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Abstract

The methods to establish the limiting spectral distribution (LSD) of large dimensional random ma-
trices includes the well known moment method which invokes the trace formula. Its success has been
demonstrated in several types of matrices such as the Wigner matrix and the sample covariance matrix.
In a recent article Bryc, Dembo and Jiang (2006) [7] establish the LSD for random Toeplitz and Han-
kel matrices using the moment method. They perform the necessary counting of terms in the trace by
splitting the relevant sets into equivalence classes and relating the limits of the counts to certain volume
calculations. Bose and Sen (2008) [6] have developed this method further and have provided a general
framework which deals with symmetric matrices with entries coming from an independent sequence.

In this article we enlarge the scope of the above approach to consider matrices of the formA, =
%X X’ where X is a p X n matrix with real entries. We establish some general results on the existence
of the spectral distribution of such matrices, appropriately centered and scaled, whenp — oo and n =
n(p) — oo and p/n — y with 0 < y < oco. As examples we show the existence of the spectral
distribution when X is taken to be the appropriate asymmetric Hankel, Toeplitz, circulant and reverse
circulant matrices. In particular, wheny = 0, the limits for all these matrices coincide and is the same
as the limit for the symmetric Toeplitz derived in Bryc, Dembo and Jiang (2006) [7]. In other cases,
we obtain new limiting spectral distributions for which no closed form expressions are known. We
demonstrate the nature of these limits through some simulation results.
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1 Introduction

1.1 Random matrices and spectral distribution

Random matrices were introduced in mathematical statistics by Wishart (1928). In 1950 Wigner successfully
used random matrices to model the nuclear energy levels of a disordered particle system. The seminal work,
Wigner (1958) [18] laid the foundation of this subject. This theory has grown into a separate field now, with
application in many branches of sciences that includes areas as diverse as multivariate statistics, operator
algebra, number theory, signal processing and wireless communication.

Spectral properties of random matrices is in general a rich and attractive area for mathematicians. In
particular, when the dimension of the random matrix is large, the problem of studying the behavior of the
eigenvalues in the bulk of the spectrum has arisen naturally in many areas of science and has received
considerable attention. Suppose A, is a p x p random matrix. Let A\i,..., A\, € R (or C) denote its
eigenvalues. When the eigenvalues are real, our convention will be to always write them in ascending order.
The empirical spectral measure ji,, of A, is the random measure onR (or C ) given by

1 p
b= b, 0
P

where ¢, is the Dirac delta measure at x. The random probability distribution function onR (or C) corre-
sponding to u,, is known as the Empirical Spectral Distribution (ESD) of A,. We will denote it by F' Ap,

If { F4»} converges weakly (as p tends to infinity), either almost surely or in probability, to some (non-
random) probability distribution, then that distribution is called the Limiting Spectral Distribution (LSD)
of {A,}. Proving existence of LSD and deriving its properties for general patterned matrices has drawn
significant attention in the literature. We refer to Bai (1997), Bose and Sen (2008) [1, 6] for information on
several interesting situations where the LSD exists and can be explicitly specified.

Possibly the two most significant matrices whose LSD have been extensively studied, are the Wigner and
the sample covariance matrices. For simplicity, let us assume for the time being that all random sequences
under consideration are independent and uniformly bounded.

1. Wigner matrix. In its simplest form, the Wigner matrix W,\*) (Wigner, 1955, 1958) [17, 18], of order
n is an n X n symmetric matrix whose entries on and above the diagonal are i.i.d. random variables with
zero mean and variance one. Denoting those i.i.d. random variables by{z;; : 1 <1 < j}, we can visualize
the Wigner matrix as

r11 I12 X113 ... 1‘1(n_1) T1n
Ti2 22 23 ... Ton-1) L2n
W) = ey . @)
Tin T2n X3np ... l'n(n—l) Inn
It is well known that almost surely,
LSD of n~1/2 W,(ls) is the semicircle law W, 3)

with the density function
=VA—s2 if [s| <2,
pw(s) = )
0 otherwise.



2. Sample covariance matrix (S matrix). Suppose {z;; : j,k = 1,2,...} is a double array of i.i.d.
real random variables with mean zero and variance 1. The matrix

A (W) = n~ "W, W, where Wy, = ((24))1<i<p.1<j<n &)

is called a sample covariance matrix (in short an.S matrix). Let I,, denote the identity matrix of orderp. The
following results are well known. See Bai (1999) or Bose and Sen (2008) [1, 6] for moment method and
Stieltjes transform method proofs. To have the historical idea of the successive development of these results
see Bai and Yin (1988) [3] for (a) and Marenko, and Pastur (1967), Grenander and Silverstein (1977),
Wachter (1978), Jonsson (1982), Yin and Krishnaiah (1985) and Yin (1986) [12, 9, 16, 11, 20, 19] for (b).

(a) If p — oo and p/n — 0 then almost surely,
LSD of \/ﬁ (Ap(W) — I,) is the semicircle law given in (4) above. (6)
p

(b) If p — 0o and p/n — y € (0, c0) then almost surely,
LSD of A,(W) is the Mar¢enko-Pastur law M P, given in (8) below. @)

The Marcenko-Pastur law, M P, has a positive mass 1 — é at the origin if y > 1. Elsewhere it has a
density:
27rl;vy (b_x)(x_a) ifa <z <0,

MPy(z) = ®)
0 otherwise

where a = a(y) = (1 — /y)? and b = b(y) = (1 + /9)%.
Suppose p = n. Then W,, above is a square matrix with i.i.d. elements, and the Wigner matrixWT(LS) is
obtained from W, by retaining the elements above and on the diagonal of W,, and letting symmetry dictate

the choice of the rest of the elements of WT(ls). We loosely say that W, is the asymmetric version of W,(LS). It
is interesting to note the following:

(i) The LSD of n~'/2W,{” in (3) and that of , /™ (LW, W} — I,) in (6) are identical.

n

(i1) If W and M are random variables obeying respectively, the semicircle law and the Matenko-Pastur

law with y = 1, then M 2 W? in law. That is, the LSD of n‘l/QWT(LS) and that of %Wsz’, bears this
squaring relationship whenp/n — 1.

1.2 The problem and its motivation

In view of the above discussion, it thus is natural to study the LSD of matrices of the formA,(X) =
(1/n)X,X,, where X, is a p x n suitably patterned (asymmetric) random matrix. Asymmetry is used
loosely. It just means that X, is not necessarily symmetric. In particular one may ask the following ques-
tions.

(i) Suppose p/n — y, 0 < y < co. When does the LSD of 4,,(X) = lXpXI’, exist?

T n

(ii) Suppose p/n — 0. When does the LSD of \/% (Ap(X) — Ip) exist? Note that unlike the S matrix,

the mean of A, (X) is not in general equal to I, and hence other centering/normalisations may also need to



be allowed.

(iii) Suppose X, is a p x n (asymmetric) patterned matrix and A, (X) = %XI,X]'D for which the limit in

(ii) holds. Call it A. Now consider the square symmetric matrix X,(f) obtained from X, by lettingp = n
and symmetrising it by retaining the elements of X, above and on the diagonal and allowing symmetry to

dictate the rest of the elements. Suppose asn — oo, the LSD of n~Y QXT(LS) exists. Call it B. In general, is
there any relation between B and A?

A further motivation to study the LSD of leX’pX;z/J comes from wireless communications theory. Many
results on the information-theoretic limits of various wireless communication channels make substantial use
of asymptotic random matrix theory, as the size of the matrix increases. An extended survey of results and
works in this area may be found in Tulino and Verdu (2004) [15]. Also see Silverstein and Tulino [14]
for a review of some of the existing mathematical results that are relevant to the analysis of the properties
of random matrices arising in wireless communications. The study of the asymptotic distribution of the
singular values is seen as an important aspect in the analysis and design of wireless communication channels.

A typical wireless communication channel may be described by the linear vector memoryless channel:
y=Xp0+e

where 6 is the n-dimensional vector of the signal input, y is the p-dimensional vector of the signal output,
and the p dimensional vector € is the additive noise. X, in turn, is the p X n random matrix, generally with
complex entries.

Silverstein and Tulino [14] emphasize the asymptotic distribution of the squared singular-values ofX,,
under various assumptions on the joint distribution of the random matrix coefficients wheren and p tend to
infinity while the aspect ratio,p/n — y, 0 < y < oo. In their model, generally speaking, the channel matrix
X, can be viewed as X, = f(A1, Aa, ..., A;) where {A;} are some independent random (rectangular)
matrices with complex entries, each having its own meaning in terms of the channel. In most of the cases
they studied, some A; have all i.i.d. entries, while the LSD of the other matricesAjA;f, j # 1 are assumed
to exist. Then the LSD of X, X is computed in terms of the LSD of A; A7, j # i .

Specifically, certain CDMA channels can be modeled as X, = CSA where C' is a p x p random
symmetric Toeplitz matrix, S is a matrix with i.i.d. complex entries independent of C, and A isann x n
deterministic diagonal matrix. One of their main theorems establishes the LSD of X}, = C'SA for random
p X p matrix C, not necessarily Toeplitz, under the added assumption that the LSD of the matricesC'C’
exists. When C is a random symmetric Topelitz matrix, the existence of the LSD of CC”’ is immediate
from the recent work Bryc, Dembo and Jiang (2006) and, Hammond and Miller (2005) [7, 10]. This also
motivates us to study the LSD of X, X 1/1 matrices in some generality where X, is not necessarily square and
symmetric.

1.3 The moment method

We shall use the method of moments to study this convergence. To briefly describe this method, suppose
{Y,} is a sequence of random variables with distribution functions{F}} such that E(Y,") — £, for every
positive integer h, and {3}, } satisfies Carleman’s condition (see Feller, 1966, page 224) [8]:

Z ﬁQ—hl/Qh — 0. (9)
h=1

4



Then there exists a distribution function F', such that for all A,
Bh = Bu(F) = / #"dF (z) (10)

and {Y,} (or equivalently { F},}) converges to F' in distribution. We will often in short write 3, when the
underlying distribution F' is clear from the context.

