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Spectra of large diluted but bushy random graphs

Nathanaél Enriquez, Laurent Ménard

Abstract

We compute an asymptotic expansion in 1/c of the limit in n of the empirical spectral
measure of the adjacency matrix of an Erd6s-Rényi random graph with n vertices and
parameter c/n. We present two different methods, one of which is valid for the more
general setting of locally tree-like graphs. The second order in the expansion gives some
information about the edge of the spectrum.

MSC 2010 Classification: 05C80; 60B20.
Keywords: Erd6s-Rényi random graphs; random trees; adjacency matrix; random matrices.

1 Introduction

It is a consequence of the celebrated result of Wigner [11] that the limit of the empirical
spectral measure of the adjacency matrix of a large Erd6s-Rényi random graph with fixed
parameter p is the semi-circle law. This fact remains valid when p is allowed to depend on
the size n of the graph, as long as np — co.

In the diluted regime, i.e. when np converges to a constant c, it has been proved that
the empirical spectral distribution still converges, when properly rescaled, to a probability
distribution ¢ (see the work of Zakharevich [12]). However, this measure is far from being
well understood. Let us mention two recent breakthroughs: in [6], Bordenave, Lelarge and
Salez computed the mass y°({0} ), and more recently, Bordenave Sen and Virag proved in [7]
that u© has a continuous part if and only if ¢ > 1.

In the present paper, we focus on the study of u° for large ¢ and describe how u° differs
from the semi-circle law. More precisely, we compute an asymptotic expansion in 1/c of u¢
(see Theorem [1]and |3|for precise statements). The second order in the expansion gives some
information about the edge of the spectrum (see Section [4).

In a famous paper [2], Benjamini and Schramm introduced the so-called notion of local
convergence for sequences of graphs. In this terminology, Erd6s-Rényi graphs of parameter
c/n converge locally towards a Galton-Watson tree with Poisson offspring distribution. More
generally, the configuration model introduced by Bollobas [3] gives a generic construction of
random graphs converging locally towards random trees.

Bordenave and Lelarge proved in [5] that, for random graphs converging locally to
random trees, the expectation of the spectral measure of the limiting tree is the limit of the
spectral measures of the random graphs. This allows us to extend the computations we did
for Erdds-Rényi random graphs to any sequence of growing random graphs converging
locally to a random tree.

Our method is based on the computation of the moments of # and the underlying
combinatorics. An interesting aspect of the present work is that this combinatorics takes a
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very different form depending on whether the computations are made directly on the whole
finite graph — as we do in the special case of Erd¢s-Rényi random graphs — or on their local
limit.

On the basis of former works of Khorunzhyi, Shcherbina and Vengerovsky [9], and also
Bordenave, Lelarge and Salez [5) 6], it is natural to try to use the resolvent method for our
computations. We show in the appendix that this method faces some serious problems since
it involves, during intermediate computations, quantities that are strongly diverging.

2 Spectral measure of the Erd6s-Rényi random graph

Let X, be the adjacency matrix of the Erd8s-Rényi random graph G(n,c/n). It is a symmetric
n x n random matrix having a null diagonal and whose entries above the diagonal are i.i.d.
Bernoulli random variables with parameter c/n. We define the normalised spectral measure
of X, by

My = — Z o).

n AeSp(c*l/zX,,)

As in the Gaussian Unitary Ensemble, we rescale X, by ¢~!/2 so that the variance of off
diagonal entries is asymptotically equal to 1/7 . Indeed, if i # j:

c
E[XZ] = e

It is of common knowledge (see e.g. [9,5,[12]) that
o the sequence (uy,),~ converges weakly to a probability measure y¢ as n — oo.
e when ¢ — oo, the measure u¢ converges to Wigner’s semi-circle law.

Our first result gives an asymptotic expansion of y¢ as ¢ — oco:

Theorem 1. For a measure p, denote my(u) the moment of order k of u when it exists (i.e. when
[ 1x|¥|du(x)| < c0). One has, for every k > 0 and as ¢ — oo

my(u) = my ((7+ %0{1}) +o (%)

where o is the semi-circle law having density
1 —
E 4 — x21‘x|<2

and o1} is a measure with total mass 0 and density

1 x*—4x2 42

o Vi 1jy)<2-



Proof. Let us compute the moments of uj,. Let I be an integer,

o=l o] ()] -

= w2 Y. EXu(ij2) - Xuliij)]-
lS]'l,...,jIST’Z
1)

First, let us prove that odd moments converge to 0 as n goes to infinity. For this purpose,
we notice the useful following fact : in the sum (1)), the contribution of all the sequences
Jji,--.,j;1 where a pair {m, m'} appears an odd number of times among the pairs of the form
{ji, ji+1} goes to 0 as n goes to infinity.

Indeed, since E[Xn(i,j)l] = - forall /,i and j, if we fix a sequence jy, ..., ji, then

. . c\ #01jt)
E[Xu(iv 2) -+ Xalit )] = ()
where a(jy, ..., j;) denotes the number of different pairs of the form {j;,ji11}. Lets(j1, ..., i)
be the number of distinct integers in the sequence ji, ..., j;. The contribution in (1) of all
sequences Ji, ..., j; such that a(ji,...,j;) = a and such that s(jy,...,j;) = ( is then smaller
than ﬁ (£)* né. A non null asymptotic contribution arise only for { = a + 1.

Note now that a sequence jy, . . ., j; defines a connected graph whose vertex setis {j;,..., i }
and whose edges are the pairs {jj, ji+1 }. This graph has s(ji, ..., j;) vertices and a(jy, ..., ji)
edges and is therefore a tree when s = a + 1.

The sequence jy, ..., jj, j1 is then a closed path of length I on this tree and must therefore
be of even length.

From now on, we consider even moments so that | = 2k. Let us take a closer look at the
sequences ji, . .., jox such that a(j, ..., jox) = w and s(ji, ..., jox) = a + 1 for fixed a. When n
goes to infinity, their contribution is equal to ¢* ¥ multiplied by the number of closed paths
of length 2k on trees with a edges, with the constraints that a path starts and ends at the root
of the tree and visits every vertex.

