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—— Abstract

It was already established in [7] that subgraph counts in vertex labelled subcritial graph families
satisfy a central limit theorem. This result is now sharpened to local central limit theorems.
Furthermore this result is generalized to unlabelled subcritical graph families and to multivariate
central limit theorems for the joint distribution of finitely many subgraph counts.
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1 Introduction

The study of subgraphs in random discrete structures is a central area in graph theory, which
dates back to the seminal works of Erdés and Rényi in the sixties [8]. Since then, lot of effort
has been devoted to locate the threshold function for the appearance of a given subgraph, say
H, in the G(n,p) model, as well as the limiting distribution of the corresponding counting
variable Xy (see for instance [15, 14, 19][13, Chapter 3]).

In the 1980’s, several mathematicians [16, 18, 1] showed the convergence to a Gaussian
limiting distribution for p € (0, 1), for any subgraph H. A natural question to ask is if this
convergence in distribution can be refined to pointwise convergence in probabilities, resulting
in a local central limit theorem (local CLT). Using Fourier analytic methods with careful
analysis of characteristic functions on different regimes, a series of results have been obtained
in this direction. In particular, Gilmer and Kopparty [12] proved a local CLT for triangle
counts in G(n,p), which was later extended to r-cliques by Berkowitz [2, 3].

For general subgraph counts, Fox, Kwan, and Sauermann [9, 10] established an almost-
optimal anti-concentration result on Xy for every connected graph H. This was further
strengthened by Sah and Sawhney [20, 21] to quantitative local limit theorems both for a
single and for joint connected subgraph counts.

In this paper, we study subgraphs on a random graph in a so-called subcritical class, the
definition of which is based on the concept of block decompositions of graphs. A block of a
graph ¢ is a maximal 2-connected subgraph of g. A graph class G is block-stable if
1. it contains the edge-graph e (consisting only of one edge) and
2. g € G if and only if all the blocks of g are in G
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Block-stable classes cover a wide variety of natural graph families, including graph classes
specified by a finite list of 2-connected forbidden minors. For example, planar graphs
(Ex(K35, K33)) and series-parallel graphs (Ex(K}4)) are block-stable.

We highlight the following combinatorial specification for a block-stable graph class G:

G = Set(C), C* = e x Set(B°oC*),

where C and B, respectively, denote the subfamilies of connected and 2-connected graphs in G,
C*® denotes connected graphs where one vertex is distinguished, and 5° denotes 2-connected
graphs where one vertex is distinguished but discounted. In the vertex-labelled case these
relations translate into equations for the corresponding exponential generating functions:

G(x) = @), C*(x) = 2B (C° (@) (1)

Note that C*(x) = xC’(z) and B°(z) = B’(z). In the unlabelled case there is a similar
translation for the ordinary generating functions:

G(z) = exp <Zi21 1(}'@1)) ; (2)
C*(z) = zexp (Z o 125 (C (@), 6% (@), € (a™)... .)) ,

where Zpo (51, $2,...) denotes the cycle index sum of B°, see Section 3.
A block-stable vertex- labelled graph class G is called subcritical if

C*(pc) < pB;

where pc and ppg, respectively, denote the radii of convergence of the exponential generating
functions C(x) and B(x). This means that the dominant singularity behaviour of C*(x)
(and consequently that of C'(x) is dictated by the existence of a quadratic branch point
of the equation y — zef°®) = 0, and not by the singular behaviour of B(x) (or that of
B°(z) = B'(x)) at pp.

A similar definition applies in the unlabelled case (see [5]). Let pc denote the radius of
convergence of C"(m) Then the corresponding unlabelled graph class G is called subcritical
if the function

(z,y) = Zpo (y,C*(a?),C*(2%), ..)

is analytic at (x,y) = (pc, C*(pc)) and if the radius of convergence of the function

z Y 17 (C(ah), Co (™), C(2V), .. )

i>2 '

is bigger than p¢.

Random subcritical graphs of given size, where every graph the same size is considered
to be equally likely, have been intensively studied (see, for example [5] and the references
therein). We mention two more recent results, namely that subcritical graphs have the
continuum random tree as a scaling limit [17], and there is always a Benjamini-Schramm
limit [11, 22].

Roughly speaking, a graph class is called subcritical if the largest block of a random
graph in the class with n vertices has O(log(n)) vertices. Indeed, graphs in these classes have
typically a tree-like structure and share several properties with trees. Prominent subcritical
graph classes include forests, cacti trees, outerplanar graphs and series-parallel graphs, and
more generally graph families defined by a finite set of 3-connected components.