Now suppose { A, } is a sequence of p x p symmetric matrices (with possibly random entries), and let, by
a slight abuse of notation, 5, (A,) denote the h-th moment of the ESD of A,,. Suppose there is a sequence
of nonrandom {3, }7° ; satisfying Carleman’s condition such that,

(M1) First moment condition: For every h > 1, E[3,(A,)] — B, and
(M2) Second moment condition: For every h > 1, Var[3,(4,)] — 0.

Then the LSD is identified by {3, }7° ; and the convergence to LSD holds in probability. This conver-
gence may be strengthened to almost sure convergence by strengthening (M2), for example, by replacing
variance by the fourth moment and showing that

(M4) Fourth moment condition: For every h > 1, E[3,(4,) — E(B,(4,))]* = O(p~2).

For any symmetric p X p matrix A with eigenvalues A1, ... \p, the trace formula

p
Bu(A) =p~' Y A =p ' Tx(A")
=1

is invoked to compute moments. Moment method proofs are known for the results on Wigner matrix and
the sample covariance matrix given earlier. See for example, Bose and Sen (2008) [6].

1.4 Brief overview of our results

Let Z be the set of all integers. Let {4 }acz be an input sequence where Z = Z or Z? and {x,} are
independent with Ez, = 0 and Ez2 = 1. Let L, : {1,2,...,p} x {1,2,...,n = n(p)} — Zbea
sequence of functions which we call link functions. For simplicity of notation, we will write L for L,. We
shall later impose suitable restriction on the link functions L,, and sufficient probabilistic assumptions on
the variables. Consider the matrices

Xp = (L, (i) 1<i<p, 1<j<n and Ay = Ap(X) = (1/n) X, X,

The function L,, defines an appropriate pattern and we may call these matrices patterned matrices. Ap-
propriate assumptions on the link function are imposed later. These assumptions restrict the number and
manner in which any element of the input sequence may occur in the matrix.

We shall consider two different regimes:

Regime L. p — oo, p/n — y € (0,00). In this case, we consider the spectral distribution of
Ay = Ap(X) =1 X, X,

Regime IL p — 0o, p/n — 0. In this case we consider the spectral distribution of (np) ~1/2 (Xp X, —
nl,) = \/% (Ap — I,) where I, is the identity matrix of order p.

5



The moment method requires all moments to be finite. However, in Regime I, our basic assumption will
be that the input sequence has finite second moment. To deal with this, we first prove a truncation result
which shows that in Regime I, under appropriate assumption on the link function, without loss of generality,
we may assume the input sequence to be uniformly bounded. The situation in Regime 1I is significantly
more involved and there we need to assume existence of higher moments.

We then establish a negligibility result which implies that for nonzero contribution to the limiting mo-
ments, only summands in the trace formula which are “pair matched” matter. See next section for details
on “matching”. The existence of the limit of the sum of pair matched terms and then the computation of the
limit establishes the LSD.

Quite interestingly, under reasonable assumptions on the allowed pattern,if the limit of empirical mo-
ments exist, they automatically satisfy Carleman’s condition and thus ensures the existence of the LSD.
However, we are unaware of any general existing method of imposing suitable restrictions on the link func-
tion to guarantee the existence of limits of moments.

As examples of our method, we let X, to be the nonsymmetric Toeplitz, Hankel, reverse circulant and
circulant matrices. We show that the LSD exists in both Regimes I and II, thereby answering questions (i)
and (ii) in the previous section affirmatively for these matrices. The LSD in Regime I are all new.

However, in Regime 11, the LSD of all four matrices above are identical to the LSD obtained by Bryc,
Dembo and Jiang (2006) [7] for the symmetric Toeplitz matrix Tés). This implies that the answer to question
(iii) is not straightforward and needs further investigation.

Closed form expressions for the LSD or for its moments do not seem to be easily obtainable. We provide
a few simulations to demonstrate the nature of the LSD and it is an interesting problem to derive detailed
properties of the LSD in any of these cases.

2 Basic notation, definitions and assumptions

The link functions for the different matrices are as follows:
0. Covariance matrix: L,(7,7) = (, 7).

1. Asymmetric Toeplitz matrix: L,(i,j) =i — j.

[\e]

. Asymmetric Hankel matrix: L, (4, j) = sgn(i — j) (¢ + j) where

1 if1>0,
Sg“(”:{—1 if 1 <0 (b

. Asymmetric Reverse Circulant: L, (7, j) = sgn(i — j)(¢ + j) mod n.

B~ W

. Asymmetric Circulant: L, (i, j) = (n+ j — i) mod n.

For any set G, #G and |G| will stand for the number of elements of G. We shall use the following
general assumptions on the link function.

Assumptions on link function L:

A. There exists positive integer & such that for any o € Z andp > 1,
D) #{i: Lp(i,j) =a} < Pforallj € {1,2,...,n} and
() #{j: Lp(i,j) = a} < Pforalli e {1,2,...,p}.



A’. InRegime I, foranyw € Zandp > 1, #{i: L,(i,j) = a} < 1forallj € {1,2,...,n}.
B. kyap = O(np) where

kp=#{a: Ly(i,j) =a,1 <i<p,1 <j<n}, ap=max|L, (o).
a€EZ

Assumption A stipulates that with increasing dimensions, the number of times any fixed input variable
appears in any given row or column, remains bounded. Assumption X stipulates that in Regime II, no
input appears more than once in any column. Assumption B makes sure that no particular input appears too
many times in the matrix. It is easy to verify that the link functions listed above satisfy these assumptions.
It may also be noted that the symmetric Toeplitz and the symmetric Hankel link functions donot satisfy
Assumption A/,

Towards applying the moment method, we need a few notions, most of which are given in details in Bose
and Sen (2008) [6] in the context of symmetric matrices. These concepts and definitions will remain valid
in Regime II also, with appropriate changes.

The trace formula. Let A, = n~' X, X/ Then the h-th moment of ESD of A, is given by

~1 h 1 _—h
p TrAy=pn Z T (i1 i2) Ly (iasin) " " CLp(ion_1,i2n) T Lp (i1 ion)- (12)

1<i1 i2,.yin <n
Circuits. Any function : {0,1,2,--- ,2h} — Z is said to be a circuit if
(i) m(0) = m(2h),
(i) 1< 7(2i) <p V0 <i<hand
i) 1<m(2i—1)<nV1<i<h
The length I(7) of 7 is taken to be (2h). A circuit depends on h and p but we will suppress this depen-
dence.

Matched Circuits. Let
£x(20—1)=L(n(2i —2),m(2t — 1)), 1 <i<h and

£0(2i) = L(w(2i),7(2i — 1)), 1 <i < h.

These will be called L-values.

A circuit 7 is said to have an edge of order e (1 < e < 2h) if it has an L-value repeated exactly e times.
Any 7 with all e > 2 will be called L-matched (in short matched). For any such 7, given any ¢, there is at
least one j # i such that £, (i) = & (4).

Define for any circuit 7,

h
Xr = H@“gﬂ(zi—l)%ﬁ(m)- (13)
i=1
Due to the mean zero and independence assumption, if7 has at least one edge of order one thenE(X ) = 0.

Equivalence relation on circuits Two circuits 7m; and w2 of same length are said to be equivalent if
their L values agree at exactly the same pairs (i, 7). That s, iff {&, (1) = &, (5) € &ry (1) = &r,(5) }- This
defines an equivalence relation between the circuits.



Words. Equivalence classes arising from the above equivalence relation may be identified with partitions
of {1,2,--- ,2h}—to any partition we associate aword w of length {(w) = 2h of letters where the first occur-
rence of each letter is in alphabetical order. For example, ifh = 3, then the partition {{1, 3,6}, {2,4},{5}}
is represented by the word ababca.

The notion of order e edges, matching, nonmatching for, carries over to words in a natural manner. For
instance, the word ababa is matched. The word abcadbaa is nonmatched, has edges of order1, 2 and 4 and
the corresponding partition is {{1,4,7,8},{2,6}, {3}, {5}}. As pointed out, it will be enough to consider
only matched words since E(X) = 0 for nonmatched words. The following fact is obvious.

Word Count.

2h)!
#{w : wis of length 2h and has only order 2 edges with |w| = h} = (th)' (14)

The class II(w). Let w[i] denote the i-th entry of w. The equivalence class corresponding tow will be
denoted by
H(w) = {77 : w[Z] = w[]] A STI'(Z) = EW(])}
The number of partition blocks corresponding tow will be denoted by |w|. If 7 € II(w), then clearly the
number of distinct L-values equals |w|. Notationally,

#{6:(1) 11 < i < 20} = |uwl.

Note that now, with the above definition, we may rewrite the trace formula as

pt TrAZ =p lnh Z X, =p ln7h Z Z X,
)

T circuit W rell(w
where the first sum is taken over all words with length (2h). After taking expectation, only the matched
words survive and
E[pil Tr AZ] =pin7" Z Z EX;.
w matched mell(w)
To deal with (M4), we need multiple circuits. The following notions will be useful for dealing with

multiple circuits:

Jointly Matched and Cross-matched Circuits £ circuits my, 7o, - - - , g are said to be jointly matched
if each L-value occurs at least twice across all circuits. They are said to becross-matched if each circuit has
at least one L-value which occurs in at least one of the other circuits.

The class IT*(w). Define for any (matched) word w,
I (w) = {7 : wi] = wlj] = & (i) = & ()} (15)

Note that IT*(w) 2 II(w). However, as we will see, IT*(w) is equivalent to IT(w) for asymptotic considera-
tions, but is easier to work with.

Vertex and generating vertex Each (i) of a circuit 7w will be called a vertex. Further, 7(2i),0 <i < h
will be called even vertices or p-verticesand m(2i—1),1 < i < h will be called odd vertices or n-vertices.



A vertex 7 is said to be generating if either i = 0 or wli] is the position of the first occurrence of a letter.
For example, if w = abbcab then 7(0), (1), w(2), 7(4) are generating vertices.

We will call an odd generating vertex m(2i — 1) Type I if 7(2¢) is also an even generating vertex.
Otherwise we will call m(2i — 1) a Type II odd generating vertex.

Obviously, number of generating vertices inw is |w| + 1. By Assumption A on L function given earlier,
a circuit of a fixed length is completely determined,up to a finitely many choices by its generating vertices.
Hence, in Regime I, we obtain the simple but crucial estimate

" (w)| = O(nl*1*1).

Let
[a] = integer part of a.