Based on this observation, we can study the asymptotic expansion for large c¢ of the
asymptotic (in n) spectral measure of X, via its moments. The mean value in this expansion
comes from the special case « = k. Each sequence ji, ..., jo, j1 such that a(ji, ..., jx) =k,
s(j1,---,jax) = k+ 1is then the countour function of a tree with k edges. The total contribution
of these sequences is therefore the k-th Catalan number Cat(k). This explains that when
c goes to infinity, the asymptotic (in 1) spectral measure of the random graph is close to
Wigner’s semi-circle law.

The next term in the asymptotic expansion is of order 1/c and comes from the case
a = k — 1. Whereas in the previous case each edge of the tree was visited exactly twice, in this
case, exactly one edge is visited four times and all the other edges are visited twice. Therefore
we have to enumerate sequences of the form

S = j1S11jS2j1S3i jS4j iSsj1
such that

e the sequences Sy, ..., S5 have no common term and do not contain any of the three
integers i or j. In addition, the sequences Sy, S3 and S; do not contain j;

e the sequences j1S1iSsj1, jS2j, iS3i and jS4j are the contour functions of trees with
respectively py, p2, p3 and py edges satistying p1 + p2 + p3 + pa =k —2;
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Figure 1: Labeled tree with contour S.

up to the specific values of the integers appearing in the whole sequence.

The sequence j;S1iS5j; corresponds to a rooted tree with p; edges and a marked corner
(adjacent to the vertex i) where the trees corresponding to the three other sequences are
inserted (see Figure|[I|for an illustration). Note that when p; = 0, the sequence S boils down
t0 17S2jiS31jS4ji.

There are (2p; + 1)Cat(p;) such trees with a marked corner. The term of order 1/c¢ in the
asymptotic expansion of the moment 1y is then:

mi}i} = Y. (2p1 +1)Cat(p1) - - - Cat(pa).
pree+pa=k—2

The generating function S{} of the sequence (mé,}) 0 is given by

st (x =Y m{l} k— =Y x2 ) (2p1 + 1)Cat(py)xP - - - Cat(pg)xP*
k>0 k>0 pit+eotpa=k—2

= x? (ZXT/(X)T(X)3 + T(x)4>

where T is the generating function of Catalan numbers: T(x) = 1=1=* for |x| < 1/4.
We show now that the sequence < 04 m{1}> =0 is the sequence of the moments of

the probability measure announced in the theorem. A formal proof would consist in the
computation of the moments of this measure, but we will rather show how to compute this
density from the moments via the Stieljes transform. Define

H D (z) = Lot} (l) .

z 2
One has
o 2 /1 1\> 1._/1\* , 3
where H(z) %T (le> = % (z —Vz2 - 4) is the Stieljes transform of the semi-circle law ¢
Therefore
4
1 (z —Vz2— 4)
{1t (z) = —



This corresponds to the Stieljes transform of a signed measure o{!} with null total mass and
having density

1 Mo L on) . Lt =442
2141;% Elm <H (x+1€)> = Eﬁ 1‘x|<2.

3 Spectral measure of Unimodular Galton Watson trees

3.1 Asymptotic expansion of the spectral measure

Erd6s-Rényi random graphs with parameter c¢/n are known to converge locally towards
Galton Watson trees with a Poisson reproduction law. The aim of this section is to extend
our computation to the so-called "locally tree-like graphs", whose local limit are Unimodular
Galton Watson trees [1]. The classical setting providing such limits is the configuration model
we now present (see [4] Section 2.4 for details).

Let p(c) = (pk(c))k>0 be a probability measure on IN with finite mean c. We can construct
a random graph with n vertices associated to p(c) by the following procedure. In a first step,
we choose a sequence (d;);,_; , ofii.d. random variables with distribution p(c). In a second
step, for every i between 1 and n, we make d; half-edges start from vertex i. Assuming the
sum of the d;’s is even we can connect the half edges by pairs and obtain a graph (possibly
with loops and multiple edges). If the sum of the d;’s is not even, we increase the degree d,
by 1 as it will not change the local limits of the graphs. In a third step, we choose a graph
uniformly at random among all the graphs obtained by connecting the half edges by pairs. In
order to obtain a simple graph we erase self-loops and merge multiple edges. We denote by
Gn(p(c)) the random graph obtained by this device.

Viewed from a uniformly chosen vertex p, these graphs are known to converge locally
as their number of vertices grows to infinity towards the Unimodular Galton Watson tree
UGW (p(c)) defined as follows. The root of UGW (p(c)) has a random number of children
distributed according to p(c). Other vertices have independent numbers of children dis-
tributed according to the size biased version of p(c), namely the probability q(c) with weight
sequence gi(c) = (k+1)prr1(c)/c.

As we show in the following (see [5] for details), the local limit UGW (p(c)) contains all
the material to identify the limiting spectral measure of the initial graphs G, (p(c)). Denote
the adjacency matrix of G, (p(c)) by A, (p(c)) and consider the normalised spectral measures

of G,(p(c)):



One has
E [my(pn(p(c)))]
—E | [ #dn(p()

- F lTr (%An(p(c)))k]

1

— CkTE [% x number of loops of length k in G, (p(c))

= C,{%E [number of loops started at p and of length k in G, (p(c))]

- cleE [number of loops started at the root and of length k in UGW (p(c))] . 3)

If T is a random rooted tree (finite or infinite), a loop inside T is of even length, therefore we
define, for every k > 0,

Ly(T) = E [number of loops started at the root and of length 2k in T]
so that (3) can be written as

E [mapi1(pn(p(c)))] —2 0

n—oo

E [ (pn(p(0)))] —> ~Li (UGW(p(c))). @)

n—oo ck

Up to the factor ¢ ¥, the right hand side of (@) is the 2k-th moment of the spectral measure
1 (UGW(p(c))) of UGW(p(c)) defined in [5] (this paper also states that p(c) must have a
tinite variance for this measure to be defined and characterised by its moments, which will
be the case in the following). As in the previous section, we are interested in the asymptotic
expansion of this measure as ¢ — 0. In the sequel, we assume that the distribution p(c) is
concentrated around its mean c. More precisely, we make the following assumption on the
factorial moments of p(c): there exists « > 0 and a function f : N — R such that for every
k € IN one has, when ¢ — o

FM Eo o [X(X—1)...(X —k+1)] k 1
kEE(C)) 0 :1+%+o(c—a). (5)

Ck

Note that this condition implies that p(c) has finite moments of all orders and that f(0) =
f(1) =0.

