1 -1

) ! /( W A DAR =

- \) — —
n ;f( ) 27y JA—1)2 t

where the convergence in the above is almost surely!.

Examining the fluctuations from these laws takes us one step further. For f a polyno-
mial, we prove that once we subtract the expected average over the limiting level density
(i.e. the right hand sides of (3) and (4)), the rescaled resulting quantity tends asymptot-
ically to a normal distribution with mean and variance depending on f. In other words,
once the semicircle or Marcéenko-Pastur distributions are subtracted, the fluctuations in

n
the statistic > f()\;) tend asymptotically to a Gaussian process on polynomials f.

How muclh 1more we can extend the class of functions that this process is well-defined
on depends on the entries of the covariance matrix C' = {Cj;} (which can be expressed
in any polynomial basis). One would be tempted to believe that a Gaussian process W

!Such a result is sometimes given the name of “Strong Law of Large Numbers”; if convergence is only
in distribution, the name becomes “Law of Large Numbers”.



defined on polynomials could, in principle, be extended to a class of continuous functions
h(z) with the property that, given a sequence of polynomials p,(x) — h(z) in some norm,
given v, = Varw (pn), v, — ¥ < oo, such that o = Vary (h).

Definition 1.1. Let vy € [0, 1] be a real parameter, and let a = (/7 —1)%, b= (,/7+1)%

We define the following two measures:

{ 101(@) + 10-1(2) - gr =, ifz e [-L1],

0, otherwise.

pr(z) =

I

ls 15.(2) — L ——=, ifzelab],
pp(x) = {4b($>+4 @)~ o e . Focled)

0, otherwise .
Theorem 1.2. Let Hﬁ,n be a scaled matriz from the B-Hermite ensemble of size n, with

(scaled) eigenvalues (A1, ..., \n), and let k > 1 be a positive integer. For alli=1,... k,
let

N . 1 ; 9 -

>/_11th(t) dt .
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Let (Y1,Ys,...,Ys) be a centered multivariate Gaussian with covariance matriz
% fi—1y\ (j—1 o
wrirg () (o), i i=j=1 mod2;
Cou(Y;,Y;) = ﬁ%(%)(%) , ifi=j=0 mod?2; (5)
0, otherwise.

Then, as n — 00,

/2
(X1, Xo, ..., Xp) = B (Y1,Ys,..., V%) .

Remark 1.3. For any size k, if we add a first row and a first column of zeros to the
covariance matriz (5), the resulting (k + 1) x (k + 1) matriz Cy has a scaled Cholesky
decomposition as Cy, = T DT, where Dy, is the diagonal matriz having on the diagonal
the vector (0,1,2,3,...,k), and Ty, has an interpretation as the change-of-base matrix in
the space of univariate polynomials from monomials basis to the Chebyshev polynomials
basis. One can also look at the infinite version Coo = TooDooTL.

Remark 1.4. This Gaussian process is extended to a larger class of continuous functions
in [21]. Johansson conjectured that the regularity conditions imposed were purely technical,
and that in fact the correct condition should be that the function h admits a Fourier-like
expansion in the Chebyshev basis, which we write as an (infinite) vector l_i, such that
l_iTDool_i, the variance of h under the process, is finite. This conjecture is equivalent to
saying that the process could be extended to any function f such that fTC’oof s finite
(since we have chosen the monomial basis as the representation, rather than the Chebyshev
polynomial basis).



Theorem 1.5. Let L“ be a scaled matriz from the (B-Laguerre ensemble of parameter

a and size n, with (scaled) eigenvalues (A1, ..., \p), and let k > 1 be a positive integer.
Assume that nB/(2a) — v < 1, and let Ymin = (V7 — 1)% Ymae = (7 + 1)2. For all
i=1,...,k, let

i—1

~ , 1 [(k\ (k-1 2 Ymaz .
. _ a (3 _ ‘s _ - 1,
- e B ) G oo
Ymaz | 2 Ymaz
= ZAZ o [N G D e = (5-1) [0 a
ﬁ/mzn man
Let (Y1,Ys,...,Ys) be a centered multivariate Gaussian with covariance matriz
CO’U(YVZWYVJ') :TD(Z7])+TS(Z7]) ) (6)
where
i+j—1 o (i—i—j) i+7 1 1 i 2,2
i = 3 o) 0 s (1Y)
q=1 jl:q—i—l(l—l) r+s=1
1<r<g
1 <s< 7
and
i+j—2 (z—i— ) i+j—2 ( 1)[ i 2 2
- J
o) = X (s S ey Y Gena-a(;) ()
a=0 I=q ! r4+s=1
0<r<i—1
0<s<j—1

Then, as n — 00,

/2
(X1, Xo, ..., Xp) = 3 (Y1,Ys,..., V%) .

Remark 1.6. For any size k, if we add a first row and a first column of zeros to the
covariance matriz (6), the resulting matriz C' should admit a scaled Cholesky decomposi-
tion of the form Cy = T, DpT,L, with Dy, being the diagonal matriz with diagonal entries
{jy‘j}ogjgk, and Ty being the change-of-basis matriz in the space of polynomials from
monomial basis to the shifted Chebyshev polynomials of the first kind (as defined by
Cabanal-Duvillard [4] and used in [26]). Note that the constant ¢ in [26] is our 1/~. It
may also be useful to look at Coy = ToDooTLL.

Remark 1.7. It is worth noting that results like Theorems 1.2 and 1.5, where one aver-
ages over a set of quantities, then subtracts the mean and scales by the variance to obtain
a limiting Gaussian, are sometimes called central limit theorems (see for ezample [32]
and [33]). Free Probability uses this term as well, see for example [35], in a different
context, namely, to express the fact that averaging over random matrices creates an eigen-
value distribution that approaches the semi-circular law. Both uses of the term “central
limit theorem” draw different parallels to the classical case.



Our approach to proving Theorems 1.2 and 1.5 consists of computing the first-order
deviation from the mean (in Section 2), showing that the centered process is Gaussian
on monomials (by the method of moments), and computing the covariance matrices (in
Section 3).

Finally, in Section 4, we generalize our approach to two different classes of random
matrices.

2 Deviation from the semicircle and Marcenko-Pastur laws

2.1 Dependence on §: symmetric functions and the “palindrome” effect

As stated in the introduction, we are interested in computing the deviation to the semicir-
cle and Marcenko-Pastur laws (denoted below by LAW (c0), as opposed to the LAW (n),
which is the level density for finite ). These deviations have the form

1 2 1
LAW (n) ~ LAW (c0) + — (1 — E) DEVIATION (=) + o <—> )
n n
as n — oo.
By integrating the above against =¥, we can write this in the moment form

momenty(n) = 7710771(37175%(00)—1—l (1 - %) moment(DEVIATION (= ))+o <l> ,
n n

again as n — 0o.
We mention two interesting points, the first of which we prove in this section:

1. The factor % — 1 can be obtained from a symmetry principle alone. It is a direct

consequence of Jack Polynomial theory that the coefficient of 1/n/ in moment(n)
is a palindromic polynomial (we define “palindromic” below) in —%, and from the
tridiagonal matrix models it follows that the degree of this polynomial is j; thus
when j = 1 this polynomial must be a multiple of % — 1. Mathematically, this is
significant because because in order to study the deviations, it is sufficient to then
study the non-random case, = oco. In summary, the powerful Jack Polynomial
theory allows us to take a complicated random matrix problem and reduce it to an
exercise on the properties of univariate Hermite and Laguerre polynomials.

2. With the Maple Library MOPs [13], we can compute symbolically the exact values
of momenty(n) for small values of k, as a function of n and 3. In other words,
while this paper concerns itself with the constant and O(1/n) behavior, it is worth
remembering that higher order terms are in principle available to us.

To make notation a bit clearer, we have used the o = 2 /3 in the below; we also recall
the scaled matrices Hgp and L, from Section 1.2. The following are the first three
non-trivial moments for the traces of the scaled 8-Hermite and §-Laguerre matrices with



a =nf/(2v) =n/(ay). We omit the n and a in the notation for reasons of space.

1 2 1 a-1

~ Eltr(H3),)] = 1+

1 2 5a—-5 3a2—5a+3

— Eltr(HJ - 2

~ Eltr(Hy,)] et e T e

1 5 1la—11 16a% —27a+16 15a° — 32a% + 32a — 15
— Eltr(HS = 2 |
w )l =t Tt 3202 " 6473

1

E E[tr(Lz/Q)] = 1 ,

! Yo —1)

— Eltr(L? = (1 yle—1)

n [tI‘( 2/a)] ( +7) + - ,

1 3y(y+1)(a—1) (20 — 30 +2

” Eltr(L3,,)] = (1+3y+7%)+ 1 n)(o‘ )+7 (20 - a+2) '

Note that the O(1) terms in the above correspond to the second, fourth, and sixth
moments of the semicircle, in the Hermite case, respectively, to the first, second, and third
moments of the Maréenko-Pastur distributions in the Laguerre case; these are Catalan
numbers (scaled down by powers of 4 because of the semicircle [—1, 1] normalization),
respectively Narayana polynomials in ~.

