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ABSTRACT. Consider the ensemble of real symmetric Toeplitz matrices whose
entries are i.i.d random variables chosen from a fixed probability distribution
p of mean 0, variance 1 and finite higher moments. Previous work [BDJ, HM]
showed that the limiting spectral measures (the density of normalized eigenval-
ues) converge weakly and almost surely to a universal distribution almost that
of the Gaussian, independent of p. The deficit from the Gaussian distribution is
due to obstructions to solutions of Diophantine equations and can be removed
(see [MMS]) by making the first row palindromic. In this paper, we study the
case where there is more than one palindrome in the first row of a real sym-
metric Toeplitz matrix. Using the method of moments and an analysis of the
resulting Diophantine equations, we show that the moments of this ensemble
converge to an universal distribution with a fatter tail than any previously seen
limiting spectral measure.
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1. INTRODUCTION

1.1. Background. Since its inception, Random Matrix Theory has been a pow-
erful tool in modeling highly complicated systems, with applications in statis-
tics [Wis|, nuclear physics [Wigl, Wig2, Wig3, Wig4, Wigh] and number theory
[KS1, KS2, KeSnl; see [FM] for a history of the development of some of these
connections. An interesting problem in Random Matrix Theory is to study sub-
ensembles of real symmetric matrices by introducing additional structure. One
of those sub-ensembles is the family of real symmetric Toeplitz matrices; these
matrices are constant along the diagonals:

bo by by -+ by
b_1 bO bl c bN—2
AN — b_2 b_l b() et bN—3 , aij == bj—i- (11)
bi_n ba-n b3_ny --- bo

Initially numerical investigations suggested that the density of the normalized
eigenvalues was given by the standard normal; however, Bose, Chatterjee, Gan-
gopadhyay [BCG], Bryc, Dembo and Jiang [BDJ] and Hammond and Miller [HM]
showed that this is not the case; in particular, the fourth moment is 2 2/3 and not
3. The analysis in [HM] shows that although the moments grow more slowly than
the Gaussian’s, they grow sufficiently fast to determine a universal distribution
with unbounded support. The deficit from the standard Gaussian’s moments is
due to obstructions to Diophantine equations.

In [MMS], Massey, Miller and Sinsheimer found that, by imposing additional
structure on the Toeplitz matrices by making the first row a palindrome, the Dio-
phantine obstructions vanish and the limiting spectral measure converges weakly
and almost surely to the standard Gaussian. A fascinating question to ask here is
how the behavior of the normalized eigenvalues changes if we impose other con-
straints. Basak and Bose [BB1|, Kargin [Kar| and Liu and Wang [LW] obtain
results for ensembles of Toeplitz (and other) matrices that are also band matrices,
with the results depending on the relative size of the band length to the dimension
of the matrices. Another direction is that of Basak and Bose [BB2|, where each
entry is scaled by the square root of the number of times that entry appears in the
matrix. In this paper we explore another generalization by studying the effect of
increasing the palindromicity on the distribution of the eigenvalues. Before stating
our results, we first list our notation.

1.2. Notation.
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Definition 1.1. For fized n, we consider N x N real symmetric Toeplitz matrices
in which the first row is 2™ copies of a palindrome. We always assume N to be a
multiple of 2™ so that each element occurs exactly 2"t times in the first row. For
instance, a doubly palindromic Toeplitz matrixz (henceforth referred to as a DPT
matriz) is of the form:

bp by -+ by bo bo by oo b Do
by bo o by by obg by e by by
by by o by by by Do oo by b
Ay = [ ¢ 0 o (1.2)
by b3 - b by by b3 - b1 by
by by -+ bp bo b bo --- by by
bp by - by bo bo by oo b bo

We always assume the entries of our matrices are i.i.d.r.v. chosen from some
distribution p with mean 0, variance 1 and finite higher moments. The entries of
the matrices are constant along diagonals. Furthermore, entries on two diagonals
that are N/2™ diagonals apart from each other are also equal. Finally, entries on
two diagonals symmetric within a palindrome are also equal.

To succinctly keep track of which elements are equal, we may introduce a link
function ¢ : {1,...,N}* — {1,..., N} and new parameters b, such that a;; =
bdi(i,j)v where

. i—jl mod2" if |i—j| mod 2" < N/2nH
(i j) = {' | i=Jl / (1.3)

—|i—j] mod2" if |i—j| mod 2" > N/2"HL
Each N x N matrix Ay in this ensemble can be identified with a vector in
RY2" by An <> (bo(An),bi(AN), ..., byjan(An)). We denote the set of N x N

real symmetric Toeplitz matrices with 2" palindromes by €y, and subsequently
construct a probability space (Qn ., Fn,Pn) by setting

]P)N({AN € QN,n : bz(AN) € [Oéi,ﬁi] forz € {O, 1,.. ,N/Qn — ]_})
N _

! Bi
= H / p(z;)dx;, (1.4)

where each dz; is Lebesgue measure. For each matrix Ay € Qy, we associate a
probability measure by placing a point mass of size 1/N at each of its normalized
eigenvalues \;(An):

fas (2)dz = %éa (g; - MAN)) dz, (1.5)

VN
where §(z) is the Dirac delta function.

1.3. Results. Our main result concerns the limiting behavior (as a function of
the palindromicity n) of the pa, for generic Ay as N — co. We analyze these
limits using the method of moments. Specifically, for each Ay we calculate the
moments of pa, by using the Eigenvalue Trace Lemma to relate the k™ moment
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to the trace of A%;. We show the average k'™ moment tends to the k" moment of
a distribution with unbounded support. By analyzing the rate of convergence, we
obtain results on weak convergence and almost sure convergence.

Specifically, our main result is the following.

Theorem 1.2. (Weak and Strong Convergence) Let n be a fized positive in-
teger, and for each N a multiple of 2" consider the ensemble of real symmetric
N x N palindromic Toeplitz matrices whose first row is 2™ copies of a fixed palin-
drome (see (1.1) for an example), where the independent entries are independent,
identically distributed random wvariables arising from a probability distribution p
with mean 0, variance 1 and finite higher moments. Then as N — oo the mea-
sures fia, (defined in (1.5)) converge weakly to a limiting spectral measure with
unbounded support. If additionally p is even, then the measures converge strongly
to the limiting spectral measure.

As in other related ensembles, it is very difficult to obtain closed form expres-
sions for the general moments of the limiting spectral measure. We can, however,
analyze the moments well enough to determine the limiting distribution has un-
bounded support; in fact, as the following theorem shows it has fatter tails than
previously studied ensembles.

Theorem 1.3. (Fat Tails) Consider the ensemble from Theorem 1.2. For any
fixed n > 2, the moments grow faster than the corresponding moments of the
standard normal, and thus our density has fatter tails than the standard normal.

Similar to other papers, our analysis is based on analyzing the contribution
from various matchings. We are able to analyze in complete detail the case when
we have all adjacent matchings. Based on numerical investigations and some
theoretical calculations, we believe that all configurations contribute equally; see
Conjecture 5.9 for a precise statement. If true, this would allow us to sharpen
Theorem 1.3.

Theorem 1.4. Assuming Conjecture 5.9, if Moy, ,, denotes the 2m™ moment of
the limiting spectral measure of our ensemble for a given n, then

m—+n

Mo > C(2m — 1), (1.6)

m
The limiting spectral measure thus has unbounded support, and fatter tails than the
standard normal (or in fact any of the known limiting spectral measures arising
from an ensemble where the independent entries are chosen from a density whose
moment generating function converges in a neighborhood of the origin).

The rest of the paper is organized as follows. We first establish some basic results
about our ensembles and the associated measures in §2. We then analyze the even
moments in detail in §3, and prove our convergence claims in §4. We give the proof
on the vanishing Diophantine obstructions for highly palindromic Toeplitz matri-
ces and discuss the configurations of the different matchings of highly palindromic
Toeplitz matrices; our conjecture on the contribution from various matchings is
discussed in detail in the appendices. While it is difficult to isolate the exact value
of these moments, we are able to analyze these moments well enough to prove our
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convergence claims and to have some understanding of the limiting spectral mea-
sure. The situation is different for both the fourth moment for any palindromicity,
and we determine the exact values in §5.2.1.

2. DIOPHANTINE FORMULATION

In this section we begin our analysis of the moments. We prove some combina-
torial results which restrict the number of configurations which can contribute a
main term; we then analyze the potential main terms in the following section.

