JOINT CONVERGENCE OF SEVERAL COPIES OF DIFFERENT
PATTERNED RANDOM MATRICES
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ABSTRACT. We study the joint convergence of independent copies of several patterned matrices in
the noncommutative probability setup. In particular, joint convergence holds for the well known
Wigner, Toeplitz, Hankel, reverse circulant and symmetric circulant matrices. We also study some
properties of the limits. In particular, we show that copies of Wigner becomes asymptotically free
with copies of any of the above other matrices.

1. INTRODUCTION

Voiculescu (1991)) showed that appropriate deterministic matrices and symmetric random ma-
trices with i.i.d. entries (Wigner matrices) which are Gaussian, converge jointly (see for the
notion of joint convergence). The noncommutative limit exhibits a certain type of independence,
known as freeness. This concept of asymptotic freeness has been a key feature in the development
of free probability and its various applications. The inclusion of constant matrices in the above
result had important implications in the factor theory of von Neumann algebras.

The various aspects of joint convergence of Wigner matrices have been well studied in literature.
Some of the works which study properties of joint convergence of Wigner matrices are Capitaine and
Casalis| (2004), |Capitaine and Donati-Martin| (2007)), |Collins (2003), |Collins et al. (2009), |Dykema
(1993), [Schultz (2005) and Voiculescu (1998). Joint convergence of other type of matrices has also
been considered. For example Ryan and Debbah! (2009) studied joint convergence of Vandermonde
matrices which also exhibit freeness in the limit. Bose and Sen| (2011]) has some examples of freenees
for finite diagonal random matrices and also [Banerjee and Bose (2011) studied some structural
properties of a matrix which can result in freeness.

Wigner matrices may be viewed as an example of a patterned random matrices where, along
with symmetry, some other assumptions are imposed on the structure of the matrices. Four other
examples of pattern matrices are the Toeplitz, Hankel, symmetric circulant and reverse circulant
matrices. |Bose et al.| (2010) showed that under suitable assumptions on the pattern, there is joint
convergence of i.i.d. copies of a single pattern matrix, as the dimension goes to infinity. One
important consequence is that in the limit other kinds of independence may arise. The symmetric
circulant limits are (classically) independent and the reverse circulant limits are half independent.

The Toeplitz and Hankel limits do not exhibit any of the above three independence and any
possible independence in their limits have not yet been discovered. We are led to the following
natural questions.

Question 1. Does one have joint convergence of two different kind of patterned matrices? For
example, is there a joint convergence of multiple copies of Hankel and Toeplitz or Toeplitz and
Wigner?

Question 2. Is the Wigner matrix asymptotically free with other patterned matrices?
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We address the above issues in a general framework and derive some interesting properties of
the joint convergence of various patterned matrices.

First, we borrow a condition from Bose and Sen| (2008) (see Property B in (2.4))): the maximum
number of times any entry is repeated in a row remains uniformly bounded across all rows as
n — 0.

This property in particular is satisfied for the five well known matrices, namely Wigner, Toepliz,
Hankel, reverse circulant and symmetric circulant. Under Property B, and moment condition on
the variables, we show in Theorem that if a condition (condition ([3.1))) holds for one copy each
of any subcollection of the matrices, then joint convergence holds for multiple copies. This is an
extension of Proposition 1 of Bose et al.| (2010). The result holds both in expectation and almost
surely.

There is no general way of checking (3.1)). However, in Theorem we show that this condition
holds for the five matrices. One interesting consequence is that any matrix polynomial of multiple
copies of the above five matrices that is symmetric, has a limiting spectral distribution (LSD). In
particular, let A and B be any two of Toeplitz, Hankel, Reverse Circulant and Symmetric Circulant
matrices and are independent satisfying moment Assumption given later. Then the LSD for

AJFTE exists in the almost sure sense, is symmetric, has unbounded support and does not depend on

the underlying distribution of the input sequences of A and B (see Remark . This LSD has not
been identified. It may be mentioned that the LSD is also not known in any explicit form for the
Toeplitz and Hankel matrices. Some simulation results on the LSD of sum are given in Figures
and [21

Banerjee and Bose (2011) introduced another property of the matrices (see (3.3)): the total
number of entries repeated in the same row remains uniformly bounded over all pairs of columns as
n — oco. We provide additional information on the moments of the LSDs when the patterns satisfy
this property. See Theorem 3.3

This helps in studying the question of asymptotic freeness. It is known that any collection of
Wigner and other deterministic matrices which converge, are all free in the limit (under some
moment assumptions). See for example Anderson et al. (2010). But in general the moment con-
ditions imply the deterministic matrices have uniform bounds on their norms. As a consequence
the Wigner and the other (random) matrix A4, have freeness in the limit if sup,, ||A,| < oo (see
Theorem 22.2.4, Speicher| (2010)), where || Ay || is the spectral norm of A,,. But it can be noted from
the works of Bose et al.| (2009)), Meckes (2007) that the spectral norm of Toeplitz, Hankel, reverse
circulant, symmetric circulant are unbounded and so freeness cannot be established without extra
efforts. It is an open question if freeness of Wigner with other suitable random matrices hold in
general. In Theorem we show that any collection of Wigner matrices is free of the other four
matrices under independence.

2. SOME BASIC DEFINITIONS AND NOTATION

2.1. Noncommutative probability spaces and joint convergence. A noncommutative prob-
ability space is a pair (A, p), where A is a unital algebra over C and ¢ : A — C is a linear functional
such that ¢(1) = 1. Elements in a noncommutative probability space will be called random vari-
ables. A linear functional ¢ is called a state if for a > 0 we have ¢(a) > 0 and it is called tracial if
p(ab) = p(ba) for all a,b € A.

The joint distribution of a family (a;);c; of random variables in a noncommutative probability
space (A, ¢) is the collection of joint moments {¢(a;, ---a;,)}, k € N and 4y, - i € 1.

We can put random matrices in the setup of noncommutative probability as follows. Let (X, B, i)

be a probability space. Let L(u) := ﬂLp (X, 1) be the algebra of random variables with finite
p=>1
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moments of all orders. Set
Ay = Mat,(L(p)) (2.1)

as the space of n x n complex random matrices with entries coming from L(u). We can consider
two functionals on this space. For A € A,,, we define

1 1
v1(A4) = - Tr(A) and ¢p2(A) = - E[Tr(A)]. (2.2)

Let (A, ¢n)n>1 and (A, ¢) be noncommutative probability spaces and let (a; ;i € I) C A, for
each n, (a;;i € I) C A. Then (a;n;i € I) converges in law (or in distribution) to (a;;i € I) if for
all p € C[X;,i € I],

lim g (p({aintier)) = p(p({aitier))- (2.3)

A related notion is that of the limiting spectral distribution (LSD). For a real symmetric matrix
A,, of order n xn, let {A1p, ... Ann} be its eigenvalues. The (random) empirical spectral distribution
F, of A, is defined as the distribution which puts mass 1/n at each of these eigenvalues. If as
n — 0o, F, converges in distribution (almost surely) to F' say, then F is called the LSD of {A,}.

Finally, we need the well known notion of free independence. Suppose {A;};c; C A are unital
subalgebras. These subalgebras are called freely independent or simply free if p(a;) = 0, a; € A;;
and i; # ;41 for all j implies ¢(a; ...a,) = 0. The random variables (or elements of an algebra)
ai,a9,...,a; are called free if the subalgebras generated by them are free.

It is well known that a sequence of independent Wigner matrices is free in the limit. Further,
the marginals are semicircular. These two properties may also be described by the fact that
the limit joint moments are precisely the number of noncrossing colored pair partitions(see for
example Nica and Speicher| (2006)). It is also known that any collection of Wigner and any collection
of deterministic matrices (which converge), are free in the limit. See for example Anderson et al.
(2010), [Nica and Speicher| (2006).

2.2. Patterned matrices, link function, trace formula and words. Patterned matrices are
defined via the link functions. A link function L is defined as a function L : {1,2,..,n}?> = Z¢, n > 1.
For our purposes d = 1 or 2. Although L depends on n, to avoid complexity of notation we suppress
the n and consider N? as the common domain. We also assume that L is symmetric in its arguments,
that is, L(i,7) = L(j,1).

Let {x(i)} and {x(i,7)} be a sequence of real random variables, referred to as the input sequence.
The sequence of matrices { A, } under consideration will be defined by

An = ((@i)h<ij<n = (2(L(,4))))-
Some important matrices we shall discuss in this article are:
(W,) Wigner matrix: L : N? — Z2 where L(i,7) = (min(4, j), max(i, j)).
(T,,) Toeplitz matrix: L : N> — Z where L(i,j) = |i — j|.
(H,) Hankel matrix: L : N? — Z where L(i,j) =i + j.
(RC,,) Reverse Circulant: L : N?> — Z where L(i,j) = (i +j) mod n.
(SC,,) Symmetric Circulant: L : N2 — Z where L(i,j) =n/2 —|n/2 — |i — j||.