Theorem 2. Let (p(c)).~g = ((px(¢))k>0) >0 be a family of probability measures on IN with finite
mean c satisfying (B). One has, for every k > 0 and as ¢ — oo

T 1y 1 1
mi(u(p(c))) = my (‘7+ T 2‘7{1}) o (me)

where o and o'} are defined in Theorem [1|and 0}1} is a measure of total mass 0 whose moments
generating function is given by

2F(xT(x))
1—xT(x)?

where T is the generating series of Catalan numbers and F(x) = Yy f (k)x*.
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Figure 2: [lllustration of (6)) satisfied by L,({O) (UGW(p(c))). Numbers in gray
next to vertices count the children of the root, while numbers in black give the
order of appearance of first generation vertices in the loop.

Proof. Let us focus on the right hand side of (4). As with Erd6s-Rényi random graphs, the
key to obtain an asymptotic expansion of ¢ ¥L;, (UGW (p(c)) when ¢ — oo resides in the fact
that the contribution of loops with repeated edges is of smaller order than the contribution of
loops with no repeated edges. The notion of loops with repeated edges will be instrumental
in the following, therefore we introduce the following notation.

Definition 1. Given a rooted tree, we denote

e by 0-loops the loops started at the root and visiting each edge of the tree either twice (a first time
from the root and a second time towards the root) or not at all;

e by 1-loops the loops started at the root and visiting each edge of the tree either twice (a first time
from the root and a second time towards the root) or not at all with the exception of one edge
visited four times.

Furthermore, if T is a random tree, we denote by L,((O) (T) the expected number of 0-loops in T of length

2k and L,(cl) (T) the expected number of 1-loops in T of length 2k

Let us start by studying LI((O) (UGW(p(c))). A 0-loop can be decomposed into a sequence

of visits of I € {1,...,k} distinct edges joining the root to a first generation vertex, each of
these visits being followed by a 0-loop in the subtree of the descendants of the associated first
generation vertex. When T is the tree UGW (p(c))), the root has n children with probability
pn(c) and the subtrees of the descendants of these n children are independant Galton Watson
trees with reproduction law q(c) denoted GW (q(c)). See Figure 2|for an illustration. The
choice of a sequence of I distinct first generation vertices among the n children of the root
gives a factor n(n — 1) ... (n — I 4+ 1) This yields the following recursion equation for k > 0

L (UGW(p(0)))

k
-1 (Zln(n—l) - (n—1+1)pn(c>>

x Y R (GW(q(e) x - x LY (GW(q(e))

ki +--+k=k—1
k
-y M)y om0 g xx LY (W), ©
= e |



Figure 3: lllustration of (8) satisfied by ngl) (UGW(p(c))). Numbers in gray
next to vertices count the children of the root, while numbers in black give the
order of appearance of first generation vertices in the loop. The two edges in fat
are the same edge of the tree : it is the edge visited four times by the loop.

Note that in the above equation, the factors ¢ =¥ play no combinatorial role and can be dropped
resulting in a recursion relation for the L;’s. However, we keep them in the formula since we
have to deal with the moments of the spectral measure ¢ ~¥L;. Similarly

L (GW(q(c)))

_yIMia() v AL (GW(q(c))) x - x ML (GW(q(c)))

Cl
= kit rk =k
K FM c ~ _
_ Z% Y chLY(GW(q(e) x - x e BLY (GW(a(0)). @)
= i+t =k—1

Our aim in this section is to provide an asymptotic expansion in c of the moments
¢ %L (UGW(p(c))) with a precision of order 1/c\*. A first step will be the asymptotic

expansion of c_kL,(CO) (UGW (p(c))) derived later, but 1-loops have a contribution of order
1/c. Therefore, a recursion equation analogous to () for 1-loops is needed.
Denoting by ZL,(CO) (T) the expectation of the number of disjoint and ordered pairs of 0-loops

of total length 2k in a random tree T, we have

LY (UGW(p(c)))

k—2 FM C k—1 o 1—1 L
_y M) v e ewige)) Y [T N (GW(q(o)
=1 ¢ K'=2 Kyt tk_q j=1 !
=k—k' -1

FLEM (p(e) 1+ 1) FED =1
PONED Ty v 20 ewiqe)) Y [Te ML (GW(a().
=1 ¢ K'=0 ky -tk _q j=1
=k—k'—1-1

+

(8)

The first term corresponds to loops with an edge repeated four times in the upper generations.
As before, [ distinct vertices are chosen among the children of the root (leading to the factor
FM;(p(c))). The subtree issued from one of them contains a 1-loop whereas the subtrees
issued from the I — 1 other vertices contain 0-loops. The choice of the vertex followed by the
1-loop induces the additional factor /.

The second term deals with loops where the edge repeated four times connects the root
to one of its children. Recall that a loop visits an edge connecting the root twice before it
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can visit another edge connecting the root. Among the I chosen edges connecting the root,
I — 1 will be repeated only twice (from the root then towards it) and the last one will be
repeated four times, giving a total of | + 1 visits of these | edges both ways. There are now
(! ng) choices for the ranks of the visits of the edge repeated four times. Once these 2 ranks are
fixed, and when the root has 7 children, there are n(n — 1) - - - (n — I + 1) choices for these
edges giving the factor FM;(p(c))!(! + 1) /2. The remaining of the loop then consists on the
one hand of 0-loops lying in the subtrees issued from the | — 1 first generation vertices visited
exactly twice and on the other hand of two 0-loops lying in the subtree issued from the first
generation vertex visited four times, these two 0-loops being disjoint (exception made of their
starting point) leading to the factor 2L]((9) (GW(q(c)). See Figure 3| for an illustration. We turn
now to the recursion relation satisfied by this term:

K FMy, 11,+1(p(c)) htte

o (ewiae)) = Y e Y [Iehn) @wae). o)
I1+1,=0 k1+'“+k11+]2 j=1
=K~ —L

In the above equation /1 and I, represent the respective number of first generation vertices
visited by both loops. If the root has # children, there are n(n — 1) - -- (n — I + 1) possible
choices for these vertices and their order of appearance in the first loop. There are then
(n—1y)---(n—1; — I+ 1) choices for the vertices visited by the second loop. This leads to
the term FMy, 1, (q(c)) = FMy, 1,41 (p(c)) /c.