The O(1/n) terms, the moments of the deviation, are always multiplied by a — 1,
while the other coefficients of the negative powers of n in the above are “palindromic
polynomials” of (—a); we recall the definition below.

Definition 2.1. A classical “palindromic polynomial” is defined by the fact that its list
of coefficients, is the same whether read from beginning to end or from end to beginning.

Remark 2.2. An odd-degree palindromic polynomial in x is a multiple of (x 4+ 1).

To prove that the dependence of the first-order term in the deviation is indeed a
multiple of o — 1, i.e., of % — 1, we will use elements of Jack polynomial theory, and also
a stronger form of a duality principle proved in [10].

We introduce below two notational conventions to be used throughout the rest of the
paper.

Definition 2.3. We denote by EX[P(x1,...,xs)], respectively E(;Lﬂ[P(:El, ..., Tg)], the ex-
pectations of the polynomial P over the scaled 2/0-Hermite, respectively 2/9, a-Laguerre,
ensembles of size s.

We denote by EX[P(x1,...,xs)], respectively 5£G[P(:E1, ..., Ts)], the expectations of
the polynomial P over the unscaled 2/5-Hermite, respectively 2/, a-Laguerre, ensembles
of size s.

Let R[z1, ..., x,] be the space of symmetric polynomials in n variables (by symmetric
we mean invariant under any permutation of the variables). A homogeneous basis for this
vector space is a set of linearly independent, symmetric and homogeneous polynomials
which generate R[x1, ..., z,]. One such basis is given by the power-sum functions, defined
multiplicatively below. For reference, see [37] and [27].
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Definition 2.4. Let A = (A1, Aa, ..., A\y) denote an ordered partition (A1 >Xa>...>\p).
We define the power sum functions by

n
_ Ag
Dy, = E x;t, and
j=1

Px = DPXxiPxy---DPx, -

The Jack polynomials J§ constitute a parameter-dependent (the parameter being
usually denoted by «) class of orthogonal multivariate polynomials; they are indexed by
the powers of the highest-order term A (in lexicographical ordering).

Throughout this section, we will think of the parameter a as a sort of inverse to 8
(recall that we have denoted o = 2/[3).

The Jack polynomials allow for several equivalent definitions (up to certain normal-
ization constraints). We will work here with definition 2.5, which arose in combinatorics.
We follow Macdonald’s book [27].

Definition 2.5. The Jack polynomials J3 are orthogonal with respect to the inner product
defined below on power-sum functions

ey

<p,\7 p,u>a = Z)\5>\,ua

ey,
where zx = [] @;!i%, a; being the number of occurrences of i in . In addition, the
i=1
coefficient of the lowest-order term in J3, which corresponds to the partition [1|>‘|] =
(1,1,...,1) (of length |X]), is |A|!.

From now on, we will use the notations I,, for the vector of n ones and we will refer
to the quantity J(x1,...,2zy)/J¥(I,) as the normalized Jack polynomial.

To prove our results, we will need the two lemmas below, the first of which is a stronger
variant of the duality principle proved in [10] as Theorem 8.5.3 (the proof is virtually the
same as in [10] and we will not repeat it here). The second one is a rewrite of a particular
case (z, = 0 and formula (4.14a)) of formula (4.36b) in [3].

Lemma 2.6. Let k' denote the conjugate partition to k (obtained by transposing the rows
and columns in the Young tableau). Then the following is true:

Ja
Ja($1,...,$n):| —k Jl/ (ylv"'vym)
55|: K — (—a /25Ha K

K

Lemma 2.7. The following identity is true:

N __n
In particular, for a = 2

J¥ (21, .. X)) n
L K l ) — - _
ot [ - I G -5)



We can now prove the two main results of this section.

Theorem 2.8. For k an even integer, let

k
2
el ow (e, o)) = 3 flang) nat

with py being the power-sum corresponding to partition [k]. Then f(a,j) is an integer-
coefficient polynomial in 1/« of degree at most k/2 such that

fla,j) = (=a) " f(1/a, j) .

Remark 2.9. When we scale the ensembles, we have to multiply the expectation by

(2n3)~k/2 = (ﬁ)k/z, which means that

k
1 IS -
EEg [p[k](:l"lvv:nn)] = mZak/zf(a,]) n .
=0

The corollary below follows.

Corollary 2.10. It follows that g(«, j) :== a*/2f(a, j) is an integer-coefficient polynomial
of a for which

o0,9) = (~aVg(=J)

so the degree of g(, j) is at most j. This yields, in particular, g(a,1) = cp(a — 1), with
ci a constant depending on k.

Similarly, for the Laguerre ensembles, we have the following theorem.

Theorem 2.11. Leta = =, and

ay’
k+1 j—1 ni
gé,a [p[k](:nla .- 7$n)] = Z Z fla,g,r) ? ,
j=1 r=0

with pyy being the power-sum corresponding to partition [k]. Then f(«, j,r) is a polynomial
in 1/a of degree at most k such that

flayjor) = () I f(1fa,jr)

Remark 2.12. When we scale the ensembles, we have to multiply the expectation by

—k
(%) = (%)k, which means that

[y

1

+
<.

. 1
EEia [p[k](lﬂl, R ;En)] =

—k+j—1 k-7
2

k
o f(a,j,r)n gl
=1 r

<

Il

Il
=)

The corollary below follows.



Corollary 2.13. It follows that g(c, j,7) = o f(a, j,7) is an integer-coefficient polyno-
mial of o for which '

g(avjv T) = (_O[)k_j—‘rlg(l/avjv’r) )
so that the degree of g(a, j,r) is at most k — j + 1. This yields, in particular, g(a, k,r) =
cpr(a—1).

Proof of Theorem 2.8. Note that 1/a = 2/8 and that pyy(z1, ..., 7n) =tr(X*), for any
matrix X with eigenvalues z1,...,z,. By using the unscaled matrix model Hg, for the
B-Hermite ensembles found in Table 2, one can obtain, as in Application 3 of [11] (more
precisely, from Corollary 4.3), that £ [P (71, - - -, Tp)] is an integer-coefficient polynomial
in 1/« of degree k/2, and a polynomial in n of degree k/2+ 1. Hence f(«, j) is an integer-
coefficient polynomial in 1/« of degree at most k/2.

Let us now express p in Jack polynomial basis:

P = Y exle) J5 (7)

Ak

omitting the variables for simplicity.

Let Q(«) be the field of all rational functions of o with rational coefficients.

Let A x Q(«) be the vector space of all symmetric polynomials of bounded degree with
coefficients in Q(«).

For every 0 # 6 € Q(«), define the Q(«)-algebra automorphism wyg : A x Q(a) — A x
Q(c) by the condition wy(py) = (—1)*"10py, for all k > 1. This family of automorphisms
appears in [27, Chapter 10|, and similarly in [36]. In particular, w = w; is known as the
Macdonald involution (and can be found in [27, Chapter 1]).

We will use the following formula due to Stanley [36] which can also be found as
formula (10.24) in [27]:

weJ® = altl gl (8)

where ) is the conjugate partition of A (obtained from A by transposing rows and columns
in the Young tableau).
The first step of the proof is given by the following lemma.

Lemma 2.14. The coefficients in equation (7) satisfy
ex(@) = (—a)!Fey (1/a)

Proof. We apply w, to both sides of (7), and use the fact that w, is linear, together with
(8), to obtain that, on one hand,

wapp) = (D" lappy = (-1 Y ea(1/a) 0y
A=k
and
WaPE] = ZCA(OZ)OZkJ;/a,
A=k

13



on the other hand.
Since there is a unique way of writing wap[x) in Jack polynomial basis, it follows that

ex(a) = (—Oz)l_kCX(l/oz) )

Remark 2.15. Note that Lemma 2.14 does not say anything about expectations.

We now write the expectation of pj) over the unscaled Hermite ensemble using (7):

JY(x1, ..., Xy
50{{ [p[k](l'l,..., ZC)\ 5H [%] .

o
Py Ja

We know (for example from [36, page]) that J3 (1) =[], ,)ex(m — @ + ay); hence

E [ppy (w1, .. 2 ZC,\ ) EH [M] H (n—x+ay) . (9)

Ak T3 (1) (z,y)EN

By Lemma 2.6, £ [W} does not depend on n. Write
A n

[Al
[T n—2+ay)=> talGay ;
(z,y)EX j=0
we have
*

I (n—z+ay) = (n+oaly— =),

(z,y)EX (y,z)eN
and consequently

ba(, @) = (=) by (), 1/a) . (10)

Using the above, (9), Lemma 2.14, Lemma 2.6, and substituting % +1—j for j (in
the power index of n), we obtain the statement of Theorem 2.8. O

Proof of Theorem 2.11. The fact that f(«, j,7) is a polynomial in 1/« of degree k follows
similarly to Corollary 4.3 in Application 3 of [11].