Recall that for each matrix Ay € €y, we associate a probability measure by
placing a point mass of size 1/N at each of its normalized eigenvalues \;(Ay):

fiay (z)de = NZ&( \/_>)dx, (2.1)

where 6(z) is the Dirac delta function. Thus the & moment of pa, (z) is

N
o 1
> i=1

The expected value of the k™™ moment of the N x N matrices in our ensemble,
found by averaging over the ensemble with each Ay weighted by (1.4) and using
the Eigenvalue Trace Lemma, is

1
Mynn = E[Myan(AN)] = NFk/2+1 Z Elai iy igig -+ * @iy ]
1<iy,....ig<N
1
= Nk/2+T Z E[bw(n i) Dup(iz,ia) "+ D i) ],
1<iy,...ig<N
(2.3)
where from (1.4) the expectation equals
27l
E[bw(il,h)bw(imis) Uik ,in)l - / /bdz (i1,i2) bw(m i3) " bw(zk,zl H (bz)dbz
B (2.4)
We let M, be the limit of the average moments; thus
Mk,n = lim Mk,n;N§ (25)
N—oo

we will prove later that these limits exist.

Our goal is to understand the My, i.e., the limiting behavior of the moments
in these ensembles. We use Markov’s Method of Moments, which we summarize
below. This is a standard method for proving results in the subject; a nice explicit
summary of this method begins Section 3 of [BB1].

o We first show M,,,, = Imy_ oo My = my oo E[Myn.n(AN)] exists
for m a positive integer, with the M,,,’s satisfying Carleman’s condi-
tion: Y 1M_1/2m = 00. As these are the moments of the empirical
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distribution measures, this implies that the M, ,’s are the moments of a
distribution.

e Weak convergence follows from analyzing the second moment, namely
showing Var(M,, n.n(An) — M, ) tends to zero as N — oo.

e Almost sure convergence follows from showing the fourth moment tends to
zero and then applying the Borel-Cantelli lemma.

We do the convergence calculations in §4; in this and the next few sections we
determine the limiting behavior of the ensemble averages.

The odd moments are readily determined, as counting the degrees of freedom
show the average odd moments vanish in the limit as N — oo.

Lemma 2.1. All the average odd moments vanish in the limit; i.e. imy_ o0 Momt1n:N
=0

Proof. For the (2m + 1)** moment, we consider E[by(;, in)bu(ia,is) - - * Oup(iomi1,i1)]; WE
may write this as E[b;! - - bZ] with r; +--- + 7, = k and the b,’s distinct. As
2m + 1 is odd, at least one b, is raised to an odd power. If any of these occur to
just the first power, then the expectation is zero as the b’s are drawn from a mean
zero distribution.! Thus at least one of the b,’s above occurs at least three times,
and every by occurs at least twice. The maximum number of distinct b,’s occurs
when everything is matched in pairs except for one triple matching. Thus there
are at most m different b,’s in our tuple, and the number of tuples is bounded
independent of N. We have two degrees of freedom from the first matching of the
be’s and one degree of freedom for each other matching,? for a total of at most
m+ 1 degrees of freedom. Thus the number of indices i1, ..., i € {1,..., N} that
can contribute to the moment in (2.3) for a given matrix is O,,(N™') (where the
big-Oh constant may depend on n, as the larger n is the more choices we have for
diagonals). As we divide by N™+%/2 in (2.3), the odd moments are O, (N~'/2),
and thus vanish in the limit as N — oo. U

Corollary 2.2. For fixred n, as N — oo there is no contribution to the average
2m'™ moment from any tuple where the by’s are not matched in pairs.

Proof. The corollary follows from a similar analysis as in Lemma 2.1. U

From the above corollary, we see that in order to study the eigenvalues of our
matrices we need to know how many different ways the & = 2m entries (the
@iji;,,’s) in our tuples can be matched into k/2 = m pairs. Letting r!! = r(r —
2)(r — 4) - - -, where the product stops at 1 if r is odd and 2 if r is even, we see

If we assume our distribution p is even, then a similar argument immediately implies all the
odd moments vanish.

2For example, say by (i, i) = by(iv,ivie), With i1 our first index. Both i; and iy are free
variables and we have N choices for each; however, i, is not (it will have occurred in a matching
before this point), and 4,1 is determined by requiring the two by’s under consideration to be
equal. The number of choices for i1 depends on n (the larger n is, the more diagonals work);
what matters is that the number of choices for 4,1 is bounded independently of N. Whenever
we have a new pair, we have a new choice for the value of the link function, and thus gain a
degree of freedom.
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there are at most (2m — 1)!! ways to match in pairs.®> Note (2m — 1)!! is the
2m'™ moment of the standard normal, and has the combinatorial interpretation
of being the number of ways of matching 2m objects in m pairs where order does
not matter. For each legitimate matching we obtain a system of m equations, one
for each pair of entries, for which the number of solutions is the contribution of
the matching to the 2m'™ moment.

In order to understand the even moments, we need to know more about the
permissible matchings, and how many choices of the indices lead to valid config-
urations. In the original case of the ensemble of real symmetric Toeplitz matrices
[HM], the only way any two entries b, could match was for them to lie on the
same diagonal or on the reflection of that diagonal over the main diagonal. That
is, they matched if and only if

Jim = i | = i — - (2.6)

For highly palindromic Toeplitz matrices, more relations give matchings (as seen
in the investigation of palindromic matrices in [MMS]). An entry for which the
absolute value of the difference between its indices is in a given congruence class
modulo 2" can match with another entry if and only if it is in the same congruence

class or its negative. That is, two entries a;,,4,,, and a;;_ , can be matched in a
pair if and only if their indices satisfy one of the following relations:

(1) there is a Cy € {(— |l | 4k — & —1]ke{l,...,2"}} such that

2

‘Zm — im+1‘ = |’Ll — 7;[4_1‘ -+ Cl; (27)
(2) there is a Cy € {(L'”;#J + k)& | k€ {1,...,2"}} such that
|’Lm — ’im+1| = —‘il — ’il+1‘ + CQ; (28)

as is standard, |z] represents the largest integer at most .

As a consequence of (2.7) and (2.8), for the matchings above there is some C'

such that

I = lny1 = i(il - iH—l) +C. (2~9)
As there are two choices for sign for each of the m matchings, there are potentially
2™ cases that can contribute. We now prune down the number of possibilities
greatly by showing only one case contributes in the limit, namely the case when
all the signs are negative.

In the Toeplitz ensembles studied in [HM] and [MMS], it was shown that any
matching with a positive sign (i.e., as in (2.9)) in any pair contributes a lower order
term to the moments, and thus it sufficed to consider the case where only negative
signs occurred. A similar result holds here, which greatly limits the number of
cases we need to investigate. Note by Lemma 2.1 we need only investigate the
even moments.

3There are (2;”) ways to choose the first pair, (27”2_2) ways to choose the second and so on;
we must divide by m! as it does not matter which pair we call the first. The claim follows by
elementary algebra. Alternatively we can prove this by induction. Assume there are (2m — 3)!!
ways to match 2m — 2 objects in pairs. If we have 2m objects, there are 2m — 1 choices of an
element to pair with the first element in our list, and then by induction there are (2m — 3)!! ways

of pairing the remaining 2m — 2 elements.
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Lemma 2.3. Consider the contribution to the 2m™ moment from all tuples (iy, . . .,
iom) in which the corresponding by’s are matched in pairs. If an a;,;, ., is matched
with an a;;,,, with a positive sign (which means

'én - 'én+1 - +(Z[ - 'él+1) + C

for some C' as defined in (2.7) or (2.8)), then this matching contributes O,,(1/N)
to Moy, n.n and therefore the contribution of all but one of the 2™ choices for the
m signs vanishes in the limit as N — oo, with only the choice of all negative signs
being able to contribute in the limit.

Proof. The argument is essentially the same as in [MMS]. Briefly, the idea is that
if there is ever a positive sign then we lose a degree of freedom, leading to a lower
order contribution.

