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Abstract

We study the eigenvalue distributions for sums of independent rank-one k-fold tensor
products of large n-dimensional vectors. Previous results in the literature assume
that & = o(n) and show that the eigenvalue distributions converge to the celebrated
Marcenko-Pastur law under appropriate moment conditions on the base vectors. In
this paper, motivated by quantum information theory, we study the regime where &
grows faster, namely k = O(n). We show that the moment sequences of the eigenvalue
distributions have a limit, which is different from the Marcenko-Pastur law, and the
Marcenko-Pastur law limit holds if and only if £ = o(n) for this tensor model. The
approach is based on the method of moments.
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1 Introduction

Forn € N, let {¢1,...,&,} be a family of i.i.d. centered complex random variables
with unit variance. Denote y = ﬁ(gl, .., &) € C™. Let {yg) :1<a<m,1<1<k}be

a family of independent copies of y, and let Y, = y&l) R ® yka) for 1 < a < m. Let

{71, 72,...} be a sequence of real numbers, and Y = (Y3,...,Y;,) be a n* x m matrix.
Consider the n* x n¥ Hermitian matrix

Mn,k,m = ZTaYaY;~ (11)
a=1

*BC was partially supported by JSPS Kakenhi 17H04823, 20K20882, 21H00987, and JPJSBP120203202.
TDepartment of Mathematics, Kyoto University. E-mail: collins@math.kyoto-u.ac.jp

*School of Data Science, The Chinese University of Hong Kong (Shenzhen). E-mail: jeffyao@cuhk.edu.cn
SDepartment of Mathematics and Statistics, University of Ottawa. E-mail: ywangjun@connect.hku.hk


https://imstat.org/journals-and-publications/electronic-journal-of-probability/
https://doi.org/10.1214/22-EJP825
https://ams.org/mathscinet/msc/msc2020.html
mailto:collins@math.kyoto-u.ac.jp
mailto:jeffyao@cuhk.edu.cn
mailto:ywangjun@connect.hku.hk

Spectral distribution of sample covariance matrices from large tensor products

Therefore, each n*-dimensional vector Y, is a k-fold tensor product of n-dimensional i.i.d.
vectors, and M,, i, is a sum of m independent rank-1 Hermitian matrices of dimension
nk.

The simplest case of k = 1 was studied in the seminal paper [8] where the celebrated
Marcenko-Pastur law was derived under appropriate moment conditions on the entries
of the base vector y and the limiting scheme where n — oo and m/n — ¢ > 0. Many
subsequent improvements on the Marcenko-Pastur law appeared in the literature, in-
cluding [10], [3] and [9]. Notably, the latter paper extended the law to a broad family of
y-vectors, called good vectors, that includes the current setting with i.i.d. components.
Later, for the setting 7, = 1, the necessary and sufficient conditions on Y; that the
Marcenko-Pastur law serves as the limiting spectral distribution (LSD) of M,, 1, were
carried out in [11].

Recently, [6] considered the k-fold tensor model M,, . ,, and established a LSD for
its n* real-valued eigenvalues. For the special case 7, = 1, the LSD is exactly the
Marcenko-Pastur law. A central limit theorem (CLT) is also established for a class of
linear spectral statistics following the approach of [7]. The main setup [6] is that the
tensor product number k£ must be small enough compared to the space dimension n.
Precisely, k/n — 0 is required for the validity of the LSD while k£ = 2 is required when
n — oo for the validity of the CLT. It is natural to consider the setting where k is large.
Note that larger values of k£ produce more dependence among the entries of the vector
Yi: one expects that the LSD of M, ., does not obey the Marcenko-Pastur law when &
is large enough. However, the martingale moment bound employed in [6] is less useful
when £ is large, and the method cannot extend directly to the case k = O(n). The present
paper deals with the case k = O(n) for the model (1.1) and shows that the empirical
spectral distribution (ESD) of M, j ,, with 7, = 1 converges to the Marcenko-Pastur law
if and only if k = o(n). Therefore, the matrix M, i ., with ¥ = O(n) is a new example of
bad vectors, for which the necessary and sufficient condition in [11] does not hold.

Another motivation for studying the model (1.1) is from quantum information theory.
In [1], the model M, ; ,, was introduced as a quantum analog of the classical probability
problem of allocating r balls into s bins. The random vector Y; was interpreted as random
product states in ((D")®k. When k is fixed and m = ¢n” for some ¢ > 0, [1] established
the convergence in expectation of the normalized trace of moments n‘kTer; k.o which
coincide with the corresponding moments of the Marcenko-Pastur law. In quantum
physics and quantum information theory, it is natural to investigate the behavior of a large
number of quantum states. The paper [12] characterizes the quantum entanglement of
structured random states and studies the spectral density of the reduced state when the
number of the quantum states k is large. Likewise, [4] studies the asymptotic behavior
of the average entropy of entanglement for elements of an ensemble of random states
associated with a graph when the dimension of the quantum subsystem is large.

This paper considers the scenario where k£ grows to infinity quickly. Namely, we
assume that there exist constants ¢, d € (0, o), such that

LN i (1.2)
n n

Let us add one more word of motivation for the choice of regime k¥ = O(n). This is
a natural threshold in our quest for limiting theorems, and from the point of view of
probability theory, our result extends existing results. However, the need for large £ is
real in Quantum Information Theory. Actually, a typical real-world scenario would be n
fixed (the dimension of the system) and k& would go to infinity — the system can be used
many times, i.e., one works on regularized quantities. In practice, we do not know how
to fix n and send k to infinity, so we take this scenario as our next model.
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Our approach is based on the method of moments. Under appropriate moment
conditions on the base variable & and the sequence of coefficients {7, }, we derive the
limits for the spectral moments of M, j ., under the limiting scheme (1.2). A striking
fact from our result is that contrary to [6], the limiting spectral moments found here
involve the 4th moment of the base variable &;.