It is now well known that the limiting spectral distribution (LSD) of the above matrices exists.
Bose et al. (2010]) reviewed the results on LSD of the above matrices. For various results on Wigner
matrices we refer to the excellent exposition by |Anderson et al.| (2010).

The L function for all the five matrices defined above satisfy the following property. This property

was introduced by Bose and Sen| (2008) and shall be crucial to us. (For any set S, #S or |S| will
denote the number of elements in S).
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Property B: We say a link function L satisfies Property B if,

A(L) =supsup sup #{l:1<1<mn,L(k1) =1t} < 0. (2.4)
n tezd 1<ksn

In particular, A(L) = 2 for T,,, SC), and A(L) =1 for W,,, H,, and RC,.

Consider h different type of patterned matrices with each type j having p; independent copies.
The different link functions shall be referred to as colors and different independent copies of the
matrices of any given color shall be referred to as indices. Let { in 1 <1< p;j} be j sequences
of n x n symmetric patterned matrices with link functions L;, j = 1,2,--- ,h. Let us denote the
(p, q)-th entry of len by Xg (Lj(p,q)). We suppress the dependence on n to simplify notation. We
note down two natural assumptions on the link function and the input sequence.

(A1) All link functions {L;,j =1,2,--- , h} satisfy Property B, that is,

max sup sup sup #{q¢:1<qg<n,Lj(p,q) =t} <A <oc.
1<j<h p>1 t 1<p<n

(A2) Input sequences {XZ] (k) : k € Z or Z*} are independent across i, j and k with mean zero
and variance 1 and the moments are uniformly bounded, that is,

sup sup sup sup sup E [|Xij(Lj(p, q))ﬂ < ¢ < 00.
1<j<h 1<i<p; n=>1 t  1<pg<n

We consider {ﬁ il << Pj}i<j<n as elements of A, given in 1) and investigate the joint

convergence with respect to the normalized tracial states ¢ or s (as in ) The sequence of
matrices jointly converge if and only if for all monomials g,

1 ; .
©d <q <\/E{Xf,n, << Pjhgj@))

converge to a limit as n — oo for either d = 1 or d = 2. For d = 2, the convergence is in the
almost sure sense. The case of h = 1 and p; = 1 (a single patterned matrix) was dealt in [Bose
and Sen (2008) and h = 1 and p; > 1 (i.i.d. copies of a single patterned matrix) was dealt in
Bose et al.|(2010). In particular, convergence holds for i.i.d. copies of any one of the five patterned
matrices. The starting point in showing this was the trace formula. The related concepts of circuits,
matchings and words will be extended below to multiple copies of several matrices.

Since our primary aim is to show convergence for every monomial, we shall from now on, fix an
arbitrary monomial ¢ of length k. Then we may write,

4 1
(\f{ mulSZSPj}1<j<h> = plamZet ot (2.5)

where Z,, ¢, = X for 1 <m <n.

From (12.5)) we get,

_ 1 1
,Un(Q) = ;T [ k/2 ZCl t1202 ty “chytk:|

1 o L o
= W Z [ch,h (LC1 (]1732))262,132 (Le, (]2733)) eyt (Lck (]kv]l))]

J1,J2y 5 Jk

1
= kR > HZcm m(i —1),7(i)))
w1, k}—{1, ,n}i=1
w(0)=n(k)
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1
= —hn > Z. say. (2.6)
TI'Z{I,--- »k}g){:l! 7n}
w(0)=n(k)
Also define,
i = Elfin] (2.7)

Keeping in mind that we seek to show the existence of the limits in and as n — 00, we
now develop some appropriate notions. In particular these help us to show that certain terms in
these sums are negligible in the limit.

Any map 7 : {1,--- ,k} — {1,--- ,n} with 7(0) = 7(k) will be called a circuit. Its dependence
on k and n will be suppressed. Observe that p, and f, involve sums over circuits. Any value
L (m(i—1),m(i)) is called an L-value of . If an L-value is repeated e times in 7 then 7 is said to
have an edge of order e. Due to independence and mean zero of the input sequences,

E[Z,;] =0 if 7 has any edge of order one. (2.8)

If all L-values appear more than once then we say the circuit is matched and only these circuits
are relevant due to the above.

A circuit is said to be color matched if all the L-values are repeated within the same color. A
circuit is said to be color and index matched if in addition, all the L-values are also repeated within
the same index.

Denote the colors and indices present in g by (c1,¢a,- -+ ,cx) and (t1,ta,- - , i) respectively. We
can define an equivalence relation on the set of color and index matched circuits, extending the
ideas of Bose et al.| (2010) and Bose and Sen (2008). We say m ~ g if and only if their matches
take place at the same colors and at the same indices. Or,

c; = Cj,tl' = tj and Lci(ﬂ'l(i — 1),7T1(i)) = LCj (71-1(.7' - 1),7T1(j))
<~
Ci:Cj,ti:tj and Lci(ﬂ'g(i—l),ﬂ’g(i))) :Lcj(ﬂ'g(j—l),ﬂ'g(j)).

An equivalence class can be expressed as a colored and indexed word w: each word is a string of
letters in alphabetic order of their first occurrence with a subscript and a superscript to distinguish
the index and the color respectively. The i-th position of w is denoted by w[i]. Any i is a vertex
and it is generating (or independent) if either i = 0 or wli] is the position of the first occurrence of
a letter. By abuse of notation we also use 7 (i) to denote a vertex.

For example, if

q=X{1Xo Xi XTI XXXy X{ = Z11712721 7217927927127 1,

then ajbicicid3d3blal is a typical colored and indexed word corresponding to g. Any colored
and indexed word uniquely determines the monomial it corresponds to. A colored and indexed
(matched) word is pair matched if all its letters appear exactly twice. We shall see later that under
Property B, only such circuits and words survive in the limits of and .

Now we define some useful subsets of the circuits. For a colored and indexed word w, let

Her(w) ={m: wli] = w[j] & (ci, ti, Le,(7(0 = 1), w(0))) = (¢, b5, Le, (w(5 — 1), 7(5))}. (2.9)
Also define
Hep(w) = A{m : wli] = w[j] = (ci, i, L, (w(i = 1), 7(2)) = (¢j, 45, Le; (7(j — 1), 7(5))}. (2.10)

Every colored and indexed word has a corresponding nonindexed version which is obtained by
dropping the indices from the letters (i.e. the subscripts). For example, aibicicid3d3blal yields
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a'b'Pd?d?*blal. For any monomial g, dropping the indices amounts to replacing, for every j, the
independent copies X; by a single X7 with link function L;. In other words it corresponds to the
case where p; =1 for 1 < j < h.

Let 1(q) be the monomial obtained by dropping the indices from ¢. For example,

if q= 211212221221 222722212711 then 1(q) = Z121 22722722271 Z.
Then and get mapped to the following subsets of nonindexed colored word w’ via :
Ho(w) = A{m: wli] = wlj] & ¢ = ¢j and Le, (7(i = 1),7(4)) = Le; (w(j — 1), 7(4))},
e (w) = {7 : wli] = wlj] = ¢; = ¢j and L, (7(i — 1), 7(7)) = L¢;(7(j — 1), 7(5)) }-
Since pair matched words are going to be crucial, let us define:
CIW(2) = {w: w is indexed and colored pair matched corresponding to ¢}
CW(2) = {w: w is nonindexed colored pair matched corresponding to 1(q)}.

For w € CIW (2), let us consider the word obtained by dropping the indices of w. This defines an
injective mapping into CTW (2) and we continue to denote this mapping by .
For any w € CW(2) and w' € CIW (2), we define (whenever the limits exist),

1 1
polw) = lim o ()] and por(e) = T — M ()

3. MAIN RESULTS

Our first result is on the joint convergence of several patterned random matrices and is analogous
to Proposition 1 of Bose et al.| (2010) who considered the case h = 1.

Theorem 3.1. Let {% il S0 pj}1<]<h be a sequence of real symmetric patterned random

matrices satisfying Assumptions (Al)) and - Fixz a monomial q of length k and assume that,

for all w € CW(2)
1

po(w) = nh_)rrolO p Ry [II (w)] ezists. (3.1)
Then,
(1) for allw € CIW(2), pcr(w) exists and por(w) = po(¥(w)),
(2) we have

Jim fin(q) = Y por(w) = olg)(say) (3.2)
weCIW (2)
with

(k/2)12F72

a(q)] < _KIARE if k is even and each index appears even number of times
q)| =
0 otherwise.

(3) limy, 00 fin(q) = a(q) almost surely.
As a consequence if (3.1) holds for every q then {ﬁ i1 <0< Pj}ti<j<h converges jointly in
both the states 1 and po and the limit is independent of the input sequence.

Remark 3.1. (i) Theorem asserts that if the joint convergence holds for p; =1,j =1,2,--- ,h
(that is if condition (3.1)) holds), then the joint convergence continues to hold for all other values
of pj. There is no general way of checking (3.1). However, see the next Theorem.