We write
Ja(lEl e :En)
L _ L by ) )
5a,a [p[k](l"h .- 7$n)] = ZC/\ 5 [W] H (n—x+ay), (11)
A=K (z,y)
= ZC)\(OZ) H (ﬂ— E—|—y> H (n—z+oay).(12)
ay  «
Ak (z,y)EA (z,y)EX
If we write
n [Al
A Jn—d
H (CW —I—y> Zb,\ Jya)ny=7
(z,y)EX
it is not hard to see that
l;)\(jv OZ) = (_a)_k_j ZN))\’(jv 1/0[) . (13)
Using (10), (13), and Lemma 2.14, we obtain the statement of Theorem 2.11. O
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2.2 Computing the g-independent part of the deviation

In this section we will examine the deviation at 3 = oo for the Hermite and Laguerre
ensembles. In proving this we employ a simple differential equations trick that will allow
us to compute the zero and first order terms in the mean of the eigenvalue distributions
at g = oo.

Given a function y(z) which satisfies the second order homogeneous differential equa-
tion

f@)y" (@) + g(2)y'(z) + h(z)y(z) =0,
denote by m(z) the function m(xz) = y'(x)/y(z) (with poles at the zeroes of y(z)).

Proposition 2.16. The function m(x) satisfies the first-order differential algebraic equa-
tion () hx)
2 g\r €x /
m-(x) + ——m(z)+ ——=<+m(z)=0.
O+ @)™ iy T

The proof is immediate.

Remark 2.17. If the function y(z) is a polynomial with a finite number k of distinct
roots, m(x) is the generating function for the powers of y’s roots.

Let H 3,n and Ea denote matrices from the B-Hermite, respectively, g-Laguerre en-
sembles. As in [1 ] to obtain the deviation, we once again will examine the averaged
traces of powers of the matrices H 3,n and L B this time looking at the first-order terms.

As a consequence of Corollaries 2.10 and 2.13, for £ an even positive integer in the
Hermite case, and k an arbitrary positive integer in the Laguerre case with parameter

a = (nf)/(2y),

1
EEé{ [p[k](:Elv R :L'n)] =ci + C,lf

while
1 . )
Lk g, 2a)] = ) + b O

It follows that the deviation is given by the moments c,lf, respectively, 6,16(7), times the
scaling factor % — 1. Equivalently, if we examine the generating functions

1
m(n,ﬁ,:n) = _Eé{




and

m(”? a/7 /37 ':U) =

n P
k=0
_ Zoo (C_k+1<3_1>ci(v)+ >
- k+1 k1
—\z n \ (G T

then in order to find the first order asymptotics of m(n, 3, ) and m(n, a, 3, x), it is enough

— : = ci(7)
to compute —&fT» respectively, > s

k=0 k=0
We will do this by keeping n fixed, letting 3 — oo, and computing the zero and first
order terms in % in the generating function of the resulting matrix ensemble.

Remark 2.18. Knowing that the quantities %Eé{ [p[k] (z1, .. ,:L'n)] and %EﬁLa [p[k](:nl, .. ,:L'n)]
are polynomial expressions in % and % (which follows immediately by rescaling the results

of Theorems 2.8 and 2.11) is the key factor in allowing us to let 3 — oo while keeping n
fized.

To aid us in our calculations, we will make use of a beautiful property of the x,
distribution, which will allow us to replace our tridiagonal models with even simpler ones.
We give this property as a Proposition.

Proposition 2.19. Let {X,,}nen be a set of random variables with distributions x.,,,
n € N, such that r,, — 00 as n — oo. Then the sequence {X,, — \/Tn}nen converges in
distributions to a centered normal of variance 1/2.

It follows then that, as we have already shown in [12], that given n and v < 1 fixed, the
entries of the scaled random matrices Hg ,, and L, = Bgm(Bg’n)T (with a = (nf3)/(27))
converge as 3 — oo to the following models:

0 vn—1
vn—1 0 vn—2
1 n—2 0

H
g 2./n

)

respectively to

: ViVl
\/gw_1 2gp—2 2_1yn-2

%—lx/n—2 %+n—3

f/?;n — Ly =

3=

/2 —n+2V2

L-_n+2v2 Z—n+4 JE-n+1V1

Z_n+1vV1 2 —n+2

16
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Note also that if we denote by Bgn the matrix such that [N/%n = Bgn(égn)T, then

\/g
Vn—1 \/ﬁ

5 i v
Bg7n—)B7: E
V2 2 _n+42
v
V1 B _n+1
v

and that L, = BA,BE;.
Since H, L., and b, are non-random matrices, all expectations are exact.

2.2.1 [ = o0, Hermite case

The matrix H (see (14)) has as eigenvalues h1/v/2n, ..., h,/\/2n, where hy, ..., h, are the
roots of the nth Hermite polynomial H,(x) (this can be easily deduced from the three-
term recurrence for the Hermite polynomials, see for example [42]). For a more detailed
description of the properties of this matrix, see [12].

It follows that the generating function we need to compute is

We use the well-known identity

Z 1 — p/(:E) ’ (17)

r—xz;  pz)

i=1

where z; are distinct values, and p(z) is the polynomial whose roots the z;s are, to obtain

that )
H 2
i, z) = % HnlEv2n)
2 H,(zv2n)
and by applying Proposition 2.16, we get that m(n, x) satisfies the differential equation

(m(n, ) — dam(n, z) + 4 + wn, z) =0. (18)

n

Writing m(n, z) = mo(z) — 2my(z) + O(n=?), we obtain from (18) that



Computing the inverse Cauchy transform for mg(z) and mi(z) yields the semicircle
distribution and, respectively

(19)

0, otherwise.

We have thus proved the following result.

Lemma 2.20. For any polynomial P,

> Pay)
i=1

- /1 Pa)s(z)dz — (% _ 1> /1 Pl (2)d |

-1 -1

H
Eg

as n — oQ.

Remark 2.21. As a side note, in the computation above we have provided yet another
way to obtain the semicircle law for all 3.

2.2.2 [ =00, Laguerre case

The matrix L, has as eigenvalues yli/n, ..., vl,/n, where Iy, ..., 1, are the roots of the

nth Laguerre polynomial L/ 7_1)(:1:) (see [43]) (this can be easily deduced from one of
the many recurrences for Laguerre polynomials, found for example as (26) in [43]). To
get a more detailed description of the properties of this matrix, refer to [12], substituting
n(1/~) —1 for ~.

Since we need to rescale the eigenvalues by an additional n, it follows that the quantity

of interest is
n

- 1 1
m(n777$) = - Z Yl

n _
i=1 T

n

Once again we use identity 17 and obtain that

. (Lzum—l))’ <%>

’I’h(’l’L, Y :E) = -

n /1) <%> ’

and by applying Proposition 2.16, we get that m(n, v, x) satisfies the algebraic differential
equation

N 3 1 1~y (n, 7y, z) 4+ 2202.0)
Gty o) =) (1= 14 1) 4 2 DD o

Writing m(n, v, z) = mo(z) — Lmy(z) + O(n~2), we obtain from (20) that

mo(z) = “H1 1=V -DE - (D)
2’7:17 )

1—y—1-E-(A-DI)e- AT+
2(z— (Vi - 1))@ — (VA +1)?) '

18



By calculating the inverse Cauchy transforms of mg(z) and mq(x), one obtains the
Marcéenko-Pastur distribution, respectively

) L50(x) — E—ox, ifz€la,b],
ty(z) z{ 1)+ 300(0) = o sy e Lol (21)
0, otherwise ,

witha = (7 — 1% b= (/7 +1)%

We have thus proved the following result.
Lemma 2.22. For any polynomial P,

> P(ai)

i=1

- /abP(:E)eﬁ,(:L")d:E . (% _ 1> /:P(:L")tﬁ,(:n)d:n ,

L
Ega

as n — oQ.

3 Fluctuation of the semicircle and Marcenko-Pastur laws

In this section we compute the fluctuations terms for the g-Hermite and (-Laguerre en-
sembles; we show that the fluctuation of the trace of any given power of the matrix
corresponding to the ensemble tends to a Gaussian.

The essence of the argument is simple. We will think of the random matrix as the
sum between the non-random matrix of means (which we can also think about roughly
as the § = oo non-random matrix), and a random matrix of the centered entries, and do
some obvious computations of traces of powers. Much of the work goes into the technical
carefulness to provide a complete argument, but the reader should not let this detract
them from the simplicity of the idea, which is based on formula which gives, for a matrix
T7

tI‘(Tk) == Z tiligtigig .. 'tikil s
014yl
with the proviso that the above sum is especially simple when the matrix 7T is tridiagonal.

We provide here a heuristic explanation for the Hermite case, just for the purpose of
emphasizing that the main idea is simple.