2 Almost sure convergence of spectral moments

We use [s] to denote the set of integers from 1 to a positive integer s. For a =
(a1,...,qp) and each value ¢ in «, we count its frequency by

deg,(a) = |{j € [p] - 0y = 1)]. 2.1)

The main result of the paper is the following theorem.
Theorem 2.1. Assume d > 0 and the following moment conditions hold.

1. For allp € N, the p-th moment m, = E[|§;|P] < oo
2. Forallg e IN,

1 m
—Zqu — m((;)7 m — 0. (2.2)
m

j=1

We have

1)

lim —E[Ter:k m] :Z Z <H deg (@) ) exp <d(m4 -1) Z: (deg;(a)>>

n—oo nk ;
aEC( ) 1

(2.3)

Here Cé,l,z is a special class of graphs that will be defined in the course of the proof
(see Lemma 3.1).

(ii) For all fixedp € N, if k > 2, we have
ZVar ( Ter;k m) < 0.

In particular, (i) and (ii) imply that n_’“TerZ k.m converge almost surely to the limit given
in the r.h.s. of (2.3).

The proof of the theorem is given in Section 3.

Remark 2.2. Here, we require the random variable £; to have finite moments of any
order. For most matrix models, one can remove such moment conditions by a standard
truncation argument. However, the centralization step in the truncation argument fails
for our matrix model. More precisely, let yg ) be the truncated vector for all 1 <a<m
and 1 <[ < k, then we have the following identity

$ ooy - (30 -EFY]) 20 (31 - BFP))
k
Z o(1) . (l D ]E[ (z)] ® (y((ll+1) _ E[y((ll+1)}) Q- ® (y((lk) _ E[y&k)]) (2.4)
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Note that for 1 <[ < k, the n* x m matrix, whose a-th column is
v e eyTV o Byl e (78T - BlyiT]) @ e (58 - BlyEY)),

has rank at most n*~!. Thus, the n* x m matrix, whose a-th column is (2.4), has rank
at most kn*—1. Hence, by [2, Theorem A.44], the sup norm of the difference of the
cumulative distribution functions in the centralization step does not exceed k/n, which
is not negligible when d > 0.

Let 6 = ¢4™a=1) The limit moments in (2.3), say 7p, are polynomial functions of 6.
The first four moments are

=1

o = cf + 2,

v3 = > + 3c20 + 2,

1 = cb® +4c20° + 2¢%0° + 6630 + .
However, for higher exponent p, some computing code is needed to find an explicit
expression for ,.
Remark 2.3. The limiting moment sequence (vy,) grows to infinity extremely fast with p.
To see this, let 7, = 1. Then v, is lower bounded by the first term (s = 1) in (2.3), namely
c6P(P=1/2_ Thus the Carleman’s condition, that is, 5°°°, 75"/ *?) = o0, is not satisfied

p=1 2p
(see also [5]). In particular, it is not clear whether the moment sequence (v,) uniquely

determines a limiting distribution. However, by the convergence of the moments, we
know that the sequence of eigenvalue distributions is tight (almost surely).

As a byproduct of our moment method, we give an alternative method for deriving a
limiting spectral distribution in the case of d = 0, a result already given in [6] using the
method of Stieltjes transform.

Proposition 2.4. Assume d = 0. We have

)

1 P S
g, -3e B (M) es

s=1 el \t=1

Here c§},2 is a special class of graphs defined later in Lemma 3.1.
(ii) For all fixed p € N, if k > 2, we have

> 1

E Var (kTer:k m) < 0.
n K,

n=1

In particular, (i) and (ii) imply that n"“T&"Mﬁ’k?m converge almost surely to the limit given
in the r.h.s. of (2.5).

The proof of the proposition is given in Section 4.

Finally, comparing the two cases d > 0 and d = 0, it is worth noticing that the fourth

moment my4 contributes to the limiting spectral moments only in the case of d > 0
(Theorem 2.1).

3 Proof of Theorem 2.1

We first introduce some preliminaries on graph combinatorics. We call a = (ay, . . .,
a,) € [m]? a sequence of length p with vertices «; for 1 < j < p. We denote by |a| the
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number of distinct elements in «. If s = |«
be the set of all s-sequences a € [m]?. Then

, then we call a an s-sequence. Let J; ,(m)

m]P = ) Tep(m). (3.1)

Two sequences are equivalent if one becomes the other by a suitable permutation on
[m]. The sequence « is canonical if «; = 1 and «,, < max{ay,...,a,_1}+ 1 for u > 2.
We denote by C; , the set of all canonical s-sequences of length p. From the definition
above, one can see that the set of distinct vertices of a canonical s-sequence is [s].
Denote by Z ., the set of injective maps from [s] to [m]. For a canonical s-sequence «
and a map ¢ € Z; ,,,, we call ¢(a) the s-sequence (p(1),...,¢(a,)). For each canonical
s-sequence, its image under the maps in Z, ,, gives all its equivalent sequences, and
hence its equivalent class of sequences in [m]? has exactly m(m—1)--- (m—s+1) distinct
elements.