(ii) As a consequence, under the conditions of Theorem for any fixed monomial ¢ that
yields a symmetric matrix, the corresponding LSD exists. To see this note that parts (3) and (2)
respectively imply that (C1) and (C3) hold. Using truncation arguments, it is possible to prove
this under the weaker assumption on the input sequence that it is i.i.d. with second moment finite.
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In particular, let A and B be two independent patterned matrices satisfying Assumptions (A1)
and (A2)). Suppose po(w) exists for every ¢ and every w. Then LSD for MTE exists in the almost

sure sense, is symmetric and does not depend on the underlying distribution of the input sequences

of A and B. Moreover, if either LSD of % or LSD of % has unbounded support then LSD of
A+B

e also has unbounded support.
Theorem 3.2. Suppose Assumption (A2|) holds. Then pc(w) exists for all monomials q and for all

w € CW(2), for any two of the following matrices at a time: Wigner, Toeplitz, Hankel, Symmetric
circulant and Reverse circulant.

In particular, all conclusions in Remark (ii) hold when A and B are any two of Toeplitz,
Hankel, Reverse Circulant and Symmetric Circulant matrices. It does not seem easy to identify
the LSD for these sums. Some simulation results are given below

FIGURE 1. (i) (left) Histogram plot of empirical distribution of Reverse Circulant+ Symmetric
Circulant (n = 500) with entries N(0,1) (ii) (right) Histogram plot of empirical distribution of
Reverse Circulant+Hankel (n = 500) with N(0,1) entries.

FIGURE 2. (i) (left) Histogram plot of empirical distribution of Toeplitz+Hankel(n = 1000) with
entries N (0, 1) (ii) (right) Histogram plot of empirical distribution of Toeplitz+Symmetric circulant
(n = 500) with N(0, 1) entries.

In general the value of po(w) cannot be computed for arbitrary pair matched word. In the two
tables, we provide some examples.
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TABLE 1. po(w) for colored words corresponding to monomials ¢ = ¢(T', H)

Monomial | Word | pc(w)
TTHH aabb 1
THTH abab 2/3
TTTTHH | aabbcc 1
abbacc 1
ababce | 2/3
HHHHTT | aabbcc 1
abbacc 1
ababcc 0
TTHTTH | aabccb 1
abcbac | 1/2
abcabc | 1/2
HHTHHT | aabccb 1
abcbac | 1/2
abcabc 0

TABLE 2. pco(w) for colored words corresponding to monomials ¢ = q(H, R) and q(H,5)

Monomial | Word | pc(w) || Monomial | Word | pc(w)
RRHH aabb 1 SSHH aabb 1
RHRH abab 0 SHSH abab 2/3
RRRRHH | aabbcc 1 SSSSHH | aabbcce 1
abbacc 1 abbacc 1
ababcc 0 ababcc 1
HHHHRR | aabbcc 1 HHHHSS | aabbcc 1
abbacc 1 abbacc 1
ababcc 0 ababcc 0
RRHRRH | aabccb 1 HHHSHS | aabcbe | 1/2
abcbac 0 abbcac | 1/2
abcabce | 2/3 abcabc 0
HHRHHR | aabccb 1 HHSHHS | aabccb 1
abcbac 0 abcbac | 1/2
abcabc | 1/2 abcabc 0

It may be observed that in the two tables, pc(w) equals one for certain words. We now identify
a class of such words. As discussed later this has ramifications in the study of freeness.

If for a w € CW(2), sequentially deleting all double letters of the same color each time leads to
the empty word then we call w a colored Catalan word.

In the noncolored and nonindexed situation, Bose and Sen| (2008) established that p(w) = 1 for
the five matrices for all Catalan words w. Banerjee and Bose (2011)) raised the question of when
this is true for other matrices and introduced the following condition which guarantees this.

Consider the following boundedness property of the number of matches between rows across all
pairs of columns.

Property P: A link function L satisfies Property P if
M* =supsup#{1 <k <n: L(k,i) = L(k,j)} < oo. (3.3)

LY/
Note that the five matrices satisfy Property P.
It is not hard to see that colored Catalan words are in one one correspondence with noncrossing
colored pair partitions. Thus freeness and semicircularity may be described for our limits in the
language of words: if the limit satisfies pc(w) = 0 for all words which are not colored Catalan, then
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the limit is free. In addition, if pc(w) = 1 for all colored Catalan words, then the limits are also
semicircular, which is precisely what happens for Wigner matrices. For the other four matrices,
the limit is neither semicircular nor free but pc(w) = 1 for all colored Catalan words as Theorem
shows. This extends the main result of Banerjee and Bose (2011) to multiple copies of colored
matrices.

Theorem 3.3. (i) Suppose X and Y satisfy Assumption (Al) and Assumption (A2)). Consider
any monomial in X and Y of length 2k. Then

ITI5 (w)| > n'** for any colored Catalan word w.
As a consequence, pc(w) > 1 for any colored Catalan word w.

(ii) Suppose the link functions satisfy Property B and Property P and the input satisfies Assump-
tion (A2)). Then for any colored Catalan word, pc(w) = 1.

It is well known that independent Wigner matrices are asymptotically free and also they are
asymptotically free of any class of deterministic matrices, provided the deterministic matrices
{Dinti<i<p satisty the following uniformity of moment condition (see Theorem 5.4.5 of |Ander-
son et al.| (2010)):

sup max sup( Tr(Dfn))% < 00. (3.4)
1<i<p n ’
Also, in the above result on asymptot1c freeness the deterministic matrices can be replaced by
random matrices {4, } provided sup,, || 4,| < oo (see Speicher| (2010)).

The result for deterministic matrices cannot be used as it is known that spectral norm of Toeplitz,
Hankel, reverse circulant and symmetric circulant is unbounded and grows with n. From the
developments of Anderson et al. (2010) it appears that one can relax condition to the condition

k \11/k
1r21@a<>;sgp[n Tr(D;j,,)]"" < ex(< oo) for all k,

to still obtain freeness. However this appears to need formidable technical developments to justify
all the steps in a proof. On the other hand, having developed the notions of circuits and words we
are able to provide a relatively simple approach to show freeness for the special patterned matrices
in the following Theorem.

Theorem 3.4. Suppose {W;,,1 < i < p, A;pn,1 < i < p} are independent matrices satisfying
assumption (A2), where W; , are Wigner matrices and A; ,, are any of Toeplitz, Hankel, Symmetric
circulant or Reverse circulant matrices. Then {W; ,,1 < i < p} and {A;n,1 < i < p} are free in
the limait.

4. PROOFS

To simplify the notational aspects in all our proofs we restrict ourselves to h = 2.

4.1. Proof of Theorem (1) We first show that
I (w) =I5 (w) for all w e CIW(2). (4.1)
Let m € ITf;(w). As g is fixed,
p(w)[i] = p(w)[j] = wli] = w[j]
= (Cisti, L, (m(i = 1),m(0))) = (¢jstj, Le; (m(§ = 1), (7)) (as m € Igy(w)).

This implies Le, (7(i — 1), 7(7)) = L, (7(j — 1),7(j)). Hence 7 € II5 (¢ (w)).
Now conversely, let m € II%(¢(w)). Then we have

~—

wli] = w[j]
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vl = vw)l]
= Le; (m(i - ) m (i) Le
= Zci,ti (LCZ (7['( ) ( ))

as w(i| = w([j] = ¢; = ¢j and t; = t;. Hence 7
So (4.1)) is established. As a consequence,

)
) = ch,tJ(LcJ(W(J'—1),7T(j)))-
e IT¢  (w).

1
per(w) = m bl ()] = po(i(w)).
Hence by (4.1) por(w) exists for all w € CIW (2) and per(w) = pe(y(w)), proving (I).
(2) Recall that Z, = H?Zl Zeit; (Leyj(m(j —1),7(4)) and using and ||

@)=y Y Y E(Z), 42)

w: w matched n€llcy(w)

By using Assumption (A2)
supE|Z;| < K < 0. (4.3)
K

By using often used arguments of |Bose and Sen| (2008]) and of Bryc et al.| (2006)), for any colored
and indexed matched word w which is matched but is not pairmatched,

1
lim

K
00 n1+l<:/2‘ Y. Bz < —raz Her(w)] = 0. (4.4)

wellor(w)

By using (4 , and the fact that E(Z,) =1 for every color index pairmatched word (use Assump-
tion (A2)), calculatlng the limit in 1) reduces to calculating lim — T Do weC wz) Her(w)l.

Now consider any w € CIW (2). Observe that any circuit in H y(w) — Ier(w) must have an
edge of order four. Hence by (4.4]),

106 (w) = Ter(w))

nhﬁnolo nltk/2 =0
As a consequence, since there are finitely many words,
o Her(w)l Mo (w)|
Jim fin(q) = lm oy SiRo = lim oy SCEEE = Y per(w) = alg),
weCTW (2) weCTW (2) weCTW (2)

(4.5)
To complete the proof of (2), we note that, if either & is odd or some index appears an odd number
of times in ¢ then for that ¢, CIW (2) is empty and hence, a(q) = 0. If k is even and every index
appears an even number of times, then we know

k!
CIW2)| <|ICWQ2)| < ——7-
CIWE)| < IOW ()| € s
Now note that por(w) < A¥/2. Combining all these, we get |a(q)| < KIAR/2

(k/2)12k/2"
(3) Now we claim that
E[(in(q) — fin(@))"] = O(n™?).