In case of Regime II, it shall be shown that
I (w)] = O(pH 57l 31,

We will use the following assumptions in two regimes.

Assumption R1. In Regime I, {x;} are independent with mean zero and variance one, and are either
uniformly bounded or identically distributed.

Assumption R2. In Regime II, {x;} are independent with mean zero and variance 1. Furthern, A > 1 is
such that p = O(n'/*) and sup,, E(|zq|*3 YN0 < oo for some § > 0.

3 Regimel

In Regime I, p — oo such that p/n — y € (0,00) and we consider the spectral distribution of A, =
Ap(X) =n"'X, X There are two main theorems in this section. Theorem 1 is proved under Assumption
B. We show that the input sequence may be taken to be bounded without loss of generality. This allows
us to deal with bounded sequences in all examples later. This result is proved sketchily in Bose and Sen
(2008) [6], with special reference to the sample covariance matrix. We provide a detailed proof for clarity
and completeness. Theorem 2 is proved under Assumptions A and B. We show that the ESD of{ A,,(X)} is
almost surely tight and any subsequential limit is sub Gaussian. Invoking the trace formula, we show that the
LSD exists iff the moments converge. Further, in the limit, only pair matched terms potentially contribute.
To prove Theorem 1, we will need the following notion and result.

The bounded Lipschitz metric dpy, is defined on the space of probability measures as:

A (1, v) = sup{/fdu— /fdv: 1 flloe + 111z < 1} (16)

where

[flloo = sup [f(z)], |Ifllz = siplf(w) —fWl/lz—yl.
T x#y

Recall that convergence indpy, implies weak convergence of measures.

The following inequalities provide estimate of the metric distancedpy, in terms of trace. Proofs may be
found in Bai and Silverstein (2006) [2] or Bai (1999) [1] and uses Lidskii’s theorem (see Bhatia, 1997, page
69) [4].



Lemma 1 (i) Suppose A, B are n X n symmetric real matrices. Then
R 1
dp (A, FP) < < Z Ai(A )\) <- 2(&-(14) —M(B)? < -T(A-B)?. A7)
1=
(ii) For any square matrix S, let F° denote its empirical spectral distribution. Suppose X andY are
p x n real matrices. Let A= X X' and B =YY’ Then

2
d%, (FA, FB) < (Z\)\ )|> g;Tr(AJrB)Tr[(X—Y)(X—Y)’]. (18)

Theorem 1 Let p — oo, 2 — y € (0,00) and Assumption B holds so that ok, = O(np). Suppose for
every bounded mean zero and variance one i.i.d. input sequence, F’ nTXp X p converges weakly to some fixed
nonrandom distribution G almost surely. Then the same limit continues to hold if the input sequence is i.i.d.

with mean zero and variance one.

Proof. Without loss of generality we shall assume that Z = 7 and also write X for X,,. Fort > 0,
denote

u(t) = Efzol(|zo| > t)] = —E[zol(|zo| < ¢)]
and let
o%(t) = Var(zol(|zo| < 1)) = E[2g1(|zo| < t)] — p(t)*.
Since E(xg) = 0 and E(z3) = 1, we have u(t) — 0 and o(t) — 1 ast — oo and 02(t) < 1. Define
bounded random variables
o _ zll(lz] <t) 4+ pl) _ xi— 3 . .

x; = @) = o) where z; = z;I(|z;| > t) — p(t) =z —o(t)z;.  (19)

It is easy to see that E(z3) = 1 — o(t) — u(t)> — 0 as ¢ tends to infinity. Further, {z}} are i.i.d.
bounded, mean zero and variance one random variables. Let us replace the entrieszy, (; ;) of the matrix X,
by the truncated version 7, (i.d) (respectively Ty, (; ;) ) and denote this matrix by Y (respectively X »). By
triangle inequality and (18),

dQBL(Fn’lXpXZQ Fn*YY’)
< 2d2BL (anlxpxlf,j anla(t)QYY'> + QdQBL (Fn*1YY'7 anla(t)WY')

S Tr(Xp X, + o(t)*YY') Tr(X, — o(t)Y (X, — o (t)Y”)

+ anQ Tr(YY/ + 0(t)2YY/) Tr(o(t)Y —Y)(o(t)Y — Y)’.

To tackle the first term on the right side above,

Tr(X X, +0o(t)’YY’)
= -1 Zk 127y T OO 2
2
Z

kp p
< Onk < >+Z in(ivk))Z
i=1 k=1
= ok ( - >+O‘”kp LA +!u(t)!apkp(m>+apkp(m>-
kp kp kyp
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Therefore using apk, = O(np) and the SLLN, we can see that (np) ' (Tr(X, X, + o(t)?YY")) is
bounded. Now,

k
1 1 _ 1 1 <&
Fp| Tr(X, —o()Y)(Xp —o()Y)']| = @\ Tr(X,X,)| < npapkp<kp 2%2)

which is bounded by CE(#?) almost surely, for some constantC'. Here we use the condition apky, = O(np)
and SLLN for {Z?}. Since E( z?) — 0 as t — oo we can make the right side tend to 0 almost surely, by first
letting p tend to infinity, and then letting ¢ tend to infinity. This takes care of the first term.

To tackle the second term,

n o= - 5 [Tr ((e(®)*)YY' + YY) Tr ((o(t)Y = Y)(o(t)Y —Y)')]
= n2: (o(t)* + 1)(o(t) - 1)*(Te(YY"))?
< nfp( o(1)° +1)(o(t) — 1)2 Zlngk
< Ll (0 <>5 1 [apk,, (EZQ>+M<E nglm})

kp | ’ kp 72 2
¢ oty () o, (E)

Again using the condition ay,k, = O(np) and o(t) — 1 ast — oo we get To — 0 almost surely. This
completes the proof of the theorem. g

To investigate the existence of the LSD of A, = A,(X) = (1/n)X, X, in view of Theorem 1, we shall
assume that the input sequence is i.i.d. bounded, with mean zero and variance 1. Recall the two formulae

given earlier:
S ETaIRD SIS SR S SIS
T circuit W well(w)
where the first sum is taken over all words with length(2h) and

E[pfl TrA;’] =pinh Z Z EX;.

w matched mell(w)

Theorem 2 Let A, = (1/n)X,X), where the entries of X, are bounded, independent with mean zero and
variance 1 and L, satisfies Properties A and B. Letp/n — y, 0 <y < oo. Then

(i) If w is matched word of length (2h) with an edge of order > 3, then p~'n=" Zﬂeﬂ(w) EX, — 0.

(ii) Foreach h > 1,
E[p'TrAl] - > p'nTMIr(w)]] — 0.
w matched

|lw|=h

(iii) Foreachh > 1, p~! TrAZ —E [p_l TrAg] %0.

(iv) Ifwe denote B, = im sup,, > Sw marched P~ I (w),

lw|=h

11



The sequence of ESD, {F Ap(X )} is almost surely tight. Any subsequential limit is sub Gaussian. The LSD
exists iff 1imy > marchea 1" |II* (w)| exists for each h. The same LSD continues to hold if the input
lw|=h

sequence is i.i.d. (not necessarily bounded) with mean zero and variance one.

Remark 1 Without assuming anything further on the link function L,, the above limits need not exist.
However in Section 5, we provide several examples where the limits do indeed exist.

Proof of Theorem 2. For the special case of covariance matrix, a proof can be found in Bose and Sen
(2008) [6]. The same arguments may be adapted to general link functions. For the sake of completeness,
here are the essential steps.

Recall that circuits which have at least one edge of order 1 contribute zero. Thus, consider all circuits
which have at least one edge of order at least 3 and all other edges of order at least 2. Let/V}, 3+ be the
number of such circuits of length (2h).

Suppose first that p = n. Then y = 1, In this case 7 has uniform range, 1 < (i) < n,1 < i < 2h.
Then, from the arguments of Bryc, Dembo and Jiang (2006) [7],n~ (1M N, n3t — 0.

Now for general y > 0, the range of 7(¢) is not same for every i. For odd vertices, it is from 1 to n and
for even vertices, it is 1 to p. However, this case is easily reduced to the previous case ¢ = n) as follows:
let II(w) be the possibly larger class of same circuits but with range1 < 7(i) < max(p,n), 1 < i < 2h.
Then, there is a constant C, such that

pnTh YT (w)] < Clmax(p,n)] "M Y [T(w)] -0
w has one edge w has one edge
of order at least 3 of order at least 3

from the previous case. This proves (i). Statement (ii) is then a consequence.
For (iii), it is enough to show that

_ _ 4 _
E[p 1TrA;;—IEJp lTrAZ] =0(p?).

The proof is essentially same as the proof of Lemma 2 (b) in Bose and Sen (2008) [6]. For the sake of
completeness, we give the full proof here. We write the fourth moment as

4

1 4 1
—E[TrAh — E(Tr AD)]" = pomers > E[[[(Xn - EXL))
p p T, 3,4 G=1
If (7,9, w3, m4) are not jointly matched, then one of the circuits, say 7;, has an L-value which does not
occur an;;where else. Also note that EX;. = 0. Hence, using independence, E[[T, Xy — EXy,)] =
E[Xﬂj Hi:l,z’;ﬁj(xﬂi - Exm>] =0.

Further, if (71, 72, w3, 74) is jointly matched but is not cross-matched then one of the circuits, saym;
is only self-matched, that is, none of its L-values is shared with those of the other circuits. Then again by
independence,

4 4
E[H(Xm -EXy,)] = E[(Xﬂ'j - EX#;‘)]E[ H (X7, —EX7,)] = 0.
=1 i=1,i#j

So it is clear that for non-zero contribution, the quadruple of circuits must be jointly matched and cross
matched. Observe that the total number of edges in each circuit of the quadruple is(2h). So total number of

12



edges over 4 circuits is (8h). Since they are at least pair matched, there can be at most(4h) distinct edges i.e.
distinct L-values. In Bryc, Dembo and Jiang (2006) [7] the authors estimated the number of quadruples of
circuits which are jointly matched and cross matched. They used a method of counting which they applied
only to Toeplitz and Hankel link function. But that method works as well for any general link function
satisfying Assumption A. Using this method, we can say that apart fromm(0), m2(0), m3(0) and 74(0)
which are always generating vertices, there can be at most(4h — 2) many generating vertices to determine
(4h) distinct L-values. So total number of generating vertices obtained using Bryc, Dembo and Jiang (2006)
[7] method is at most (47 + 2). Since 2 — y, 0 <y < oo, it is easy to see that there is a constant K’ which
depends on y and h, such that

1
pt

4h+-2
p+

E[Tr A" —E(Tr AM)]" < K i = O(p~2). (20)

This guarantees that if there is convergence, it is almost sure. So (iii) is proved.