One can think of the random matrix, for all practical purposes, as

1
Tx~Tgeoo + —G
VT
where G is symmetric tridiagonal matrix of O(1)-variance Gaussians (similar to the de-
composition we used in [12]), with entries which are mutually independent, up to the
symmetry condition.
Then for any polynomial h,

tr(h(T)) ~ tr(h(Tp=c0)) +

1
tr(h (Ta=00)G);
the second term is clearly normally distributed, and all we have to do is compute the
variance and show it is finite (which we can achieve by examining the cases when h is a
monomial).
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It is worth noting that, in principle, one should be able to do this computation for
continuously differentiable functions A with some additional conditions imposed by the
fact that the variance needs to be finite.

The technicalities arise because n — oo and the equalities above are just approxima-
tions, but this should not detract from the main idea. As we will see, using the method of
moments will show that we do not need G’s entries to be Gaussian (or even approzimately
Gaussian) in order for the fluctuation to monomials h to be Gaussian.

3.1 The p-Hermite case

We write the scaled matrix Hg,, as

~ 1
Hgpm=A+ —Y (22)
B /_nﬁ

where A = Eé{[ﬁgm] is the symmetric tridiagonal matrix of mean entries (A(i,7i+ 1) =
ﬁE [X(n—i)g]; all other entries are 0), and Y is symmetric tridiagonal matrix of centered

variables (with a diagonal of independent Gaussians of variance 1/2). Technically, A and Y’
depend both on n and on 3; we drop these indices from notation for the sake of simplicity.

Remark 3.1. From Proposition 2.19, we know that if A = (aij)1 < i, j < n. then for any
€ > 0, there exists i € N such that

(2 nB aiiv1 —/(n —i)ﬁ> <e forany i< (n—ic) ,

and that Y; ;11 — N(0,1/8) in distribution as i — oo, while Y;; ~ N(0,1/2) for all i.

Remark 3.2. (bounded moments) Note that the entries of A are bounded, both from
below and from above; we will think of them as O(1). Similarly, for any k and [ finite, we
know from the above that there exists an M such that

kl
ci
E[H YJ“J{] <M,
i=1
for all 0 < ¢; < Kl, and for all j1,...,jw and 1, ..., jp, such that |j; — ji| < 1.
Given integers k and n, consider the random variable

wp(n) = t(HE,) — EY[(FE,)] -

Claim 3.2.1. For any fized integers k and [,

1/2
(%) ﬁ kl/2 (g)l, if k, | are even,
: h /2 l
JE&E[(wk(n)) I= (%) % kl/2 (’Z;}) , if k is odd and [ is even ,
2
0, if | is odd.

20



Claim 3.2.2. For any fized integers k1 and ko,

ki—1\ [ k .
5 g BaR (50) (1) 5 ke are odd,
. _ 3 ,
7}13(()10 Cov(wg, (n),wk,(n)) = % W ,fﬁl_’?z (%) (é) . if k1, ko are even,
0, otherwise .

Remark 3.3. Claims 3.2.1 and 3.2.2 show that the centered fluctuation of the G-Hermite
ensembles describes the Gaussian process on monomials defined in Theorem 1.2.

For the remainder of this section, we will prove Claims 3.2.1 and 3.2.2. To give the
reader a rough idea of where the calculations will lead, we provide below an intuition of
what we will be doing.

Intuitive explanation. The first step is to note that tr(T*) is a sum of products of k
entries of T'; for a tridiagonal matrix T' = (t; j)1<i j<n With t;; = 0if [i — j| > 1,

tr(Tk) = Z bivistio,is - - - Ligsix 5
1<iy,.ip<n
where the sum needs to be taken only over the sequences i1, . . ., i such that |i; —i;41| <1,
forall j=1,...,k—1, and also |i — 11| < 1.

We have a sliding “window” of size k down the diagonal of the matrix 7" in which we
take products of powers of the elements. In particular, for the matrix A, this is easy to
visualize, because with the exception of a finite bottom right corner, the entries of A in
any finite window look roughly the same.

The second step is to identify the significant terms, i.e. the terms that have non-zero
asymptotical contributions. Roughly speaking, these will be the terms which will contain
precisely one element of Y, and all the others from A. Nothing surprising here, as Y is
scaled by ﬁ (see (22)).

Finally, we will compute the contribution from the significant terms and show it agrees
with the result of Claim 3.2.1. Then we will note that the same reasoning yields the result
of Claim 3.2.2.

We now proceed to make the above intuitive description rigorous. We need to introduce
some notation.

Definition 3.4. For given n and p, we denote by S, , C {1,...,n}P the set of sequences
of integers iy, ...,ip such that (i1,...,i,) € {1,...,n}P and |i; —ij41| < 1 for all j =
1,...,p—1, and also |i, —i;| < 1.

We denote by I an element of Sy, p, and we denote by

(T)I = til,igtig,i_g cee tip,il )
where (i1,142,...,1p) =: L.

For a given 7 € S,, 5, note that we can break up the sequence (i1, ..., 4p) into concate-
nations of sequences

J = ((ip()v e '7ip1)v (ipzv e '7ip3)v (im"'i:ﬂs)v R (ipzqv e 'vip2q+1)) )
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and
R= ((iplv . '7ipz)v (ipav . '7ip4)v cees (Z';qufv .- '7ip2q)) )

such that in each of the sequences iy, , ipy 1, - -, ipy,, (for & =0,...,q) which form J,
consecutive indices differ by exactly 1, and in addition to this

(155 p) = (Gpgs -+ Tpys Tprtls -+ o> Ipoy Ipat Ty -« 5 ipgs - o5 Tppgsy) -
We allow for the possibility of having empty sequences iy, ...,%,, in the beginning
and/or dp, , ..., ip,,,, in the end of J.

Remark 3.5. To give an intuition for these sequences, note that any term in tr((Hgn)")
can be thought of in terms of products of entries from A and entries from 'Y ; the sequences
J and R will be overlapping “runs” recording the former, respectively the latter.

Also note that, given a fized I, each J satisfying the requirements above has exactly
one R = R(J) corresponding to it, and that to different Rs correspond different Js. Fur-
thermore, since k is finite, a given concatenation of sequences R may corresponds only to
a finite number of sequences I (since all indices must be within k of each other!).

Definition 3.6. We define the set J as the set of pairs (J, R) described above. For a
tridiagonal matriz T, we define

(T)J = tipovipo‘i’l o 'tim—lvim tipzipz +1-- 'tip:s_lvipa o 'ti2qvi2q+1 o 'ti2q+1—1vi2q+1 )

similarly,

(T)R = tipl jipp 1l - -tim—l,ipz tip3ip3+1 .. -tip4—1,ip4 .. .ti2q717i2q71+1 .. 'tizq—Lizq

For any sequence Z € §,, ,,, we can write

- 1 1
(Hon)z = (A+ —=Y)z= > ——ops(A)s (V). (23)
o Vg (%:ejmﬁ)f’/z e

with P being the total length of the “runs” in the sequence R (i.e., P = (p2 —p1 + 1) +

(p4 —P3 + 1) +...+ (p2q _p2q—1 + 1))
We have now enough information to start the proof of Claim 3.2.1.

Proof of Claim 3.2.1. First we examine

Bl(ntn))] = B | (w(fif,) - B (g, 1) |
note that l
Bl =B Y T (Fong, — B35
Ty, L €Sn g, j=1

Using (23), we write

l
El(w(n)] = E Z Z (ng)%i/z H ((A);,(Y)r, — E[(A) 1. (Y)r])| (24)
T; € Sp i UirRiET; =1

[1<j<l

22



Since A is a non-random matrix, it follows that we can rewrite (24) as

l l
) = Y X (Mm@ | £ | T - B0 | @)
Z; €Snk (J5,Rj)eT; \J=1 J=1
1<j<l

Denoting by g := Zézl P;/2, we obtain that

l

l
El(wp(n)] = ) > @ [T | B TLO)R — EI(VRD)| - (26)

T, € Snpo i BIET; j=1 j=1
1<j<l

Lemma 3.7. The non-zero terms in (26) have ¢ > 1/2.

Proof. If any of the [ terms in the product Hé’:l ((Y)r, — E[(Y)R,]) involves only variables
that are independent from all other variables appearing in the remaining [ — 1 terms of
the product, the expected value of the product is 0. This includes the case when at least
of the R;s are empty. Hence, in all of the terms that have non-zero contribution to the

expectation, each R; must be nonempty, hence 2¢q = Zé:l P >1. O

Remark 3.8. Note that in fact something stronger follows, namely, that for each 1 <1 <
l, there ezists an 1 < j < n, j # i, such that the some variable appearing in (Y)g, also
appears in (Y)R..

J

Since the entries of A are O(1), and k and [ are fixed, the factors H§:1 (A), areall O(1).
By Remark 3.8 and Lemma 3.7, it follows that every term with non-zero contribution in
the double sum (26) corresponds to an I-tuple (Ry, ..., R;) with the property described
in Remark 3.8. Each such [-tuple comes with a weight proportional to 1/n9.