Observe that,
4

— ~ 1
Blin(a) = in(a)') = s > E([[(Zs, - B(Zs,). (4.6)
T1,7T2,73,T4 7j=1
We say (w1, 72, 73, m4) are “jointly matched” if each L-value occurs at least twice across all circuits
(among same color) and they are said to be “cross matched” if each circuit has at least one L*
value which occurs in some other circuit.
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If (71, 79, M3, m4) are not jointly matched then without loss of generality there exist some L-value
in 7 which does not occur anywhere else. Using E(Z,,) = 0 and independence,

4 4
E(][(Zx, — E(Zr,)) = E(Zx, | [(Zx, — E(Z<,)) = 0. (4.7)
j=1 Jj=2

Again, if (71, o, w3, m4) are jointly matched but not cross matched, then without loss of generality,
assume 71 is only self matched. Then by independence,

4 4
E(H(Zﬂ'j - E(Zﬂj)) = E[Zm - E(Zm)] E[H(ZWJ- B E(Zm))] = 0. (4'8)
j=1 j=2

So we are left with circuits that are jointly matched and cross matched with respect to ¢. Let Q,
be the number of such circuits.

We claim that @, = O(n*7*2). Since the circuits are jointly matched there are at most 2k
distinct L values among all the four circuits. Let u be the number of distinct L values (of a single
color) in the circuits. Clearly, for a fixed choice of matches among those distinct L values (number
of such choices is bounded in n), the number of jointly matched and cross matched circuits are
O(n"**), so the number of such circuits with u < 2k — 2 is O(n?**2). Hence it suffices to prove
that for a fixed choice of matches among u = 2k — 1 or u = 2k distinct L-values occurring across
all four circuits, the number of jointly matched and cross matched circuits is O(n?*+2).

We here only consider the case u = 2k — 1. The other case can be dealt with similarly. Since
u = 2k — 1, it follows that every L-value occurs exactly twice across all four circuits. Since 7y
is not self matched, there must occur an L value in 7 which does not occur anywhere else in
1. We consider the following dynamic construction of (7, 7o, 73, m4). Since the circuit is cross
matched, there exists an L value which is assigned to a single edge, say L(m(isx — 1), 7(i4)). First
choose one of the n possible values for the initial value m(0), and continue filling in the values
of m(i),i = 1,2,...,4, — 1. Then, starting at m1(k) = m1(0), sequentially choose the values of
m(k —1),m(k — 2),...,m1(ix), thus completing the entire circuit m. At every stage there are n
ways to choose a vertex if there is no L-match of the edge being constructed with the previously
constructed edges, otherwise there are at most A(Lj, La) choices. So there are O(n) choices for at
most 2k — 2 distinct L values and hence the number of jointly matched and cross matched circuits
for u = 2k — 1 is O(n?*=2%4), as required.

By Assumption (A2), E[H?:ﬂzm —E(Zx;))] is uniformly bounded over all (71, ma, 73, 74) by K,
say. By this and 7, it follows that

an 2
El(in(0) — n(0))"] = O( ) = O™, (@9)

Now using Borel-Cantelli Lemma, 1,(q) — ii,(g) — 0 almost surely as n — oo and this completes
the proof.

4.2. Proof of Theorem [3.2. Condition which needs to be verified (only for even degree
monomials), crucially depends on the type of the link function and hence we need to deal with
every example differently. Since we are dealing with only two link functions, we shall simplify
the notation. Let X and Y be patterned matrices with link function Ly and Lo respectively with
independent input sequences satisfying Assumption and Assumption . Let ¢(X,Y) be
any monomial such that both X and Y occur an even number of times in ¢q. Let deg(q) = 2k and
let the number of times X and Y occurs in the monomial be k; and ko respectively. Note that we
have k = k1 + k2. Then it is enough to show that holds for every pair matched colored word
w of length 2k corresponding to q.
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Let X and Y be any of the two following matrices: Wigner(W,,), Toeplitz(T,,), Hankel(H,,),
Reverse circulant(RC),) and Symmetric circulant(SC,,). The case when both X and Y are of the
same pattern was dealt in Bose et al. (2010).

Proof of Theorem [3.2]is immediate once we establish the following Lemma.

Lemma 4.1. Let X and Y be any of the following matrices: Wy, Ty, H,, RC,, and SC,, satisfying
Assumption (A2)). Let w € CW(2) corresponding to a monomial q of length 2k. Then there exists
a (finite) index set I independent of n and {II¢, ) (w) : L € I} C 11 (w) such that

(1) IH(w) = Uerly (w), and peg(w) := limp oo lnsl# exists for all 1 €1,

(2) for 1#1" we have,

I,y (w) NI (w)] = o(n'*F). (4.10)
Assuming Lemma % (w)| = | Uier HE (w)] for some finite index set I and
: 1 , 1,
pc(w) = nh_{go W’HC(U’)‘ = < nlg{}o W’HCJ(W)’ = ;pql(w). (4.11)

The proof of this lemma treats each pair of matrices separately. Since the arguments are similar
for the different pairs, we do not provide the detailed proof for each case but only a selection of the
arguments in most cases.

The set S of all generating vertices of w is split into the three classes {0} U Sx U Sy where

Sx={iNj:co=c;=X, wli]=wlj]}, Sy={iNj:c=c¢c;=Y, wl[i]=wlj]}

For every i € S — {0}, let j; denote the index such that w[j;] = w[i]. Let 7 € II}(w).
(i) Toeplitz and Hankel: Let X be Toeplitz (T') and Y be the Hankel (H) matrix. Observe that,

|7m(i — 1) —w(2)| = |7(js — 1) — 7(4;)| for all i € Sy

w(it—1)+m(i) =m(j; — 1) + w(j;) for all i € Sy.
Let I be {—1,1}* and I = (I1,...,Iy,) € I. Let IIZ, ,(w) be the subset of IIf,(w) such that,

w(i—1)—w(i) =lLi(x(j; — 1) — 7 (j;)) for all ¢ € S,
(i —1)+7() =74 — 1) + 7(4s) for all i € Sy.
Now clearly,
I (w) = UH*ql(w) (not a disjoint union).
!

Now let us define,

(1) 1 n—1
;= —2 d  U,={0,~,.., . 4.12
w=""" an 0, ") (112)
Then,
|Hal(w)| = #{(’UQ, ...,ng) v €U, VO <4 <2k, v, 1 —v; = li(vji—l — ’Uji) Vi € St

and vi_1 +v; = vj,—1 + v, Vi € Su, vy = vai}.

Let us denote {v; : ¢ € S} by vg. It can easily be seen from the above equations (other than
vg = vgk) that each of the {v; : i ¢ S} can be written uniquely as an integer linear combination
Li(vg). Moreover, Lt(vs) only contains {v; : j € S, j < i} with non zero coefficients. Clearly,

1L, (w)] = #{(vo, -, var) : v; € Up V0 < i < 2k, 09 = v, v = Li(vs) Vi ¢ S}. (4.13)

Any integer linear combinations of elements of U, is again in U, if and only if it is between 0 and
1. Hence,

111 (w)| = #{vs : v; € Uy Vi € S,v0 = Lb (vs),0 < Li(vg) <1 Vi ¢ S} (4.14)
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H*
From (4.14]) it follows that, | sl‘ﬁr(:])' is nothing but the Riemann sum for the function

I(0 < Li(vg) < 1,i ¢ S,v9 = L, (vs)) over [0,1]*"! and converges to the integral and hence

. 1 « .
peg(w) = lim I, (w)] = / I (0 < Li(vs) < 1,i ¢ S,v9 = Lék(”S)) dvg.  (4.15)
[071}k+1

This shows part (1) of Lemma[d.1} For part (2) let I # I’. Without loss of generality, let us assume

that, l;; = —I . Let 7 € IT§, ,(w) NI, (w). Then w(iy — 1) = 7(i1) and hence L} _;(vg) = v;,. It
now follows along the lines of the preceding arguments that
Jim e M @) () < [ [ 10 = 2,y (ws)dus (4.16)
[0,1]k+1
Lt _i(vg) contains {v; : j €S, j <i1} and hence {L} _;(vg) = v;} is a k-dimensional subspace of

[0, 1]*+1 and hence has Lebesgue measure 0.