Let a = (a1,...,p) € [m]? be a fixed canonical s-sequence. For i; = (igl), . ,z‘ﬁp)) €
[n]?, draw two parallel lines referred as the a-line and the i-line, respectively. Plot
igl), . ,z‘(lp) on the i-line and a4, ..., a;, on the a-line. Draw p down edges from o, to

1 ) and p up edges from i; ) to ay41 for 1 < u < p. Here, we use the convention that

a1 = apy1. We call a down edge from o, to 1'(1“) a down innovation if z‘§“> is different

from igl), . ,iﬁ“*”. We also call an up edge from i§“> to ay41 an up innovation if ay, 1
is different from ay,...,a,. We denote the graph by g¢(i1,«) and call such graph a
A(p; a)-graph. Two graphs g(i1, @) and g(é}, ) are called equivalent if the two sequences
i1 and 4} are equivalent, and we write g(i1, «) ~ g(i}, «) for this equivalence. For each
equivalent class, we choose the canonical graph such that i; = (igl), e ,z‘ﬁp)) € [n]P
is a canonical r-sequence for some r € IN,.. A canonical A(p; a)-graph is denoted by
A(p,r, s; «) if it has r noncoincident i-vertices and s noncoincident a-vertices. We classify

A(p,r, s; )-graphs into the following five categories.

* Ay(p,s;a). A(p; «)-graphs in which each down edge must coincide with one and
only one up edge. If we glue the coincident edges, the resulting graph is a tree of p
edges and p + 1 vertices, which implies r + s =p + 1.

* As(p,r,s;a). A(p; a)-graphs that contain at least one single edge.

* As(p, s;a). A(p; a)-graphs such that the number of the edges between two vertices
is 0 or 2. If we glue the coincident edges, the resulting graph is a connected
graph with exactly one cycle. The graph has p edges and p vertices, which implies
r+s=np.

* Ay(p, s;a). A(p; a)-graphs having two up edges and two down edges with the same
endpoints, and all other down edges coincide with one and only one up edge. If
we glue the coincident edges, the resulting graph is a tree of p — 1 edges and p
vertices, implying r + s = p.

* As(p,r, s;a). A(p; a)-graphs that do not belong to the categories above. In this
case, the graph has at most p — 1 vertices, since the in-degree equals to out-degree
and at least 2 for all vertices. Thus, r + s < p — 1.

Next, we determine the number of sequence i; € C,+1_5, such that g(i1,a) €
Aq(p, s; ) for a given sequence « € C,;,. We have the following lemma, which is
motivated by [2, Lemma 3.4].

Lemma 3.1. For any sequence a € C, ), there is at most one sequence i1 € Cpi1—sp
such that g(i1, @) € A1(p, s; ). We denote by Cglg the set of such canonical sequences «.
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Then the number of the elements in cg}; is

i(ﬁﬂ@'

Proof. Let
Al(pv S) = U Al(pv S5 O[).
(Jtecs,p
We define a pair of characteristic sequences {u1,...,u,} and {d1,...,d,} by
1 = 1y 1
uy = PR e 7 | .maX{O/h 70[[} + 5 (32)
0, otherwise,
and
-1, « Lagrr, ... apt,
i - 1 ¢ S p} (3.3)
0, otherwise.

By definition, we always have u, = 0 and d; = 0 because o; = 1.

For a graph in A;(p, s), there are exactly s — 1 up innovations and hence there are
s —1 u-variables equal to 1 and s — 1 d-variables equal to —1. From its definition, one sees
that d; = —1 means that after plotting the I-th down edge (o, igl)), the future path will
never revisit the vertices a;, which means that the edge (o, igl)) must coincide with the
up innovation leading to the vertex ;. Since there are »r = p + 1 — s down innovations to
lead out the r i;-vertices, d; = 0 implies that the edge («ay, igl)) must be a down innovation.
Therefore, d; = —1 must follow a u; = 1 for some j < [, which leads to the restriction of

the pair of characteristic sequences to satisfy
u+--+u_1+do+---+d; >0, 2<1<p. (3.4)

Next, we show that each pair of characteristic sequences satisfying (3.4) defines a
graph in A;(p, s) uniquely.

Firstly, we have igl) = 1. Besides, ap = 1ifu; = 0and oy = 2 if u; = 1. We use
induction to determine the unique graph in A;(p, s). Suppose that the first [ pairs of
the down and up edges are uniquely determined by the two sequences {uq,...w;} and
{dy,...d;}, and the subgraph of the first [ pairs of down and up edges satisfies the

following properties:

(al) The subgraph is connected, and the unidirectional noncoincident edges form a
tree;

(a2) If a;+; = 1, then each down edge coincides with an up edge, which means that the
subgraph has not any single innovation;

(a3) If ay41 # 1, then from the vertex a; to a;11, there is only one path (a chain without
cycles) of down-up-down-up single innovations and all other down edges coincide
with an up edge.

We consider the following four cases to determine the (I + 1)-th pair of down and up
edges.

Case 1. d;;; = 0 and u;+; = 1. Then both edges of the (I + 1)-th pair are innovations,
which implies that i{"™ = |{j <i+1:d; =0} and o = 1+ |{j <1+ 1:u; =1}
After adding the two edges, the subgraph with the first [ 4+ 1 pairs of down and up
edges satisfies the properties (al)-(a3).
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Case 2. d;;; = 0 and u;41 = 0. Then the down edge (a1, ing)) is an innovation so

z§’“> =|{j <1+1:d; = 0}|. The up edge (i§l+1)7al+2) is not an innovation so
aq42 coincides with some vertex «; for 1 < j <[4 1. If a; # oq41, then thereis a
path igl) — oy — z'(llH) — a;. Also note that there should be a path connecting

a; and i(ll) in the subgraph of first / pairs of down and up edges. The two paths

with undirected noncoincident edges will lead to a circle, which is a contradiction.
Hence, aj42 = a; = oy41 and the (I + 1)-th up edge coincide with the (I 4 1)-th
down edge. After adding the two edges, the subgraph with the first [ 4+ 1 pairs of
down and up edges satisfies the properties (al)-(a3).