Finally, we need the following recursion equation for L,(cl) (GW(q(c)) obtained in a similar
way than (8), the only change residing in the factorial moments which are now related to q
instead of p resulting in a shift from / to / + 1 in these terms:

LY (GW(q(c)))

k-2 o)) k= -
e M CLCTCO D ol § RGO

= ki4-+k_q j=1
—k—K 1
k-1 k—1-1 -1
FM c)) (I +1 o 0 k.1 (0

py, MDD Ty 20 (Gwiq(e)) ¥ [T (GWa(e).-

1=1 ¢ K'=0 kyt-+ky_q j=1

—k—K—1-1
(10)

Recall that our aim is to compute the asymptotic expansion
—k . 1 1
¢ "L (UGW(p(c))) =: ak+C1Aabk+0 (c““) : (11)

For that, we will need to compute the asymptotic expansions
—ky (0 0, 1 @ 1

LI (UCW(p(e)) = a” + b + o0 (C_)

and

LV (UGW(p(e))) =: %b,ﬁ” +o G) .



Indeed, one can see that c’kL,({D (UGW (p(c))) is of order 1/ ¢ from equation (8): the second
term in the right hand side of () is of order 1/c because of the factor FM;(p(c))/c'*! and
the first term is a finite sum of terms of the sequence ald L]((,l) (GW(q(c))). In turn, one can
prove that these terms are of order 1/c by induction from equation due again to the
presence of the term FM, 1 (p(c))/c/*2. The same line of reasoning allows to prove that loops
with more repetitions than 1-loops will have a contribution of order 1/c? because of a factor

FM; (p(c))/c'*2 in their recursion relation.

Identifying the main terms in (6)), we get that the sequence (a,(co)> 0 satisfies the recursion
relation of Catalan numbers: -

k
=y Y ).

I=1ky+-+kj=k—I

for k > 1 and a(()o) = 1. Therefore, for every k > 0, one has a,(co) = Cat(k).
Since equations (6) and (8) need equations (7),(10) and (9) to form a closed system of
recursions, we introduce similarly the asymptotic expansions :

c_kLl(co)(GW(q(c))) =: Cat(k) + C%E,EO) +0 (cl“) ;

LM (GW(q(c))) =: %E,E” +o (%) ;

2L (GW(q()) = 2" +0(1).

Now, let us compute the respective generating functions B B©) B(1) B(1) and 2A(0) of

the numbers blgo), EIEO), blgl), Elgl) and 2ﬁ(0)

_ k
5" Z FU+1)

. From equations (7) and (5)), we get

Cat(kq) ...Cat(k;) + Zl Z Y. Cat(ky)...Cat(k;_q).
kl-‘ri{"-ll—kl I=1 K=0 ky4-e+kpq
=k— —k—k'—1

This yields
= Y FU+ D (T() + 16 BO (x) (T(x)) !

I>1 1I>1
T O T
F <xT< )
xT(x)
where F is the generating function F(x) = Y;~, f(I)x. Hence
F (xT(x))

BO(x) = xT(x) (1—xT(x)?)

Similarly

= YO (T(0) + L 1 BO () (T() ™!

I>1 I>1
= F (xT(x)) 4+ xB© (x)T(x)?

10



leading to

2F(xT(x))
T T ()2

BO(x) = 1—xT(x)

From equation (9), we get

k
%0 -y y Cat(ky) ... Cat(ky,+1,)
ll+12:0 k1+"'+k11+12:k711712
leading to
2 % 1
AVx) = Y ahthrhth= = T(x)%
h+1>0 (1—xT(x))>

We now compute B(1) based on the following equation obtained from

5V :i i Y Cat(ky)...Cat(k_1)

1=1 k'=2 ky+--+kj_q
=k—k' -1

k_ll ] 1 k*(l‘kl)
S (I+1) Y %Y Y Cat(ky)...Cat(k_)
I=1

2 k'=0 k1+"'+kl—1
—k—K —1-1

leading to

BW(x) = Y 1BV (x)T(x) 1 + ) ML) 1432 40) () 7)1

— (T

1(1—1)

(xT(x))'

Therefore

x?T(x)°

BW(x) = T xT(a)2

Similarly, we compute B(!) from equation (8):
_ Z lxlg(l)(x)T(x)lfl + Z Mlerl ZA(O)(x)T(x)lfl

I>1 1>1 2

= xBW (x)T(x)? 4+ x*T(x)® = %
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(note that B(Y) = B 1),

This gives the theorem once we have identified B(") with the moment generating function
of the measure o{'}. Recall the following properties of the Hilbert transform H of the
semi-circle law:

H(z):%T (le) :%<z— 22—4>

leading to
1-H(z)? = V22— 4 x H(2).
This gives

5 4

which is the Hilbert transform of ¢{!} computed in (2). O

3.2 Applications to Erd6s-Rényi and regular random graphs

For Erd6s-Rényi random graphs, f (k) = 0 for every k, therefore F = 0 and Theorem [2directly
gives Theorem

For a c-regular random graph, which converges locally towards a ¢ regular random tree,
namely UGW (d,):

FMi(6) _cle=1)--(c—k+1) _ k(k=1) +O<1)

ck ck 2c c

so that f(k) = —k(k—1)/2foralll > 0 and

Therefore
F(xT(x)) = —xT(x)°
{1} _

and o —201} and the perturbation of order 1/c is the exact opposite as for Erdés-Rényi

random graphs.
Note that this last density can be obtained from the Kesten Mc Kay formula [8} 10]:

c Va(c—1)—x2

]/l (UGW(éc)) (dX) — E C2 — xz 1{|x‘<2m} (X) dx.