(ii) Hankel and Reverse circulant: Let X and Y be Hankel (H) and Reverse Circulant (RC')
respectively. Then
w(i—1)+n(i) =7(ji — 1) +n(j;) forallie Sy, (4.17)

(m(i—1)4+ (i) mod n=(mw(j; — 1)+ n(j;)) mod n forall i€ Sge. (4.18)
Clearly, as all the (i) are between 1 and n, relation (4.18)) implies (w(i — 1) + (7)) — (7(j; — 1) +
7(j;)) = a;n where a; € {0,1, -1}

Let a = (ay,...,ap,) € I = {—1,0,1}*2. Let I, ,(w) be the subset of IIf,(w) such that,
7T(i— 1) +7T(i) :W(ji — 1) —I—TI'(ji) Vi € Sy and
(W(i — 1) + W(Z)) - (W(]Z — 1) + 71'(]2)) =a;n Vi € Sge.
Now clearly,
I3 (w) = UH*C,a(w) (a disjoint union).

Now we get that,

’H*C’,a(w)’ = #{(vo,...,v2k) s v; € Up VO <4 < 2k, v +v; = (Uji—l + ’Uji) + a; Vi € Sge
and v;_14+v; = Vj;—1 + Uy, Vi € Sy, vg = ng}.
Other than vy = wvgi, each {v; : i ¢ S} can be written uniquely as an affine linear combination
L¢(vg) + bga) for some integer bga). Moreover, L} (vg) only contains {v; : j € S, j < i} with non
zero coefficients. Arguing as in the previous case,
7, (w)| = #{vs : v; € Uy Vi € 8,09 = L, (vs) + 57,0 < Li(vs) + b < 1vi ¢ S}, (4.19)
This is again a Riemann sum and hence as before,

a

1 a .
poa(w) = lim f Moo = [ 1(02 Los) + 57 < Li ¢ Svp = Le(vs) + ) dos
[071]k+1
and the proof of this case is complete.

(iii) Hankel and Symmetric circulant: Let X and Y be Hankel (H) and Symmetric circulant (SC')
respectively. Note that

w(i—1)+n(i) =7(ji — 1) + 7(ji) Vi € Sy and
nf2—n/2 —|w(i = 1) = 7(@)| = n/2 = |n/2 = |7 (ji = 1) — = (i)|| Vi € Ss.
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It can be easily seen from the second equation above that either |7(: —1) — 7 (:)| = |7 (j; — 1) — 7 (5;)]
or |m(i—1)—7(4)|+|m(j; — 1) —7(ji)| = n. There are six cases for each Symmetric Circulant match
[, 7i], and with v; = (i) /n, these are:

(1) Vi—1 — Uy — Vj,—1 + V5, = 0.

(2) Vi—1 — Vi + Vj,—1 — V5, = 0.

(3) Vi—1 — v +vj,-1 —vj, = L.

(4) Vi1 — Vi — Vj;—1 + V5, = 1.

(5) V; — Vi—1 + Vj;—1 — V5, = 1.

(6) V; — Vi—1 + V5, —Vj,—1 = 1.

Now we can write I}, (w) as the (not disjoint) union of 6*2 possible I, ,(w) where I denotes the
combination of cases (1)—(6) above that is satisfied in the ks matches of Symmetric Circulant. For
each 7 € II¢, (w), each {v; : i ¢ S} can be written uniquely as an affine integer combination of vg.
As in the previous two pairs of matrices in (i) and (ii), lim;,— o nl—lﬁﬂ'[gl(wﬂ exists as an integral.

Now can be checked case by case. As a typical case suppose Case 1 and Case 3 hold. Then
m(i—1) —7(i) =n/2 and v;—1 —v; = 1/2. Since ¢ is generating and v;_; is a linear combination of
{vj: j €8, j<i}, this implies a nontrivial linear relation between the independent vertices vg.
This, in turn implies that the number of circuits 7 satisfying the above conditions is o(n'**).

(iv) Toeplitz and Symmetric circulant: Let X and Y be Toeplitz (T') and Symmetric circulant (SC')
respectively. Again note that,

(i — 1) — 7(i)| = |7(ji — 1) — 7(js)| Vi € S and

n/2 — n/2 — (i — 1) = 7(i)|| = n/2 - In/2 — |x(js — 1) - x(ji)|| Vi € Ssc. (4.20)

Now, implies either |7 (i—1)—7n(i)| = |7 (ji—1)—7(j;)| or |7 (i—1)—7m(i)|+|7 (ji—1)—7(j;)| = n.
There are six cases for each Symmetric Circulant match as in Case (iii) above and two cases for
each Toeplitz match.
As before we can write I, (w) as the (not disjoint) union of 2% x 62 possible I3, (w) where
denotes a combination of cases (1)—(6) for all SC matches (as in Case (iii)) and a combination of
cases (1)-(2) for all T' matches. As before, for each 7 € IIf, (w), each of the {v; : i ¢ S} can be

written uniquely as an affine integer combination of vg. As earlier, lim, nl—{rkmzwl(w)\ exists as
an integral.

Now, is again checked case by case. Suppose [ # I' and 7 € IIf, ,(w) 11 (w). For I #1',
there must be one Toeplitz or Symmetric Circulant match such that two of the possible cases in
(1)-(2) or in (1)—(6) occur simultaneously. Here we just deal with a typical pair Case (1) and Case
(2) for the Toeplitz match. Then we have (i — 1) — (i) = 0 and hence v;_; —v; = 0. Since ¢
is generating and v;— is a linear combination of {v; : j € S, j < i}, this implies there exist a
non trivial relation between the independent vertices vg. This, in turn implies that the number of
circuits 7 satisfying the above conditions in o(n'**). Now suppose the Symmetric Circulant match
happens for both case (1) and case (2). Then again we have v; = v;_; and we can argue as before

to conclude that (4.10]) holds.

(v) Toeplitz and Reverse circulant: Let X and Y be Toeplitz (T') and Reverse Circulant (RC')
respectively. Note,

|m(i — 1) —w(i)| = |7 (j; — 1) — =(j;)| for all i € Sp,
(m(i —1)+m(i)) mod n= (n(j; —1)+7(j)) mod n forallie Sge.

Clearly, as all the 7(i) are between 1 and n, (7(i — 1) + 7(i)) mod n = (w(j; — 1) +7(j;)) mod n
implies (w(i — 1) + 7(é)) — (7 (j; — 1) + 7(j;)) = a;n where a; € {0,1, -1}
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Let the number of Toeplitz and Reverse circulant matches be k1, and ko respectively and let us
denote Sp = {i1, 12, ..., ikl}, Src = {ik1+17 Ty 425 - ik1+k2}-
Let I = (c,a) = (Ciy, -y Cig s Qi 1500 Qi 1,) €1 = {1, 1} x {—1,0,1}%s,

Let II7, ,(w) be the subset of II,(w) such that,
(i —1)—7(i) = ci(m(ji — 1) — w(ji)) Vi € St

7(i — 1) +7(i) = 7(j; — 1) + 7 (ji) + a;n Vi € Sge.
Now clearly,
8 (w) = [J g, (w),
lel
and translating this in the language of v;’s, we get

5 (w)| = #{(vo, ..., v2x) 1 vi € Up VO <i < 2k, vi—1 +v; = (vj,—1 +v5,) + a; Vi € Spe
and v, —v; = Ci('Uji—l — Uji) Vi € ST, vy = ng}.

I* 11* 11* ,
As in the previous cases, lim,, oo | sl’ﬂr(iu)' exists. It remains to show that, lim,, | C’l(wzlgkcvl w) =
0 for [ #1.Ifl=(c,a) #1' = (c,d’), then either ¢ # ¢’ or a # d. If ¢ = ¢/, then clearly IIf,;(w)

and Hal,(w) are disjoint. Let ¢ # ¢. Without loss of generality, we assume ¢;, = —¢;,. Then

clearly, for every m € IIf, (w) I, (w) we have v;,—1 = v;, which gives a non trivial relation
between {v; : j € S}. That in turn implies the required limit is 0.

(vi) Reverse circulant and symmetric circulant: Let X and Y be Reverse Circulant (RC') and
Symmetric circulant (SC) respectively. Then

m(i—1)+m(i) mod n=mn(j; —1)+n(j;)) mod n Vi€ Src and

n/2=n/2 —|r(i =1) = 7@ = n/2 = [n/2 = |7 (ji = 1) = 7(Gi)|| Vi € Ssc-
As before, the latter equation implies either |w(i — 1) — 7(i)| = |7 (j; — 1) — 7(j;)| or |w(i — 1) —
(@) + [ (ji — 1) = w(5i)| = n.
There are now three cases for each Reverse circulant match:

(1) vig + v — vj;—1 —vj, = 0.

(2) vie1 + v — vj;—1 — v, = L.

(3) vi1 + v — vj,—1 — v, = — L.
Also, there are six cases for each Symmetric Circulant match as in Case (iii).

As before we can write IT%(w) as the union of 3¥1 x 62 possible I, ,(w). Hence arguing in a
similar manner, lim,_, nl—{r,c|Hgl(w)| exists as an integral. Now, to check , case by case.
Suppose | # I' and 7 € 10§, ) (w) N1IIg ,(w). Since I # I, there must be one Reverse Circulant or
Symmetric Circulant match such that two of the possible cases (1)—(3) or (1)—(6) (which appear
in Case (iii)) occur simultaneously. It is easily seen that such an occurrence is impossible for a
Reverse Circulant match. We deal with one typical symmetric circulant match. Suppose then we
have both case (1) and case (2). Then again we have v; = v;_1 and as a consequence holds.