To compute the asymptotics of the sum, we will do the following thought experiment:
select a non-zero contribution term and draw the “correlation” graph with R; as vertices,
and an edge between R; and R; if and only if (Y)g, and (Y)g, are correlated. The
resulting graph will have s connected components, with 1 < s < Léj

Call these connected components C1, . .., Cs, and consider the set of variables V7, ..., Vj,
such that v € V; if and only if there is an R; in C; such that v appears in (Y)g;. Select
from each V; a single variable; these variables will be independent. A variable corresponds
to a choice of 1 index and 3 possibilities (since it will be of the form Y; ;11, Yiy1, or ¥;;).

If we were to choose a set of s independent variables from Y, roughly, to how many such
l-tuples (Ry,..., R;) would this choice correspond, and in turn, to how many sequences
7 do these correspond? In other words, to how many non-zero contribution terms in the
sum (26) can a choice of s independent variables correspond?

The answer is O(1).

Indeed, by the way we defined Z and R, it follows that, once we have chosen a variable
v € V;, for all other variables in V; we have a finite number of corresponding indices to
choose from. Indeed, this happens because the correlation of R;s induces a “clustering”
of variables (since all indices must be within |V;| x (k4 1) <I(k + 1) of each other).
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Hence, for each of the possible O(n®) choices of s “representative” variables, we have
only O(1) possible non-zero contribution terms in the sum (26).

Going backwards, it follows that for any s, there are O(n®) terms for which the correla-
tion graph has s components. Since each of these terms has weight at most 1/n? <1/ nt/2,
we have proved the following lemma.

Lemma 3.9. The contribution to the expectation sum (26) from all terms with s < 1/2
or q > 1/2 is asymptotically negligible.

Thus, the only terms of asymptotical significance are those for which s = ¢ =1/2. If |
is odd, this immediately implies

Lemma 3.10. With the notations above, for k and [ fized, | odd,

lim Elwp(n)]=0.

n—od

Let us examine what happens when [ is even and s = ¢ = [/2. Such terms are easy to
understand: they correspond precisely to I-tuples (Ry, ..., R;) for which |R;| = 1 for all
i, and for each 1 <4 <[ there exists a unique 1 < j <1 such that (Y)g, = (Y)g;-

We make the following simple observation.

Lemma 3.11. The number of diagonal terms Yj; contained in each (Y)g,, counting
multiplicities, has to have the same parity as k.

Proof. Indeed, by the definition of any R, all the diagonal terms found in (ﬁ 3.n)T Must
be found in (Y)g. The parity of these terms, counting multiplicities, has to be the same
as the parity of k. This is easy to see; if Z = (i1, 42, ..., i), then by Definition 3.6

11 —tg+1—i3+...+ik_1 — g +ig—121 =0,

and since each difference i; — ;11 above is either 0, 1, or —1, it follows that the number
of differences equal to 0 has the same parity as k. The number of differences equal to 0 is
the number of diagonal terms. O

It then follows that, for all I-tuples of (Ry,..., R;) for which s = ¢ =1/2,
e if k is odd, all variables present in the (Y)g,s are diagonal variables, and
e if k is even, all variables present in the (Y)g,s are off-diagonal variables.

We summarize here what we now know about the terms we need to study when [ is
even.

Lemma 3.12. The only asymptotically relevant terms have the property that there exist

1/2 distinct indices i1, . . .,i;/5 such that for each i; there ewist precisely two values j1 < j2
for which

1. ka‘ 18 Odd, le = Rj2 = {(Zj,lj)}
2. if k is even, either one of these four possibilities:

° le = Rj2 = {(ij,ij + 1)}, or
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o Rj, =Rj, ={(ij+1,4;)}, or
o Rj ={(ij,i;+ 1)} and Rj, = {(i; + 1,4;)}, or
o R ={(i; +1,%5)} and Rj, = {(4;,1; + 1)}.
Note that in this case, (Y)r, = (Y)g,, because the matriz is symmetric.
We call all such terms significant.
We will now need a stronger result than Remark 3.2.
Lemma 3.13. For any given € > 0 and k,l € N, with | even, there exists some i. €

N such that for any significant term <H§'=1 (A)Ji> E [Hé’ﬂ((y)}%i - E[(Y)Rl])} and the

corresponding 1/2-tuplet (i1, .. .,12), if b <i1,...,72 < n — i, then
o if k is odd,

l

l
H(A)Jz E H((Y)RZ_E[(Y)RZ]) -

jzl ]:1 m=

o if k is even,

! ! l/2 PN
[T ) 2 [TLe -2 | - T (1-2) gi| <.
j=1 i

Proof. The lemma follows easily from Proposition 2.19 and Remark 3.1, together with the
fact that if R; contains the index j, then all indices present in J; are within k of j. O

We prove now that it is enough to look at the significant terms for which n — i, >
i1, ..,41/2 > k (i.e., those covered by Lemma 3.13).

Lemma 3.14. The contribution of significant terms for which some i; > n —i. ori; <k
is asymptotically negligible, i.e. o(1).

Proof. Each contribution from a significant term

o)

i=1

l

IR, = E[(Y)R])

i=1

is bounded by some constant M, by Lemmas 3.2 and 3.1. Since restricting a choice of ij
to be greater than n —i. or less than k yields a finite number of choices for that particular
ij, and since j <[ is finite, it follows that there are only O(nl/ 2=1) such restricted terms.
But since the contribution of any such term is weighed by 1 /nl/ 2 the statement of the
lemma follows. [l

So we have reduced the computation to examining the contribution from the terms for
which n —ic > 1 ...,4;9 > k. Assume w.l.o.g ic > k (we can always choose a smaller ).

Given an ordered I/2-tuplet of distinct indices n—i. > 1 ...,4;/9 > k, how many terms
can correspond to them? First, there are (I — 1)!! ways of pairing these indices to the R;s
in this order. Second, once the pairing is given,
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e for k odd, such a term must have the corresponding Z; sequence be a sequence where
all but one consecutive difference are +1 (the one difference that is 0 corresponds

to the insertion of the diagonal term). There are (k‘(’ﬁ)) such choices for each 7},
2

!
for a total of (k‘(’ﬁ)) choices.
2

e for k even, such a term have the corresponding 7; sequence be a sequence where
all consecutive difference are 1, and one of these differences corresponding to the
“marked” term that belongs to ;. Taking into account all the 4 possible case, we

obtain a total number of k‘z(lé)2 for each pair of matched Zjs, and total number of
2
1/2
(k‘('ﬁ)) choices.
2

Note that in either one of the two cases above, all choices of sequences are valid, because
the indices in each sequence will stay between 1 and n (this is where we need that all
k S ’ij S n — ’LE)

Thus, the total number of significant terms which correspond to a given ordered [/2-
tuplet of distinct indices n —ic > 1 ...,4;9 > k) is

l
o (I— 1) (k:('i;})) if k is odd, and

2
!
o (I—1)N (k‘('é)) if k is even.
2
From Lemmas 3.9, 3.12, 3.13 and 3.14, we obtain that for any given ¢, if k is odd,

l l
P = Y o (H(Am) B (TI)r ~ EO)RD| +o(1),
all significant terms =1 =1
with £ <i; <n —i., Vj

and so

IN

all significant terms
with & <i; <n —i., Vj

< (-1 (k:(kkjll))l > W e +o(1),

n_iezila"'vil/22k
all i; distinct

= (-1 (k: (kki11>>l e(1+o0(1)) +o(1) ,

= (11! (k("‘élwl e (1+o(1)).
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Since € was arbitrarily small, it follows that if we can compute

S=(1-1"(k E-1)Y > LH i .
n_iezila"'vil/22k
all i; distinct

we are done. But, since [ and k are fixed, the sum in S is asymptotically the same as the

_ 1/2
value of the integral (% fol (lem)k ! d:n) , hence

1/2

3 RS . TR h U

§ (nﬁ)l/z P An (k=11 ﬁl/Q El/2

N >,y > =
all i; distinct

Pl (2) g (fa) o0

hence

for arbitrarily small e.
Similarly, for k£ even, we obtain through the same sort of calculation that

i)~ (2)" g 1 (5) =00,

for arbitrarily small e.
Claim 3.2.1 is thus proved. O

Proof of Claim 8.2.2. The proof is based on the same idea as the proof of Claim 3.2.1;
the same reasoning applies to yield the asymptotical covariance result. O

Remark 3.15. Note that we never actually used the full power of the fact that the entries
of the tridiagonal symmetric matriz Y tend to independent centered normal variables.
We only used the following three properties:

o VarlY;;] = 1, while limy, o Var{Yi1,] = 3;

o for any k, there evists a number My > 0 such that |E[(Y;;)*]| < My, for all 1 <
i,j < n (boundedness of moments).