The main purpose of this article is to consider subgraph counts. This problem has been
solved for labelled subcritical graph classes [7], where a weak CLT was shown.
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» Theorem 1 ([7]). Let C,, be the set of connected graphs of size n in a vertez-labelled
subcritical graph class G, and let H be a fized (connected) graph. Let X! be the number of
copies of H on an object chosen uniformly at random from C,,. Then,

E[Xf] = ppn+ O(1) and Var[Xf] =o%n+0(1)

for some constants py, 0% that only depend on H and G. Moreover, we have a central limit
theorem of the form

X —E[XH]
N

It should be remarked that % is usually positive ( a simple sufficient but technical condition

— N(0,0%).

that ensures positivity can be found in [5, Lemma 4] and the discussion afterwards). The
cases where 0% = 0 are of very special nature. For example if C is the set of trees and H the
graph that contains of one edge then X7 =n — 1.

2 Results

Our first result extends Theorem 1 to several subgraph counts and provides a local CLT, too.

» Theorem 2. Let C,, be the set of connected graphs of size n in a vertex-labelled subcritical
graph class G, and let Hy,...,Hg be a finite set of fixred (connected) graphs. Let ij,
1 <j < K, be the number of copies of H; on an obejct chosen uniformly at random from C,,,
and set X, = (X1 ... XHx). Then,

E[X,] = pn+ O(1) and Var[X,,] = Zn+ O(1)

for a positive vector p = (pp,, .- iy ) € Rfo and a positive semi-definite matriz ¥ € REXK
that only depend on Hy,...,Hk (and G), and

X, — E[X,]
vn
where N(0,X) denotes the K -dimensional normal distribution with mean 0 and covariance

matriz 3.
Furthermore, if det(X) > 0, then there exists a (K + 1)-dimensional shifted integer lattice

— N(0,%),

K41
L' =so+{mis; + - +mgi1Sxi1:mi,...,mgy € Z} CZHT

(with sg, . ..,sx 11 € ZETY), such that its projection onto the first coordinate (corresponding
to the parameter n) is the whole of Z, and such that, with D denoting its determinant, for
any (n, k) € L/,

D
(27n)EK/2/det(2)

P[X, = k| = <exp (—an(k —E[X,])" 2" (k — E[Xn})) - O(n—1/2)>

as n — Q.

Our second result concerns unlabelled subcritical graph classes and is actually of the
same kind.
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» Theorem 3. Let C,, be the set of connected graphs of size n in an unlabelled subcritical
graph class G, and let Hy,...,Hg be a finite set of fixred (connected) graphs. Let X,Ijj,
1< j < K, be the number of copies of H; on an obejct chosen uniformly at random from C,.
Then we have the same results as in the labelled case (see Theorem 2). The random vector
X, = (XH .. XHr) satisfies a weak and a local central limit theorem.

The proofs of Theorems 2 and 3 require several extensions of the methods developed in [7].
First of all, the combinatorial setup has to be extended to incorporate several subgraph
counts and to the unlabelled case (see Section 3). As in [7], this leads to an infinite system
of functional equations for proper multivariate generating functions. As already presented
in [6] and [7], such infinite systems can be reduced to a single functional equation of the
type y = G(z,u,y), where G(z,u,y) is a power series with non-negative coefficients that
converges only for |u| < 1 and has some differentiability properties with respect to w on the
circle |u| = 1. In order to extend the weak CLT (from [7]) to a local CLT, we have to study
the solution function in more detail and derive a bivariate asymptotic expansion for the
coefficients of y = y(z, u) under the above constraints (see Section 4).

3 Combinatorics

As mentioned in Section 1, the counting problem for connected block-stable graph classes
can be solved with the help of the block-decomposition of graphs that leads to the relation
C*(x) = xexp(B°(C*(x)), that is, the generating function C*(z) is determined by the
generating function B°(z) via an implicit equation, which, in the context of subcritical
graphs,is sufficient to yield an asymptotic formula for the number of connected graphs. (A
similar procedure works in the unlabelled case, see [5]).

We are now interested in the bivariate generating function C'(z,u) =3, , o px"uk nl|
where ¢y, denotes the number of (labelled) n-vertex connected graphs in which a given
graph H appears exactly k times as a subgraph. The idea is to make a distinction among
infinitely many disjoint instances I C Z of rooted connected graphs, so that their correspond-
ing generating functions C§(z,u) can be recursively described with the help of the block
decomposition:

Ci(z,u) = Fr(z,u, (C3(x,u))se1),

where Fr(z,u,(zy)sez)’s are proper formal power series with the property that

ZFI(xv 1, (27)Jez) = Texp (BO (Z ZI>> . (3)

IeT IeT

This actually means that

C*(z,u) = Z C7(z,u)

IeT

with C*(x,1) = zexp(B°(C*(z,1))), as expected.