For any tuple (i1, . ..,49,) in which the corresponding b,’s are matched in pairs,
there exist k equations, one for each pairing, of the form

in —Int1 = €m(iy —141) + C; where ¢ = 1or — 1. (2.10)

Let x1, 29, ..., x9, denote the absolute value of the difference between two indices
of each entry (so for a;,;,, it would be z; = |i1 — i41]), and let &y = iy — ia, Tp =
ig—13, ... and Tor, = igx —i; (i.e., the unsigned differences). It follows immediately
that

2k
d & =0 (2.11)
=1

Each z,, can be expressed in two ways. By breaking the absolute value sign in
(2.7) or (2.8), we have &,, = n;z; for some j with n; = 1 or —1. We can also
express it through an equation like the one in (2.11) such that z,, = €,%Z; + C),
for some [. Thus
Tm = Nz = €n + C). (2.12)
Then since €2, = 1,
T = enjzr; — ,C (2.13)
Note each absolute value of a difference occurs twice, as everything is matched in
pairs. We therefore have
2m m m
S i o= g+ (e — eCh)] = > (njzi(l+ ) — 6,C;) = 0. (2.14)
i=1 j=1 j=1

If any €,, = 1, then the z;’s are not linearly independent and we would have less
than m + 1 degree of freedom.? The contribution from such tuples to the moment
in (2.3) for a given matrix is therefore O(1/N) (as we divide by N™) which
vanishes in the limit as N — oo and can thus be safely ignored. U

Lemma 2.3 immediately implies

4As in the proof of Lemma 2.3, the first pair gives us two degrees of freedom and each
subsequent pair gives at most one degree of freedom. If the x;’s are not linearly independent,
there can be at most m — 1 independent x;’s, and thus at most m degrees of freedom.
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Lemma 2.4. If the indices of ai;,,, and a;,;,,, satisfy (2.7) for some C\, then
lin, = int1| = |it — Gi41| + C1 implies

{in —ipp1 = =i — i) + O or {Zn —pp1 = —(ig —ii41) — C4
iy > max{inH, im+1 + C1} iy < min{in+1, ’in+1 — Cl}
(2.15)
Similarly, if the indices satisfy (2.8) for some Cs, then |i, —ini1| = —|ii—i111|+
Cs implies

in = ny1 = —(i —ii41) + Co or in —inp1 = —(i —ip1) — Cy
in—l—l < Zn < in+1 + C27 in—l—l - C2 < Zn < in—l—l-
(2.16)

Instead of considering each value of C' (either C} or Cy) individually, we will
consider a pair of constants C7, Cy such that C; +Cy = N — 1. We claim that this
removes some of the Diophantine obstructions that arise when evaluating (2.15)
or (2.16) individually. Given an entry a,,;,,,, we can associate each value of C' with
one diagonal whose entries, generally denoted by a;,;,,. ., all equal a;;,, . Except
for the main diagonal, every other diagonal has fewer than N entries and therefore
the index i,, € {a,...,b} where 1 < a < b < N rather than i,, € {1,...,N}.
Here we only need to restrict one of the two indices of a;,,;,,., and the other one
will automatically be determined. However, by considering a;,,;,.., on a pair of
diagonals associated with Cy, Cy, we can take the index i,, (or i,.1) to be any
value between 1 and N. Furthermore, except for O(1) values, the first index of
entries from the pair of diagonals associated with C, Cy are distinct, and similarly
for the second index. Therefore, if a;,,;,., is on the diagonal associated with C;
and ay s is on the diagonal associated with Cs, then for some a,b € {1,..., N},

mm+1
we have:
im €{a,...,b} (2.17)
i €40,...,a}u{b,...,N} ‘

3. PROPERTIES OF THE EVEN MOMENTS

In Lemma 2.1 we showed that the average odd moments vanish in the limit.
In this section we analyze the even moments. While the low moments may be
computed by brute force (we provide the computation for the fourth moment in
§5 and discuss its consequences), similar to other ensembles we are unable to
obtain nice closed form expressions for the higher moments in general, although a
combination of numerical simulations and some partial results suggest the answer
for the doubly palindromic case; see Appendices A and B.

3.1. General Properties. We first handle the zeroth and second moments, and
then turn to the higher moments.

Lemma 3.1. Assume that p has mean 0, variance 1 and finite higher moments,
and fiz the degree of palindromicity n. Notation as above (see (2.2) and (2.5)), for
all Ay we have My ,.n(An) = 1 and My, n(An) = 1, which implies the average
moments in the limit are both 1 (explicitly, My, =1 and My, =1).
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Proof. From (2.2), we see My, n(An) = 1. For the second moment, we have

1
Mywn = 353 > E(ai, - aii)
1<i1,i2a<N
1 1
= - > E(d},,) = e > Eb,0)- (3.1)
1<iy1,ia<N 1<is,i2<N

Since we choose the b’s from a distribution with mean zero and variance 1, the
expected value above is just the variance (which is 1), and hence My, n = 1,
which implies My, = limy_,oo M2 v = 1. O

We now consider the general even moments. By Corollary 2.2, the only contri-
butions to the moments My, ,.n (see (2.3)) that survive as N — oo is when the
ai;i;,,'s are matched in pairs. There are (2m — 1)!! such matchings; we need to
determine the contribution of each matching to Moy, . v

Each of the (2m—1)!! matchings, hereafter referred to as a configuration, leads
to a system of m equations of the form (2.15) or (2.16) (with the C’s coming from
(2.7) and (2.8)), for which each distinct solution gives us one possible choice for
the tuples (iy,...,42,) and contributes one to the sum. The analysis is completed
by counting how many valid configurations there are (or at least determining the
main term).

Determining the exact value is complicated by the fact that there are many
ways for an a; ;. ,, and an a;,,,, to be paired; they must correspond to the same
by, but there are many diagonals each can lie on (with the number of diagonals
growing with n). Fortunately, we can obtain a weak bound depending on n that
nevertheless suffices to prove the existence of a limiting spectral measure. By
standard arguments, it suffices to show the average even moments converge as
N — oo to a sequence satisfying Carleman’s condition, and then perform a similar
analysis on the variance (for weak convergence) or the fourth moment (for almost
sure convergence). We leave the convergence issues to §4, and instead prove the
existence of the limits.

Lemma 3.2. For fized n, My,y,, exists and

Moy = A}im Mo v < (2-2™)™(2m — 1N, (3.2)
—00
which implies the My, ,, satisfy Carleman’s condition.

Proof. Fix n and m. Consider one of the (2m—1)!! pairings. We have m equations,
and thus we must choose m values for the C’s. For each equation there are at most
2 - 2" possible choices for a C; the largest the moment can be is if each possible
choice of the C’s lead to valid configurations. We therefore assume that happens.
The contribution of each configuration to the moment is at most 1. To see this,
note that as in all arguments in the subject, the number of tuples that contribute
in a given configuration is at most N™*!, which is precisely what we divide by in
(2.3). Thus My, .y < (2-2")™(2m — 1)!!, which implies

(22772 ((2m — )T < M (3.3)
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The existence of the limit is proved analogously to [BB1, BDJ, HM, MMS];
now that we know My, , is bounded, it is easy to see that the main term of the
contribution from each possible configuration is independent of N.

It remains to show that the My, ,, satisfy Carleman’s condition by showing the

sum of the reciprocals of their 2m'™ roots diverge. Trivial estimation suffices. As
(2m — I < (2m)?™, we have (2m — )17/ > 1/2m, and thus

_ 1
My 2.9m) 2. 3.4
; 2m,n ;( ) 2%m. ( )
The latter sum is a multiple of the harmonic sum and diverges, completing the
proof. O

4. CONVERGENCE

In §2 and §3 we showed that the limit of the average moments exist as N — oo,
culminating in Lemma 3.2 where we proved that the moments grow slowly enough
to uniquely determine a probability distribution. We now show convergence in
probability, and if p(x) is even we prove almost sure convergence. As these ar-
guments closely follow those in [HM, MMS], we concentrate on the novelties in-
troduced by the higher palindromicity. We conclude by obtaining lower bounds
for the moments. These bounds imply that our limiting distributions have un-
bounded support and fatter tails than the standard normal (possibly the fattest
tails observed from a random matrix ensemble arising from entries chosen inde-
pendently from a distribution whose moment generating function converges in a
neighborhood of the origin).

4.1. Weak Convergence. Recall

Definition 4.1 (Weak Convergence). A family of probability distributions pi,
weakly converges to p if and only if for any bounded, continuous function f we

have
o

tiw [ @) = [ (), (@)

We will prove our probability measures converge weakly. We follow the argu-
ments in [HM]. We begin by defining our random variables. Let A be a sequence of
real numbers to which we associate an NV x N real symmetric Toeplitz matrix with
2™ palindromes, which we denote by Ay. Thus we may view A as (b, by, ba, ... ),
and we form Ay by considering the initial segment of length N/2"*1 taking that
as the first half of our palindrome, and then building the matrix by having 2"
palindromes in the first row.

Let X, n.n(A) be a random variable that equals the m™ moment of Ay (so
XonnN(A) = My, .n(Ay)), and set M, ,.x to the m™ moment averaged over the
ensemble as above (80 My, .y = E[X, n:n])-

Thus, we have convergence in probability if for all € > 0

Jim Pu({A € Ot [ Xpn = Xl > €}) = 0. (4.2)
—00

h
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Using Chebyshev’s inequality and the fact that Var(Y) = E[(Y —E[Y])?] = E[Y?]—
E[Y]?, we have
PN({A € Oy : ‘Xm,n;N — E[Xm,n;N” > 6})
E[(Xm iy = Mnnin)’]

< 2
= — = —— (4.3)
Thus, it suffices to show
lim (E[X7, ] — My n) = 0 (4.4)
N—oo i o
to prove convergence in probability.
We have
1
2 _
E[Xm,n;N] - W Z
1§i17---77;m§N
X3 Bl Baia Dl - Bl
1§j17---7jm§N
1
Mri,n;N = W Z E[b“l—iﬂ T b‘im—il‘]
1<i1,enyim <N
X Z E[b\jl—jQ\ o 'b\jm—j1|]' (4'5)

1§j17~"7jm§N

We can break this up into two cases. If the entries of the ¢ diagonals are entirely
distinct from those of the j diagonals, then the contribution to E[an’n; ~] and to
M?, . will clearly be the same. Thus, we need to approximate the contribution
from the cases where there are one or more shared diagonals. The degree of
freedom arguments of [HM] immediately apply here, though our big-Oh constants
will now depend on the value of 2™ as we now have many more C-vectors to which
we apply these arguments. Thus, as N — oo these two quantities will converge,
and convergence in probability and weak convergence follow.