More generally, one can consider the family p(c) corresponding to the laws of random
variables of the form ¢ + ¢!~2Y(®) such that E [Y(C)} =0,E [(Y(C))z] — Basc — oo and

all other moments of the Y(©)’s stay bounded with c. This example contains regular graphs
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(with Y(©) = 0) and Erdés-Rényi random graphs (with « = 8 = 1 and Y(°) converging to a
Gaussian random variable as ¢ — o0). In this setting,

FM k(k—1)1 k(k—1)1 1
€y g D1 KDL (1)

and the asymptotic expansion is given by

my(u(p(c))) = my(o) + Cl,xmk (25(7{1}> - %mk (‘7{1}> to <611m) :

4 Higher orders and edge of the spectrum

Proposition 2. The moments of the limiting spectral measure u¢ of the Erdds-Rényi random graph
have the following asymtotic expansion in c:

1 4 1 1
m(u°) = my (‘7+ E‘T{ }> + C_zdk +o <c_2)
where the generating series of the numbers dy is given by
3T (x)”
(1= xT(x)?)°

Proof. Les us denote by P(c) the Poisson law with parameter c. We can write

D(x) = (1 +6xT(x)% — 1002T(x)* + 4x3T(x)6> .

me(1) = cHLUGW(P(e))) = ¢ *Li(GW(P(0))) = oy + by + Sdi +0 (Clz) )

The numbers a; and by, were computed in Section[2] The loops contributing to dj are the loops
with two repetitions defined below.

Definition 3. Given a rooted tree, we denote

e by 2-loops the loops started at the root and visiting each edge of the tree either twice (a first time
from the root and a second time towards the root) or not at all with the exception of one edge
visited six times

e by (1,1)-loops the loops started at the root and visiting each edge of the tree either twice (a first
time from the root and a second time towards the root) or not at all with the exception of two
distinct edges visited four times each.

Furthermore, if T is a random tree, we denote by L,(cz) (T) the expected number of 2-loops in T of length

2k and L,((l’l) (T) the expected number of (1,1)-loops in T of length 2k.
Let us first focus on 2-loops. They satisfy the following recursion relation:
—ky (2
LY (GW(P(©)))
k=3 | k=1 1-1
_y MO Y 1@ Gwpe) ¥ [T ML (GWPE)
kK'=3

I=1 ky+-+ki_q j=1
—k—k'—1

Cl

k—1 k=(+2) -1
Y MU ()Y wre) L[]t @)
=1 K=0 Ky tky g j=1
=k—k'—1-2
(13)
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where 3LI({9) (T) denotes the expectation of the number of disjoint and ordered triplets of
O-loops started of total length 2k in a random tree T. The justification is pretty similar as for
relation (8).

We introduce the following notations for the asymptotic expansions :

L (GW(P(0))) = 12 d? +o (Clz) ,
AL (GW(P(e) =% +0(1),

and denote by D?) and 3A(%) the respective generating series of the numbers d]((z) and 3a](<0).

The expression of c % 3L,({0) (GW(P(c))) in terms of numbers c’kL](CO) (GW(P(c))) is simi-
lar to equation (9) and induces >A(%) (x) = T(x)3. Equation (13) gives

D?(x) = D¥(x 2+ ) <l ’ 2) 2T (x) 3T (x)
I>1

= D@ (x)xT(x)? + (xT(x))3T(x)*.
Therefore

3T (x)7

D@ (x) = T

We now have to deal with (1,1)-loops. They satisfy the following recursion relation
—ky (11
L GWPLE)

k—4 ¢
-y M) 12 LU (GW(P() L Hc UL (GW(P()

I=1 ki+-4k 1 j=
=k—k'—1
FEM(P©) (V¥ vy B o
- ) (2> Yot ewre)) ) e ML (GW(P()
x Y Hc—fL W(P(c)))
ky+-+k; 5 j=
=k—k'—k"—1

Py T (1) Hfl) 21l (GW(P ()

cl+1 2 k’

x Y Hc‘ JL W(P(c)))

k1+ +k] 1]
=k—k'—1-1

14



=2 EM,(P(c)) (l - 1) e

K 0
+ L ) ) L “2L0 (GW(P(e)))
K 2o
x(I—=1) Y, ¢ L, (GW(P(c))) ) [ Ly, (GW(P(c)))
k=2 kittk_, j=1
—k—k —k"—1—1
LM (P(e) (142 (4) 8P s 0
0 015 E e o
P 20 Tk O
x Y. ¢ 2Ly (GW(P(c))) ) I1c Ly (GW(P(c))).
k'"=0 kit-+ki_p j=1
—k—k/ — k"~ -2

(14)

where ZL,(C}) (T) denotes the expectation of the number of disjoint and ordered pairs loops of
total length 2k in a random tree T, with one of the loops being a 1-loop and the other being a
0-loop.

The two first terms correspond to loops with repeated egdes only in the upper generations.
Such loops visit | distinct vertices among the children of the root (leading to the factor
FM;(P(c))). In the first term, the subtree issued from one of them contains a (1, 1)-loop
whereas the subtrees issued from the I — 1 other vertices contain 0-loops. In the second term,
two of the subtrees issued from the [ vertices contain a 1-loop whereas the subtrees issued
from the I — 2 other vertices contain 0-loops.