As in [7], we demonstrate the counting procedure with an easy example. Let H be a path
P, of length 2. In this situation, H is separated by a cut-vertex into two edges.That is, P,
can be part of a block, or it connects two blocks at its cut vertex. If the degrees of these
two blocks at the cut-vertex are ki and ks respectively, then H occurs kiks times at this
Jjunction.
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We denote by
Bio(wl7w27w3a"';u)7 7’215

the generating function of rooted blocks in our graph class, where the root has degree ¢, w;
counts the number of non-root vertices of degree j (j > 1), and u counts the number of
occurrences of H = P,. (Formally this is a generating function in infinitely many variables.)
Next, let

Ci(z,u), 120,

denote the generating function of rooted connected graphs in G, where the root vertex has

degree i, x counts the number of (all) vertices, and u the number of occurrences of H = Ps.

Then by the same principle as above, we have C§(x) = x and for i > 1,

L]
Ci (w7u)
1 Do i s
P Vi 2¢
::cg ] E u’1<72 |IB“ E uCp (z,u), g u 2O (z,u), .. u .
s>1  dpdbe-tig=i 21>0 035>0

Note that s is the number of blocks containing the root vertex, and the index i, (for
r=1,...,s) is the degree of the root of the block r. The terms involving u can be explained
as follows. The term u?~1<iz /1’2 arises when the degree-2 vertex in Ps is the root vertex,
but not contained in any one of the blocks of the graph; the terms Zlkzo ubk C}p (r,u) account
for cases where P, is not incident with the root vertex, but built by taking an edge from one
of the blocks incident with the root vertex and joining it with one of the attached rooted
connected graphs; the last argument in ij (w1, ws,...;u) counts those Pp-copies already
existing in the blocks incident with the root vertex.

In this example we have I = {1,2,...}, Fo(z,u, (2;);>1) = z, and for ¢ > 1:

Fi(z,u, (2)>1) (4)
_Z‘Z Z z:1<12 ’1’2HBO x—|—2u z/l,x—l—Zu%szz,...;u
5>0 '11+ His=i 01>1 lo>1

In the general case we have to be more careful. First of all, we replace the relation
C*(x) = zexp(B°(C*(x)) by the equivalent relation C*(z) = xB0)-°(x, C*(x)) for some
ho > 1, where B"-°(z,w) = exp (B°(zB"~1V°(z,w))) (for h > 2), and BM*°(z,w) =
exp(B°(w)). This just means that starting from the root we consider not only one level of
blocks but a tree of blocks of height < hg, where we then attach recursively rooted connected
graphs. The collection of blocks of height < hy that contain the root will be called the
ho-root block.

More precisely, we choose hg as the diameter of the block-graph of the given subgraph
H (for H = P; the diameter of the block-graph equals 1). The reason is that a potential
subgraph of a copy of H might intersect at most hg + 1 different blocks. In particular, if we
try to formulate a recurrence relation we have to take care of several blocks in the graph. Let
Ho ={Hi,...,Hs} be all the connected subgraphs spanned by subsets of blocks of H. For a
given H; € Ho we denote by H; the set of blocks in H not contained in H;. Given H; € H,
we say that a vertex v in H; is a virtual cut-vertex if it is either a cut-vertex in H;, or when we
embed H; in H, the resulting vertex becomes a cut-vertex in the ambient graph H. We denote
then by H the family of graphs constructed from the graphs in Hg by rooting one of its virtual
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cut-vertices. Let d denote the cardinality of H and let Z = N? be the set of instances. For
every instance I = (i1,...,1q) € Z (which we also call profile) we consider the combinatorial
family C? (with exponential generating function C7(z,u)) of rooted connected graphs in C*
with 4; copies of the j-th element of H, 1 < j < d, whose rooted virtual cut-vertex coincides
with the root vertex of the connected graph in C;. Similarly, we define BYL”)’O the family of
ho-rooted blocks whose profile is equal to I. Hence, B(0)° = Urez B§h°)’°
Let ¢® € C;. There are three different types of copies of H in c*:
1. Copies of H already existing in the hg-root block of ¢®.
2. Copies of H already existing in the rooted connected graphs that we attach at the hg-root
block of ¢°.
3. Copies created by using some subgraph of H from the hg-root block of ¢®* and completing
it to H by using attached rooted connected graphs with appropriate profiles.
Let by, be a hg-root block. Denote by |bp, |2 the number of vertices on the hg-level of it, and
set |brol1 = [bng| — [bno |2. We write I([bn,[2) = ({1, .., Ly, |,), Which is the set of profiles of
the rooted connected graphs that will be attached to each vertex on the last level of by, .
Given these, we write
G1(bp, ) for the number of copies of H in by, under Case 1.
G2(bpy, I(|bry|2)) for the number of copies of H in by, under Case 3.

With this terminology in mind, now it is easy to write an equation for C§(x,u):

|bh0 |2

[bhg 1
Ciauy=o S 30 uC )Gl gD T T 0f (a,u), (5)

bh 1! T
by €500 T(lbrg2) [brolat 15

where the second sum extends to all possible sets of attachment profiles.