4.2. Almost Sure Convergence. We assume that p(z) is even for convenience,
and use the same notation as above; in particular,

My = lim My = Jim E[X,,v(4)) (4.6)
—00

N—oo

Almost sure convergence follows from showing that as N — oo the event
{A S QN : lim Xm,n;N(A) — Mm,n}
N—oo

occurs with probability one for all non-negative integers m.
By the triangle inequality, we have that

|Xm,n;N(A) - Mm,nl S |Xm,n;N(A) - Mm,n;N| + |Mm,n;N - Mm,n| (47)

We have already shown that limy_eo | M v — Min| = 0, so we need only show
that | X, n.n(A) — My, n.n| almost surely tends to zero. Clearly E[X,, ,.n(A) —
M,n.n] = 0, and we can modify the arguments in [HM] to show that the fourth
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moment of X, . nv(A) — My, v 18 Om,gn(ﬁ). All of the degree of freedom argu-
ments can be applied directly for each C-vector.

However, Theorems 6.15 and 6.16 of [HM] require greater care as these use more
than degree of freedom arguments. Fortunately, equations (50) and (51) in [HM]
hold for any of our C-vectors, so a similar result holds in this case. We then apply
Chebyshev’s inequality to find

‘Xm,n,N(A) B Mm,n;NH] < Cm’Qn
et = N2
Finally, applying the Borel-Cantelli Lemma shows that we have convergence

everywhere except for a set of zero probability, thus proving almost sure conver-
gence.

E
]P)N(|Xm,n;N(A) - Mm,n;N| 2 6) S [ (48)

5. ADJACENT MATCHINGS, EVEN MOMENTS AND THE TAIL

As any distribution with finite mean and variance can be normalized to have
mean 0 and variance 1, if the distribution is even then the fourth moment is
the first moment to show the ‘shape’ of the distribution, and thus merits special
consideration. We analyze the fourth moment in detail below. We first prove that
the adjacent and non-adjacent matching configurations contribute equally. We
then compute the contribution from the adjacent case in §5.2.1. We are able to
compute the contribution from the adjacent case in the doubly palindromic case
for any moment; if all configurations contributed equally (which we believe is the
case) then the 2m'™ moment would just be (2m — 1)!! times the contribution from
the adjacent configuration.

5.1. Fourth Moment Configurations.

Lemma 5.1 (Equal Contribution - Fourth Moment). The non-adjacent configu-
ration and the adjacent configuration contribute equally to the fourth moment.

ik li jk li ik

o
K ki ki

FIGURE 1. The adjacent and the non-adjacent configurations of the
fourth moment. By relabeling we see the first and third are equiva-
lent.

Proof. For brevity and notational simplicity, we will only present the calculation
for the non-adjacent case. The adjacent case can be analyzed analogously and
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yields the same main term. That is, we consider the configuration with the fol-
lowing matchings:
;5 = Q
{ 7 & (5.1)

Qi = Q-

From the above system of equations relating the matchings, we obtain the corre-
sponding system of equations for the indices:

li—jg| = £lk—-1|+A (5.2)

l7— k| = £|l—i|+ B.
Applying Lemma 2.3, we need only consider the case where

i—j = —(k—=1)+A (5.3)

j—k = —(I—-i)+ B '
where either A" = A or A" = —A, and similarly for B', depending on how the
absolute value equations resolve. Moreover, we see that

A4+B =i—j+k—Il4+j—k+1l—i =0. (5.4)

This implies that A and B must be of the same form, either as in (2.7) or (2.8). If
A is of the form Cj in (2.8), then it follows immediately that A = B, whereas if A
is of the form C in (2.7), then it can either be that A = B or A = —B. For each
A we have a system of two equations with four unknowns so we can always pick
at least two free indices. For convenience, we specify ¢ and j as these free indices
by choosing a;;. Moreover, we assume that we only pick a;; in the lower diagonal
half of the matrix so that ¢« > j. By the symmetry of the matrix, picking a;; in
the upper diagonal half would follow contribute equally.
We first consider the case where A is of the form Cs in (2.8), and thus A = B =
Cy for some Cy. We then find
k—1 = —(i—j)+Cs
|k':—l| ——|Z—].|—|-Cg N k':>l | (5.5)
7=kl = —|l —i] +Cy j—k = —(—1)—Cy
1—Cy <l <i.
We now consider A of the form C; in (2.7) where C; + Cy = N — 1. The value
(1 is unique for each choice of Cy and the contribution from the pair (Cy, Cy)

complements nicely one another as we show below. We see that A = +B = (4.
We then have

k=1l = —(—j)—C
k=1 = li—j|+Ch k<l
l7—k| = |l—i|+Cy j—k = —-(I1l-9)+C
l<iorl>i1+Ch.

(5.6)

Since we have already picked the first entry a;;, we are left to choose the entry
ag;. Our choice of € (or complementary Cy since the pair is unique) indicates
the diagonals that a; lies on, which gives us the restrictions on ¢. Finally, as



DISTRIBUTION OF EIGENVALUES OF HIGHLY PALINDROMIC TOEPLITZ MATRICES 15

only one of the indices k or [ need to be specified (since the other is restricted by
the diagonal), without loss of generality we choose [. We now use our previous
analysis from (2.13) and Lemma 2.4 to analyze the diagonals associated to A = C}
and A = (5. Since except for the main diagonal, every other diagonal has less
than NV entries, if we choose ay; on the diagonal A = (5, then there exist integers
a,b € {1,...,N} such that a <1 < b and either a or b must be N. If we choose
ay; on the diagonal A = C4, then [ < a or b <.

(1) On the diagonal associated with A = Cy:
lef{i—Cy,...;i}Nn{a,...,b}. (5.7)

(2) On the diagonal associated with A = Ci:
le({0,....i}U{i+Cy,...,N})N({0,...,atU{b,...,N}). (5.8)

Therefore, there are exactly Cy out of N 4 1 values of ¢ we can pick (or exactly
C; out of N + 1 value of i we cannot pick). Since we have N? choices for picking
the initial entry a;;, the contribution to the fourth moment from the pair (Cy, C5)

is given by
3 . _ .
N2.Cy = (‘;V—n) (— {‘“27;2% +k:). (5.9)

This contribution only depends on the initial choice of a;; and the choice of A.
Repeating this analysis for the adjacent case and summing over all possible

choices of A of the form C;, we obtain the same contribution to the fourth moment

from either configuration. U

5.2. The Adjacent Case. In this section we analyze the Adjacent Case in de-
tail, as this configuration is easier to study and more easily generalized. Since the
contributions to the fourth moment from the adjacent and non-adjacent configura-
tions are identical, this allows us to calculate the fourth moment for any number of
palindromes. We can also calculate the contributions in the general Adjacent Case
for any even moments for the doubly palindromic Toeplitz matrix. In principle we
could use the same ideas to calculate by brute force the adjacent configurations of
any even moment of an ensemble with a greater number of palindromes, but we
could not find a closed form expression for these moments. We conjecture that all
configurations contribute the same main term in the limit, and provide numerical
support in Appendix A.

5.2.1. Determining the Fourth Moment. For the fourth moment, we have four
indices 1, j, k, and [, and we consider an adjacent matching where

A5 = Ajk, Qg = Q-

We think about this as follows. A pair ¢ and j gives us a matrix element a,;; we
want to find all pairs j and k such that a;; = a;,. This could happen by having
the two on the same diagonal, or it could happen that a;; is on a palindromically
equivalent diagonal. As the formula for the fourth moment of our matrix Ay
involves division by N3, we need only worry about situations where we have on
the order of N3 tuples. Clearly we may choose i and j freely. The matching then
forces there to be on the order of 1 choice for k (the exact answer depends on n,
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the degree of palindromicity; what matters is that the answer is independent of
N in the limit), and on the order of N choices for [. The last is important, as
unless the number of choices of [ is proportional to N, we will obtain a negligible
contribution from the matching a;; = a;, and ay = a;;. Exploiting the symmetry
of the matrix, this reduces to choosing k so that a;; = ax; and ay = a;. That is,
in addition to matching a;; and ay;we want row ¢ and row & to match well.