By Assumption A, for any matched wordw of length (2h) with |w| = h, we have |IT* (w)| < n*1®"
which combined with the fact (14) yields the validity of Carleman’s condition, proving (iv).

The other claims of the theorem are easy consequences of all the discussion so far. g

4 Regime II

In this case, p — oo and p/n — 0. From the experience of the existing results for the sample covariance ma-
trix (see for example Bai and Silverstein (2006) [2]), the following scaled and centered version is required.
Define
NV /
Ny = Np(X) = (;) (ﬁXpo - Ip) = ;(AP(X) - Ip)- 2D

Straightforward extension of Theorem 1 is not possible to this situation. In Theorem 3 we show how the
matrix IV, defined above may be approximated by the following matrix B, = B,(X) with bounded entries
under additional moment assumption.

(Bp)ij = Tranrga, ifi# jand (By)i = 0, (22)

3~
M3

S |

l

iy

where T, = x,1(|zo| < epn1/4), Zo = To — EZ, and €, will be chosen later.
Theorem 4 establishes the relationship between the existence of the LSD and the limits of the empirical
moments.

In Theorem 5 we prove an interesting result in Regime II. Suppose L") and L) are two link functions
satisfying Assumptions A, A’ and B and they agree on the set{(,j) : 1 <i <p, 1 <j<mnandi < j}.
Then we show that the corresponding matrices N, (X ') have identical LSD.

Theorem 3 Let p,n — o0 so that p/n — 0 and Assumption R2 holds. Then there exists a nonrandom
sequence {e,} with the property that €, | 0 but epp1/4 T ooasp T oo such that D(FB» FNe) — 0 a.s.
where D is the metric for convergence in distribution on the space of all probability distribution functions.

Proof of Theorem 3. Let

- R 8 1~ -
Xp = ((Tr@j)))1<i<pi<j<n and Np = ﬁ(Xp p = nlp).

13



. R P n
sup |[FNe (z) — FNe(2)] < p~'rank(X, — X,) <p~! Z Z”L(m’) where 1, = I(Jzq| > epn1/4).
r i=1 j=1

Write g, = sup, P(|za| > ¢,n'/4). Since sup,, E(|z|*T1/M+0) < oo, for any fixed € > 0,
n(1+1/2)+5/4 sup,, P(|zq| > en1/4) — 0. Thus, there exists a sequence e, | 0 with epp1/4 | oo such that
gy < eyn—(FUNF/4,

For any 3 > 0, and with Y; independent Bernoulli with £(Y;) < g,

B(sup [F™ () — FY(2)] > 6) < B(p Y S ey > 9

=1 j=1
Ky
P(app™! Z Y; > f)
i=1
kp
< (Bp) ey Z EY; by Markov inequality
=1

< (Bp)” lap pdp
< Cngp =o(n~ (1/A+5/4)) _ O(p—(1+/\5/4))

where the constant C' is such that o,k < C'Bnp. Hence by Borel-Cantelli lemma,

sup |[FN (z) — FMr(2)| — 0 as.
X

Let
. X . 1 . .
Xp = ((FLag)h<icp, 1<j<n and Np = F(X — nlp).

Using Lemma 1 (i) and (ii),

sup [FNe(z) = FNr ()] < (070 (V) = Mi(V))?
=1

< 5 T (X X) 4+ X)) Tr (B(X,) (B(X)).

Using the moment condition, the condition on the truncation level, the conditionayk, = O(np), and an
appropriate strong law of large numbers for independent random variables, it is easy to show that the above
expression tends to 0 almost surely. We omit the tedious details.

On the other hand,

. 1 .
g (FNr, FPr) < I; Te(N, — By)?

. 2 1 s
= anz ; Z Ex%(i,l))) + W 2 ; ESCL(” =M + N say .

Note that for every 7, j, there exists a such that

1
2,1/2
€5

0<1-Eif ;) =Ea2l(|lzal > en'/*) + (E zal(|za] > en'/*))? < (Ezt +E222).  (23)

14



From (23), it is immediate that

2
1
np 4(sup(IEx + B2 2)) — 0 since e,p'/* — oco.
2np ne, " a

N <

Now we will deal with the first term, M.

p n 2
> (L@ i) = Lo (@~ B2P 4 3 b (33~ ER)(o% ~ Bi2)

i=1 ~[=1 aFa!
=Ty + Ty (say)

where a, by o > 0. Obviously,

#la€Z:iaa>1} <k, and #{(,a) € Z*:a#d by > 1} < kz.

Also, an < «y for all « and by, o < <I>2ap for all « # /. Hence,

1 1 . " N .
>, An2 BT, =) n2nl > alE(& - L+ Z n2 7Y taaoB(3] — Bi2)*E(22, — Bi2,)°
p p p p a ata!
agkp 5 )
< Z 4n2p? Sgp E(z; — Z 4n2 supIE ( — Ez? )

2]{32
<supz 24 (n'/*e,) Eat +supz pp4IE2wi<oo

where we use the fact that ok, = O(np) and ap < p. Thus, T3, /(2np*) — 0 as.

It now remains to tackle 75,. Let y, = x — E3? 2, a € Z. Then {y,} are mean zero independent
random variables.

Z 4n:l2p4ET22p - Z Z ba ,Q yaya
p

a#a!

Z 4n2 Z b2 EylyZ,

a;éa

<supz ppE2 5 < 00.

Thus by Borel-Cantelli lemma, Tb,,/(np?) — 0 almost surely and this completes the proof. O

Remark 2 (a) From results of Bai and Yin (1988) [3], it is known that for the special case of sample
covariance matrix, finite fourth moment is needed for the above approximation to work, and inter alia, for
the existence of the LSD almost surely. Here the link function is more general, necessitating slightly higher
moments.

(D) If we carefully follow the above proof, finiteness of the4(1 + 1/X) + d-th moment was only needed
in proving that sup,, |F™v (z) — FNe(2)| “% 0. If we impose the weaker assumptionsup,, Ex? < oo, then
qp < €p/n for suitably chosen sequence {€,} | 0 and sup, |F™r(x) — FNe(z)| L0 holds and hence
D(FBr FNe) — 0 in probability.



Having approximated N, by B,,, we now need to establish the behaviour of the moments of B,,. This is
done through a series of Lemma, finally leading to Theorem 4. In the subsequent discussion, we will use
the following notation.

Hy(w) = {7 € H(w) : 7(2i — 2) # m(2i) V1 <i < h},

I (w) == {m € I*(w) : m(2i — 2) # m(2i) V1 <i < h}.

Analogous to IT(w) and IT*(w), we define, for several words w1, wa, . . ., wg,

H(UH,U)Q, e ,'LUk;) = {(71-137723 e 77Tk) : wl[s} = ij] ~ Eﬂ'i(s) = gﬂj(g)y 1 S Za] < k}a

H*(wl,wg,. . .,wk) = {(7‘(’1,71’2,... ,ﬂ’k) : w,[k] = wj[E] = fm(k) = fﬂj(ﬁ),l < i,j < k}

(Definition of &, has been given earlier.)
Moreover,

It (w1, wa, ..., wg) = {(m,72,...,m) € H(wi,wa,...,wg) : m(0) # m(2),...,m(2h — 2) #
m(2h), 1 <i < k}.
Lemma 2 Fix h > 1 and a matched word w of length (2h). Then under Assumption A,

[w]+1

L (w)] < Kpp 15 Inl5, 24)

where Ky, is some constant depending on h.

Proof. Let & be the number of odd generating vertices, denoted bym(2i1 — 1), w(2ia—1), ..., 7(2ix—1)
where 1 < i; <ig < ... < i < h. We wish to emphasize thati; < h since {{;(2h — 1),&:(2h)} cannot
be a matched edge as {,(2h — 1) # £:(2h).

Recall the definition of Type I and Type II generating vertex given in Section 2. Lett be the number of
Type I odd generating vertices. Since total number of generating vertices apart fromm(0) is |w|, we have
t <lw/2].

Now, fix a Type II generating vertex m(2i — 1). Also, suppose we have already made our choices for the
vertices 7(j), j < 2¢ — 1 which come before 7(2i — 1). Since 7(2i) is not a generating vertex,

£x(2i) = & (y) forsome j < 2i — 1. (25)

(Note that since 7(2i — 2) # m(2i), we cannot have £,(2i) = &;(2i — 1) by Assumption A’). Now
that the value of &, (j) has been fixed, for each value of 7(2i), there can be at most ® many choices for
m(2i — 1) such that (25) is satisfied. Thus, we can only have at mostp® many choices for the generating
vertex 7(2i — 1). In short, there are only O(p) possibilities for a Type II odd generating vertex to choose
from.

With the above crucial observation before us, it is now easy to conclude

. . e o [wl+1y lw]
|H7g(w)\ _ O(p#even generating vertices+#Type 11 vertices n#TypelvertlceS) _ O(p1+[ 5 ]n[ 5 ])




Lemma3 (i) Foreveryh > 1 even,

lp”'ETr B;L - Z p_l_h/Qn_h/z\H;(w)H — 0.
w matched, |w|=h

(ii) For every h > 1 odd, lim, . p'ETr B]’} =0.

Proof. Let X be as defined in (13) with z,, replaced by Z,. From the fact that Ez, = 0 and B;; = 0 for all

1, we have R
p 'ETr BZ = p*(1+h/2)n*h/2 Z Z EX;.
w matched mell(w),
7(2i—2)#m(2i), V 1<i<h

Fix a matched word w of length (2h). It induces a partition on (2h) L-values (1), £:(2),£x(3), ..., &x(2hR)
resulting in |w| many groups (partition blocks) where the values of £, within a group are same but across
the group they are different. Let Cj, be the number of groups of size k. Clearly,

02+03+...+02h:‘w’ and 2C5 + 3C5 + - - - + 2h(Cyy, = 2h.