We are now ready to prove Theorem 2 by analyzing the infinite system of equations
(5). We write y = (Cf(x,u))s, which is a solution to the infinite system of equations
yr = Fr(z,y,u) with

[brg |2

[bhg |1
yr = Fi(z,y,u) = Z Z uG1(bng) V4G (bhg L(|brgl2)) T~ H u..
r=1

|brg [1!
bhy EByLO) © I(bng |2) 0

3.1 Several subgraphs

Suppose now that we want to keep track of several subgraphs Hi, ..., Hx. Then we set hg
to be the maximum of diameters of the block graphs of H;, 1 < j < K. And similiarly as
above we define H as the union of corresponding sets H;, 1 < j < K, that are defined as
above for the graph H;. Note that this union need not be disjoint. Let d be the cardinality
of # and Z = N%. By mimicking the above argument we obtain a system of the form

C;(x7 u) = F[(CL’, u, (C;(xv u))JEI)>

where u = (ug,...,ux) takes care of the number of occurences of Hy, ..., Hg, respectively.

3.2 Unlabelled graphs

For unlabelled enumeration of a graph family G, it proves convenient to consider a refinement
of the generating function, called the cycle-index sum, which is a series in infinitely many
variables si, sg, ..., defined as

1 c1(o) ca(o e (o
Zc(s1,82,...) ::Z — Z s1 ( )322( )~-~sn"( ),

n>0 n!
(079)6671 xGnp
o0-g=g
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where ¢;(0) denotes the number of cycles of length ¢ (1 < i < n) of the permutation o. The
ordinary generating function of unlabelled graphs in G is recovered from a specialisation of
the cycle index sum by replacing s; by «* for each i > 1:

G(z) = Zg(x, 22,23, ..)).

Let Zpo(s1,52,...) and Zgos(s1, S2,...) be the corresponding cycle index sums of B® and C*,
then the block decomposition rewrites to

Zco (81, S92, .. ) = S1 €Xp (Z l,ZBo (Zco (Si, S5y« .), Zco (821‘, S44y . - .), .. )) .

i>1 1

Consequently the generating function C*® (z) of vertex-unlabelled rooted connected graphs
satisfies

C’(m) = T exp (ZZZI %ZBO (C.(l‘z)’ C"(gﬂi), Cn(mSi), N )) )

Thus, we are in a similar situation as in the labelled case. If H is now a given graph then
we can do the subgraph counting by applying the same principles as above. We consider
infinitely many instances I and set up an infinite system of equations for the corresponding
generating functions C(z, u):

C’;(x, u) = Fr(z,u, (C3(z,u), C}(m2, u2), e )JeT)- (6)

Of course this also works jointly for finitely many subgraphs.

4  Analytic Properties

If a generating function y(z,u) (with non-negative coefficients [z"u*]y(x,u)) satisfies a

functional equation of the form y(z,u) = F(x,u, y(x,u)) (with proper conditions on F') then

it usually follows that the random variable X,, defined by

[2"uMy (2, w)
[z"]y(z, 1)

satisfies a central limit theorem with expected value and variance that are asymptotically
proportional to n, see [4, Theorem 2.23].

P(X, =k) =

In our context we have, first of all, an infinite system of equations. As demonstrated
in [6, 7] (and as we will recall below) this system can be reduced to a single equation of the
form y(z,u) = G(x,u, y(z,u)). This leads to the central limit theorem from [7]. In order to
get a local central limit theorem we have to work more on the solution of the equation, in
particular we have to observe proper regularity conditions that allow us to derive a local
central limit theorem. In addition, we will not have an analytic variable u, but only a variable
on the unit cycle |u| = 1, and the dependence on u (on the cycle) will only be of some
differentiability order. This gets slightly more technical in the multivariate setting as well as
in the case of unlabelled graphs.

We also mention that, although the (above defined) functions Fr(z,u,(z5)sez) have
infinitely many variables, there are no convergence problems if |u| < 1- compare with the
arguments from [7]. The essential property is that if we sum up all equations (with u = 1)
then (3) holds and the function B°(y) is analytic in a sufficiently large region. This implies
absolute convergence and analyticity of Fy(z,u, (25)sez)-
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4.1 Reduction to one equation

It is well known that a single functional equation y = F(z,y) for y = y(z) has usually a
dominant square-root singularity if F'(z,y) has non-negative coeflicients and is analytic in a
sufficiently large region. (See, for example, the exposition in [4]). Actually this is also true for
a corresponding finite system of equations (provided the system is strongly connected). This
property is still true for infinite systems provided the corresponding Jacobian is a compact
operator (see [6]). The essential idea is to use a proper elimination procedure.