012 344321001234 43210
101 2 3 4 43 210012 344321
21 012 3 4 43 2100123443 2
321012 3 443210012344 3
4 321012 3443210012 3 44
4 4 3 21012 3 44321001234
344 321012 34432100123
2344321012 3443210012
12 3 4 4 3 21012 3 443 21001
012 344 3 21012 34432100
0012344321012 34432120
1T 001 2 3 443 21012 3443 21
-G 123 44 3 2 10 4-
el o IEEEREE
4 3210012 3 443210123414
4 4 3 210012 344321012 3 4
344 3210012 3 443210123
2344 3210012 3 44321012
12 3 4 4 3 210012 3 4432101
012344 3 210012 34432120

FIGURE 2. An example highlighting matchings for [ in medium
shading, with mismatching in dark shading. Note that any anoma-
lous matchings won’t contribute in the limit.

We isolate some of the most useful features of our matrices in the following
lemma. The proof follows immediately from the previous discussions and the
structure of the matrices in our ensemble.

Lemma 5.2. Fix n and consider the ensemble of N x N real symmetric palin-
dromic Toeplitz matrices with 2" palindromes in the first row. The main diagonal
is the only place (excluding the border of the matriz) where by occurs once rather
than twice. This implies the following useful properties.

e Mowing to the corresponding point in the next palindrome can require ei-
ther moving N2™" — 1 elements when crossing the main diagonal or N27"
elements otherwise.

o Letce {1,2,...,27" — 1}. As pictured in Figure 2, a given row and the
row ¢cN27" rows down from that given row do not match perfectly, but
rather become unaligned when one row has reached the main diagonal but
the other row has not. Moreover, the row cN2™™ — 1 rows down starts out
unaligned, but then becomes aligned in this same region. Furthermore, only
rows of this form match up well with the original row.
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Proof. The first item follows directly from the observation that the main diagonal
is the only place where by appears once rather than consecutively. We also see that,
neglecting the first row which starts on the main diagonal, that the first elements
of a row and one ¢cN27" rows away match initially. Moreover, they evolve the
same way when moving from left to right, except when the first one hits the main
diagonal, in which case it skips forward one place in the palindrome, in which case
they do not match except possibly for repeating elements at the beginning/end
or middle of palindromes, like by. However, once the second row hits the main
diagonal, it also skips forward, and they become realigned. The case for rows
cN2™" — 1 rows away from each other is argued similarly.

To prove that no other rows match sufficiently well we need to show that there
are only O, (1) matchings in any of the other rows. Suppose we do have a matching
in one of the other rows. Since we can’t be at the corresponding point in the
palindrome, we must be at the other end of the palindrome. Unless these are
the special repeating elements at the beginning or middle of a palindrome these
two rows will evolve differently, so although there may be additional anomalous
matchups, there will certainly not be more than four per palindrome, giving us the
desired maximum of O,(1) possible matchings. If they are the special repeating
elements, then the rows can match up well, but in this case there are at most five
such elements per row, so we again have a lower order term. O

With this lemma in hand, we can now calculate the contribution from a specific
constant, which will then allow us to calculate the contribution from the adjacent
configuration.

Lemma 5.3. Let c € {0,1,...,2"7'} and k =i +cN2™™. There are then

2 — ¢\’
( = C) N3+ 0,(N?) (5.10)
good matchings, whereas if k =i+ cN2™" — 1, then there are
o + O, (N*) (5.11)

good matchings, where the big-Oh constants depend on n (which is fived).”

Proof. We begin by noting that by Lemma 5.2 above, choosing k so that a;; and
ay; are at corresponding points in a palindrome guarantees that a;; = ax; and
that there are O, (N) choices of [ satisfying ay = a;, as desired. Moreover, if
a;; and ay; aren’t at corresponding points in the palindrome, then there are only
O,(1) good choices of [, and since there are at most n such possible cases, this
contribution can be ignored. Thus, we only consider the cases where a;; and ay;
are at corresponding places in a palindrome.

We now consider the case when & = 7 + ¢N27", hence a;; and a;; must be
on the same side of the main diagonal in order to match. Moreover, to have
ke {1,2,...,N} we must have i € {1,2,..., N — cN27"}. Another restriction

5The constants may be taken to depend on ¢ as well; however, as n is fixed and ¢ €
{0,...,2"71}, we may take the maximum of all the constants and may replace ¢ dependence
with n dependence.
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arises from the fact that they are on the same side of the main diagonal. We note
that we won’t cross the main diagonal when moving down from any a;; below
the main diagonal to ax;. There will similarly be no crossing if a;; lies more than
cN27" elements above the main diagonal. This defines two right-triangular regions
of height N —c¢N27" 4+ O,,(1), which in total gives a square of area

2n

from which to choose a;;, thus giving that many valid choices of a;;. We also have
the restriction on the values of [ as explained in Lemma 5.2, leaving N —cN27" +
O, (1) good values of [ for each of these a;;. In total cN27" contributes

(Qn — C>2N2 + On(N) (5.12)

n 3
(2 T C) N3+ 0,(N?) (5.13)
matchings to the fourth moment.

Next we consider the case where we cross the main diagonal when moving from
a;j to ayj, so that k =74 c¢N27" — 1. In this case, the area of values of a;; from
which we will cross the diagonal to give a matching will be mostly defined by
the parallelogram bordered by the triangles from the previous constant. However,
there may also be additional strips as depicted in light shading in Figure 3, but
these will only be of width 1, so the area is essentially that of the parallelogram
of height N — ¢N2™" + O,(1) and width ¢N27" 4+ O,(1). There will also be
cN27" 4+ O,(1) good values of [, so in all this constant contributes

n.2 .3
<2CQTC> N3 + 0,(N?) (5.14)

matchings. 0

We argue similarly for the negative constants {—cN27" —(¢N2™" — 1)} for
c€{1,2,...,2" — 1}, in which case we are now moving up ¢ palindromes, and
either crossing or not crossing the mian diagonal, respectively. We easily see that
this is essentially switching the roles of a;; and a,i, so the contributions will be
the same. If we repeat the analysis above we find regions of identical size that
thus give identical contributions to the fourth moment. Pictorially, what happens
for a negative constant is that of the positive one rotated 180 degrees. Thus, the
contribution to the fourth moment will be given by the contributions from the
positive constants ({¢N27" ¢N2™" — 1} for b € {1,2,...,2" — 1} multiplied by a
factor of 2 to account for the negative constants.

Theorem 5.4. Fix n and consider the limit as N — oo of the average fourth
moment of our ensemble. The contribution from one of the adjacent matching
configurations (i.e., a;; = aj; and ay = ay;) to this limit is

2 1

=2" 4 =27, 5.15

32 t3 (5.15)
Since all configurations contribute the same main term by Lemma 5.1, we have

My, = 2" 427 (5.16)
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O AR WA RWN =D
MW s BWORN=0OO0 =
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0
0
1
2
3
4
4
3
2
1

B R R = =R (& #s
O = MW s N
_ N W W N = O
ML B WK =0 =
QR WM =D =N
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WM = D= Wk s
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- O o= b e G0 M
[ L R s LS A

FIGURE 3. Regions where k = i—l—% gives a matching are indicated
in medium shading, whereas those where k = i+ % —1 are indicated
in dark shading. Regions where both are satisfied are indicated in
light shading: These are 1—dimensional, and thus won’t contribute
in the limit.

which is asymptotic to 2" as n — oo.

Proof. For each value of ¢, we note that the contribution to My, (N) is

1 m—c\® 4 (2= )
ﬁ(( 5 ) N +<723n )N + O, (N7)

m—c\? e — B 1
= S e 1
( o ) + o + 0O (N> (5.17)
Taking the limit as N — oo yields the contribution to My, is
om—c\® e — B
_ 5.18

We sum over all values of ¢, multiply by 2 to account for the negative constants,
and include the contribution from C' = 0, known to be 1 from [MMS] to obtain
the contribution to the fourth moment from the adjacent matching case:

. 9
M = 14 =) (2" = + 27 = %) . (5.19)

c=1
Extending the sum above to include ¢ = 0 cancels the first and last terms of the
sum, but we must subtract 4 to compensate. This then leaves a sum of squares



20 JACKSON, MILLER, AND PHAM

which is easily evaluated:

; 2
Mi(ji] = —1+2ﬁz2n02
c=0
2 2"(2"+1)(2-2"+ 1)
= —14+ —
o 6
1 -n .on
_ _1+( +27")(2-2" + 1)
3
1
= —1+§(2-2"+2+1+2—”)
2 1
=-2"4+ 27" 5.20
32 t3 (5.20)

Multiplying by three to account for the two adjacent configurations and one non-
adjacent configuration then yields

My, = 2"t 4o (5.21)

)

the desired result. O

5.2.2. Adjacent Matching Case for Doubly Palindromic Toeplitz Matrices. To cal-
culate the contribution from the case of all adjacent matchings to even moments of
doubly palindromic Toeplitz matrices, we simply generalize the pictorial method
from above. For the 2m'™ moment, we find that our final system of equations for
the adjacent configuration becomes

ig = 'é1+01
’i5 = ig—i-Cg = i1+Cl+Cg

il == igm_l—FCm == Zl_'_ZCk
k=1

Remark 5.5. The even indices don’t appear because the n'™™ matching gives the
equation i, —is,—1 = —(i2nt1 —lon) +Ch, and the is, terms cancel. However, for
each non-zero constant Cy, we will have a picture similar to Figure 2, which limaits
the number of good wvalues of the even indices iy analogous to the restrictions
on | for the fourth moment. Moreover, as each is,11 s related back to i1, the
difference between the mazimum and minimum partial sums must be strictly less
than N 4+ O(1) or we lose a degree of freedom.