3.2 The p-Laguerre case

Given an integer k, consider the random variable

Mea(n) = t((Lf,,)") — B o[tr((LF,)")] -

The main results of this section are given in the Claims below.
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Claim 3.15.1. For any fized integers k and [,

1/2
lim E[(’I’}k A{(n))l] _ { (%) (Sum1(k‘,7) + S’mez(k‘77))l/2 (l — 1)” , Zfl 18 even ,

0, if I is odd
where

2k—1 (*h) 2 (—1)J KN (k\°
Sumq(k,vy) = Z(—l)qHW%_q 2qk, Z 2k—1 Z 8182< > ( > ’

=1 = (G51) 1+ 59 =] A

1 S S1, 52 S k
2k—2 2k\ 2k—2 ; 2
—1)J k k

Sums(k,vy) = Z(—l)qV%_q (qu) Z ((%—)1) Z (k_sl)(k_82)<81> <82

q=0 j=q¢ \ J

s51+s2=173
0§81,82§k‘—1

Claim 3.15.2. For any fized integers k and [,

lim Cou(ni.,(n), nj(n)) = %(Summyj, 7) + Sumsli, 4,7))

n—oo

where
itj—1 (i—i—j) i+j 1)J N2/ 7\ 2
N L - J
Sumi (i, §,7) = Y (=1)7HyH qii- > (z'+j—)1 > Ts(r) <s> ’
q=1 J Jj=q+1 ( Jj—1 )'," + s :]
1<r <y
1<s<y
i+j—2 (i+j) itj—2 (—1)d iNZ/i\2
N L - o J
Sumali, ) = Z (—1)dri+i qij—j @ Z (i—7)(j—5) <r> <s> .
q=0 J=q I rps=j
0<r<i—1
0<s<j—1

The method we employ for proving these claims is basically the same as in Section 3.1;
the only things that change are the details of the sequences we will deal with, which in
turn effect a change in the calculations, and yield the results of Claims 3.15.1 and 3.15.2.
In the following we will point out where definitions and calculations differ from before,
but we will not go over the reduction arguments again, for the sake of brevity.

We write the scaled matrix Bgn as

1
VBn
VAl

where D = EﬁLa[Bgn] is the bidiagonal matrix of mean entries D(i,7) = \/%E[Xga_w] and

By, =D+ Z,

D(i+1,1) = \/%E[X(n_i)g], and Z is the lower bidiagonal matrix of centered variables;
we drop the dependence of D and Z on (3, a, and n, for simplicity.
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Remark 3.16. From Proposition 2.19, if D = (dij)1<i j<n, given any € > 0, there is an
ic € N such that

IVnB/vy di; —/nB/y—if| €, and
IVnB/y dit1i — v (n—)B] < e,

AR VAN

for any i <n — ..

Here we also used the fact that 2a/(ng) ~ 1/~.

Similarly, again from Proposition 2.19, we know that Z;; — N(0,v/2) and Zj41,; —
N(0,v/2) in distribution.

As in Section 3.1, we start from the expression for tr((BBT)¥), for B a lower bidiagonal

matrix:
tr((BBT)k) = Z bi17i2 bi27i3 o 'biZkflviZkbiZkvil )
1<iy iz, igp<n

where the sum is taken over sequences (i1,...,1%2;) with the property that igj_1 — ig; €
{0,1}, for all 1 < j < k, and dgj — ig541 € {0,—1}, for all 1 < j < k — 1, and also
ior — i1 € {0,—1}.

Just as before, we will introduce a few notations (we “recycle” some of the notations
we used before; note that the quantities change).

Definition 3.17. We denote by S, € {1,...,n}? the set of sequences of integers
’il, .. .,igk such that ’igj_l - ’igj S {0, 1}, fOT all 1 S j S k‘, and ’igj — i2j+1 € {0, —1},
for all1 < j<k—1, and also i, — i1 € {0, —1}. We denote by I an element in Sy .

For each such Z, we consider all the ways in which we can “break up” Z := (iy, ..., i)
into overlapping “runs” J and R, i.e.

J = ((ip()v e '7ip1)7 (ipzv e '7ip3)v (Z'm e 'ips)v SRR (ipzqv e '7ip2q+1)) )

and
R= ((iplv . '7iP2)v (ip:sv . '7ip4)v cee (Z':qufv .- '7ip2q)) )

with

(01, oy 02k) = (Tpgs -« Ty bpytls e - s Ipgs Ipotls -« +y Ipgy - - .,iqu) .
Note that this preserves the requirement that i; — ;41 € {0, (—1)*7 m°d 2} for all j.

We allow for the possibility of having empty sequences iy, ...,%,, in the beginning

and/or dp, ,...,ip,,,, in the end of J.

Definition 3.18. For any I, we introduce a set J of pairs (J, R), as described above.
For a bidiagonal matriz B, we define

T
(BB )I = bi17i2 bi27i3 .- 'bi2k717i2k bi2k7i1 )

T S ) . b ) ) . ) ) .
(BB )J = blpovlpo‘i'l .. 'blm_lvlm blpszz‘i'l .. -bzp3—1,zp3 .. -bwq,wq—l—l .. 'b12q+1—1712q+1 ;
T — b . ) b . ) ) ) ) ) )
(BB )R = bzpl,zpl—l—l .. 'blpg_lvlpg bzp3zp3+1 .. 'blm_lvlm .. .b12q71712q71+1 .. -bwq—l,wq .

Remark 3.19. Note that any term in tr((L%m)k) will consists of terms in D and terms
n Z, with a sequence of runs J recording the former, and a sequence of runs R recording
the latter.
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Proof of Claim 3.15.2. As before, we note that

Fa V. _ R AT !
(L) = <<D+m2> <D+m2> )I_ > (nﬁ)P/z(D)J(Z)R,@?)

(J,R)eT

WithP:pg—pl—|—1—|—...—|—p2q—p2q_1—|—1.
Similarly with (26), write

! !

Elme,(m)] = Y > @ 11D | E|[[(2)k - El(Z)r) | (28)
Z; €Snk (J;,R;)eT; j=1 =1
1<j<lI

with ¢ =), P;/2.

The rest of the argument follows in the footsteps of the proof of Claim 3.2.1. Just
as before, it can be shown that the only terms with significant contribution are those for
which, for each i, (Z)g, consists of a single term, and, in addition to that, the set of R;s
can be split in pairs (R;,, R;,) such that (Z)g, = (Z)g,,. This yields

lim E[(5(n)) 1] = 0.

Also, if [ is even, the argument that we can consider only the terms for which there is an
l/2-tuple (i1, ...,7;/9) which “avoid” the upper and lower corners of the matrix (like in
Lemmas 3.13 and 3.14) still applies.

The one way in which this computation will differ from the one we made for the proof
of Claim 3.2.1 lies in the fact that approximating (D), given an index 47 present in J,
becomes a little trickier, since the diagonal and off-diagonal elements will approximate
respectively to /yy/1/v — % and /74/1 — %

Thus, one more parameter will become important, namely, the number of off-diagonal
terms in each (D)j,. Note that in each sequence Z we must have an even number 2s of
off-diagonal terms (either from D or from Z), since iy —ig + ...+ iox — i1 = 0, and this
also implies that we have an even number 2(k — s) of diagonal terms.

1. Suppose we fix the term in Zg, to be the diagonal term z;, ;, ; to how many sequences
7 with a fixed number 2s of off-diagonal terms can this correspond? The answer

is 2(k — s) (k)z; we have (';) ways of picking the off-diagonal terms (because of the

S
alternating property), and once those are picked we have 2(k — s) choices for the

location of z;, ;; among the diagonal terms remaining.

Fach such sequence will have asymptotical weight

.\ k—s—1/2 .\ S
e (L8 (1Y
v on n

2. Suppose we now fix the term in Zg, to be the off-diagonal term z;,41,; to how
many sequences Z with a fixed number 2s of off-diagonal terms can this correspond?

2
The answer is 23(';) ; we have (';) ways of picking the off-diagonal terms (because
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of the alternating property), and once those are picked we have 2s choices for the
location of z;, 414, among them.

Fach such sequence will have asymptotical weight

(D) b-1/2 l_i k—s 1_1 s—1/2
g~y o - :

Finally, using the binomial formula

— —1 1
1t > 51 Sz: (s—1 (Y
o) =t ()
('7 n =0 1 n
and after some processing and use of the Riemann-sum and Beta-function formula

1 n ¢ 2k—r—s ¢ r+s—1 1 ok et
: - _ . _ _ —r—s TTS—
nhm - g (1 n> <n> = /0 (1—2x) x dx

- 2k—r—s)!(r+s—1)!
(2k)! ’

combined with all the possible pairings of the R;s (which yields the necessary (I — 1)),
we obtain the result of claim 3.15.1. O
Claim 3.15.2 has a similar proof.

Remark 3.20. As in Section 3.1, we never actually use the full power of the fact that the
entries of the bidiagonal matriz Z tend to independent centered normal variables. We
only used the following three properties:

[ ] E[ZZ,Z] = E[Zi—i-l,i] — 0’.
® hmn_>oo VGT[ZZ'+17Z'] = hmn_>oo V(IT[ZZ'J'] — %;

e for any k, there exists a number My, > 0 such that |E[(Z; ;)¥]| < My, for all 1 <
i,j < n (boundedness of moments).