Suppose that we have a strongly connected infinite system of the form

yr = Fr(x, (ys)sez) (I €1),

where the functions Fr(x,(zs)sez) have non-negative coefficients. We denote by xo the
common radius of convergence of the solutions functions y(z), the Jacobian

0
Jac = (aF]1 ($07 (yJ(IO))JeI))
Y I,I2€T

I

of the right hand side has then spectral radius equal to 1. We single out one of the equations
and re-write the system in the form

yr, = F1, (%, y10, (Y7) s\ {10} )
yr = Fr(z,yr,, Wr)nqy) (L €I\ {l}).

The sub-system of equation for yr, I € Z \ {Iy}, where yy, is just considered as a parameter
(or a second variable), has now a Jacobian with spectral radius < 1, provided it’s compact
(see [6]). Consequently by the implicit function theorem (applied in a proper Banach space)
this sub-system can be regularly solved and we get analytic solutions §r(x,y5,), I € Z\ {Io}.
By inserting these analytic solutions into the first equation we finally obain just one equation
for yr,:

Y, = FIO (I7y107 (gJ('I7yIO)JEI\{IO}) = G(:Cayfo)a

where G(z,ys,) has again non-negative coefficients and has nice analyticity properties (see
again [6]).

If there is an additional parameter u (or a vector of parameters) the same method applies.
Actually it is sufficient to check compactness of the Jacobian only for one positive value
u=wug (usually ug =1, see [6]). As elaborated in [7] we can do this also if u ranges just on
the unit circle |u| = 1 and if we are just interested in the existence of finitely many derivatives
with respect to u.

4.2 Analysis of one equation

As we have seen in Section 4.1 we can reduce the analysis to one equation of the form

Y= G(xauay)v (7)

where we assume that G(z,u,y) is a power series with non-negative coefficients and for
the sake of simplicity we only consider one additional parameter u. Let y, ; denote the
coefficients of the solution y = y(z,u) =", yn,kx”uk. It is easy to check that there is a

shifted integer lattice
L' = (’no, ko) + {ml(nl,kl) + m2<n2,k‘2) 1My, Mo € Z} - 72 (8)

with the following properties:
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If (n,k) ¢ L' then y,;, = 0.
Suppose that Iy + dZ is the projection of L’ to the first axis. Then, for all sufficiently
large n with n = [p mod d, there exists k£ with y, 1 # 0.
We call equation (7) a-periodic if L’ = Z2. This is equivalent to the property that |y(z,u)| <
y(|x|, |ul]) if either x or u is not real and positive.
For example, for the equation y = 1 4+ z2uy? + u3y we have

L = {m1(0,3) + 77”L2(2, 1) TMmi, Mo € Z}

and its projection of the first axis is 2Z. Equivalently we have that (n,k) € L’ if and only
if n = 0mod 2 and n + k = 0 mod 3. This is also reflected by the properties y(—z,u) =
y(£Gx, Gu) = y(£C3x, (3u) = y(z,u), where (3 = exp(27i/3) is the primitive third root of
unity.

~ In our context we assume that G(x,u,y) is convergent for [u| =1 and that the derivaties
%G(w, 1,y), 1 < j < 3, are analytic in a region R that includes the point (z¢, y(zo,1)),
where zq is the radius of convergence of y(z,1).> Due to the non-negativity of the coefficients
it follows that G(x,u,y) as well as the partial derivatives %G(m,u, y), 1 < j <3, exist and
are continuous for |u| <1 and for (z,y) € R.

The basis for analyzing functions that satisfy a functional equation of the form (7) in

relation to a local central limit theorem is the following lemma.

» Lemma 4. Suppose that a bivariate generating function y(z,u) = ka Yn x2"u satisfies
a functional equation of the form (7), where G(x,u,y) satisfies the above properties, that
is, G(x,u,y) is a power series with non-negative coefficients, the system of equations yo =
G(xo,1,y0), 1 = Gy(xo,1,y0) has positive solutions (xo,yo) inside the region of convergence
R of G(x,1,y), and G(x,u,y) is three times continuously differentiable with respect to u for
lul = 1.

Then y(xz,u) has a dominant square-root singularity of the form

T
y(x,u) = g(x,u) — h(z,u), /1 — —, (9)
p(u)
where the functions g(x,u) and h(x,u) are analytic in x (around xy) and three times con-
tinuously differentiable in u if lu| = 1 and |u — 1| < n for some n > 0, and the function
p(u) satisfies p(1) = zo and is three times continuously differentiable in u if |u| = 1 and
|lu—1| <, too. Furthermore we have

21’0GI(1’0, 1, yO)

g(ﬂ?o,l) =Yo and h(IOal) = G (xo 1 yO)
Yy y 4y

Set
p— Gu
n= xOGz7
o’ = o+ NZ + Wway (Gi(nyGuu - ng;u) - QGrGu(nyGmu - GymGyu)

GGy G = G2y) )

! By standard theory xo and yo = y(xo,1) are uniquely determined by the system of equations yo =
G(zo,1,y0), 1 = Gy(zo,1,y0), see [4].
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where all partial derivatives are evaluated at the point (xg,1,vo), and suppose that o> > 0.
Assume that L' is the (shifted) integer lattice (8) with determinant D. Then the coefficients
Yn,k are asymptotically given by

Yo = Dm (exp (W) +0 (n)> ((n,k) € L)

uniformly for n,k — oo.