The third and fourth terms deal with loops where one edge repeated four times connects
the root to one of its children. Recall that a loop visits an edge connecting the root twice
before it can visit another edge connecting the root. Among the I chosen edges connecting
the root, I — 1 will be repeated only twice (from the root then towards it) and the last one will
be repeated four times, giving a total of I + 1 visits of these I edges both ways. There are now
(l ;1) choices for the ranks of the visits of the edge repeated four times. Once these 2 ranks are
fixed, and when the root has 7 children, there are n(n — 1) - - - (n — I + 1) choices for these
edges and [ finally giving the factor FM;(P(c))I(I + 1) /2. In the third term, the remaining of
the loop consists on the one hand of 0-loops lying in the subtrees issued from the | — 1 first
generation vertices visited exactly twice and on the other hand of one 1-loop together with a
disjoint O-loop lying in the subtree issued from the first generation vertex visited four times,
leading to the factor ZL}E}) (GW(P(c)). In the fourth term, the remaining of the loop consists
on the one hand of a 1-loop lying in one of the subtrees issued from the [ — 1 first generation
vertices visited exactly twice, the rest of these subtrees being visited by 0-loops, and on the
other hand of a pair of disjoint 0-loops lying in the subtree issued from the first generation
vertex visited four times.

The last term deals with loops where the two edges repeated four times connect the root
to one of its children.

15



We turn now to the recursion relation satisfied by ¢ ZLI({l) (GW(P(c))):

¢k ZL(l) (GW(P(c)))

k k=L FM P k—l1—1I .
—23; PO )k L) (Gwepie)

=1 Iy K—1
h+h—-1 )
X Z H c kaj (GW(P(c)))

kit tky g1 j=1

—k—lj—l,—K
S EM, g, (P(0) (i + 1) 2 0
2y Y il (12 ) Y 2O W)
I,=11,—0 K'=0
li+l—-1 )
X ) I L (GW(P(c))). (15)
kitetky -1 =1
—k—1j—l—k —1

As in equation (9), the parameters /; and I, represent the respective number of first generation
vertices visited by both loops. If the root has n children, there are n(n — 1) --- (n —I; + 1)
possible choices for these vertices and their order of appearance in the first loop. There are
then (n —1;)---(n — 1y — I + 1) choices for the vertices visited by the second loop. This
leads to the term FMy, 1, (P(c)).

The first term on the right hand side of the equation verified by ZLI((D deals with pairs
of loops where the repeated edge lies in the upper generations of the tree. In this case, if
the 1-loop visits [; first generation vertices, exactly one of the subtrees issued from these
vertices is visited by a 1-loop (hence the multiplicative factor /1), and the /1 + I — 1 remaining
subtrees are visited by 0-loops. The factor 2 comes from the fact that the pair of loops (1-loop
and 0-loop) is ordered.

Finally, the second term on the right hand side of the equation verified by 2L]((1) deals with
pairs of loops where the repeated edge connects a first generation vertex to the root. Consider
such a pair of loops. As in equation (9), if the 1-loop visits I; vertices in the first generation of
a tree, there are (ngl) choices for the ranks of the visits of the edge repeated four times. The
remaining of the loops then consists on the one hand of 0-loops lying in the subtrees issued
from the I} 4 I, — 1 first generation vertices visited exactly twice and on the other hand of
two 0-loops lying in the subtree issued from the first generation vertex visited four times,
these two 0-loops being disjoint (exception made of their starting point). Here again, the
factor 2 comes from the fact that the pair of loops (1-loop and 0-loop) is ordered.

Let us introduce the following asymptotic expansions:

_ 1 1
c kLl(cl’l) (GW(P(c))) = C—zd](cl’l) +o0 (C_Z) ;
2L (GW(P(e))) = Y +0(1)

and denote by 2B(1)(x) the generating series of the numbers 2b}(<1). Using the fact that
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FMy(P(c)) = c* for every k > 0, the equation yields

2B (x) = 2BM (x) (Z lellT(x)ll_l) (Z (xT(x))lz>

L>1 >0

+2°A0)(x) <121 —ll(ll; D xllHT(X)lll) <IZO(xT(x))12>
23T (x)8 B _ZxZT(x)é !
- TT(X)Z + 2x2T(x)6 = TT(X)Z

In addition, If we denote by D)) the generating series of the numbers d](cl’l), the equation

yields

D1 (x)
= DO (T (x)? + (B0 ()" ¥ U Dr (a2
>0
4 ZB(I)(x) Lz I(1 —ZF 1) AT () 4 <2A(O)(x)>2 l; (l —ZZ) (‘21) X2 (x) 2
+2A(0)(x)g(1)( ) (I + 1) _1)xl+1T(x)lfl
I>1 2
2
DO (x)xT(x)? + ( : xzz(Tx();Z) CT(x)° + 12"2;(2; 2T(x)?
o
4T (x)°

_ _ 2 2 4
= AT (8 11T (x)? + 4x2T () ) .
Finally, the generating series of the term of the second order of the moments of Erd6s-
Rényi spectral measure is given by :
3T (x)7

D(x) = D®(x) + DD (x) = T EIBE (1 +6xT(x)? — 10x2T(x)* + 4x3T(x)6) .

]

In the spirit of Theorem [T}, we would like to interpret the numbers dj as the moments of a
measure with null mass. To that aim, let us compute the Stieljes transform of their generating
series D:

HP)(z) = %D (l) = 1LZ)72 (1 +6H(z)? — 10H(2)* +4H(z)6>

22 —H(z)
H(z)* + 6H(z)® — 10H (2)8 + 4H (2)1°
o (z2 —4)3/2 )

It is then easy to obtain

10 8 6, 435.4 2
lim _17-[(2) (X + l€) — —2x77 +25x% — 113x° + -5 X = 155x“ + 191
e=0 7T (4 — x2)3/2 |x|<2
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which is not the density of a measure (this function has a non integrable singularity at 2 and
—2)! This is due to the fact that the support of u° is not [—2, 2] but unbounded.

It is possible to overcome this problem by trying to approximate the moments of x¢ by the
moments of measures supported on intervals larger than [—2,2|. Before stating our result,
we introduce for « > 0 the dilation operator A, that transforms a measure y into the measure
Ay (p) satisfying for every Borel set A, Ay (1) (A) = u(A/w).