Case 3. d;;; = —1 and u;+; = 1. By (3.4), we have
up+-+u +de+--+d > 1

Hence, there is at least one vertex in {as,...,a;11} which is not oy, such that
the vertex will be visited in the last p — (I + 1) pairs of down and up edges. Thus,
by property (al) and (a2), we have a;1 # a;. Hence, there must be a single up
innovation leading to the vertex a;y;. We denote the up innovation by (igj ), Qt1)
for some 1 < 5 < [. Hence, we choose ig“’l) = igj), which means that the down
edge starting from a;y; coincides with the up innovation leading to «;4;. Besides,
the (I + 1)-th up edge is an innovation, which starts from iglﬂ) and ends in a2 =
14+ |{j <1+1:u; =1}|. After adding the two edges, the subgraph with the first

I + 1 pairs of down and up edges satisfies the properties (al)-(a3).

Case 4. d;;; = —1 and w41 = 0. As discussed in Case 3, the (I 4+ 1)-th down edge
coincides with the only up innovation ended at «;;;. Before this up innovation,
there must be a single down innovation by property (a3). Then the up edge can be
drawn to coincide with this down innovation. If the path of single innovations of the
subgraph with the first [ pairs of down and up edges has only one pair of down-up
innovations, then a;;2 = 1, and hence the subgraph with the first [ + 1 pairs of
down and up edges has no single innovations, which implies that the properties
(al) and (a2) hold. Otherwise, ;42 # 1 and the subgraph with first [ 4+ 1 pairs of
down and up edges satisfies properties (al) and (a3).

By induction, it is shown that two characteristic sequences {u1,...,u,} and {di, ...,
d,} satisfying (3.4) determine a graph in A;(p, s) uniquely.
For a given sequence o = (aq,...,q,) € Cs,, the two characteristic sequences are

uniquely determined by (3.2) and (3.3). This shows that there is at most one sequence
i1 € Cpt1—s,p such that g(i1, @) € Ay(p, s; o). More precisely, there is exactly one sequence
i1 € Cpy1—s,p such that g(i1, ) € Aq(p, s; «) if and only if the pair of two characteristic
sequences satisfies (3.4).

Moreover, by [2, Lemma 3.5], the number of the elements in Cg,l,g equals to the number
of graphs in

U Al(pa 53 OL),

aECs,p

(202 =50 C

Remark 3.2. There exists a € Cs,p\Cﬁm, such that the u-sequence and the d-sequence de-
fined by (3.2) and (3.3) respectively satisfy the restriction (3.4). Consider the canonical

which is
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2-sequence « = (1,2,1,2), the corresponding u-sequence is {1,0,0,0} and the corre-
sponding d-sequence is {0, 0,0, —1}, which satisfy (3.4). However, the graph of a belongs
to As(4,2;«), which means that a € Co 4 \Céz. Indeed, the a-sequence of the graph in
A1(4,2; «) corresponding to the pair of characteristic sequences is (1,2,2,2).

3.1 Proof of (i)

We will use a, 8 € [m] to index the columns of Y. We will also use a multiple index i
of the form i = (iy, ..., i) for the rows of Y. Then i should be in [n*]. For any p € IN, we
compute the moment

1 P
nk E [TrMn k, m]

By convention, a1 = a;. We have

1 1 & £ . \
F E[TI‘Mﬁkm] :E Z (H Toy I T (Yap+1Ya1 o 'YapYap)}

Li(h),.. . ilp)=1t=1

.....

> HH( ys.zﬂm)]

Li(V) .. ilp=1t=11=1

.....

)¢
)
)¢

:% f: (ﬁmt E H Z H(ym ® Y&Ll);ﬂ)]

ag,...,ap=1 \t=1 Li=1 ’(1)7'“7 I(P)_lt 1
k
N - (1)
5 3 (I ] X T(6M0 6,
QY yenny ap=1 \t=1 D e t=1
1 oeely
(3.5)
We used the i.i.d. setting in the last equality.
For two sequences o = (o, ..., @) € [m|” and 41 = (igl), . ,7151’)) € [n]?, let
- (1)
. 1
E(i1,a) =E H1 ((yat )0 (yggl)i?)ﬂ : (3.6)
t=

Observe that E(i1,«) = E(i}, ) if the two sequences i; and « are equivalent to ¢} and
o/, respectively. By (3.5) and (3.1), we have

k
p p P
JE[Ter;km n—lkz > <Hfat) Z > E(i,a)
s=1aeJs p(m) \t=1 r=141€Jr p(n)
k
P
:%Z Z Z H (Olt) Z?’L TL—T+1) Z E(i1,0&)
s=1a€Cs,p \PELsmt=1 11€Crp
(3.7)

We first compute the sum on ¢; in (3.7). For any sequences a € C, ,,, we can split the
sum according to the category of the graph g(i1, «) as follows:

> Eli,a) = > E(iy, ) + > E(i1, @)