We note that there is a simple sufficient but technical condition that ensures that o > 0,
see [5, Lemma 4]. Suppose that there are three triples (n;, kj, m;), j =1,2,3, with m; > 0
such that the determinant

ny k‘1 my — 1
no k‘g mo — 1 7é 0
ns k‘3 ms — 1

and the corresponding coefficients [z"u*y™|G(z,u,y) # 0, j = 1,2,3. Then o2 > 0.

We will apply Lemma 4 not directly but for a function g(z, u) that is a (positive) functional
of y(z,u), that is, g(x,u) = H(x,u,y(z,u)), where H(z,u,y) is another function with non-
negative coefficients that is analytic for (x,y) € R and three times continuously differentiable
in u for [u| = 1. Then the coefficients 7, ; of 7(z,u) has exactly the same kind of asymptotics
(just the leading constant is different). This follows by an immediate extension of the proof of
Lemma 4. More generally, we will then consider also the exponential of the integral of F(x, u)
which will then have a 3/2-singularity instead of a square-root singularity (see Section 4.3).
Nevertheless, the proof method of Lemma 4 applies in the new situation, too. For the sake
of brevity we will not repeat the arguments.

In our context we have y(z,u) = yy, (x, u) that satisfies a functional equation but we are
actually interested in

y(z,u) = Zyl(fv7u)'

IeT

But this can be directly handled using the (analytic) functions gr(z,y), I € Z\ {Ip} by
setting

H(zu,y)=y+ Y dilx,y)
IeT\{Io}

Proof. (Lemma 4) As already pointed our in [7] it follows (by applying a proper variant of
the Weierstrass preparation theorem) that the solution function y = y(z,u) has a dominant
square-root singularity of the form

(2, u) = g(w,u) — hz,u) |1~ —

z,u) = g(x,u) — h(x,u - —,

y\x, g\zx, o(w)

where the functions g(x,u) and h(z,u) are analytic in « and three times continuously
differentiable in u if |u| = 1 and |u — 1| < n for some 1 > 0, and the function p(u) satisfies
p(1) = zy and three times continuously differentiable in w if |u| = 1 and |u — 1| < 7, too.
Note that we have

2p(u)Ga(p(u), u ;
Gy (p(u), u,y(p(u),u))

=
<
—
B~
—
<
~—

9(p(u),u) = y(p(u),u) and h(p(U),U)\/
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For the sake of brevity we only consider the a-periodic case, where I’ = Z2, that is, we
have |y(z,u)| < y(|z|,1) if either « or u (with |u| = 1) is not real and positive (we comment
on the non a-periodic case at the end of the proof). We assume for a moment that u (with
|u| = 1) is close to 1, that is, |u — 1| < n. We then apply standard Cauchy integration and
obtain the asymptotics

[2")y(z,u) = % / y(x,u) xifl - };(57(?“2’372) p(u)™™ (1 +0 (n—l)) (10)

uniformly for |u — 1| < n as n — oo.
If lu — 1] > n and |u| = 1 then we have, uniformly for || = zq, |y(z,u)|] < (1 — €)y(zo, 1)
for some £ > 0. Hence, it also follows that

|Gy(z,u,y(x,u)] < (1—e")Gy(z0,1,y(x0,1) = (1—€") <1

for some &’ > 0. Thus, the function y(z, ) can be analytically continued beyond the cycle
|z| = z¢ and consequently, we obtain (by Cauchy’s estimates) that

["y(x,u) = O (:Ea”e_e//") (11)

for some ¢” > 0, uniformly for |u — 1| > 7, |u| =1, as n — co.
In order to obtain the asymptotic expansion for [z"u*]y(z,u) we again use a Cauchy

integral on the cirle |u| = 1:

du

n _ 1 n
eyt = 5 [ @t

If |u — 1| < n we use (10) and a proper expansion of the function

) 1
p(e")™" = xy" exp (i,unt - 502nt2 + O(nt3)> ,

where
P p() 2 o (1)
w=- =— and o°=p+p° —
o) wo o(1)
as well as a standard saddle-point like analysis to obtain the asymptotic relation
1 du 1 h(p(u),u) _ _1\y du
— 2" y(z,u) —— = — Y, p(u)™ (1+0 (n
27T’L ‘U—1|<77[ ] ukH 27TZ ‘“—1‘<77 27rn3/2 ( ( )) ’LLkJrl
_ oz h(p(e™), e™) . _ 1y 3 -1
=5 /|t|<n, o5 OXP i(un — k)t 50 nt* +0(nt’) | (1+0 (n7 1)) dt

7] o ()

~ (2r)32on? 202n

if k — un = O(y/n). Finally the corresponding integral for |u — 1| > 1 can be upper bounded
with the help of the relation (11) and we are done (we just have to take care of the error
terms).