Note that
sup [Ei2 — 1| = o(1) and supE|z,|* < (epn1/4)k*2 VEk>2.
(6% «

Thus if 7 € II(w),

E‘jﬁﬂ(l)'%ﬁﬂ@) o i&r(Qh)| < (Gpn1/4)0'C2+1'C3+'“+(2h_2)'C2h < (epn1/4)2h—2\w\.

Using Lemma 2,

> Elde, (1)2e,(2) - - - Fe, 2w < (et 72! (thlﬂT}"[‘%‘])
rell(w),
7(20—2)#m(26) ¥V 1<i<h

- (ep)2h72\w\nh/2*(\w\/27[|w|/2])p1+[|w\%}.
Case L Either |w| < h or |w| = h with h odd. Then

1 A ~ A~
ETEA > ElZe, (1)Ze,(2) - - - Een(2m)] — 0 (26)
mell(w),
m(2i—2)#£7(2i) V 1<i<h

Case IL If |w| = h with h even, then

. 1 X N .
h;gn p71+h/2nh/2 Z Eméw(l)x&r(g) . x&r(%)
mell(w),
w(2i—2)#7(2i) V 1<i<h

. 1 ,

. 1
= h[r)n W'Hﬂwﬂ

= lim

L
o e/ ()]
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This completes the proof. U
Fix jointly matched and cross-matched words (w;, wa, w3, wy4) of length (2h) each. Let

k = total number of distinct letters in w1, wo, w3 and wy. 27

Lemma 4 For some constants C}, depending on h,

#{(m1, w2, w3, m4) € M(w1, wa, w3, wy) : m(0) # mi(2), ..., m(2h — 2) # m(2h),i = 1,2,3,4}
< Cpp?T2hn2h if k=4h or 4h—1
ar(bgm) (]

28
Chp if Kk <4h—2. (28)

Proof. Case 1. K = 4h — 1 or 4h. Since the circuits are cross-matched, upon reordering the circuits,
making circular shift and counting anti-clockwise if necessary, we may assume, without loss of generality,
&x, (2h) does not match with any L-value in 71 when k = 4h — 1. Because of cross matching, whenx = 4h,
we may further assume that &, (2h) does not match with any L-value in 71 or 7.

We first fix the values of the p-vertices 7;(0), 1 < ¢ < 4, all of which are even generating vertices. Then
we scan all the vertices from left to right, one circuit after another. We will then, as argued in Bryc, Dembo
and Jiang (2006) [7], obtain a total (4h + 2) generating vertices instead of (4h + 4) generating vertices
which we would have obtained by usual counting.

In our dynamic counting, we scan the L-values in the following order:

Er (1) €r1(2), 61 (3); -+ 5 €y (20), €y (1), 63 (2), -+ -5 € (2R), € (1) -+ €y (2R).

From the arguments given in Lemma 2, it is clear that for an odd vertexm;(2j — 1) to be Type I, both
&x, (25 — 1) and &, (27) have to be the first appearances of two distinct L values. So, total number of Type I
n-generating vertices is at most x /2.

Case II. k < 4h — 2. We again apply the crucial fact that for an odd vertex m;(2j — 1) to be Type
I, we need both & (2 — 1) and &, (27) to be the first appearances of two distinct L-values, while the
circuits being scanned from left to right and one after another. Since there are exactlyx distinct L-values,
the number of Type I odd vertices is not more thanx /2. Combining this with the fact that total number of
generating vertices equals (k + 4), we get the required bound. U

Lemma 5 For each fixed h > 1,

iE[p—l(Tr Bl —E(Tr B)]" < oc.
p=1

Proof. As argued earlier and from the fact that the diagonal elements of B, are all zero, we have

* 4
E[p~H(Tr BE — E(Tr B)))* = p~420 72 3" ST E([[ (XA, - EX)
* i=1

where the outer sum ) __ is over all quadruples of words (w1, w2, w3, wy), each of length 2k and which are
jointly matched and cross-matched. The inner sum_ " is over all quadruples of circuits {(m, o, T3, T4) €
(w1, wa, w3, wa) : T(0) # m(2),...,m(2h — 2) # m;(2h),i = 1,2,3,4}.

Note that by definition of k, k < 4h for any jointly matched quadruple of words (w1, wa, w3, wys) of
total length 8h. Fix w1, wa, w3, wy, jointly matched and cross-matched.



Case I. k = 4h or 4h — 1. Then the maximum power with which any Z,, can occur in H?zl Xﬂi is
bounded by 4. But since sup, E(i4)* < oo, we immediately have |[E( []i_, (X, — EX,,))| < oc. Thus,
by Lemma 4,

4

p—4—2hn—2h Z ZE( H(Xm _ EX,H)) — p—4—2hn—2h O(p2+2hn2h) _ O(p_Q).
*: kE{4h—1,4h} =1

Case I1. Suppose now that k = 4h — k, k > 2. Borrowing notation from Lemma 3, we have
Co+Cs3+...4+Cg;, =k and 205 + 3C35 + ...+ 8h(Cyy, = 8h.
These two equations immediately give
C3+4+2Cs+ ...+ (8h — 2)Csp, = 8h — 2k = 2k.
It is also easy to see that

Cgk+2+i:0ViZ 1 and C5+QC6+...+(2k—2)CQk+2SQk’—Q.

4

Since the input variables are truncated atepnl/ 4 and since sup,, F(z4

) < 00,

C5+206+...+(2k72)6’2k+2 2k—2
4

4
sup E| H Xr| < E(da)*n
Y =1

Thus, by Lemma 4, for any k£ > 2,

*

4
p—4—2hn—2h Z Z E( H(Xﬂl _ EXWZ)) < p7472hn72hchp4+[4h72k+1]n[%Tfk] O(n%)

x: kE{4h—k} i=1

4h—k+1 4h—k k—1
= O(p 42y 2T o (p )
0

4 gy k=1 _(k
A=dh(4+4h—k)+ 5 ) =O(p (2+1)).

For a quick explanation of the first equality above, just note that total power ofn in the previous expression
is negative. .

We are now ready to summarize the results of Theorem 3 and Lemma 2-5 in the following theorem in
Regime II.

Theorem 4 Let p,n — oo so that p/n — 0 and Assumption R2 holds. Suppose Ly, satisfies Assumptions
A, A’ and B. Suppose {¢,} satisfying {€,} | 0 and e,p'/* — oo is appropriately chosen. Then

(i) Foreveryh > 1 even,

p 'ETr Bg - Z p7(1+h/2)n7h/2|ﬂ;}(w)\ — 0.
w matched, |w|=h

(ii) Foreveryh > 1 odd, lim, . p~'E Tr B{; =0.

(iii) Foreachh > 1, p~'Tr B;,L —Ep~'Tr BI}} 20.
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(iv) Bon = limsup,, Y w maiched p_(Hh)n_h\H;(w)L satisfies Carleman’s condition.
|w|=2h
As a consequence, the sequence { ™"} is almost surely tight. Every subsequential limit is symmetric
and sub Gaussian. The LSD of {FNv} exists almost surely, iffim " maiched p_(1+h)n_h\H;(w)]
|w|=2h

exists. These give the (2h)th moment of the LSD.

Remark 3 It should be noted that the symmetric Toeplitz link function L(i,j) = |i — j| does not satisfy
Assumption A" but the asymmetric Toeplitz link function L(i, j) = i — j does.

Below we will deal with two matrices with different link functions L(!) or L), The corresponding
relevant quantities will now be denoted with added superscripts(1) and (2) respectively.

Theorem 5 Let L) and L) be two link functions satisfying Assumptions A, A’ and B and agreeing on the
set {(i,7): 1 <i<p, 1 <j<mn, i< j} Then, for each matched wordw of length (4h) with |w| = 2h,

1

i

D w) -8 (w)| — 0.

(1) . R . .
Hence, in Regime II under Assumption R2, FN? " i = 1,2 have identical asymptotic behaviour.

Proof. Define for each link function L(), i = 1,2

I = {remW(w):1<a@2j+1)<p}, j=12...,2h

Now, it is enough to prove that for a fixed j,

1

(2)
ph+1nh|rj | —0.

Consider the transformation 7 — 7, where 7 is also a circuit with
7(0) =w(2j), 7#(l)=n(2j+1),...,7(4h — 1) =7(25 — 1), 7(4h) = m(2]).

) _
i) =

Then it is easy to show that the map ™ — 7 is a bijection between ng) and ng) and therefore,
0.
Observe that (1) is always a Type I odd generating vertex. By Lemma 2, we have |II*) (w)| =

O(p"*'n") . Since, in the definition of ng) we are restricting one of the Type I odd generating vertex to be
a p generating vertex, we are going to lose a factor ofn in the bound and pick up a factor of p instead. Thus,

0| = O(p"*2nh~1) and hence

1 (i) P
Sl 1=0 () —o.

5 Examples

In this section we will consider some specific nonsymmetric matrices and show that limits given in Theorems
2 and 4 do indeed exist.
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In particular, let X, be the asymmetric versions of the four matrices Toeplitz, Hankel, circulant and
reverse circulant. Then it turns out that in Regime II, the LSD for\/% (Ap(Xp) — Ip) exists and is identical

to the LSD for n~/2T(%) obtained by Bryc Dembo and Jiang [7] for the symmetricn x n Toeplitz matrix
T(%). In Regime I, the LSD for A,(X,,) exist but they are all different.

For convenience of counting, in Regime I, the pair matched words are classified as follows. In a pair
matched circuit of length (2h), there are h distinct L-values and hence (h + 1) generating vertices. But the
number of odd (or even) generating vertices depends on the corresponding word. Note that there is always
at least one even generating vertex 7(0), and the number of even generating vertices is bounded byh. Let

Wi = {w : wis pair-matched of length 2h with (¢ + 1) even generating vertices}. (29)

Obviously the total number of odd generating vertices for a word inWV, j, is (h — t).

Symmetric words. In most of the examples, due to the circuit restriction, only words where each letter
appears in an odd and an even position have positive contribution in the limit. We call thesesymmetric
words. Let

Wgh = {w:w € Wy and w is symmetric}.