(vii) Wigner and Hankel: Let X and Y be Wigner (W) and Hankel (H) respectively. Observe that,

(n(i — 1), (7)) = {E (421)

(5 — 1), 7(Ji)) (Constraint C'1)
(4:), m(5i — 1)) (Constraint C2, for all i € Sy).

Also, (i — 1) + (i) = 7(j; — 1) + 7(j;) for all ¢ € Sy. So for each Wigner match there are two
constraints and hence there are 2¥1 choices. Let A be a typical choice of k; constraints and II% o (w)
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be the subset of IIf,(w) where the above relations hold. Hence

w) = UH*C’/\(w) (not a disjoint union).

Now using equation (4.12)) we have,
\HBA(MN = #{(vo,v1...v2) : 0 < vy <1,v9=vop,Vi—1 +v; =vj,-1+vj, i €SH
Vi—1 = Vj;—1, U = Vj;, (Cl),vi_l = V4,V = ’Uji_l(CQ),i S Sw}
It can be seen from the above equations that each v;, j ¢ S can be written (not uniquely) as a
linear combination L? of elements in vg. Hence as before,

|Ha>\(w)] = #{vs:v; = Lf‘(vs),vo = vy, fori ¢ S, ,vi_1 +v; =vj-1+vj, i €Sy
Vi—1 = Vj;—1, U = Vj,, (Cl),vi_l = V5,V = ’Uji_1(C2),i S Sw}

So the limit of |IIf, , (w)|/ n'** exists and can be expressed as an appropriate Riemann sum.
Now we show l’ Without loss of generality assume \; is a Cy constraint and Ao is a Cy
constraint. For any 7 € II¢, , (w) 1L ,,(w) we note that for i € S,

(w(ja), w(jis = 1)) = (w(i = 1), 7(i)) = (w(ji — 1), 7 (i),
which implies 7(i) = m(i — 1). Now i is a generating vertex. But (i) = 7(i — 1) and hence is fixed,
having chosen the first ¢ — 1 vertices. This lowers the order by a power of n and hence the claim
follows.

(vii) Wigner and other matrices: Since the other cases such as Wigner and Toeplitz and Wigner
and Reverse circulant follow by similar and repetitive arguments we refrain from presenting a proof
for them.

4.3. Proof of Theorem (3 -. Let w be a colored word of length 2k for a monomial ¢ = ¢(X,Y).
Let w’ be obtained from w by a cyclic permutation, that is, there exists ! such that w H =

w((i+1) mod 2k]. Note that w’ is a colored word for the monomial ¢’ obtained from ¢ by the same
cyclic permutation. We have the following lemma.

Lemma 4.2. [II%(w)| = [I%(w')| and pc(w) = po(w').
Proof of Lemma[{.3 Let 7w € II&(w). Let 7' (i) = n((i + [)mod 2k)). Clearly, n'(0) = 7' (2k). Also
w'li] = w'lj] = L*(a'(i = 1),7'(i)) = L*(«'(j — 1),7'(j))
where L* is equal to Ly or Ly according as w'[i] = w'[j] is an X match or a Y match. Hence,
e 5 (w').
As w can also be obtained from w’ by another cyclic permutation, it follows that the map = — 7’

is a bijection between II} (w) and IT§ (w'). Hence [II}(w)| = [ (w')| and po(w) = pe(w'). O

Proof of Theorem[3.3. (i) We use induction on the length of the word.

If k=1then ¢ = X X or ¢ = YY. The only colored Catalan word is aa (drop superscript for
ease). In either case, 7(0) = 4,7(1) = j,7(2) = i is a circuit in I (w) forl <i < n,1 < j < n.
Hence, |II%(w)| > n? and the result is true for k = 1.

Now let us assume that the claim holds for all monomials g of length less than 2k and all Catalan
words corresponding to ¢. By Lemma [4.2] without loss of generality we assume that w = aaw;
where wy is a Catalan word of length (2k —2). Now let 7’ € II, (w1 ). For fixed j, 1 < j < n, define
m by

7(0) = 7'(0) (4.22)
] (4.23)
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"Gy =72, =2 (4.24)
Clearly 7 is a circuit and 7(0) = #(2) implies L(7(0),n(1)) = L(w(1),7(2)). Hence 7 € |IIf:(w)|
and so, |II% (w)| > n|IIE (wi)| > n**! and hence (i) is proved.
(ii) We shall now show that po(w) < 1 for matrices whose link functions satisfy Property B and
Property P. The proof is same as the proof of Theorem 2(ii) of |Banerjee and Bose (2011), with
apporpiate changes to add color and index. We indicate the changes while keeping the notation
similar to theirs for easy comparison. The proof uses (2k + 1)-tuple 7 which are not necessarily
circuit, that is, w(0) = 7(2k) is not assumed. Let w be a colored Catalan word. Define
C'(w) = A{m: wli] =wlj] = ¢ = ¢j and Le, (n(i — 1), m(i)) = Le, (w(j — 1), 7(j))}
Lij(w) = {meC(w):7(0) =i,7(2k) = j}, (1<i,j<n), 7 (w)=[Ti;(w).
Clearly, |II§ (w)| = >4 7i,i(w). Now consider the following statement S} for all k& > 1:
S For any colored Catalan w of length (2k), there exists M}, > 0 such that

- L 1 &
Yij(w) < Myn*1 for all i#j and - Zl
1=

%;(kw) - 1' = 0(1/n).

The proof of S) easily follows by repeating the steps of the proof of Theorem 2(ii) of Banerjee
and Bose (2011) and changing the set C'(w) there by C’(w) and using Property B and Property
P. To avoid repetitive arguments we skip the details. Once the validity of S is asserted, one gets
pc(w) < 1 and the result now follows using part(i). O

4.4. Proof of Remark (ii). Note that the assumptions imply that LSD for % and % exists.

By Theorem it is clear that {%, %} converge jointly and hence lim, ﬁE(Tr(A +
B)k = By, exists for all & > 0. Now let us fix k. Let @y be the set of monomials such that
(A+ B)k = >_qc0, 4(A, B). Hence

1, A+B,, 1 _

q€Qk q€Qk

where [1,,(¢) is as in Section 1. Now by (3) of Theorem tn(q) — a(q), almost surely and hence,
1 A+B .,

B = nh_>no10 - Tr( NG )= g a(q) almost surely.
q€Qy

Using (2) of Theorem we have

b= 3 alo) < 1Qul PR ALy, L) = 2 P AL Ly
qE€Q2k ' ‘

Now by using Stirling’s formula, 8o < (Ck)* for some constant C. Hence >, Q_kl/% = oo and

Carleman’s Condition is satisfied implying that the LSD exists.
To prove symmetry of the limit, let ¢ € Qoxr1. Then from (2) of Theorem it follows that
a(q) = 0. Hence Bopy1 = quQ%H a(q) = 0 and the distribution is symmetric.

To prove unboundedness, without loss of generality let us assume that LSD L4 of % has
unbounded support. Let us denote by Ba;(A) the (2k) —th moment of £4. Since LP norm converges
to essential supremum as p — o it follows that (821 (A))Y%* — 0o as k — oco. Also, Box(A) = a(qak)
where ¢o1(A, B) = A%* and ¢y, € Qo. Since a(q) is nonnegative for all ¢, it implies Bop, > Bor(A).

So limy o0 (B2 )'/?* = 0o and hence the LSD of AJFTnB has unbounded support.
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4.5. Proof of Theorem We need the following development for describing freeness.
Let S,, be the group of permutations of (1,2,...n).

Definition 4.1. Let A be an algebra. Let ¢, : A¥ — C k > 0 be multi linear functions. For
a € Sy, let ¢1,ca,...c be the cycles of a. Then define

1/)04[141,142, e 7An] — wcl[A].)AQ) .. "An]wCQ[A].?AQ?’ . '5A’I’L] . 'wCT[A].)AQ) s 7A’ﬂ]

where
wc[Al,AQ, e ,An] = wp (AilAiQ .. .A,’p) if ¢= (il,ig .. Zp)

Freeness is intimately tied to noncrossing partitions. We describe the relevant portion of this
relation in brief below. See Theorem 14.4 of Nica and Speicher| (2006) for more details. Let NCa(m)
be the set of non-crossing pair partitions of {1,2,...,m}. A typical pair partition 7 will be written
in the form {(r,7(r)), r =1,2,...,m}. For p = (p(1),p(2),...,p(m)) integers (also can be referred
to as colors), let

NCép)(m) ={m e NCy(m) : p(n(r)) =p(r) forall r =1,... ,m}.