11€Crp i1 €Cr,p i1 €Cr.p
g(i1,a)EA(p,s;a) g(i1,@)EAZ(p,s;a)
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+ > E(iy, ) + > E(iy, a) (3.8)

i1 €Cr,p i1 €Cr,p
g(i1, @) EAL(P,s500) g(i1,a)EAg(p,r,s;0)

We deal with the four terms on the right hand side, respectively. For i; € C,, with
g(i1, ) € Aq(p, s;a), by the definition of A;(p, s; ), we have E(i;,a) = n~? and p =
r + s — 1. Hence,

> E(i1, ) =n"""* > 1. (3.9)

i1 ECr p i1 €Cr.p
g(i1,@)EA| (p,s;) g(i1,a)€A](p,s;x)

For iy € C,, with ¢(i1, ) € As(p, s; ), by the definition of As(p, s; ), we have E(i1,a) =
n~P and p = r 4+ s. Hence,

> E(iy,0) =n~ """ > 1. (3.10)

i1 €Cr,p i1 €Cr,p
g(i1,a)EAZ(p,s;ax) g(i1,a)EAZ(p,s;a)

For iy € C,, with g(i1, @) € Ay(p, s; ), by the definition of Ay(p, s; ), we have E(i;, o) =
n~Pmy4 and p = r + s. Hence,

> E(iy,a) =n"""*my > 1. (3.11)

i1€Crp i1E€Crp
g(i1, ) €Ay (p,s;cx) g(i1, ) €Ay (p,s;cx)

For i1 € C,, with g(i1,a) € As(p,7,s;a), by the definition of As(p,r, s;a), we have
E(i;,a) =0O(n~?)and p > r + s + 1. Hence,

> E(i1,a) = O(n™P) > 1. (3.12)

i1 €Cr,p i1€Cr,p
g(i1,@)EA5(p, 7, s50) g(i1,@)EA5(p, 7, s;50)

Substituting (3.9), (3.10), (3.11) and (3.12) to (3.8), and noting that

-1
no-(n—r+1)=n" <17ﬂ(7ﬂ2)+0(n?)>7
n
we have
p
Zn-~-(n—r+ 1) Z E(i1, @)
r=1 11€Crp
1— _
" 1ECp+1—sp
g(i1,a)€A 1 (p,s;a)
—s)(p—s—1
+n"° (1 _ s)(g s 1) + O(n_2)> Z 1
n 11€Cr,p
g(i1, ) €A (p,s;cx)
—s)(p—s—1
+n—s (1 _ (p S)(g S ) + O(n_2)> m4 Z 1
n i1€Cr,p
g(i1,a)€Ay(p,s;a)
et r(r—1)
r _ — —2 —p
ey (- o) Y o
r=1 i11€Cr,p
g(i1,2)EA5(p,T,8;0)
_ 1_3( (p+1—5)(p—8)) 3
=n 1— 1
2n 11€Ch+1—s,p
g(i1,0)EAL(P,s50x)
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+n”° E 1+my E 1| +0(n=1h (3.13)
i1 €Cr,p i1€Cr,p
g(i1,x)EAZ(p,s;o) g(i1,@)€Ay(p,s;)

1—s 1)
{O(n ), a€Csp, (3.14)

T lom), aec,\cly,

where the last equality follows from Lemma 3.1. Hence, by (3.13), (3.14) and Lemma
3.1, (3.7) can be written as

1

E]E[TrMﬁng]

1 & L P *
== 2 | 2 Hmeten | [ 2on(n—r+1) 37 E(ira)

s=1a€Cs p \PELsmt=1 r=1 11€Crp
p mA s 1 D

=3 () o) X | 3 et

s=1 aect) OET e m t=1

k
p+1-s)p—s) 1
1-— 5 + - Z 1+ my Z 1 . (3.15)
i1 €Cr,p i1€Cr,p
g(i1,a)EA3(p,s;a) g(i1,a)EAy(p,s;a)

Recall the definition of deg,(«) given in (2.1). Then the sequence « has exactly deg,(«)
vertices that equals to . Thus, we have the following identity

Z deg, () = p.
t=1

The following lemma computes the size of A4(p, s; «) for given o € Cg}g.

Lemma 3.3. For fixed a = (a1,...,0p) € CS;, the number of iy € C,.,, such that g(i1, o) €
Aylp, s;a) is

ZS: (deg;(a)) (3.16)

t=1

Proof. We sort the graphs in Ay(p, s;«) into two classes. We will show that graphs
in A4(p, s;a) can be transferred to graphs in A;(p, s; @) by splitting the vertex in the
sequence i; which has multiple edges.

The first class consists of graphs whose first [ — 1 up edges are distinct, and the [-th

down edge (al,igl)) coincide with the j-th down edge for some 1 < j < [ < p. Hence,

o) = a4 and igl) = igj). Since the subgraph of the path from «; to «; does not have a

cycle, one can find 1 < j’ < [, such that the j’-th up edge is from z§’> to a;. Another up

edge from igl) to a; belongs to the set of the last p — (I — 1) up edges. Hence, the edge

(ou, igl)) is not a down innovation. Now we split the vertex igl)

7;gl,2) (1,1)

. . (1,1
into two vertices zg ) and

. The new vertex i is still labeled by the value of igl) and the first [ — 1 pairs of

up and down edges which connect igl) are plotted to connect the new vertex igl’l). The

[-th down edge connect i(ll) is plotted to connect the new vertex igl’Q), which is a down
innovation. The rest of the edges can be plotted such that the new graph belongs to
A1(p, s;a). See Figure 1.