5.1 The asymmetric Toeplitz matrix

The n x n symmetric Toeplitz matrix is defined as T,(Ls) = ((z);— j‘)). It is known that if the input sequence

{z;} has mean zero and variance one and is either independent and uniformly bounded or, is i.i.d., then
n~V/ QTT(LS) converges weakly almost surely to L1 (say).

See for example Bose and Sen (2008) [6], Bryc, Dembo and Jiang (2006) [7] and Hammond and Miller
(2005) [10]. It may be noted that the moments of L7 may be represented as volumes of certain subsets of
the unit hypercubes but are not known in any explicit form.
Let
Ty =T = ((zi—j))pxn, Ap(T) = nilTpTz/r

Note that T}, is the nonsymmetric Toeplitz matrix.

Theorem 6 (i) [Regime I] Assume RI holds. If2 — y € (0,00) then empirical spectral distribution

FA»(T) converges in distribution almost surely to a nonrandom distribution which does not depend on the
distribution of {z;}.

Ip)

A (T)—
(ii) [Regime II] Assume R2 holds. Then F' \/;( p(T) converges in distribution to L1 almost surely.

Proof. (i) In view of Theorem 2 we will only have to show that, for eachh > 1 and each wordw € W, 3,
lim, p~n~"|IT*(w)| exists.

We first show that the circuit condition implies that words which arenot symmetric do not contribute in
the limit.

Lemma 6 Suppose p/n — y € (0, 00). Let w be any pair-matched word of length (2h) which is not
symmetric. Then in Regime I,
pin I (w)| — 0 as p — oc. (30)
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Proof of the lemma. Fix a pair-matched non-symmetric word w of length (2h) and hence |w| = h.
Let S be the set of (h + 1) indices corresponding to generating vertices of w. Now because of the circuit
condition 7(0) — 7(2h) = 0, we must have

gﬂ'(]‘) - £N(2) + gﬂ(B) — ... +£7T(2h - 1) - 571'(2]1) = 0. (31

Let us enumerate S, left to right, as {0, i1, 72, . .., i } and for each 7, € S\ {0}, let j; be its matching index,
so that, fﬂ (Zt) = &r(jt)v 1 < jt-

Since w is not symmetric, there exists at least one pair of matching indices of the same parity. Because
of equation (31) number of pairs of matching L-values with odd indices is same as the number of pairs
of matching L-values with even indices. Consider the set P of all indices of S \ {0} whose matching
counterpart is of the same parity. Letin,x = max P. Let jnax be the matching index for ipay.

So for any i € S\ {0} with ¢ > ipgy , & (7) has a matching L-value with index of opposite parity and
hence if they are substituted in equation (31), they have same value but opposite sign. Therefore, they cancel
out each other.

Now, according to our convention, we start choosing generating vertices from the left end of the circuit.
We stop when we reach 7(iyax ). By this process we have fully determined the values of {{,(¢)} for all
t < imax. On the other hand, if we consider&, (¢) with ¢ > iyax, then we immediately realize that

1. Either its value is already determined. This is the case when its matching counterpart appears at the
left of £7r (imax) .

2. Or, its matching counterpart has index of opposite parity as we have observed before.

Thus in equation (31), except & (imax) and &z (Jmax), all other {£(¢)} are either already determined or get
cancelled with their own counterpart. So, (31) forces&  (imax) + &x (Jmax) = 2&x (imax) to take some particu-
lar value. Therefore, 7 (i) has no free choice though it is a generating vertex. This is a contradiction and
the proof of the Lemma is complete. U

Therefore, going back to the proof of part (i) of the theorem,

h—1
. P 1 «
ﬁh:hint;(n)t Z pimnh_tlﬂ (w))].

wEWRh
Fixaw € Wg p- If w[2i] = w([2j + 1] then we have following restriction,
m(2i+ 1) — m(20) = w(25) — w(2j + 1).

Let G be the set of indices of size (h + 1) corresponding to all generating vertices. It is easy to see
that if we consider the above h linear restrictions on the vertices of the circuits and do not take into account
the circuit condition 7(0) = 7(2h), then each dependent vertex can be written in aunique manner as an
integral linear combination of generating vertices which occur to the left of that particular vertex in the
circuit. Mathematically,

(i) = Z a; jm(j) forsome a;; € Z.
Jii<, jeG
Note that fori € G, a;; = I{i = j} and since w is symmetric, we have m(2h) = m(0) so that the circuit
condition is automatically satisfied.
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To compute the scaled limit of [IT*(w)| introduce the following notations. Define

m(247) m(2i+1)

to; = T, t2i+1 = and y, = p/n.

From the above discussion, ifi ¢ G U {2h}, t; can be written in a unique manner as a linear combination of
tq == {t; : j € G}, namely,

T —
taic1 = Lo 1 ,(ta) == Z azi—1,2j-1t2j-1 + § , Yn02i—1,2j12;
2j—1€@G, 2j—1<2i—1 2j€G, 2j<i
T E
to; = L2i,n<tG) = Z (1/yn)a2i,2j_1t2j_1 + a2i,2jt2j-
2j—1€G, 2j—1<2i 2j€q, 2j<i

It is obvious that these linear combinations Lgn (tc) depend on the word w but we suppress this dependence
for notational brevity. Thus the number of elements inII*(w) can be expressed alternatively as follows:

|H*(w)| = #{(t()vtlu o 'tQh) tto; € {1/p7 2/p7 s 7p/p}7 toi—1 € {1/7’l, 2/”7 s 7n/n}
p p . . .
and Et% — t2i+1 = Et2j — tzjfl if w[QZ + 1] = w[2j]}
- #{tG tty € {1/p,2/p,....p/p}if gisevenandt, € {1/n,2/n,....n/n}if gisodd, g € G,
0< Ll (te) <1,Vig GU {2h}}.

It does not take us long to recognize the above complicated expression as a multi-dimensional Riemann
sum. Therefore from the theory of Riemann integration, its convergence follows and we have

h—1
t

Bn = Yy
t=1

. 1
> Jim e I (w)]

weW? h

h-1 1 1 1
=> v ) /// 10 < L¥ (te) < 1, Vi ¢ G U{2h})dtc,
t=1 0 0 0

ht

weW?h
1

where LZ-T(tg) is same as LG(tg) with all y,, being replaced by y. This replacement can be justified by
Polya’s theorem as we can think of eacht; as a discrete uniform random variable converging to aU (0, 1)
random variable which is continuous. The above argument shows that in casey,, — y € (0, 00), the LSD
of A,(T) exists.

(ii) We now consider the case £ — 0 and prove part (ii) of the theorem. In view of Theorem 4, we only

need to show that for each matched word of length (4h), with |w| = 2h,

lim p_(Hh)n_h]H;(w)\ exists.

p—00

Note that if m € II% (w), then & (i) # & (i + 1) for all i odd. Hence, there can be only two types of
matching between the L-values as listed below:

1. Double bond. A matching is said to have a double bond if there exists two consecutive odd-even
L-values which match pairwise with another two consecutive odd-evenL-values. There can be again
two possibilities,
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(a) Crossing. {,(2i + 1) = &,(27 + 2) and &;(21 + 2) = &;(25 + 1) for some ¢ < j.
(b) Non-crossing. &, (2i + 1) = &:(27 + 1) and £;(2i + 2) = &:(27 + 2) for some @ < j.

2. Single bond. The remaining types of pairing will be termed as single bond. They give rise to follow-
ing type of equations:

£x(20 4+ 1) = &x(s) and (20 + 2) = &, (t) where {s,t} # {25 + 1,25 + 2} for all j.
Claim. Let w be a matched word of length (4h). If w has a single bond, then

lim p_(l"'h)n_h\l_[;(w)\ =0.
p—00
Proof of the claim. Recall the definition of a Type I generating vertex. It is clear that if7w (27 — 1) is
Type I, then

Er(8) = &x(20 — 1) or &x(8) = &x(20) = s > 2i.

We show that number of Type I odd generating vertices is strictly less thanh. Then the proof will follow
immediately since the total number of generating vertices is(2h + 1).

Total number of odd vertices (generating, non-generating together) is(2h). Let us form two mutually
exclusive and exhaustive sets U and V' where U contains all odd vertices involved in double bonds and V'
contains all the rest of the odd vertices. Quite clearly, if {&;(2u; — 1),&x(2u1)} = {&x(2ua — 1), &4 (2ua) }
is a double bond withu; < usg, then m(2uy — 1), 7(2uy — 1) € U and w(2u; — 1) is a Type I odd generating
vertex. Thus, total number of Type I odd generating vertices inU is (1/2)|U|. Next we argue that the total
number of Type I generating vertices inV is strictly less than (1/2)|V| and hence, the total number of Type
I odd generating vertices is strictly less thanh.

Note that exactly half of the odd vertices, which are involved in double bond matching, are Type I odd
vertices. Now, let us count the number of Type I odd vertices which are involved in single bond matchings.
We list the Type I odd generating vertices inV" as

Vi={r(2¢1 —1),m(292 — 1),...,m(29s — 1)}
and the rest of the vertices of V by
Vo=V A\ VI ={m(2d; —1),7(2dy — 1),...,m(2d; — 1)}.

For i # j, write 2i — 1 < 2j — 1if {&r(2i-1), $n(20)} N {€n(2j-1):Er(2j)} # 0. From the definition of
Type I odd generating vertex, it is clear that2g; — 1 < 2g; — 1 is not possible.

We claim that 2d; — 1 < 2g; — 1 and 2d; — 1 < 2g,,, — 1,1 # m cannot occur simultaneously. Because
if that happens, then we have

m(2d; —2) —mw(2d; — 1) = 7(2¢9a) — 7(294 — 1)
7(2d;) — w(2d; — 1) (29 —2) — (29, — 1), {a,b} ={l,m}.

Subtracting we get,
(29 — 1) — (294 — 1) = w(2d; — 2) — w(2d;) + (295 — 2) — 7(294)-

Vertices on the right side are all even and hence the number of choices on the right side isO(p). On the
other hand, in the left side we have two Type I odd vertices each of which has free choices of the ordem.
This is an impossibility.