4 A more general setting

We present here a way to generalize the “non-random matrix 4+ small random fluctuation”
decompositions we have used in Section 3 in order to analyze the deviation and fluctuation
from the asymptotical law for the eigenvalue density in the case of the Hermite and
Laguerre (-ensembles.

4.1 Tridiagonals

Let f and g be two integrable functions f, g : [0, 1] — R such that the integrals fol f(x)gb(x)dx
exist for all a,b € N, and such that the quantities

m ::LJ( " ) /0 () 7(2) da (29)

S\ k—2r

[ME
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are the moments of a (uniquely determined) distribution p, defined on a compact [a, b].
For any n € R, we then consider the n x n matrix Frp:

() 9(™)
g(*5) FO5) 9(%52)
Fr = g(=%) - 7
(2
o) HY
so the diagonal of Fp is an equidiscretization of f with step 1/n (with the exception of
the endpoint at 0, which is missing), and the off-diagonal is an equidiscretization of g with

step 1/n (missing both the endpoint at 1 and the one at 0).
We consider the tridiagonal symmetric matrix

Tn Yn—1
Yn—1 Tn—-1 Yn-—2

Ry = Yn—2 :
Y2
Y2 T2 Y1
y T

with the variables z; and y; being mutually independent and satisfying the following three
properties:

o Elz;]=FE[y;]=0,forall1<i<n, 1<j<n-1,
o Var[z;] =02 forall 1 <i<n, and Varly;] =n? forall 1 <j<n-—1,

o for all k there exists a My > 0 such that |E[(x;)¥]| < My and |E[(y;)*]| < My, for
alll1<i<n, 1<j<n-1.

Note that Fr is a non-random matrix, while Rr is a random one.
Now we consider the matrix model

1
Mpr = Fpr + —’I’LRT . (30)

Vn

We will compute the asymptotical eigenvalue distribution, the first-order deviation
from it, and the first-order fluctuation, for the random matrix Mr.
We need two more definitions.

Definition 4.1. Let P be a path on the lattice 72, starting at (0,0) and ending at (k,0),
with up ((z,y) — (z+1,y+1)), down ((z,y) — (z+1,y—1)), and level ((z,y) — (z+1,y))
steps. For each level j € Z, we define the quantities a;(P) and bj(p), as follows:

a;j(P) := #of level steps from j to j;
bj(P) = #of down steps from j toj—1.

Note that, since the path P ends at (k,0), the number of up steps it takes must always
equal the number of down steps it takes.
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Also let

Prr = {paths from (0,0) to (k,0) with exactly r down steps},
Prri = {paths in P, which descend to, but not below, y = —i},
Prki = |Priil,

. L J
Pr = U2y Prk -
Theorem 4.2. Let My be a matriz from the ensemble defined by (30), of size n, with
eigenvalues (A1, ..., \n), and let k > 1 be a positive integer. For alli=1,...k, let
L%J r—1 1 i
R i—2r 2r o =
wo= 3 (e (e - 3(,, )|
r=0 j=0
— 3 i
i—2r 2r — N\m: . —
A Ca POCS NS T
=Y Y jay(p) / F g @ f (Hde —
PEP,.; jEL 0
— 2 3 S (P / S (g (0 (Dt +
PeP,; jEZL
2 a;(P) ! i—2r—2 4\ 2r
i (z Z( o) | [ e
PeP,; jeL
2b,(P) v _
2 J i—2r 2r—2
(Z > (" ))/0 £ )70yt
PeP,; jeL

Also, for any 1 <1i <k, let
Xi = tr((Mr)") —n/ x'p(x) dor — p;,
" b
Zx\; - n / x'p(x) dr — p;
j=1 @
Let (Y1,Ya,...,Y%) be a centered multivariate Gaussian with covariance matriz

. . 1
V) — 42 . . ? J A(r,s) B(r,s)
convivy) = o2 X i-anG-2 (L, ) (1) [ @) de
0<r< L%J -1
0<s<|i -1

. . 1
2 i J C(r,s) D(r,s)
+ )y Ars (r, i 2r> <s,s,j B 28) /0 7N a)g 7 () d

1<r<
2i2 1

wlk:lols
| E—
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where A(r,s) = i —2r +j —2s — 2, B(r,s) = 2r + 2s, C(r,s) = 2r + 2s — 2, and
D(r,s)=1i—2r+j — 2s.
Then, as n — 00,

(X1, X9, ..., Xk) = (Y1,Yo,...,Y%) .

Proof. A technical but simple calculation in the spirit of the ones performed in Section
3.1 shows that my are the moments of the asymptotic level density, via the expansion of
tr(MX) as a sum of products of the entries of My and separation of the zero-order term.
Furthermore, examining the first-order terms in this expansion yields the covariance result,
using the same counting techniques as in Section 3.1.

Computing the first-order deviation from the mean is slightly more complicated, as
first-order terms in the expansion come from four sources; we only enumerate these sources
here and indicate how they play a part in the total sum.

We begin with expressing

i k
E[tr(M¥)] = E tr((FT—l—%RT) )]

= E| > (Mp)

IESn k

= F Z Z P/2 s (Br)r |

Iesn k (JR 67

where we have used the notation of Section 3.1.

It is easy to prove, like we did in Section 3.1, that the zero-order terms are given by
the the pairs (J, R) where R = (), that the terms (Ry)g which contain a single variable
(at first power) are annihilated by the expectation (since all variables in Ry are centered),
and that the terms where (R7)g contains three or more variables (counting multiplicities)
do not contribute to the first-order deviation.

To each sequence Z (recall that Z = (i1, ..., i) with |i;—ij41| € {0,1} for1 <i < k-1
and |ir — 1] € {0,1}) we associate in a one-to-one fashion, a path from (0,0) to (k,0)
taking steps up, down, or level (depending on the nest term being larger, smaller, or equal
to the current one). The zero-order terms sum asymptotically to my, (with the integral
being obtained from the Riemann sum, and (T e o) = |Pkl)-

Three of the first-order term sources come from those terms that have |R| = §, while
the fourth comes from the terms for which (Rr)g contains a single variable, at the second
power. Note also that the terms for which (R7)g contains two different variables will be
annihilated by the expectation.

Source 1. In the zero-order count, we ignore the fact that at the “edges”, i.e. upper left corner,
corresponding to i1 € {1,..., L%J}, and lower right corner, corresponding to i; €
{n — L%j, ...,n}, not all paths in Py, can appear in the sum. This approximation
yield a first-order term which is asymptotically equal to
15]

r—1 k
$ =3 ((fu)’f‘”g(l)” + F(0) ¥ 9(0)*) (Z(T — Pk = <7~, rk— 2r> )) '

r=0 =0
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Source 2. In the zero-order count, we approximate the value of the integral fol 2 (2) ¢ (z) do

. 1
by the Riemann sum ~ 3% f (
totically equal to?

%)k_zr g (%)%. This yields a first-order term asymp-
k
LZJ 1 k k—2r 2r k—2r 2r

=5 (£ g = O g(0)) .

=2\, k—2r

Source 3. Finally, in the zero-order approximation, we replace f (%) and ¢ (%) by f (%),

respectively g (%) for each j € {—k,...,k}. A Taylor series approximation and the
counting of terms shows that this way we need to subtract off have a first-order term
which is asymptotically

L) 1 1
S5:=3 % Z(jaj(P) /0 P2 () g? () £/ (8)dt — 2, (P) /0 f’f‘”(ﬂg”‘l(t)g’(f)df)-

r=0 PEP,  jEL

Source 4. The last source of first-order terms comes from the terms in which (R7)g contains
a single variable at the second power, and its contribution is asymptotically equal

to
2 a;(P) ! k—2r—2/,\ 2r
Sio= o > Z( . i f (g (t)dt +
PeP,y, jEL
20,(P) b _
2 J k—2r 2r—2
s Z( ! ) | g
PeP,y, JEL
Finally, adding S71, S2, S3, and Sy yields the statement of Theorem 4.2. O

Remark 4.3. Note that when f(z) = /2, g(z) = 0 for all z € [0,1], 0% = %,
n? = %, both the level density asymptotics and the covariance matriz for the fluctuations
are the same as for the B-Hermite ensemble of Section 3.1.

Crucially, the deviation is different. The reason is that in the approximation

1 1 -
E[§X(n_z’)5] ~ 3V (n—14)8,

1
V(n—i)p

We remind the reader that we computed the deviation for the (B-Hermite ensembles
by using the palindromic property of expectations of trace, thus reducing the problem to
computing the deviation for the “B = oo” case, for which we used Hermite polynomials
properties. This allowed us to find the distribution behind the moments of the deviation.

and

the next order term is of order , which plays a part in computing the deviation.