The second class consists of graphs whose first [ down edges are distinct, and the

[-th up edge (igl)7 ay4+1) coincides with the j-th up edge for some 1 < j <! < p — 1. This

EJP 27 (2022), paper 102. https://www.imstat.org/ejp
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:a1+1:a'

J'+l J+l J

[ th Jjit [ th

Figure 1: A graph in the first class of A4(p,s;a) (left column) and corresponding
A1(p, s; ) graph (right column).

means that igl) = igj) and a;11 = oj4;. Since the subgraph of the path from z'gj) to igl)

does not have a cycle, one can find j < j° <, such that the j'-th down edge is from «a;,4

to igl), which means that oy = a1, igjl) = igl) and the j'-th down edge is not a down

innovation. Another down edge from ;1 to igl) belongs to the set of the last p — [ down

edges. Now we split the vertex igl) into two vertices i{"" and igl’Z). The new vertex igl’l)
is still labeled by the value of igl) and the first j° — 1 pairs of up and down edges which
connect igl) are plotted to connect the new vertex igl’l

igj ) = igl) is plotted to connect the new vertex i

up edge starts from igl’m. The rest of the edges can be plotted such that the new graph

belongs to A;(p, s; ). See Figure 2.

). The j’-th down edge connect
, which is a down innovation. The [-th

aj+1 = a1+1 = 0!}., aj+1 = a/+1 = aj'
o o
Jjit th
j'th jth/ j'th
i i
. (7 (" S() _ (D 20 _ () _ ()
llj)zll():ll(]) ll _ll ll _ll _ll

Figure 2: A graph in the second class of A4(p, s;a) (left column) and corresponding
A1 (p, s; ) graph (right column).

Therefore, for any graphs in A4(p, s; @), one can split the vertex in the sequence i;
associated to the multiple edges to get a graph in A;(p, s; «). Equivalently, any graphs
in A4(p, s;a) can be obtained from graphs in A;(p, s; «) by gluing two vertices of the
sequence ¢; that have a same neighborhood. Moreover, gluing different pairs of vertices
of the sequence i, leads to different graphs in A4(p, s; a).

For fixed o ¢ cﬁ}g, by Lemma 3.1, there exists a unique sequence i1, such that the
graph g¢(i1,«) € A1(p,s;a). Note that for a vertex ¢ on the a-line, the number of its
neighborhoods on the i-line is deg,(«). Hence, the number of choices of gluing two
vertices of the sequence ¢; with the same neighborhood ¢ on the a-line is

deg, ()
) .
Thus, for fixed a € c£1,2 the number of i; € C,, such that g(i1, @) € Ay(p, s; @) is given

EJP 27 (2022), paper 102. https://www.imstat.org/ejp
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by (3.16). O

The following lemma is a property of the sequences in 051,2
Lemma 3.4. For a € C, ), if there exist different integers t1,t, € [s|, such that oj, =
ajr =t and oy, = aj, =t for some 1 < ji < jo < jj < jy < p, then o ¢ cg};.

Proof. We prove by contradiction. Suppose « € Cﬁlp) Then there exists a w € Cp11—s,p,
such that g(w, @) € Ay(p, s;a). Note that the path from «;, to a;, and the path from aj
to ayj; are two paths from the vertex on the a-line with label ¢; to the vertex on the a-line
with label #,. The two paths will lead to multiple directed edges or undirected cycle,
which contradicts the definition of A;(p, s; ). O

The following corollary is a direct consequence of Lemma 3.4.

Corollary 3.5. Fora € 05112 graphs in As(p, s; ) are the A(p; a)-graphs in which each
down edge must coincide with one and only one up edge. If we glue the coincident edges,
the resulting graph is a connected graph with exactly one cycle.

The following lemma computes the size of A3(p, s; o) for a given « € (351,2

Lemma 3.6. For a = (ay,...,qp) € 62113 the number of i; € C,, such that g(i1, o) €
As(p, s;a) is
p+l—s — (degy(a)
— . 3.17
()5 (s o7

Proof. Recall that in a graph from Ajs(p, s; «), each down edge coincides with exactly
one up edge, and the graph is connected with exactly one cycle after gluing coincident
edges.

We also sort the graphs in A3(p, s; ) into two classes. We will show that graphs in
As(p, s; ) can be transferred to graphs in A;(p, s; ) by splitting an appropriate vertex
in the sequence ;.

The first class consists of graphs whose subgraph with first [ — 1 up and down edges
has no cycle when orientation is removed and multiple edges are glued, but has a cycle
when adding the [-th down edge. Hence, we have 3 <[ < p, and both «; and igl) are

not new vertices. Now we split the vertex igl) into two vertices igl’l) and igl’z). The new

vertex igl’l) is still labeled by the value of igl), and the first [ — 1 pairs of up and down

edges which connect igl) are plotted to connect the new vertex igl’l). The [-th down edge

(cu, z‘(ll)) is replaced by the new down edge («y, igm)), which is a down innovation. The
[-th up edge starts from 2'5172). The rest of the edges can be plotted such that the new

graph belongs to A (p, s; «), see Figure 3.

a,;

a -

[ Ith — th

i (1 (2
) ll(,) ll(,)