Before deducing the main term in the case of all adjacent matchings, we first
set our notation.

Definition 5.6. A C-vector is the ordered collection of constants relating the
odd indices to each other. In the example at the beginning of this subsection, the
C-vector would be (C1,Cy,...,Cy). A core of a C-vector is the ordered collection
of nonzero constants in the C-vector. That is, we collapse down the C-vector to
its core by removing all of the zero constants from it. We can also think of the
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C-vector as being built up from the core by adding back the zeros in the correct
places.

Theorem 5.7. The contribution of one adjacent configuration to the 2m'™ moment
averaged over the ensemble of doubly palindromic Toeplitz matrices equals

—2427™ <Z bm) : (5.22)

Proof. The following observations greatly simplify the analysis for this case:

e If the constants :t% appear in the C-vector (Cy,...,C,), then :t% —1
cannot occur as a main term. If it did, we would lose a degree of freedom
in 79, as a;,;, would need to lie on a very specific set of diagonals.

e If some C} is non-zero, then the next non-zero C' chosen must be —C}, as
we would otherwise lose a degree of freedom in 4.

Now consider the 2m'™ moment, which will have a C-vector of length m. We can
then consider a subset of length k (k even) of (§,—%,..., %, —%) that forms the
core of the C-vector, with the remaining entries being zero. There are then (r:)
distinct ways to insert the remaining zeros, and thus (7]?) ways to build a C-vector
around this core.

We now consider the contribution from each of these C-vectors. By Remark
5.5, there will be % values of i1 to choose from, and there will be k other iy
(corresponding to the k nonzero Cj) that will have (N — &) 4+ O(1) good values.
Thus the contribution for each of these cases will be (5)**!. The total contribution

to the 2m'™ moment from this configuration, summing over all possible C-vectors,

is therefore
moe 1\ FH1
> (k) (5) . (5.23)

k even

If we pull out a factor of % and include m = 0 in the sum, we can use the binomial
theorem to express this as

1 " " 1

— 1+ - 1—= ——. 24
i((03) +(2) ) 624
The contribution from a core of (—%, g, e —%, %) will be the same as that
above. The cores of (£(§ —1), F(5—1),...,£(5 1), F(§ —1)) can be similarly
analyzed, and they will also have the same contribution since N — % +0(1) =

£+ 0(1), so we multiply (5.24) by 4. We also include the contribution from
the 0-vector, which is 1 for the adjacent case. Thus, the contribution from each
configuration is

m m 3
1 - 1 m ”
_2+<1+§) +1 +(1—§) = 242 <b§:1b ) (5.25)

completing the proof. O
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Remark 5.8. Unfortunately, this method does not readily generalize to matrices
with a greater number of palindromes. The fundamental reason is that the obser-
vations made at the beginning of Theorem 5.7 no longer hold for these matrices,
which then makes it tremendously more difficult to generate all valid C'-vectors.

To demonstrate these difficulties, we investigated the 6™ moment of a matriz
with four palindromes. While we can construct C-vectors in the same manner
as for the doubly palindromic ensemble, we clearly will be missing a substantial
number of possible C-vectors. For instance, we miss the vector (%, %, —%)

In addition to these vectors, we have even more problematic vectors such as
(%, % —-1,- (% — )), which turns out to be valid for a;; chosen within a certain
parallelogram shaped band of the matrixz. These new vectors, in which “mixing”
s important, are hard to systematically account for, making it quite difficult to
determine precisely which C-vectors to include and which to exclude. While we
could in principle calculate the adjacent contribution to any given moment for any
number of palindromes, there is no apparent method that will simultaneously work
for all of these possibilities. Similar to other investigations on related ensembles,
we are left with general existence proofs of the moments, as well as estimates on

their rate of growth.

5.3. General Even Moments. We extend our analysis to consider the general
even moments. We expect Lemma 5.1 to hold for all general even moments as
in the case of single palindromic Toeplitz matrices; in other words, we expect in
the limit as N — oo each matching configuration to contribute equally. Given a
general even 2m'™ moment, for each configuration of this moment we have a sys-
tem of m equations with 2m unknown indices. In the case of single palindromic
Toeplitz matrices, it is known that we can always choose m + 1 free indices and
the C-values such that all m equations are satisfied. Furthermore, because C' can
only be {0, (/N —1)} in the case of single palindromic Toeplitz matrices (all other
choices give a contribution of size O(%)), there is only one valid choice for each of
the remaining m — 1 indices and therefore each configuration contributes 1 to the
2m'™ moment. However, in the case of highly palindromic Toeplitz matrices there
are more choices for the m — 1 indices. As the result, the lower order term, which
was previously negligible, starts contributing to the moment. Nonetheless we con-
jecture that the contribution from this new term is the same for all configurations
and sketch a detailed analysis in Appendix B. If we could extend Lemma 5.1 to
the general even 2m'™ moment, then we would have greatly reduced the complex-
ity of our moment problem as we would only need to calculate the contribution
of the completely adjacent matching, and immediately get the same contribution
from the other (2m — 1)!! — 1 configurations.

The arguments above, as well as those in the appendices, lead us to make the
following conjecture.

Conjecture 5.9 (Configurations Conjecture). Let n be a fized positive integer,
and for each N a multiple of 2" consider the ensemble of real symmetric N x N
palindromic Toeplitz matrices whose first row is 2" copies of a fized palindrome,
where the independent entries are independent, identically distributed random vari-
ables arising from a probability distribution p with mean 0, variance 1 and finite
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higher moments. Then as N — oo each of the (2m — 1)!!' configurations for the
2m™ moment contribute the same main term. In particular, this means the gen-
eral 2m'™ moment is just (2m — 1)!! times the contribution from the configuration
of all adjacent matchings.

We provide some numerical support for this conjecture in Appendix A and some
theoretical evidence in Appendix B.

5.4. Moment bounds and fat tails. We now extend Theorem 5.7 to matrices
with greater palindromicity. In doing so, we miss many of the C-vectors that con-
tribute to these moments, but exact calculations for even a quadruply palindromic
matrix have proven difficult. The goal is to obtain good enough bounds on the
moments to deduce properties of the limiting spectral measures. We begin with
the following lemma.

Lemma 5.10. Fiz n and consider My, ,, the limit as N — oo of the average of
the 2m™ moment of our ensemble (the set of N x N real symmetric palindromic
Toeplitz matrices where the first row contains n palindromes). Then for m suf-
ficiently large, My, ,, > (2m — 1)1, or in other words My, ,, is larger than the
corresponding moment of the standard normal. If we assume Conjecture 5.9 then
we may improve the lower bound to

Mymn > <—2 (2T — 1) 27 ( 2 cm>) S (2m = DI, (5.26)

c=1

As m — oo, we have

m—+n

Mopn > C(2m — 1)L, (5.27)

m

Proof. Let C. = <X for b € {1,...,2" — 1}. We determine the contribution to
the average 2m'™ moment as N — oo from one of the two adjacent matchings.
That is, consider the core (i.e., the non-zero part) of the corresponding C-vectors
is (£C.,FC,,...,£C., FC,) and its complement (£(N — 1 — C.),F(N — 1 —

Ce)yoooyt(N—=1-0C.),F(N —1—C,)). They contribute

c\™ c\™
2+ (2-5) +(3) - (5.28)
The proof of this claim goes back to the observation in Figure 2 that for C\,. = 02—7]Y,
the number of free [ values is N — &% + O(1), whereas if C, = <Y — 1, then there
are CQ—Z,Y + O(1) good [ values. Thus the complementary C,. will give the same
restrictions on the number of [ values.
Moreover, the restrictions on i; from 02—];7 and N —1— 02—],Y sum to 1. Thus, as
there are the two cases (plus first or minus first) for each, when we sum them and
extend the sums back to 0, we have

949, i (7;&) (2n2: c)ﬂ'“ . (%)Z (2%>m (5.29)

j even
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In order to get our lower bound for My, ,, we repeat this for every value of

cef{l,2,...,2" —1}. Adding in the contribution from the zero vector, we obtain
2.2n—1

-4-@"—1y+rm"<§:<@), (5.30)
c=1

which is easily summed for any value of k.
If we assume Conjecture 5.9, each of the (2m—1)!! matchings contribute equally,
and hence

Mo,y > <—2 (2" —=1) 427" <2§10m>) - (2m — 1N, (5.31)

c=1

The behavior for large m follows by approximating the sum with an integral.