Theorem 3. The moments of u° satisfy the following asymptotic expansion:

1, 1, 1
my (U°) = my (A1+21C (U+ EO'{l} + C_20{2}>) +o0 (C_2>

where o is the semi-circle law, (1} is the measure with null mass and density given by

4_ 5,2
(1 . x*—=Dbx"+4
fl )(x)__mlﬂd

and 62} is the measure with null mass and density given by

. 2x8 — 17x0 + 46x* — 32542 4 21
f(x) = - s 1y <0

Before proving this theorem, let us make a brief comment. The measures appearing in
the theorem are all supported on | —2 — % ;2 + %[ This suggests that, in some sense, the

right edge of the spectrum ¢ is located at 2 + 1. This can be compared with the spectrum of

an infinite d-regular tree which is supported on [—2+v/d — 1,2+/d — 1] by the Kesten McKay
formula; rescaling the spectrum by a factor d~!/2 yields a support between —2 + 1/d and
2 —1/d up to a correction of order o(1/4d).

Proof of Theorem[3] Fix « € R and define

A a2k
e = (142) 7 FL (UGW (p())
1 1 2 1
= ay+ - (by — 2kaay) + 2 (dk — 2kabr + k(2k+1)a ak> +o0 2
1/\ 1 ~ 1
:Iﬂk+zbk+c—2dk+0 (C—2> .

If we can find « such that both by and dj, are the moments of two measures (1) and 1(?), then
the following expansion holds:

2k
X R )" 17 o) L) 1
/(1+%) du (x)—/x U(x)dx—l—c/x fl (dx)—i—cz/x ' (dx)+o 2

giving the asymptotic expansion announced in the theorem.
Now let us compute «. To that aim, we need the generating series of dj:

D(x) = D(x) — 2axB'(x) + 2a*x>T" (x) + 3a*xT’(x)
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T =3z xlT(x)’
oy T(x)?
N
T//(x) — ZT(X)S(Z — XT(;C)Z .
(1 —xT(?)
B(x) = 2xT(x)% + 2x2T(x)7 — 2x3T(x)°
- (1—xT(x)2)°

we obtain

D(x) = (1 - xT(x)2> - <4x6T(x)13 — 10T ()™ + (6 + 4a) 2*T(x)°
+ (1 — 4 — zx2> 3T (x)” + <—4(x + 2&2) T (x)° + 3a2xT(x)3) :

We then have to compute the Stieljes transform of D:

HP(z) = Iy (l>

z \2?
_AHO —10HB + (64 4a) HE + (1 — 4o — a®) H* + (—4u + 202) H? + 302
B (22— 4)*? '
The singularities of HD atz =2 and z = —2 do not allow it to be the Stieljes transform of a
measure except if the numerator is null for z = 2 and z = —2. Since H(2) = H(—2) = 1, this

gives the necessary condition
40> —4a+1=0
with & = 1/2 as the only solution. We then have, using the identity 1 — H(z)? = V22 — 4 H(z),
_ H*(16H° —8H* +3)
4vz2 —4 '

This is the Stieljes transform of a measure with density given by

#P(2)

8 6 4 325.2 , 21
f(z)(x) _ _2x 17x% 4 46x X+ 5 1oy
V4 — x2 Ixl<

In this setting, the perturbation of order 2 is a measure with total mass 0, supported on
[—2 + %; 2+ %} and with density

1 f(z) X .
1+ 1+ 2+

Note that this also changes the perturbation of order 1, indeed, recall that by = by —
2akay = by — kay. The generating series of by is
x?T(x)? — xT(x)3

1—xT(x)2

B(x) = B(x) — xT'(x) =
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The corresponding Stieljes tranform is given by

. H4—H2
HB(z) = ——=—
(2) -

and corresponds to a measure with density

x* —5x2+4
T Ljx<2

27tv4 — x
Therefore, the perturbation of order 1 is also a measure with total mass 0, supported on
[—2 + %; 2+ %} and with density

1 4 X
(1)
1+§f <1+%>'

fU () =

5 Appendix: obstacles in the resolvent method

In random matrix theory, the usual alternative to the moments method is the so-called
resolvent method. In this short section, we want to explain why this method fails for our
purpose. For the sake of simplicity, we focus on the special case of the Erd6s-Rényi random
graph.

For a general probability measure y, the resolvent R, of y is a function defined for every
z € Cby

Ry(z) = [ )

The resolvent Y. of the spectral measure of an unimodular Galton Watson tree with reproduc-
tion law Poisson with parameter c satisfies the following identity in law [5]:

1

Y. (z) = — -
24+ YNy (2)

where N(c) is a Poisson random variable with parameter c and the Y, ;’s are iid copies of Y.
The resolvent of u¢, the limiting spectral measure of the Erd6s-Rényi random graph with
parameter c¢/n as n — oo as defined at the begining of Section [2} is given by the expectation

of Y (2) = \/cYe(y/c2).

In this setting, it is common to introduce
O u,z) =E [eiuy(c) (Z)]

which satisfies the following functional equation (see [9] for Erd6s-Rényi and [5] Section 2. 2
for a more general case):

f(c) (U,Z) 1 \/E/OOO @eiszec(ﬂc)(i,z)l)ds (16)

20



where [; denotes the Bessel function of the first kind with index 1. We want to compute
E [Y(C) (z)} —i gu (0,z); to this aim, let us take the derivative of equation (L6):

f(©) 1,2) = /Ooo( 1 Ji@Vus) | o Ji(2\/us )) isz e (f9(22)-1) g

ou 2v/u /s
-/ (_]z(z\/%) 2 l2ve) (N@) 2o (f(t2) 1) gs,
0 Vs
Taking u — 0, this yields
E[YO)] =i [ el s a7)
0

We want to compute an asymptotic expansion of E [Y(C) (z)} as ¢ — oo. Let us forget about
the technical details and write the following formal asymptotic expansion:

FO(u,2) = folu,2) —{—fl(u,z)% to (l) ,

c

This also implies that
1 1
E[Y9@)] =) + i) +o )
c c
with ¢;(z) = —13];' (0,z). Taking ¢ — oo in equation (17) formally gives

. © sz isg0(2) 7o — —1

20(z) 1/0 e'*e ds T2
This is the functional equation satisfied by the Hilbert transform of the semi-circle law, so we
have recovered, at least at a formal level, that y° — ¢ as ¢ — co. One can imagine that with
some work, this method can be rigorously justified.