Suppose di,ds, . ..,dn, 1,52, ... Sy, are elements in some noncommutative probability space (B, ¢).
Suppose {s1,S2,...5n} are free and each s; follows the semicircular law. Then the collections
{s1,82,...8m} and {d1,ds,...d} are free if and only if,

(P(Sp(l)dl cee sp(m)dm) = Z kw[sp(l)y s Sp(m)]' Pry [dla cees dm}
€ NC(m)
= > emldi, .. dml, (4.25)
S NC’gp) (m)
where v € S, is the cyclic permutation with one cycle and v = (1,2, ..., m—1,m). Here k, denotes

the free cumulants and k, for a partition 7 is defined along the same lines as Definition

We shall also drop the suffix C' from pc(w), e (w), I (w) ete. for simplicity. Fix a monomial
q of Wigner (W) and any other patterned matrix (A) of length 2k. To prove freeness we show
that the limiting variables satisfy the relation . We have already remarked that freeness is
intimately tied to noncrossing partitions but freeness in the limit can also be roughly described in
terms of colored words in the following manner.

(1) If for a colored word the pair partitions corresponding to the Wigner matrix cross, then
p(w) =0.

(2) If the pair partition corresponding to the letters of matrix A cross with any pair partition
of W then also p(w) = 0.

For example, p(wjwowiwaaiar) = 0 and p(wijajwia;) = 0. This is essentially the main content of
Lemma [4-3] given below.

We will discuss in detail the proof of Theorem [3.4]for p = 1 and indicate how the results continue
to hold for p > 1.

We need a few preliminary Lemmata to prove the main result. We first use these Lemmata to
prove Theorem and then provide the proofs of the Lemmata.

We now concentrate only on (colored) pair matched words. For a word w the pair (7,7)1 <i <
J < 2k is said to be a match if w[i] = w[j]. A match (4, 7) is said to be a W match or an A match
according as w[i] = w[j] is Wigner or A letter.

We define w; j) to be the word of length j —i+ 1 as

wiplk] =wli — 1+ k] forall 1 <k <j—i+1.
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Let w(; j) be the word of length ¢ + ¢ — j — 1 obtained by removing w; ;) from w, that is,

wlr] if r <1,
Wi gye[r] = o _ ,
wir+j—i+1] ifr>i.

Note that in general these subwords may not be matched. If (, j) is a W match, we will call we; ) &
Wigner string of length (j —i+ 1). For instance, for the monomial WAAAAWWW | w = abbccadd
is a word and abbcca and dd are Wigner strings of length six and two respectively. For any word
w, we define the following two classes:

o) (w) = {rell*(w): (i,j) W match = (n(i — 1),7(i)) = (7(j),7(j — 1))}, (4.26)
I y(w) = A{r eIl (w) : (w(i = 1),7(2)) = (7 (j), 7(j — 1))} (4.27)

Note that the condition appearing above involves C'2 constraint defined in and
Meogy(w) = ) I w). (4.28)

(4,7): Wmatch

It is well known that if we have a collection of only Wigner matrices then p(w) # 0 if and only if
all the constraints in the word are C2 constraints. See for example Bose and Sen (2008)). We need
the following crucial extension in the present setup.

Lemma 4.3. For a colored paired matched word w of length 2k with p(w) # 0 we have:
(a) Every Wigner string is a colored paired matched word;
(b) For any (i,j) which is a W match we have

[T (w) — 17, (w)

lim R —0. (4.29)
(c)
T (w) = Ty (w)]
lim o —0. (4.30)

Note that (¢) and (b) are equivalent by (4.28) and as the number of pairs (4, j) is finite.

Lemma 4.4. If X,, any of the five patterned matrices in Theorem and suppose they satisfy
Assumption then for any | > 1 and integers (ki, ke, ..., k), we have

B [ﬁ(; T&“(<§%>ki))] - li[lE [i ﬁ((i%)ki)] 40 asn— oo,

i=1

Assuming the above lemmas we now prove Theorem

Proof of Theorem[3.4, We take a single copy of W and A to show the result but for multiple
copies the proof essentially remains same modulo some notations. Let g be a typical monomial,
q=WAIDW AIR) | W A0 of length 2k, where the ¢(i)’s may equal 0. So, k = m/2 + (¢(1) +
q(2) + ...+ ¢q(m))/2. From Theorem for every such monomial ¢, n,}ﬁ Tr(q) converges to say
go(saq(l) .. .sa(J(m)), where s follows the semicircular law and a is the marginal limit of A, and ¢ is
the appropriate functional defined on the space of noncommutative polynomial algebra generated
by a and s. It is enough to prove that ¢ satisfy .
Let us expand the expression for
. 1 2 m
nlggOWEm(WAﬂ WAL W A1)
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n

1 Z (1) ) )
i(1),0(2),...i(m)
3(1),4(2),...5(m)=1

= lim Z E
n—00 n1+k

weCW (2) mell* (w)

= TL11—>II;O n1+k Z Z E[X;] (by Lemma (c) and Assumption (A2)). (4.32)

weCW (2) WGH(CQ) (w)

Colored pair matched words of length 2k are in bijection with the set of pair partitions on
{1,2,...,2k} (denoted by P2(2k)). Now each such word w induces o, a pair partition of {1,2,...m}
that is induced by only the Wigner matches i.e (a,b) € oy, iff (a,b) is a Wigner match. So given
any pair partition o of {1,2,...,m}, we denote by o]y the class of all w which induce the partition
0. So the sum in can be written as,

Jim nw ooy Y EX (4.33)

a€P2(m) we[olw WEH(02>( w)

By C2 constraint imposed on the class H?CQ)@U), if (r,s) is a W match then (i(r),j(r)) =
(j(s),i(s)) (or, equivalently in terms of m we have, (w(r — 1), w(r)) = (7(s),7(s — 1))).

Therefore, we have the following string of equalities. Let tr be the normalized trace. The equality
in - follows from and (| - The steps in -, and - ) follow easily from
calculations similar to Prop081t10n 22.32 of [Nica and Speicher (2006) The last step follows from
the fact that the number of cycles of o7 is equal to 1 + m/2 if and only if 0 € NC2(m). The
notation try~ is given in Definition

lim —— B[Te(W AT W 492) 7 Ad(m)]

n—oo pk+1
n

o a() a(m)
= lim e > > I1 i Blafayie -+ Gmicr) (4:34)
c€P2(m) i(1),i(2),...i(m) (r,s)Ec
J(1),5(2)r 3 (m)=1
o1 - a() a(m)
=t e 2 2. st Blafnin - @omicem)  (439)
c€P2(m)  1(1),i(2),...i(m) (r,s)Ec
3(1),3(2),...5(m)=1
Cm Y Y [ By at™ (436)
A i) Bl - Gmityom)) :
oEPalm) (052 7]
3(1),3(2),...5(m)=1
o1 - a(1) a(m)
= lim o > > Fl0050900) - Sm)stomy) (4:37)

o €Pa(m) §(1)3(2)(m)=
= > lim B (tre, [A@), A(Q2) s A

oceNC2(m) e
Now it follows from Lemma [4.4] that,
Z lim E (trm [A(ql), A(q2), e ,A(qm))}) = Z lim (Etr),., [A(QI)’ A(th)’ o ,A(QTn))]

n—00 n—o0
c€eNC>2(m) ceNC2(m)

— Z (po_,y[a(ql)’ a(qQ)’ .. 7a(qm))]'

G'ENCQ(m)
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This shows £.25] and hence freeness in the limit.
The above method can be easily extended to plug in more independent copies of W and A. The
following details will be necessary.

(1) The extension of Lemmata and Note that these extensions can be easily obtained
using the injective mapping v described in Section |3| and used in Theorem

(2) When we consider several independent copies of the Wigner matrix the product in
gets replaced by

m
L dimsteenFointow-
r=1
Here (p(1),p(2),...,p(m)) denotes the colors corresponding to the independent Wigner
matrices. The calculations are similar to Theorem 22.35 of Nica and Speicher| (2006]).
The rest are some algebraic details, which we skip.

0

Having proved the Theorem we now come back to the proof of Lemma [£.3] and [4.4]
The next Lemma turns out to be the most essential ingredient in proving Lemma [{.3] and it
points out the behavior of a colored pair matched word which contains a Wigner string inside it.

Lemma 4.5. For any colored pair matched word w and a Wigner string w; j) which is a pair

matched word and satisfies equation (4.29))
p(w) = p(w j))p(we j)e)- (4.38)

Further, if w41 -1y and w; jye satisfy (4.30) then so does w.
Proof. Given any m € II*(w(j41;-1)) and 72 € II*(w(; j)c) construct 7 as:
m = (m2(0),...m(i — 1),m1(0),...m(j —i—1) =m(0), me(i — 1),... (2k — j + i — 1)) € IIj; ;) (w).
* . (w) one can construct m; and me by reversing the above construction.
(4,9)

‘H*i,j (w)| = ’H*(w(i—&-lg’—l))HH*(w(i,j)c)" (4.39)

(4,3)

Let |w(it1,j—1)] = 2l1 and |w(; j)e| = 2l2 and note that (1+11) + (1 +12) =k + 1.