Figure 3: A graph in the first class of As(p,s;a) (left column) and corresponding
A1(p, s; ) graph (right column). The dashed line describes the existence of a cycle.
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The second class consists of graphs whose subgraph with first [ — 1 up edges and first
[ down edges has no cycle when orientation is removed and multiple edges are glued,
but has a cycle when adding the [-th up edge. Thus, there exists a 1 < j < [, such that
ar+1 = o5 and the j-th down edge belongs to the cycle. Since the subgraph with first
[ — 1 up edges and first | down edges has no cycle, we have a,, # «a; forall j <u <[+ 1.
By Lemma 3.4, the first j — 1 pairs as well as the last p — [ pairs of down and up edges
never visit the vertex «,, for all j < u < [+ 1. Hence, along the path from zgj ) to z(l), all

down edges are paired with exactly one up edge. Note that along the path from «; to

zg ), there must be a single edge, which can only be (¢, zgj)) If ¢§j> # igl), then in the

subgraph of path from «; to o;41, the degree of the vertices igj) and i(l) are both odd

number. This is impossible. However, z(J) = zg) implies that the /-th up edge (zg ), 1)

coincides with the j-th down edge (¢;, ¢} i )) This contradicts the assumption that the
subgraph with first [ pairs of down and up edges has a cycle but has no cycle if the /-th
up edge is deleted while removing the orientation and gluing multiple edges. Thus, the

second class is empty.

Therefore, for any graphs in A3(p, s; «), one can split an appropriate vertex in the
sequence i, to get a graph in A;(p, s; «). Equivalently, any graphs in Az(p, s; @) can be
obtained from graphs in A;(p, s; «) by gluing two vertices of the sequence i; without
common neighborhood. Moreover, gluing different pairs of vertices of the sequence i,
leads to different graphs in Az(p, s; ).

For a fixed a € Cé}g, by Lemma 3.1, there exists a unique sequence 71, such that the
graph g(i1,a) € Aq(p, s; ). Moreover, the sequence i; has p + 1 — s different vertices.
Hence, the number of choices of gluing two vertices in the sequence i, is (pgfs). By
Lemma 3.3, the number of choices of gluing two vertices in the sequence ; that have
different neighborhoods is given by (3.17). O

By Lemmas 3.3, 3.6 and Equation (3.15), we have
1
E [TerIZ k, m]

(2 1oy X | X [T ) =

aGCg‘l,), YELs m t=1

Y S i

s k
() aeon X (3 T et 3 ()

acct) \PELu,m t=1
—1</d ;
(egf )] . (3.18)
t=1

Y

w
Il
—

L — |
—_

-

W
I
—

S

1 o= deg,(a
() (o) 30 TT{ 5 o

1 aec() t=1 =1

NE

S

where we use the following equality in the last equality

S

S M= 2 Mame =11 X | oo

Elsmt=1 J1 js=1 t=1 t=1 =1
® Vp#q ip#iq J
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Letting m, n, k — oo in (3.18) with the ratio (1.2) and the limit assumption (2.2), we have

1 P s . L, (de
i () =3 5 ([T oo (-3 (%))

acct) \t=1 t=1
(3.19)
3.2 Proof of (ii)
For any p € IN, we compute the variance of the moment
P 1 P 2 1 P 2
Var TrMn e ) = 5 E (Ten? )7 - — (B |, ) (3.20)

We use the convention that a1 = «; and 8,41 = $1. Recalling the model (1.1), we can
write

— > > (H Tatrﬁt> E {Tr(yamygl Yo, Y ) Te(V,, VG, - .Yﬁpyﬁ*p)}
Lo }n »
i Y3 (T

nk nk 14
E g Hyl(t)m (t)at+1y(‘)ﬂty<t)56+1

i, i =150, je) =1t=1

1 m m D
Ly T (Hﬁ)
at,..,ap=1p1,...,8p=1 \t=1

nk k

mn p [
> X HH( y&?ﬂ);a(y‘éﬁ)jp(yé?H)j;»)]- (3.21)

iP=1jm jP=1t=11=1

iW i) =130

The expectation above can be factorized as follows, using the i.i.d. setting:

k n ]
2D 1SS i | (ORI RN

=10 iy 0 ey t=1

1 k

n n p
el X % (6680 600680 )| | - e

W oy ey t=1

.....

On the other hand, by (3.5), we have

1 2
P
—7 (B[, ,,])
1 m m P n p
ar=2D DD (HMW) El > H(yat o y&tll)p)
ay,..,ap=1P1,...,6p=1 \t=1 iDL =g =1
k
w3 I(eMeel)e)] - e
SO ey t=1
1 s J1
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By plugging (3.22) into (3.21) and using (3.23) and (3.20), we have

Var ( CTeM? m) (3.24)

m m

N

a,...,ap=1p1,...,Bp,=1 \t=1
k
- (
1 1
Ale] S 8 T(eMe 680 60 68,0 )
A g 0 ey t=1
1 oeenly 1 seede
n
1
el 2 (M)
(1)) t=1
1 > %1
k
< Z H < y/gt (t) y(gt)ﬂ) 'Y))
)y t=1
J1 o1 =
Denote the sequences o = (a1,...,a), 8 = (B1y-vvye--3Bp), i1 = (z’ﬁ”,...,iﬁ”) and

1= (1), . ,]Ep)) We use the notation o N 3 = () if the two sequences « and 3 have no

common vertices. Note that when o N 3 = ), the two random variables

P R
[T ()0 0220 ) o T (000652,

t=1

are independent, for any sequences i1, j; € [n]?; they will not contribute to the variance
above. Hence, (3.24) can be written as