24



So in summary, the relation < associates a vertex in V; with two vertices in V3 (single bond), but a vertex
in V4 is not associated to two distinct vertices in V. Therefore, |V;| < |Va|. So the total number of Type I
odd generating vertices in V' is strictly less than |V'| /2. Thus, total number of Type I odd vertices is strictly
less than (|U| 4 [V'|)/2 = h which concludes the proof of the claim. O

Reverting to the proof of part (ii), we may now, for the rest of our calculation, consider only those words
which produce no single bond. Because of the circuit constraint, we may even restrict ourselves to those
words which give rise to only crossing double bonds. Let us fix one such wordw of length (4h), with
|w| = 2h. Now let us consider a pair of equations forming a crossing double bond:

m(2i) —7(2i + 1) = 7(2j+2)—m(2j+1)

7(2i4+2) =72 +1) = 7(2))—7(2j+1),  fori<j. (32)

In the above equations 7(2i 4 1) is a Type I odd generating vertex and (25 + 1) is a non generating odd
vertex which pairs up withw(2¢ 4+ 1). Note that,

7(2j+1) = 7(2j+2)—7(20)+m(2i+1)
= m(25) —7(2i 4+ 2) + m(2i + 1).

Since —p < w(25 + 2) — 7(2i) < p, if 7(2i + 1) is chosen freely between p and (n — p), we do not have
any restriction on even vertices imposed by odd vertices, that is, even vertices can be chosen independent of
the choice of odd vertices satisfying the following restrictions:

m(2i) —7(2i+2) = 7w(25 + 2) — 7(27). (33)

Butifn(2i4+1) € {1,2,...,p—1}U{n—p+1,n—p+2,...,n}, then the choice of even vertices is
restricted by the choice of 7(2i + 1) because of the constraint1 < 7(2j + 1) < n.
Define a new word w of length 2h, so that

wli] = wlj] iff w[2i — 1] = w[2j] and w[2i] = w[2j — 1].

It is easy to see that |&0| = h. Let 7 be a circuit of length 2k given by 7 (i) = m(21).
Since 2 — 0,

p_(1+h)n_h|l'[;(w)| = p_(1+h)n_h|l'[;(w) N{r:p<7w(2i—1)<n—p, V1 <i<2h}|+o0(1)
p~ IR s li] = blj] = 7(0) - 73+ 1) =7+ 1) = 7(7)}H + o(1).

The above restriction on 7 is precisely the same restriction on pair matched circuits of length2h that is
obtained in the symmetric Toeplitz matrix. See for example Bryc, Dembo and Jiang (2006) [7] and Bose
and Sen (2008) [6]. Also, note that every word of length 2h with h letters can be obtained through this

procedure. Therefore, in this case, the LSD of \/% (Ap(T) — Ip) is L. O

5.2 The asymmetric Hankel matrix

Suppose {z;,i = 1,4£1,+2,...} is an independent input sequence. Let oY = ((zi1;)) be the n x n
symmetric Hankel matrix. It is known that if {x;} has mean zero and variance one and is either uniformly
bounded or i.i.d., then

—1/217(s)
Fr converges weakly almost surely.
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See for example Bryc, Dembo and Jiang (2006) [7], Bose and Sen (2008) [6] and Hammond and Miller
(2005) [10].

Now let H = Hpx, be the asymmetric Hankel matrix where the (¢, j)th entry is z;4; if ¢ > j and

T_(i45) if i < j. Let HZ(;S) = ((#i44))pn be the rectangular Hankel matrix with symmetric link function.
Let

Ap(H) = Tl*alH}/, and A,(H®)) = nflﬂz()S)HIgS)"
We then have the following Theorem.

Theorem 7 (i) [Regime I] Assume RI holds. If® — y € (0, 00) then F' Ap(H) converges almost surely to a
nonrandom distribution which does not depend on the distribution of{x;}.

(ii) [Regime I1] Assume R2 holds. Then F\/;(AP(H)_IP)

continues to hold if A,(H) is replaced A,(H®)).

converges almost surely to L. The same limit

Proof. (i) By Theorem 2, we know that the h-th moment of Hankel LSD is given by

h—1
: p 1 .
P = plir& Z(ﬁ)t Z Pt 1 (w)] (34)

t=0 wEW; p

We note that IT*(w) C II%; (w) where IT%; (w) is as defined in (15) with symmetric Hankel link function
L(i,j) = i+ j and each vertex having same range between1 and max(p, n) since in the latter case we have
more circuits but fewer restrictions. From the arguments given in Bose and Sen (2008) [6] for symmetric
Hankel link function, it follows that for any non-symmetric wordw, n~("*D|II*(w)| — 0. Thus, (34)
reduces to

h—1
iSSP S L
B=Jim D) D e )l

wve h

Let us first consider the case when the link function is symmetric Hankel, i.e. L(7,j) = 7 + j. In that
case for a word w € W?,h’ if w[2i] = w[2j + 1], we have the restriction,

m(2 + 1) + 7(20) = m(2j) + 7(25 + 1).

Just as in the Toeplitz case, we can express each vertex in a unique manner as an integral linear combination
of generating vertices occurring to its left.

(i) = Z b; jm(j) for some b;; € Z, (35)
J:j<i, j€G
with b;; = I{i = j} if i € G and w(2h) = 7(0) since w is symmetric.
We scale the vertices as before and call themt;. Similar to the Toeplitz case, we define Lfn(tg) as the

linear combination which expressest; in terms of ‘free cordinates’ t¢ and L (¢¢) as its limiting version. Tt
immediately yields

1 1 1 1
lim e 11 () :/O /0 /0 100 < LE(te) < 1, Vi ¢ G U {2h})dtg (36)

p—© p

h+1
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Now consider the asymmetric link function. Here instead of calculating the(h + 1)-dimensional Eu-
cledean volume of the entire set {0 < L (t¢) <1, Vi ¢ SU{2h}}, we need to take into account the
restricting hyperplanes that arise from asymmetric nature of the link function since it assumes different
signs around the diagonal. So, unlike the symmetric case, this imposes the following extra restrictions in
addition to the usual equality between two L-values §(2i) and &,(25 + 1):

Either w(2i + 1) < 7(2i),7(2j + 1) <7(2j5) Or w(2i + 1) > 7(2¢), 7 (25 + 1) > 7(2j).

Thus the size of the set IT*(w) is same as the cardinality of {tG 0< Lfn(tg) <1,Vi¢ GU{2h},

Sen(L 11,0 (16) =y L4 (10)) = sen(L8] 1, (t6) — yn 8L, (1)) if w(2i + 1) = w[2j] } , where each
ti,i € G takes values in {1/n,2/n,...,n/n} or {1/p,2/p,...,p/p} depending on whether ¢ is odd or
even.

This entire set may be written as a product of indicator functions in terms of {Lfn(tg)}, albeit in a
complicated manner. When summed overtg, in the limit this equals the corresponding Riemann integral
where the indicators are replaced by their limits andy,, is replaced by y. Let us denote the giant indicator
function by f(t¢). So, we have

h—1 h—1 1 1 1
1
=30 Y tm o=y Y [ [ [ feede o)
=1 wewp,” P =1 weno, L0 20 0
' ’ h+1

(i) By Theorem 3, it is equivalent to prove the existence of the LSD for the symmetric Hankel case.
Along this line, we can just imitate the argument for the asymmetric Toeplitz matrix in Regime II. Here also
the essential contribution comes from the words having only crossing double bonds. But we now have a
different pair of equations instead of (32) in Toeplitz case,

m(26) 4+ 7(2 + 1) = m(2j+2)+m(2j+1)

7(204+2) 472+ 1) = w(2))+7(2+1),  fori<j. (38)

But once we cancel the odd vertices as we did in the Toeplitz case, we are again reduced to the Toeplitz
type restrictions on even vertices. We omit the details. Hence we conclude that the LSD exists and isC7. U

5.3 The asymmetric reverse circulant matrix

The symmetric Reverse Circulant R has the link function L(4, j) = (i+j) mod n. The LSD of n~ /2R
has been discussed in Bose and Mitra (2003) [S] and Bose and Sen (2008) [6]. In particular it is known that
if {x;} are independent with mean zero and variancel and are either (i) uniformly bounded or (ii) identically

distributed, then the LSD R of n~1/ ZR,(LS) exists almost surely and has the density,
fr(z) = |z exp(—2?), —o0 <z < oo

with moments
Bons1(R) =0 and [op(R) = h! forall h > 0.

Let Rés) be the p X n matrix with link function L(i,j) = (i + j) modn and R, = Rpx, be the
asymmetric version of Rz(f) with the link function

L(i,j7) = (i+j)modnfor i<j

= —[(¢+4 ) mod n| for i > j. (39)
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So, in effect, the rows of R, are the first p rows of an (asymmetric) Reverse Circulant matrix. Let

/

Ap(R) =n'R,R, and A,(R®)=n"'RR})

We then have the following theorem.

Theorem 8 (i) [Regime 1] Assume RI holds. If2 — y € (0,00) then F Ao(R) converges almost surely to a
nonrandom distribution which does not depend on the distribution of{x;}.

(ii) [Regime I1] Assume R2 holds. Then F\/g(AP(R)_Ip)

continues to hold if A,(R) is replaced A,(R®)).

converges almost surely to L. The same limit

Proof. (i) We need to show that for eachh > 1 the following limit exists.

h-1
T D¢ 1 *
Bh = Jm ;0(”) > WIH (w)]- (40)

wEWy p

Similar to Hankel case, we note thatII*(w) C IT%(w) where II%; (w) is as defined in (15) with symmetric
reverse circulant link function L(7, j) = (¢ + j) mod n. In Bose and Sen (2008) [6], it has been argued
that for symmetric reverse circulant link function, the circuit condition enforces that for any non-symmetric
word w, n~ "+t D|IT* (w)| — 0. Thus, the sum in (40) is only over symmetric words,

h—1
m 3 p 3 1 .
ﬁh = lim (7)t +1 h—t|H (U))|
p—00 n pttin
t=0 wewy ,

It now remains to show that for each symmetric wordw € W?,, p~(+)n=(=D|TT*(w)| converges.

Let us first consider the symmetric link function L(4,j) = (¢ 4+ j) mod n. In this case, if w[i] = w[j],
we obtain the restriction of the following type:

(m(i) + (i — 1)) modn = (w(j) + w(j — 1)) mod n,

which is equivalent to
(i) +7(i —1)) — (7(5) + 7(j — 1)) € nZ.