However, if we pursue this method to compute the perturbation of order 1/c, we will
meet more serious problems. Still, we will continue the formal computations in order to try
and recover the result of Theorem|[I} Indeed, equation (I6) leads to

fo(u,z) + fl(u z \/_/ i ZV ) eis7ec(f0(22)=1) f1(32) gg + o (%)
J1 2v ) isz isgo(z)+ 52 —@(02)+5 afl (0,8) (1)
=1- —F couwds o = ). 1
1 \/ﬂ/o s e’ve s+o - (19)

This allows to compute fy :

(18)

fo(u,z) =1— ﬁ/‘” h (2\/\—/%—) £i5261580(2) s — o FRE — ¢iig0(2).
0 5

Replacing fp in (19), one gets
filu,z) = —\/ﬂ/o %e”(”@(z)) (s%(o z) + —M(O z)> ds

ou 2 ou?
00 : ’
_ —\/ﬂ/o ]1(27\/_“5)615(2-&-80(2)) (s%(O,Z) - SE (gO(Z>)2> ds
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This last equation is where serious problems start: the integral is now divergent! Indeed, one
has v/us.]J1(2\/us) ~ v/2/ms'/*ul’* cos(2+/us — 37w /4) as s — oo. Therefore, the expression
of f1 can only be considered at a formal level. From there, we can compute the term of order
1/c of the Hilbert transform of u°:

P02 == [ etew (M0 -5 (i) ) a

L1 im0 i o P (20(2)
i(z+go0(2)) /0 ™ (z+g0(z)ﬁ(0'z) + (z+g0(z))?2 2 ) at

where the last line is obtained with the change of variables t = —is(z + g0(z)). Here again,

taking no precautions and staying at a formal level (writing f (480 <o p—tykgy — I'(k+
1)), one gets

oh z) = 1 If z _iM
o ") = Trm@ on V) T T g@)P

= (2022 (0,2) +i(s0(2))°

using to obtain the last equality. This finally yields

21(2) =~ (0,2) = BV

which is the Hilbert transform of ¢!} computed in (2).

Finally, let us mention that our best efforts to try to obtain the second order term of
Proposition 2| by an analogous formal computation failed.

6 Appendix: numerical simulations

We present here numerical simulations on 100 adjacency matrices of Erd6s-Rényi graphs with
10000 vertices for ¢ = 20. Figure @ illustrates Theorem [I|and Figure [fillustrates Theorem 3]
Concerning the plot of the second order perturbation in Figure |5, one can notice a difference
between the histogram and the density of the associated limiting measure. This difference
can be explained by the fact that n is not large enough even if it was large enough for the first
order.

This raises the following interesting question: find a sequence of integers 1(c) (respectively

n1(c), na(c)) depending on c such that the moments of Ha(c) (respectively ¢ <yn © 0'),

c? (ynz(c) — A L (0’ + EU’ ))) converge towards the moments of ¢ (respectively ot1}, &{2}).
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Figure 4: Left: Histrogram of p, compared with the density of the semi-circle
law . Right: Histrogram of c(u — o) compared with the density of {1},

Figure 5: Left: Histrogram of ¢ (yﬁl — A1+2i (0’)) compared with the density of
A (?7{1}). Right: Histrogram of c? (yfl EACE ((7 + %(7{1})) compared

2c
(a{z}) .

with the density of A1+2l

Acknowledgements: It is a pleasure for the authors to thank Gérard Ben Arous who initiated

our interest in the subject and for fruitful discussions and insightful comments on the present
work.

References

[1] D. Aldous and R. Lyons. Processes on unimodular random networks. Electron. |. Probab.,
12:no. 54, 1454-1508, 2007.

[2] L Benjamini and O. Schramm. Recurrence of distributional limits of finite planar graphs.
Electron. ]. Probab., 6:no. 23, 13 pp. (electronic), 2001.

[3] B. Bollobds. A probabilistic proof of an asymptotic formula for the number of labelled
regular graphs. European |. Combin., 1(4):311-316, 1980.

23



[4] B. Bollobas. Random graphs, volume 73 of Cambridge Studies in Advanced Mathematics.
Cambridge University Press, Cambridge, second edition, 2001.

[5] C. Bordenave and M. Lelarge. Resolvent of large random graphs. Random Structures
Algorithms, 37(3):332-352, 2010.

[6] C.Bordenave, M. Lelarge, and J. Salez. The rank of diluted random graphs. Ann. Probab.,
39(3):1097-1121, 2011.

[7] C.Bordenave, A. Sen, and B. Virdg. Mean quantum percolation. arXiv:1308.3755, 2010.

[8] H. Kesten. Symmetric random walks on groups. Trans. Amer. Math. Soc., 92:336-354,
1959.

[9] O. Khorunzhy, M. Shcherbina, and V. Vengerovsky. Eigenvalue distribution of large
weighted random graphs. |. Math. Phys., 45(4):1648-1672, 2004.

[10] B. D. McKay. The expected eigenvalue distribution of a large regular graph. Linear
Algebra Appl., 40:203-216, 1981.

[11] E.P. Wigner. On the distribution of the roots of certain symmetric matrices. Ann. of Math.
(2), 67:325-327, 1958.

[12] I. Zakharevich. A generalization of Wigner’s law. Comm. Math. Phys., 268(2):403-414,
2006.

NATHANAEL ENRIQUEZ nenriquez@u-parisi0.fr,
LAURENT MENARD laurent.menard@normalesup.org
Université Paris-Ouest Nanterre

Laboratoire Modal’X

200 avenue de la République

92000 Nanterre (France).

24



	Introduction
	Spectral measure of the Erdos-Rényi random graph
	Spectral measure of Unimodular Galton Watson trees
	Asymptotic expansion of the spectral measure
	Applications to Erdos-Rényi and regular random graphs

	Higher orders and edge of the spectrum
	Appendix: obstacles in the resolvent method
	Appendix: numerical simulations
	References