In the non a-periodic case the calculations are very similiar. We just have to collect
D contributions of Gaussian type that just differ by roots of unity.?2 If (n,k) ¢ L’ these
contributions sum up to zero whereas for (n, k) € L’ they all contribute evenly and we obtain
the factor D. |

2 For example, for the equation y = 1 + z?uy? + vy we collect the contributions coming from the
neigborhoods of (l’o,l), (733071)7 (<33:0><3)7 (743350’@‘3)7 (C§$0><§)a and (7<§I07<§) Reall that
y(=wo,u) = y(+(sz, Gsu) = y(*Gw, Gu) = y(z,u).
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Local Central Limit Theorems for Subgraph Counts

4.3 Application to subgraph counts

We recall that the exponential generating function C*®(x,u) of vertex labelled and rooted
connected graphs in a subcritical graph familiy, where z takes care of the number of
vertices and u of the number of occurences of a given graph H as a subgraph, is given
by C*(z,u) = > ;.7 C7(z,u), where the functions C}(x,u) satisfy an infinite system of
equations (6). We already know that the coefficents of C(x,u) can only be non-zero for
(n, k) in a properly shifted lattice L’. By the special structure of (5) it turns out that this
lattice is the same for all functions C7(z,u). Thus, it is also applies to C*(x,u). Since the
coefficients [z"] C*(x, 1) are non-nero for sufficiently large n it follows that the projection
of L’ to the first coordinate n equals Z. Furthermore we know that C®(z, ) has a moving
square-root singularity of the form (9). We could apply the methods of the proof of Lemma 4
and obtain a local CLT for subgraph counts for rooted connected graphs (in a subcritical
graph family).
However, since

O, u) = / w FC* (6 de

it follows that C(x,u) and consequently G(z,u) = exp(C(x,u)) have a corresponding
singularity with exponent 3/2:

Clz,u) = g1(z,u) + by (z, ) <1 - p(””u))w,

o \3/2
G(z,u) = ga(z,u) + ha(z,u) (1 p(u))
with proper analytic functions g1 (x, u), hi(x,u), g2(z,u), ha(z,u). At this stage we apply a
proper variant of Lemma 4 (with a 3/2-singularity instead of a square-root singularity) and
obtain the proposed local CLT.
In the unlabelled case the unrooting procedure is slightly more involved (compare with [7])
but leads finally to the same kinds of analytic properties and to the proposed local CLT.

—— References

1 A. D. Barbour, Michal Karoniski, and Andrzej Rucinski. A central limit theorem for decom-
posable random variables with applications to random graphs. J. Comb. Theory, Ser. B,
47(2):125-145, 1989. doi:10.1016/0095-8956(89)90014-2.

2 Ross Berkowitz. A Quantitative Local Limit Theorem for Triangles in Random Graphs.
Preprint, arXiv:1610.01281 [math.CO], 2016. arXiv:1610.01281.

3  Ross Berkowitz. A Local Limit Theorem for Cliques in G(n,p). Preprint, arXiv:1811.03527
[math.CO]J, 2018. arXiv:1811.03527.

4  Michael Drmota. Random trees. An interplay between combinatorics and probability. Wien:
Springer, 2009. doi:10.1007/978-3-211-75357-6.

5  Michael Drmota, Eric Fusy, Mihyun Kang, Veronika Kraus, and Juanjo Rué. Asymptotic
study of subcritical graph classes. SIAM J. Discrete Math., 25(4):1615-1651, 2011. doi:
10.1137/100790161.