We now have exactly the same set of equations as in the Hankel case (35), with some added relaxations
given as follows

n(i)— > biym(j) €nZ forall i ¢ G.
J:ii<i, j€G
Ifi ¢ GU{2h}, we can choose aunique integer k; , = kin(m(j) : j € G)suchthatl <37 . o bim(d)+
ki < n.Thus once we fix the generating vertices, there is exactly one choice for each of the non-generating
odd vertices. For the non-generating even vertices, things are a bit complicated.

For a real number a, let
pla) :=max{m € Z:m < a}, pa):=a—p(a).

Using these notations, k; , can be written as the following

kin 1 .
= =0 Z bijm(J)

J:ig<i, je@
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Now let us fix 2i € G, i # h. We have at least [y,,| choices for the vertex 7 (27). Moreover, we can have
an additional choice for 7(2i) if

D baigm(j) + kaim < p = [yaln.
J:j<2, jeG
Dividing by n, the above condition can be rewritten as

ynLg,n(tG) + Q(ynLg,n(tG)) < Yn — [Ynl-

Let S = {2i:2i ¢ G,i # h}. From the above discussion, we can conclude that for the symmetric link
function, the size of the set II* (w) when w € W?,h is given by

[l T b s ynLd L (ta) + 0(UnLd o (ta)) < Yo — [ya], V21 € ST}
0£S'CS
Note that o has discontinuities only at integer points. Therefore, we have the following convergence

. 1 .
g e ()]

1 1
e S /O /O I(yLE (t) + oyLE(te)) <y — [yl ¥ 2i € §')dtc.
0£5'CS

Coming back to the asymmetric case, we now have extra restrictions,
sgn(m(2i + 1) — m(20)) = sgn(w(2j + 1) — 7(25)) if w[2i] = w[2j + 1].

We can now incorporate restrictions sgn(to; 11 — yt2;) = sgn(t2j4+1 — ytz;) in the integral as we did in the
Hankel case. The even non-generating vertices, except form(2h) which is constrained to equal to7(0), do
not have a unique choice once we determine the generating vertices, instead there are[y,] + 1 choices for
each of them as observed above.

In the symmetric case, for many of the choices, the integrand was simply equal tol. But here due to the
additional constraints regarding signs, the integrand is not necessarily equal tol and simplification is not
possible anymore and all the relevant indicators will appear in the integrand. We omit details.

(ii) In Regime II, invoking Theorem 5, it suffices to work with the symmetric link functionL(i,j) =
(i+ 7)mod n. We again imitate the proof of the Toeplitz case. Here a typical restriction in a word containing
only crossing double bonds reads as,

(m(2i) + m(2¢ + 1)) mod n = (m(25+2)+7(2j+1))modn

(m(2 +2) + 7(2 +1))modn = (w(2j) +7(2j + 1))modn,  fori < j. S

As in the case of Toeplitz and Hankel matrices, we choose generating odd vertices betweenp and (n—p),
the only restriction that even vertices need to satisfy is
(m(2i) — m(2¢ + 2))mod n = (7(2j + 2) — w(27)) mod n.

But since p is negligible compared ton, and an even vertex can take values betweenl and p, this is equivalent
to usual Toeplitz restriction

(m(21) = m(2i +2)) = (7(2) + 2) — 7(27)).-

Hence, the LSD exists and the limit is exactly L. O

29



5.4 The asymmetric circulant matrix

The square circulant matrix is well known in the literature. Its eigenvalues can be explicitly computed and
are closely related to the periodogram. Its LSD is the bivariate normal distribution. See for example Bose
and Mitra [5]. Its symmetric version is treated in Bose and Sen (2008) [6]. Let

Cp = Cpxn = ((z1,5))) where L(i,j) = (n—i+ j)modn, and Ay(C) = p_leCI’).

Theorem 9 (i) [Regime 1] Assume RI holds. If% — y € (0, 00) then F A0(C) converges almost surely to a
nonrandom distribution which does not depend on the distribution of{x;}.

—Ip)

(Ap(C
(ii) [Regime II] Assume R2 holds. Then F\/;( »(©) converges almost surely to L.
8 8 Y

Proof. (i) As in the previous examples, we need to prove that for eachh > 1 the following limit exists.

h—1
T D¢ 1 *
Pr = phjgo Z(H) Z piHiph—t 1 (w)]

t=0 weWt,h

We now obtain exactly the same set of equations as in the Toeplitz case with some added relaxations given
as follows

n(i)— Y. aym(j) € nZ, forall i ¢G.
7:7<i, jJEG

In the Toeplitz proof, we already argued that for any non-symmetric word,} ;. .. asn j7(j) = 7(0)
induces a nontrivial restriction on the generating vertices. On the other hand, we can have a bounded
(< [yn]+1) number of choices for the non-generating vertices. Thus non-symmetric words do not contribute
in the limit.

The rest of the proof is exactly similar to the (symmetric) reverse circulant case. We omit details to avoid
repetition.

(ii)) We note that on and above the diagonal, the circulant link function exactly matches with the link
function L(i,j) = j — i. But the link function L(4,j) = j — ¢ is nothing but the asymmetric Toeplitz
link function once we index input random variables as{z_; : ¢ € Z}. We may now invoke Theorem 5 to
conclude the proof. U

5.5 Some comments on the four examples

Suppose p/n — y € (0,00) and R1 holds. We make the following observations.

(i) The LSD of A,(T) and A,(H(®)) are identical. This has been observed in Remark 1.2 of Bryc,
Dembo and Jiang (2006) [7] for p = n. The same argument extends to the general case of rectangular
matrices. As before let T}, be the p x n asymmetric Toeplitz matrix and P, be the symmetric permutation

matrix P, == ((I{i + j = n + 1}))7,_,. Then note that H\* := T, P, is the p x n Hankel matrix, with

/
symmetric link, for the input sequence {111 : & > 0}. This implies H;(,S)Hz(,s) = T,(P.P,)T, = T,T,
since P, P) = I,,. Therefore, the assertion follows.

(ii) The LSD of A,(C) and Ap(R(S)) are identical. To see this, first note the distribution of singular
values for the p x n matrix C, with the usual circulant link function L(, j) = (n + j — 4) mod n will be
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unchanged if we use a new link function L(i, j) = (n + ¢ — j) mod n. To convince ourselves, all we need
to do is to take {x(n, Kymodn i kK =0,1,...,n— 1} as the input sequence in the second case.
Second, observe that if (jp is the p x n ‘modified’ circulant matrix with the link function L(7,j) =

(n+i—7) mod n, then Ri(,s) = @,Pn is the p X n symmetric reverse circulant matrix for the input sequence
{14 : k > 0}. The claim follows immediately.

(iii) The LSD of A,(H) and A,(H®)) are different. Note that if p = n then the square of Wigner
and covariance matrices has the same LSD. It may be tempting to believe that the same holds for other link
function also when p = n. This is not true and the LSD for A,(H) and A, (H®)) are different.

To understand why this is so, note that Bose and Sen (2008) [6]) define a certain class of symmetric
words known as Catalan words. It turns out that for the Wigner link function, the non-Catalan words do not
contribute in the limit and for any Catalan wordw,

lim n~ PO (w)| = 1
for both, A,(W) and A,(W()) and hence the LSD for A, (W) and A, (W) are equal.
For the symmetric and asymmetric Hankel link functions, we still have for any Catalan wordw,
lim n~ "D |IT* (w)] = 1.

However, there are now additional contributions from the words which are non-Catalan but symmetric (e.g.
w = abcabe) and they do not agree for H and H(®). Indeed, the contributions from such words for asymmet-
ric link function are strictly less than those for symmetric link functions due to additional sign constraints.
So, h-th moment of the LSD of A,(H) is strictly greater than h-th moment of the LSD of A,(H®)). See

also Figure 3.

(iv) Suppose p = yn where y is an integer. Then the h-th moment of the LSD of A,(C') has a closed
form expression and is given by

h—1 h—1
By = zyt|W2h|@h_t_l =yt Z (Wil = hla"~".
=0 =0

Suppose Y is distributed as the reverse circulant LSD fr(-). Let £ be a Bernoulli random variable having
mass (1 — 1/y) at zero and independent of Y. Then A,(C') has LSD ~ afY 2. This is easily verified by
noting that

E(atY?)" = a"E(6)E(Y?) = oAl
(v) The methods of this paper does not cover the Toeplitz matrices in Regime II with symmetric link func-
tion because L(i,j) = |i — j| does not obey Assumption A’. However, we believe that in Regime TI,
%(A,,(T(S)) — I,,) has the same LSD as for the asymmetric case, namley L7. The simulation lends

support to this belief (see Figure 2).

5.6 Simulations

(i) The histogram from 50 replications for the ESD of A,,(T") when p = 300, p/n = 1/3 is given in Figure
1, illustrating Theorem 6 (i).

It is interesting to note that the support of the LSD excludes a neighbourhood of zero. Recall that for the
S matrix with y < 1, the infimum of the support is (1 — \/Q)Z It will be interesting to find out the infimum
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Figure 1: Histogram for empirical spectral distribution for 50 realizations of(1/n)TT" with U(—+/3, v/3) entries where 7' is a
300 x 900 asymmetric Toeplitz matrix.

of the support in this case. On the other hand, it is not too difficult to show that the support is unbounded.

(ii) By Theorem 6 (ii), in Regime II, the LSD for the asymmetric Toeplitz matrix exists. As pointed out,
we believe the same LSD continues to hold for symmetric Toeplitz matrices. In Figure 2 we report the result
of a simulation of these matrices. The two histograms of ESD, based on 30 replications each, are similar
and the apparent difference could be only due to the finite sample effect,p = 200, p/n = 0.01.

Figure 2: Histograms for empirical spectral distribution for 30 realizations of #Tp (TT’ — nI) with N (0, 1) entries where T is
a 200 x 20000 Toeplitz matrix with asymmetric link function (left) and symmetric link function (right).

(iii) Figure 3 shows the histograms of the ESD from 50 replications forA,(X) with p = n = 500 where
X is the symmetric and the asymmetric Hankel matrix. This illustrates Theorem 7 (i).
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Figure 3: Histograms for empirical spectral distribution for 50 realizations of (1/n)H H' with N (0, 1) entries where H is a
500 x 500 Hankel matrix with symmetric link function (color: light violet) and asymmetric link function (color: deep blue).
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