Now using the fact that w; ;) satisfies (4.29) and dividing equation (4.39) by n**1 we get in the
limit,

Conversely, from any 7 € I1
So we have

p(w) = p(w(i—i-l,j—l))p(w'(:i,j))'
Now we claim that

1T (w(i )| = nIT (wiigri-1))]- (4.40)
Now given 7 € IT*(w(; ;)), one can always get a 7' € TI*(w(;41,j-1)), Where the 7(i — 1) is arbitrary
and hence W < I (w(i41,5—1))|- Also given a 7 € TI*(w(;41,j—1)) one can choose 7(i — 1)
in n ways and also assign 7(j) = 7w(i — 1) or 7(i), making j a dependent vertex. So we get that,
[T (w; 5))| = nIT*(w(it1,j—1y)|- This shows (4.40)). So from (4.40) it follows that

p(w(i,j)) = P(w(iﬂ,j—l))a

whenever wy; ;) is a Wigner string.

Also note that from the first construction,
I ooy (w)] = Mooy (Wit 15— 1) ooy (Wi j)e) -
Now suppose w41 j—1) and w; ;- satisfy (4.30). So we have that

T (w(i41,j-1))| = Mgy (W(it1,j-1))| + o(n* ) and |I1* (w; j)e)| = gy (W g )| + o(nF1).
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Multiplying these and using the fact (from ([.38)) [IT*(w)| = |II* (w(;11,j—1)) | TT* (w(; jye )|+ o(nF 1),
the result follows. O

We now give a proof of Lemma [4.3]

Proof of Lemma[].3 We use induction on the length [ of the Wigner string. Let w be a pair
matched colored word of length 2k with p(w) # 0. First suppose the Wigner string is of length 2,
that is, [ = 2. We may without loss of generality assume them in the starting position. So we for
any 7 € II*(w) with above property we have

In the first case mw(0) = w(1) = 7(2) and so 7(1) is not generating vertex and this lowers the
number of generating vertices (which is not possible as p(w) # 0). Hence, the only possibility is
(m(0),7(1)) = (7(2),7(1)) and the circuit is complete for the Wigner string and so it is a pair
matched word, proving part (a). Also, as a result of the above arguments only C2 constraints
survive, which shows (b).

Now suppose the result holds for all Wigner strings of length strictly less than [. Consider a
Wigner string of length [, say w; ;) (we assume it to start from the first position). We break the
proof into two cases I and II. In case I, we suppose that the Wigner string has a Wigner string
of smaller order and use induction hypothesis and Lemma to show the result. In Case II, we
assume that there is no Wigner string inside. So there is a string of letters coming from matrix A
after a Wigner letter. We show that this string is pair matched and the last Wigner letter before
the [-th position is essentially at the first position. This also implies that the string within a Wigner
string do not cross a Wigner letter.

Case I: Suppose that w(; ;) contains a Wigner string of length less than [ at the position (p,q)

with 1 <p < ¢ <. Since w(,q) is a Wigner string, by Lemma we have,

p(w) = p(w(p,q))p(w(p,q)c) 75 0.

So by induction hypothesis and the fact that both p(w,q)) and p(w, q)) are not equal to zero
we have, w(, q) and w, 4 are pair matched words and they also satisfy . So w(yp) is a pair
matched word, as it is made up of w, 4) and w, 4 which are pair matched. Also from second part
of Lemma we have wy, ;) satisfies part (b) and (c).

Case II: Suppose there is no Wigner string in the first [ positions. We look at the last Wigner
letter in the first [ — 1 positions. Let this be at position j;. Now as we have assumed that there
is no Wigner string of smaller length, 7(jo) is a generating vertex. Also, as jg is the last Wigner
letter, the positions from jg to I — 1 are all letters coming from the matrix A.

Now we use the structure of the matrix A.

Subcase II(i): Suppose A is a Toeplitz matrix. Let s; = (7w(jo +¢) — 7(jo + ¢ — 1)) with

i1=1,2,...,1 —1— j5. Now consider the following equation
S1+82...+8—1—j, = (7T(l — 1) — 7T(j0)) (441)
If for any j, w[j] is the first appearance of that letter, then consider s; to be an independent
variable (can be chosen freely). Then due to the Toeplitz link function, if w[k] = wlj], where

k > j, then s, = +s;. Since (1,1) is a W match, 7(I — 1) is either 7(0) or 7(1) and hence (I — 1)
is not a generating vertex. Note that is a constraint on the independent variables unless
51+...+51-1—j, = 0. If this is non zero, this non-trivial constraint lowers the number of independent
variables and hence the limit contribution will be zero, which is not possible as p(w) # 0. So we
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must have,

m(l—1) =7(jo) and  jo=1.
This also shows (7 (l),7(l — 1)) = (7(0),7(1)) and hence w,; is a colored word. As s1 + ...+
51—1—j, = 0, all the independent variables occur twice with different signs in the left side, since
otherwise it would again mean a nontrivial relation among them and thus would lower the order.

Hence we conclude that the Toeplitz letters inside the first [ positions are also pair matched. Since
the C2 constraint is satisfied at the position (1,[), part (b) also holds.
Subcase II(ii): Suppose A is a Hankel matrix. We write, t; = (7(jo + %) + 7(jo +i — 1)) and
consider
—ty Aty —t3.. (1) = (=) (1= 1) — 7 (o). (4.42)
Now again as earlier, the ¢;’s are independent variables, and so this implies that again to avoid a
nontrivial constraint which would lower the order, both sides of the equation(4.42) have to vanish,
which automatically leads to the conclusion that 7(l — 1) = 7(jo) = 7(1). So jo = 1 and again the
Wigner paired string of length [ is pair matched. Part (b) also follows as the C'2 constraint holds.
Subcase II(iii): A is symmetric or reverse circulant. Note that they have link functions which

are quite similar to Toeplitz and Hankel respectively, the proofs are very similar to the above two
cases and hence we skip them. d

Proof of Lemma[{.4 We first show that,
! . )
Xk Xk 1
1_11 <tr oy E [tr Y = O(ﬁ) as n — o9, (4.43)
1=
where tr denotes the normalized trace. To prove (4.43]), we see that,

l Xk Xk 1 ’
11 (tr oo Rl [tr WD] = ST han > lE[(jHl(Xm — B(Xx,)))]- (4.44)

=1 T1,7T2,..T,

E

E

If the circuit m; is not jointly matched with the other circuits then E X = 0 and

l
E[([[(Xx, = E(Xz)] = E[Xx (] [(Xr — E(Xx)] = 0.
=1 J#i
If any of the circuits is self matched i.e. it has no cross matched edge then
!
E[([I(Xm = E(Xx)))] = E[Xx, — E(X) B[ [(Xr = E(Xr)] = 0.
=1 i
Now total number of circuits {my, s, ... 7} where each edge appears at least twice and one edge at

least thrice is < CnXiziki/ 2+=1 by Property B. Hence using Assumption (A2) such terms in (4.44))
are of the order O(%) Now consider rest of terms where all the edges appear exactly twice. As a

consequence Zizl k; is even. Also number of partitions of %Zézl k; into [ circuits is independent
of n. We need to consider only {71, m,...m} which are jointly matched but not self matched.

If we prove that for such a partition the number of circuits is less than CnZizt kitl=1 e are
done since the number of such partitions is independent of n and .

Since m; is not self matched we can without loss of generality assume that the edge value for
(m(0),7(1)) occurs exactly once in 71. So construct mp as follows. First choose 71(0) = (k1) and
then choose the remaining vertices in the order 7 (k1),m1(k1 — 1) ...7m1(1). One sees that we loose
one degree of freedom as in this way the edge (7(0),7(1)) is determined and we cannot choose it
arbitrarily.
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The result now follows from (4.43)) by using induction. For [ = 2 expanding and using the fact
that expected normalized trace of the powers of X,,/\/n converges we get,

2
XPi Xk
E [1:[1 (tr Ri/2 —E [tr nki/2:|>]
Xk Xk Xk Xk
=FE [(tr R —E [tr nk1/2]> (tr oy —E [tr nk2/2]>}

Xk Xk Xk Xk
=E [tr k?/Q tr k:/2] —E [tr ZI ] E [tr 22 ] —0asn— 0.
n n n n

So the result holds for [ = 2. Now suppose it is true for all 2 < m < I. We expand
l

Jim BT J(n(S2)*) ~ Blor(
1=1

Xn

\/ﬁ)’“")))} =0

to get

) m " X ki X g
lim »_(-1) B[] tr((Z2)5)] Bltr((S2)F)] = 0.

m=1 i1 <ig...<im i@ {i1,i2,0im }

Now using the result for products of smaller order successively,

l m
Jm (D B[S0 = i Sy Y B[eE2 ) T R

j=1 m<l i1 <ig..<im  j=1 i@ {i1,i2,...im }

Now every term in right side is by induction hypothesis lim,_, Hi:l E[tr((%)kl)] and from this

the Lemma follows.
O
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