20ne can for example use the Euler-Maclauren approximation formulas to obtain this.
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4.2 Bidiagonals

Let f and g be two integrable functions, f,g,: [0,1] — R, such that the integrals
fol f(x) g°(x) dx exist for all a,b € N, and such that the quantities

k

=y (’“) / (@) 62 (a) da

r=0

are the moments of a (uniquely determined) distribution v defined on |a, b).
For any n € N, we consider the n x n matrix Fg, defined below:

! (3)
g (=) 1)

1 1
9(z) f(3)
in other words the diagonal of Fip has an equidiscretization of f with step 1/n (with the
exception of the endpoint at 0, which is missing), and the subdiagonal is an equidiscretiza-

tion of g with step 1/n (missing both the endpoint at 0 and the one at 1).
We next consider the random bidiagonal matrix

Tn
Yn—1 Tn-1
Rp = . . ;
y

where the variables x;, y; are mutually independent and satisfying the following proper-
ties:

o Elz;]=FE[yj]=0,forall1<i<n,1<j<n-1,
e Var[z;] =02 for all 1 <i <n and Var[y;] =n? forall 1 <j <n—1,

e for all k there is a constant My > 0 such that |E[(z;)*]| < My and |E[(y;)*]| < My
foralll1<i<mnand1<j<n-—1.

Finally, consider the matrix
My = MpM} (31)

with ]
Mp =Fp+ —Rp .
B B+ n B
Note that while Fp is a non-random matrix, Rg, Mp, and M|, are random.
We will compute the asymptotical level density and the first-order deviation and fluc-
tuation for the random matrix Mj,.
We need to define the following quantities.
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Definition 4.4. Let Q be a path on the lattice Z2, starting at (0,0) and ending at (2k,0),
with up ((x,y) — (z+1,y+1)), down ((x,y) — (z+1,y—1)), and level ((z,y) — (z+1,y))
steps. In addition, we require that the path is alternating, i.e. on each odd-numbered step
(first, third, etc.) the path is only allowed to go down or stay at the same level, whereas
on each even-numbered step (second, fourth, etc.), the path is allowed only to go up or
stay at the same level.

For each level j € 7, we define the quantities c;(Q) and d;(Q), as follows:

ci(Q) = H#of level steps from j to j;
d;j(Q) = #of down steps from j toj—1.

Note that, since the path Q) ends at (2k,0), the number of up steps it takes must always
equal the number of down steps it takes.

Also let
Q,r := {alternating paths from (0,0) to (2k,0) with exactly r down steps},
Qr ki = {alternating paths in Q, 1 which descends to, but not below, y = —i},
Ui = |Qrkil;
Qk = Uf:() Qr,k .

Theorem 4.5. Let My, be the matriz from the ensembles defined by (31), of size n, with
eigenvalues (A\1,...,\n), and let k > 1 be a positive integer. For all 1 <1i <k, let

i ' r—1 1 /i\2
o= Y| F)P () Z(T—i)Qi,j,r—§<r> +

r=0 j=0
' r—1 3 i 2
+  £(0)% % g(0)% ;(T — 1) Gijr — 3 (n 74>
1 .
- Y Y@ [ £rriegarmde -
Q€Q,: jEL 0
1
-2 3 Q) [ e g e +
Q€Q,; jEL 0
' 1
+ 0_2 Z Z(CJ;Q)> / f2i—2r—2(t)g2r(t)dt +
Q€Q,: jEL 0
. I
+ ,’72 Z Z <2dj2(Q)> / f2z—2r(t)g2r—2(t)dt .
Q€Q,: jEL 0

Also, for for any 1 <i <k, let
b
X; = tr((M)") —n/ z'v(z) dr — fi; ,
= Z/\g —n/ z'v(x) de — [i;
j=1 a
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Let (Y1,Ys,...,Yy) be a centered multivariate Gaussian with covariance matriz

N2 /N2 1
7 N 2 ? J A(r,s B(r,s
Cov(z',27) = 4o E rs<r> <s> /0 FATS) (1) B () do +

1<r <y
1<s<y

fa Y (z‘—r)(j—s>(j>2(§>2 / A () B2

0<r<i-—1
0<s<j—1

with A(r,s) =2(r+s—1) and B(r,s) =2(i+j—1r —s).
Then, asn — n,
(X1, Xo,...,Xp)=> (N, Yo, ... Yg) .

Proof. The proof of Theorem 4.5 is based on the same calculations as Theorem 4.2. The
covariance can be computed using the same general principles as in Section 3.2, and the
examination of the zero-order and first-order terms in the mean can be done as in Section
4.2. Moreover, the sources of the first-order terms are the same as in Section 4.2; it is
only the type of path we are counting that changes (from paths of length k to alternating
paths of length 2k). O

Remark 4.6. Note that when f = ,/% —1l+z, g=+x, 0?2 =n*= %, both the level
density asymptotics and the covariance matriz for the fluctuations are the same as for
the B-Laguerre ensemble of Section 3.2.

Once again, the deviation is different, for the same reason as in Section 4.2: in the

approzimation E[%X(n—i),@’] ~ %\/(n — 1) the next order term is of order L which

plays a part in computing the deviation.

We computed the deviation for the (B-Laguerre ensembles by using the palindromic
property of expectations of trace, thus reducing the problem to computing the deviation for
the “B = oo” case, for which we used Laguerre polynomials properties. This allowed us to
find the distribution behind the moments of the deviation.

5 Histogramming eigenvalues efficiently

We propose a very effective numerical trick for counting the number of eigenvalues in an
interval numerically. This method does not require the computation of eigenvalues and
requires a number of operations that is O(n), rather than O(n?), which allows for counts
for matrices of a very large size. The method is the standard Sturm sequence method for
tridiagonal symmetric matrices. We take as input D, a vector of length n, which is the
diagonal of the matrix, and F, a vector of length n — 1, the squares of the elements on
the super or subdiagonal. This avoids unnecessary square roots in the formation of the
matrix which can slow down computation.

The algorithm is remarkably simple. For a given value o, which is not an eigenvalue
of the matrix, compute

ti = Dz — 0 — Ei—l/ti—l
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for t = 1 through n with t) = 1 and Ey = 0.

From Sturm’s theorem (see for example [17, Theorem 13]) we know that the number
of eigenvalues of the tridiagonal matrix less than or equal to ¢ is the number of ¢;s that
are negative, with 1 < i <n.

To histogram eigenvalues of S-ensembles for n’s into the millions or even the billions,
one can simply compute E from a chi-square random number generator (implemented
in MATLAB’s Statistics Toolbox as chi2rnd), and D from a normal random number
generator for the S-Hermite case (randn) or from another chi-square in the (-Laguerre
case.

An interesting special case is the S-Hermite case with § = oo, which computes the
roots of the corresponding scaled Hermite polynomial. This may be performed by taking
D to be the zero vector of length n and £ = (n—1,n—2,...,2,1)/(4n).

When 8 = oo, there is no fluctuation, but there are deviations for large n. Roughly
the theorem states that the number of eigenvalues in an interval I is linear of the form

(# eigenvalues) = n(area under the semicircle) + DEVIATION (32)
where
1
DEVIATION = 2—arcsin(:13) , (33)
™

and we subtract 1/4 if I contains +1 and 1/4 if I contains -1.

In one numerical experiment (see Figure 2), we took n = 1, 000, 000+i fori = 0, 1, ..., 99
and computed the deviation from the mean, i.e. the number of eigenvalues in the interval
I minus the area A = n% J; V1 — 22 dx; we did this arbitrarily for the interval I = [.2 .8].
Since this experiment is non-random it is repeatable without any reference to a random
number generator. We found the experimental deviation of 0.1167 which is close to the
theoretical deviation of .1155, given by (33).
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size of matrix, translated by 1,000,000
Figure 2: Calculating the deviation in the interval I = [.2 .8] for the § = oo Hermite
ensemble with sizes 10° : 1 : (10° + 99); circles represent the eigenvalue count minus the
area under the semicircle over I; the solid line is the theoretical deviation given in (33)
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Figure 2 plots the results of the experiment. The red line which contains the theoretical
value of the intercept represents the best fit line to the data in the sense that the average
vertical deviation is minimized.

6 Remarks and open problems

There are many object-counting (combinatorial) approaches to the study of traces of
powers of random matrices; they depend on the matrix model, and on the polynomial
whose trace is being computed. For example, the counting approach of [34] uses full
matrix models (all entries are non-zero variables), and traces of powers (thus using the
monomial basis, like we have done here), and counts paths in the complete graph of size
n. By contrast, in [26], the polynomials used are the shifted Chebyshev polynomials, and
the objects counted are non-crossing annular partitions; the matrix models are still full.
Here, we use tri/bidiagonal matrix models, consider the monomials, and count essentially
paths with three types of steps (up, down, level) in the plane.

Though the objects we count here are simpler than in [26], our counting technique
expresses the results in a less compact form than in [21] and [26]. In the latter two
papers, the covariance matrix is diagonalized by the choice of polynomial basis, whereas
in our paper it is obtained as full because we work with the monomials. There seems to
be a trade-off between the simplicity of the object to be counted and the simplicity of the
form in which the covariance matrix is expressed.

We would like to conjecture that by using a hybrid way of counting, for example,
using the tridiagonal matrices and some of the techniques of [26], both the counting
process and the resulting format of the answer could be simplified. The development of
such a technique would be of great interest.
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