If we do not assume Conjecture 5.9, we instead use the fact that each config-
uration contributes at least 1 (this follows from the analysis of the analysis of
the single palindromic case of [MMS]) and the analysis above for the case of all
adjacent matchings. This yields

m+n

M2m,n >

+(2m -1 -1, (5.32)

which exceeds (2m — 1)!! for m sufficiently large. O

Remark 5.11. We can slightly improve the lower bound in the case when we do
not assume Conjecture 5.9 by noting that there are two cases where we have all
adjacent matchings. Of course, this improvement is negligible in the limit, and it
is only under the assumption of Conjecture 5.9 that we can significantly improve
the lower bound.

We can now turn to an analysis of the properties of the limiting spectral mea-
sures. Note n = 0 corresponds to the real symmetric palindromic Toeplitz matrices
studied in [BDJ, MMS], and n = 1 corresponds to the doubly palindromic Toeplitz
matrices studied in [MMS]. We now prove Theorem 1.3, which we restate below
for the reader’s convenience.

Theorem 1.3 (Fat Tails). Consider the ensemble from Theorem 1.2. For any
fixed n > 2, the moments grow faster than the corresponding moments of the
standard normal. If we additionally assume Conjecture 5.9, then letting Moy, »,
denote the 2m™ moment of the limiting spectral measure of our ensemble for a
given n, we have

m-+n

M2m,n >

- (2m = 1)L, (5.33)

The limiting spectral measure thus has unbounded support, and fatter tails than the
standard normal (or in fact any of the known limiting spectral measures arising
from an ensemble where the independent entries are chosen from a density whose
moment generating function converges in a neighborhood of the origin).
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Proof. From Lemma 5.10 we know My, , > (2m — 1)!! for m large, and under the
assumption that Conjecture 5.9 holds we additionally have

m—+n

Mo > S (2m — ). (5.34)

Asn > 1, for m large this is greater than the m'™ moment of the standard normal,
which is (2m — 1)!!. Thus our limiting spectral measure has unbounded support,
and more mass in the tails than the standard normal, or in fact, any normal if
n > 2. To see the last claim, note that if X ~ N(0,0?) then the 2m'™ moment of
X is 0?™-(2m —1)!!, and thus when n > 2 eventually the moment of our ensemble
is greater than the moment of this normal. O

APPENDIX A. NUMERICAL METHODS

While they can never be accepted as proof®, numerical simulations did much to
guide our efforts in attacking this problem, and we would not have been successful
without it, as our naive adaptations of previous works on this subject failed to
give even remotely accurate predictions. Therefore we give a brief outline of our
use of these simulations below.

Initially we primarily used a basic, direct method to approximate the moments
of the eigenvalue distribution. We first set up a matrix with 2" palindromes
and chose N so that the matrix had the desired form (every element appears
exactly 2" times in the first row). For each moment we used the eigenvalue trace
lemma to calculate the moment of the eigenvalue distribution for this particular
matrix, then we averaged over a large number of such random matrices to get an
approximation for that moment averaged over the ensemble of Toeplitz matrices
with 2" palindromes. To get increased accuracy, we simply increased V.

Our calculations were successful in verifying our predictions for the higher mo-
ments of the doubly palindromic Toeplitz matrix and for the fourth moment of the
64-palindrome Toeplitz matrix, supporting our conjectures. Specifically, whenever
one has involved combinatorial arguments such as the ones above, it is worthwhile
to numerically test the theory. In Table 1 we present the data from simulating 1000
real symmetric doubly palindromic 2048 x 2048 Toeplitz matrices, and compare
the even moments to our predicted values (as expected, the odd moments were
small). Unfortunately the rate of convergence is slow in N due to the presence of
large big-Oh constants.

It is worth noting how slow the convergence is. For example, when we considered
1000 real symmetric doubly palindromic 96 x 96 Toeplitz matrices, the observed
second moment was 0.990765, the fourth moment was 4.75209, the sixth was
45.7965 (for a ratio of 1.22) and the eighth was 737.71 (for a ratio of 1.70).

While this method was quite useful and accurate for lower moments or for
a small number of palindromes, for larger values of these quantities the big-Oh
constants grew quite large, making it computationally prohibitive to simulate a
representative sample of sufficiently large matrices, and thus leaving us with a

6When investigating the case of real symmetric palindromic Toeplitz matrices years ago, both
the authors of [BDJ] and [HM] looked at the numerical simulations and thought the results looked
Gaussian; it was only after a more careful analysis that the small deviations were isolated.



26 JACKSON, MILLER, AND PHAM

TABLE 1. Conjectured and observed moments for 1000 real sym-
metric doubly palindromic 2048 x 2048 Toeplitz matrices. The
conjectured values come from assuming Conjecture 5.9.

| Moment | Conjectured |  Observed | Observed /Predicted |

2 1.000 1.001 1.001
4 4.500 4.521 1.005
6 37.500 37.887 1.010
8 433.125 468.53 1.082
10 6260.63 | 107717.3 17.206

rather poor estimate of the moments and providing no guide to whether or not
our formulas were accurate.

To avoid simulating ever-larger matrices, we instead realized that the average
2m'™ moment of N by N matrices in our ensembles should satisfy

Gy Gy Cr,

M2m,n;N - M2m7n+ N + N2 + + Nm (Al)
Thus, rather than simulating prohibitively large matrices, we could instead simu-
late large numbers (to increase the likelihood of a representative sample) of several
sizes of smaller matrices and then perform a least squares analysis to estimate the
value of My, ,. We present the data in Table 2.

In performing the curve fitting, we frequently found big-Oh constants so large
that it would have been impossible to sample a sufficiently large sample of matrices
to get an accuracy of within a few percent for the moments. For example, for the
fourth moment of a Toeplitz matrix with 64 palindromes we found the big-Oh
constant to be above 30,000, implying that averages of quite large matrices would
give an approximation for the fourth moment that would be off by 10, compared
to a true value of about 128.

For the doubly palindromic Toeplitz matrices in Table 2, we see that our best
fit constants for My, o with 2m < 10 are quite close to the values predicted by
Conjecture 5.9, providing strong evidence supporting it.

APPENDIX B. CONJECTURES FOR GENERAL CONFIGURATIONS

In Conjecture 5.9 we hypothesize that the main term of the contribution of any
configuration is equal in the limit. We provide some arguments in support of this.

To extend Lemma 5.1 to the general even moment, we introduce some notation
for a “lift map”, which is a way of relating one configuration of an even moment
(say one of the (2m —1)!! configurations of the 2m'™ moment) to one configuration
of the next higher even moment (to one of the (2m + 1)!! configurations of the
(2m + 2)™ moment. If we add a pair of entries to a configuration, this moves
us from our initial configuration to some configuration of the next even moment.
There are only two ways to add these entries: adding a pair of adjacent entries or
adding a pair of non-adjacent entries.

Conjecture B.1 (Configuration Lifting - Adjacent Case). Consider a configura-
tion of the 2k™ moment. All configurations of the (2k + 2)™ moment obtained
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TABLE 2. Observed moments for the ensembles of N x N doubly
palindromic (i.e., n = 2) Toeplitz matrices. The conjectured values
are obtained by assuming Conjecture 5.9, which means taking the
contribution from the adjacent matching case and multiplying by
(2m — 1)!! for the 2m'™ moment.

| N | sims | 2nd| 4th|  6th|  8th| 10th |
8 1 1,000,000 | 1.000 | 8.583 | 150.246 | 3984.36 | 141270.00
121 1,000,000 | 1.000 | 7.178 | 110.847 | 2709.61 | 90816.60
16 | 1,000,000 | 1.001 | 6.529 | 93.311 | 2195.78 | 73780.00
20 | 1,000,000 | 1.001 | 6.090 | 80.892 | 1790.39 | 57062.50
24| 1,000,000 | 1.000 | 5.818 | 73.741 | 1577.42 | 49221.50
28 | 1,000,000 | 1.000 | 5.621 | 68.040 | 1396.50 | 42619.90
64 | 250,000 | 1.001 | 4.992 | 50.719 | 858.58 | 22012.90
68| 250,000 | 1.000 | 4.955 | 49.813 | 831.66 | 20949.60
721 250,000 | 1.000 | 4.933 | 49.168 | 811.50 | 20221.20
76 | 250,000 | 1.000 | 4.903 | 48.474 | 794.10 | 19924.10
80| 250,000 | 1.000 | 4.888 | 47.951 | 773.31| 18817.00
84| 250,000 | 1.001 | 4.876 | 47.615| 764.84| 18548.00
128 | 125,000 | 1.000 | 4.745 | 44.155 | 659.00 | 14570.60
132 | 125,000 | 1.000 | 4.739 | 43.901 | 651.18 | 14325.30
136 | 125,000 | 0.999 | 4.718 | 43.456 | 637.70 | 13788.10
140 | 125,000 | 1.000 | 4.718 | 43.320 | 638.74 | 14440.40
144 | 125,000 | 1.001 | 4.727 | 43.674 | 647.05| 14221.80
148 | 125,000 | 1.000 | 4.716 | 43.172 | 628.02 | 13648.10

Conjectured 1.000 | 4.500 | 37.500 | 433.125 6260.63
Best Fit Moy, o 1.000 | 4.496 | 38.186 | 490.334 | 6120.94

by adding a pair of adjacent entries to this configuration contribute equally to the
(2k + 2)™ moment.