Var <1TrMSkm>

:% 2 (ﬁ Taﬁ/ﬂ)

a,Be[m]P,anp#0 \t=1

X Z E

i1,j1€[n]P

k

T (5 62,0, 69 520, )|

t=1

: T (7o ) k
- Z I H ( Yat i® Yétﬂ <t>) H ( yﬁ, 1) ygﬂrl) ())1
i1,j1€[n]P t=1 t=1
1 p
2 (Men)
a,Be[m]P,anp#0 \t=1
k k
X Y Elinainf)| —| D, El,0)EGLB) | ¢, (3.25)
i1,j1€[n]P i1,51€[n]P
where E(-, ) is defined in (3.6), and E’(i1, a; j1, 8) is given by
: 1) e
et =5 [T (680 0820, O 081,00
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We use the notation g(i1, ) U g(j1, 8) for the graph obtained from g(i1, «) and g(j1, 8)
by joining two graphs together and keep the coincident edges. If the graph g(i1, ) U
9(j1, 8) has a single edge, then this single edge must belong to one of the graphs g(i1, «)
and ¢(j1, 8). Since the variables have mean zero, only the summation indices i1, j; such
that the graph ¢(i1, «) U g(j1, 8) has no single edge contribute to (3.25). Note that the
graph ¢(i1,a) U g(j1, B) is connected with 4p edges, the degrees of the vertices are at
least 4 with at most two exceptions, whose degrees are at least 2. Denote s = |(«, §)]
and r = |(i1,71)|, (i1, a5 71, B) is non-vanishing when r + s < 2p + 1.

Besides, if a N 3 # 0, then s < |a| + |3| — 1. Hence, the term E(i1,a)E(j1, 3)
is non-vanishing when |i1| + |o| < p+ 1 and |j1] + |8] < p + 1, which implies that
r—+s <l|ir] + |71] + (Jo| +|5] — 1) < 2p + 1. Hence, for n large,

1
:@Z Z Z HT(ao (Br)

s=1 (aaﬂ)ecsj;uamB#@ PELs,m t=1

2p
X an(l—&-O(n_l)) Z E'(i1,a; 51, 8)

(41,J1)ECr 2p

2p
Yowr1+0(m™h) Y Eli,a)E(, )

(i1,J1)€Cr2p

2p
S#Z Z Z H g?tgt(a)megt B) Xcgn(ks)k

s=1 (a,B)ECS,zp,aﬁB;é(Z) PELs,m t=1

Cp N e L _deg, (a)+deg, (8)
nkzl(nk) > > Hmcp(# t
s=

(a0,8)ECs,2p,aNBAD \PELs m t=1

Gy ’ 1Ly (a)+deg, (5)
deg, (a)+deg,
<HX (R X I mreere
(a,8)€ECs 2p,aNB#D t=1 j=1
k
<& (3.26)
SR .

where C,, is a positive number that depends only on p and may vary in different places.
Therefore, for all fixed p € N4, if £ > 2, we have

ZV&I‘( TrMﬁkm) < 0.

4 Proof of Proposition 2.4 (the case of d = 0)

The variance calculation (ii) is identical to the one given in the proof of Theorem 2.1,
see Section 3.2. It remains to establish the moment limit (i).

Note that the moment formula (3.7) is also valid for the case d = 0. We use the
graph ¢(i1, @) to compute the sum on ¢, in (3.7). For any sequences o € Cs, and i, € C,.p,
satisfying ¢(i1,«) € Ai(p,s;«), we have r + s = p+ 1 and E(i;,«) = n~P. Besides,
E(i1,a) = 0 if the graph g(i1,a) € As(p,7,s;a). Moreover, if g(i1, o) ¢ A1(p,s;a) U
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Ay(p, 1, s;a), thenr + s <pand E(i;,a) = O(n~?). Hence,

NE

n---(n—r+1) Z E(i1, @)

r=1 11ECrp
P
:Zn’“(l—FO(n*l)) Z E(i1, @)
r=1 i11E€Crp
P
:an(l—FO(n_l)) Z E(i1, @)
r=1 i1€Cr,p
g(ip,a)eA(p,s;a)
P
+) n"1+0(n™) > E(i1, )
r=1 i1 €ECp;

P
9(i1,0)¢A1 (p,5;0) UL (p,r,s500)

=n'(1+0(n™") Y. 1+0(n™).

i1€Cp4+1—s,p
g(i1,a)€A(p,s;a)

Therefore, by (3.7), (4.1) and Lemma 3.1, we have

1
nk E [TYMS k, m}

:% Z Z H Toao | [P 51 +0MRTY)) Z 14+0(n~

€Csp \$PELs,m t=1 i1€Cp11-5,p
g(i1, @) €A (p,sia)

Z%Z Z > e | (720 +00) + 0 )
s=1 qeclt) \PELam t=1

P

nlki > 3o e | (00)"

s=1 aECs,p\Cé,l;); QYELs m t=1

:%Z o 2 Imwn | xn" 1 +o(1)

s=1 qect) \PE€Lam t=1

EID N ED [Tt | @ 4 00)

p"qﬁ

s=1 accty) P€Ls,m t=1
P m s s m
_ eg
=> () X (11 Z ] @+ o),
s=1 aecﬁ}; t=1 =

°)

(4.1)

(4.2)

where we used k = o(n) in the third equality. Letting m, n,k — oo with the ratio (1.2),

we have
p s
P s ()
nh_{rgo n—E[TrMn & m Z c Z (H mdegt(a)> .
s=1 qecl) \t=1
Remark 4.1. In the case 1; = 5 =--- =1, by Lemma 3.1, we have
=1/ p \/(p
_ P _ - s
nlgr;o nk E[TrM" k m] sz:l P (s — 1) (s)c ’

which is the p-th moment of the Marchenko-Pastur law.
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