We comment on the above conjecture; see Figure 4 for an example. Let

(coo s pgs v ey @iy Ay v Qs - - - )

be a tuple from one of the (2k—1)!! configurations of the 2k*® moment; for brevity’s
sake we call this configuration (1). We let

(...,apq,...,aij,ajo,aos,ask,...,alm,...)

be the new tuple obtained by adding the pair of adjacent, matched entries a;, =
a,s; we denote this by configuration (2). Let Qo be the set of all tuples that work
for configuration (1) and Q.2 be the set of all tuples that work for configuration
(2). We define a “lift map” F': Qo — Qg0 by

F (o apgs s Qijy Qs ooy Q-2 ) = (e Qg -, Qigy Qo Gosy Qs - - -y Qs - - - )-
(B.1)
Note F maps each indexin (..., Gpqg, - - - Qijy Qjk, - - -, A, - - . ) to itself and inserts

a new index s = j — B + B’ where B is the value of C' corresponding to the pair
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FIGURE 4. Moment Lifting by adding a pair of adjacent entries

of entries (ajz = a,q), and B’ is any value of C' such that s € {1,..., N} and
(B — B') is a valid value of C. The system of equations corresponding to the

tuples (..., apg, .-, Qijy Qjky - - -, Qs - - - ) 1S given as follows:
Il—m = —(i—j)+A
Under the map F', we obtain a new tuple (..., apq, - - -, Gij, Gjos Qoss Asky - - - Ay - - - )
satisfying the system of equations
Il—m = —(i—j)+A
p—q = —(s—k)+B (B.3)
j—o = —(o—s)+ (B - B '

Except for the two equations p—q = —(s—k)+B and j—o0 = —(0—s)+(B—B'),
every other equation of configuration (1) is preserved under F' and therefore still
holds in configuration (2). Furthermore, since both B' and (B — B') are valid
choices of the C' value by the construction of F', the two equations p — g = —(s —
k)+B and j —0o= —(0—s)+ (B — B') are also valid. Thus

(coe s pgs - - -5 Qijy Qjoy Qosy Gsles - - -5 Qs - - - ) € Sopra. (B.4)
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Based on the analysis above, the mapping F' only depends on the choice of one
index j and one C' value B from the original configuration (1). First, we can take
B to be any possible value of our C' values since in order to obtain all the tuples
of configuration (1), we need to sum over all possible combinations of the C’s that
work for the system of equations corresponding to configuration (1).

Second, for any configuration in the 2k moment, we have 2k indices (unknown
variables) and k equations with the last equation linearly dependent on the rest.
Thus we must have at least two completely free indices that can take on any value
between 1 and N. We specify the two completely free indices by choosing the very
first entry of the tuple, which obviously can be any vertex of the configuration.
Starting with any vertex, if there are some m satisfying tuples with a;; being our
first entry, then there must be exactly m tuples with aj being our first entry
since the matrix is symmetric over the main diagonal. Therefore, the number
of resulting tuples from the map F' is the same regardless of where we add the
adjacent pair.

The biggest obstacle left is whether the map F' can reach every possible tuple
of configuration (2). Given a tuple (..., Gpqg,- -, Gij; Qjo; Qos, Asks - - - s Uy - - - ) OF
the configuration (2), the inverse map F~! simply substitutes the equation arise
from the added pair of adjacent entries (a;, = jos) j = s + C3 into the equation
arise from the entries (asx = jpq) P — ¢ = —(s — k) + C. In order for this tuple
to be reachable by the map F', it suffices that Cy + (3 is a valid C' value. It
is not a problem for the 4 and 6! moment since the sum of all the C values
corresponding to any tuple must equal 0. However, at higher even moment, there
is possibility that Cy + C3 is not a valid C' value. So there might be tuples of the
configuration (2) that the map F' can not reach. If those tuples only contribute to
some lower order term then all configurations of the (2k + 2) moment obtained
by adding a pair of adjacent entries to a given configuration of the (2k)" moment
would contribute equally.

Conjecture B.2 (Configuration Lifting - Nonadjacent Case). Consider a config-
uration of matchings for the 2k™ moment. All configurations at the 2k moment
obtained by adding a pair of non-adjacent entries contribute equally to the (2k+2)"?
moment.

We provide some arguments in support of our claim; see Figure 5 for an example.
Let (..., i, Qjk, - - -, Al Apg, - - - ) be a tuple of a configuration for the 2k™ moment;
denote this by configuration (1). We let (..., a5, Qjo, ok, - - - ; Qip, Aps, Asgs - - . ) bE
the new tuple obtained by adding the pair of entries aj, = a,s. As before, let
Q. be the set of all tuples that work for configuration (1) and Qy,., be the
set of all tuples that work for the configuration (2). We define the “lift map”
FF : Q. — Q.. in this case by

!

F((coo i, Gy o Qupy gy -2 ) = (o oy Qijy Qjoy Qo - - - Qi Qps, Qsgy - - - ) (B.D)

such that F' maps every index in (..., aij, Gjm, - - -, Qip, Qpg, - - - ) to itself and adds
two new indices 0 = j + B— B and s = p+ D — D" where B and D are the C
values associated with the pairs containing a;,, and a,, respectively. Also, B’ and
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FIGURE 5. Moment Lifting by adding a pair of non-adjacent entries

D' are any value of C' such that o,s € {1,...,N} and (D' + B — D — B) is a
value of C.

For the tuple (..., aij, Gjm, - - - ; Qip, Qpg, - - . ) We have the following system of equa-
tions:
(i0—Jo = —(i—J)+A
Jo—ko = —(j—k)+ B
qlo—po = =(—-p)+C (B.6)
po—q = —(p—q) +D
L. ..
Under the map F', we obtain a new tuples (. .. s iy Qjoy Qoks - - - 5 Qlpy Upsy gy - - - )
satisfying the system of equations:
(i0—jo = —(i—j)+ A
jo—ky = —(0—k)+ B
<lo—p0 = —(Z—P)WLC, (B.7)
P—q = —(s—¢q¢)+D
j—0o = —(p—s)+(D +B —~D-B)
[

Similar to the analysis in Conjecture B.1, all equations except for j, — kg =
—(o—k)+B andpy—qy = —(s—¢q)+D and j—o= —(p—s)+ (D' +B —D—B)
are preserved under the map F' so they still hold. Furthermore, since B', D'
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and (D" + B' — D — B) are all valid choices of C, the other three equations also
hold true. Lastly, the existence of at least two completely free indices allow us
to choose them to be the first index in a;,, and the second index in a;,. Thus,
following the same line of argument in Conjecture B.1, we can always choose the
two free indices such that the number of tuples resulting from the map F'(£2,)
are the same regardless of where we add the non-adjacent pair.

Corollary B.3. Given any configuration, we can replace one of its adjacent pairs
by another adjacent pair, and similarly for non-adjacent pairs, without changing
its contribution to the corresponding moment.

Given any configuration at the (2k + 2)*¢ moment, Corollary B.3 allows us to
repeatedly replace adjacent pairs with other adjacent pairs, and similarly for non-
adjacent pairs. By iterating this process, we can move any configuration down
to the completely adjacent configuration (which contains only adjacent pairs of
entries); see for instance Figure 6. Given any configuration, whenever there is a
crossing between two pairs of entries, which implies those entries are non-adjacent,
we can eliminate the crossing by replacing one of these pairs of entries with another
pair of non-adjacent entries.

F1GURE 6. Eliminating crossings in a given configuration

Iterating this process, we end up with a configuration that has no crossing be-
tween any of its pairs of entries. We then keep replacing the pair of adjacent entries
at the two ends of the configuration with another pair of adjacent entries in the
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middle of the configuration until we obtain the completely adjacent configuration;
see Figure 7.

~
-

——————

FiGURE 7. Transformation to completely adjacent configuration

Based on Corollary B.3 and Conjecture 5.1, it follows by induction that every
configuration at any even moment would contribute equally.
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