6  Michael Drmota, Bernhard Gittenberger, and Johannes F. Morgenbesser. Infinite systems of
functional equations and Gaussian limiting distributions. In Proceeding of the 23rd international
meeting on probabilistic, combinatorial, and asymptotic methods in the analysis of algorithms
(AofA’12), Montreal, Canada, June 18-22, 2012, pages 453—478. Nancy: The Association.
Discrete Mathematics & Theoretical Computer Science (DMTCS), 2012. URL: www.dmtcs.
org/dmtcs-ojs/index.php/proceedings/article/view/dmAQ0134/0.html.


https://doi.org/10.1016/0095-8956(89)90014-2
https://arxiv.org/abs/1610.01281
https://arxiv.org/abs/1811.03527
https://doi.org/10.1007/978-3-211-75357-6
https://doi.org/10.1137/100790161
https://doi.org/10.1137/100790161
www.dmtcs.org/dmtcs-ojs/index.php/proceedings/article/view/dmAQ0134/0.html
www.dmtcs.org/dmtcs-ojs/index.php/proceedings/article/view/dmAQ0134/0.html

M. Drmota and Y. Wang

10

11

12

13

14

15

16

17

18

19

20

21

22

Michael Drmota, Lander Ramos, and Juanjo Rué. Subgraph statistics in subcritical graph
classes. Random Struct. Algorithms, 51(4):631-673, 2017. doi:10.1002/rsa.20721.

Pal Erdés and Alfréd Rényi. On the evolution of random graphs. II. Bull. Inst. Int. Stat.,
38(4):343-347, 1961.

Jacob Fox, Matthew Kwan, and Lisa Sauermann. Anti-concentration for subgraph counts in
random graphs. Ann. Probab., 49(3):1515-1553, 2021. doi:10.1214/20-A0P1490.

Jacob Fox, Matthew Kwan, and Lisa Sauermann. Combinatorial anti-concentration inequalities,
with applications. Math. Proc. Camb. Philos. Soc., 171(2):227-248, 2021. doi:10.1017/
S0305004120000183.

Agelos Georgakopoulos and Stephan Wagner. Limits of subcritical random graphs and random
graphs with excluded minors, 2016. arXiv:1512.03572.

Justin Gilmer and Swastik Kopparty. A local central limit theorem for triangles in a random
graph. Random Struct. Algorithms, 48(4):732-750, 2016. doi:10.1002/rsa.20604.

Svante Janson, Tomasz Luczak, and Andrzej Rucinski. Random graphs. Wiley-Intersci. Ser.

Discrete Math. Optim. New York, NY: Wiley, 2000.
Svante Janson, Tomasz Luczak, and Anrzej Rucinski. An exponential bound for the probability

of nonexistence of a specified subgraph in a random graph. Random graphs ’87, Proc. 3rd Int.

Semin., Poznan/Poland 1987, 73-87 (1990)., 1990.

Michat Karonski and Andrzej Rucinski. On the number of strictly balanced subgraphs of a
random graph. Graph theory, Proc. Conf., Lagéw/Pol. 1981, Lect. Notes Math. 1018, 79-83
(1983)., 1983. doi:10.1007/bfb0071616.

Krzysztof Nowicki and John C. Wierman. Subgraph counts in random graphs using incomplete
U-statistics methods. Discrete Math., 72(1-3):299-310, 1988. doi:10.1016/0012-365X(88)
90220-8.

Konstantinos Panagiotou, Benedikt Stufler, and Kerstin Weller. Scaling limits of random graphs
from subcritical classes. Ann. Probab., 44(5):3291-3334, 2016. doi:10.1214/15-A0P1048.
Andrzej Rucinski. When are small subgraphs of a random graph normally distributed? Probab.
Theory Relat. Fields, 78(1):1-10, 1988. doi:10.1007/BF00718031.

Andrzej Rucinski. Small subgraphs of random graphs. — A survey. Random graphs ’87, Proc.

3rd Int. Semin., Poznan/Poland 1987, 283-303 (1990)., 1990.

Ashwin Sah and Mehtaab Sawhney. Local limit theorems for subgraph counts. J. Lond. Math.
Soc., II. Ser., 105(2):950-1011, 2022. doi:10.1112/jlms.12523.

Ashwin Sah, Mehtaab Sawhney, and Daniel G. Zhu. Local limit theorem for joint subgraph
counts. Preprint, arXiv:2412.09535 [math.PR], 2024. arXiv:2412.09535.

Benedikt Stufler. Random enriched trees with applications to random graphs. FElectron. J.
Comb., 25(3):research paper p3.11, 81, 2018. URL: www.combinatorics.org/ojs/index.php/
eljc/article/view/v25i3pl1l.

6:13

AofA 2026


https://doi.org/10.1002/rsa.20721
https://doi.org/10.1214/20-AOP1490
https://doi.org/10.1017/S0305004120000183
https://doi.org/10.1017/S0305004120000183
https://arxiv.org/abs/1512.03572
https://doi.org/10.1002/rsa.20604
https://doi.org/10.1007/bfb0071616
https://doi.org/10.1016/0012-365X(88)90220-8
https://doi.org/10.1016/0012-365X(88)90220-8
https://doi.org/10.1214/15-AOP1048
https://doi.org/10.1007/BF00718031
https://doi.org/10.1112/jlms.12523
https://arxiv.org/abs/2412.09535
www.combinatorics.org/ojs/index.php/eljc/article/view/v25i3p11
www.combinatorics.org/ojs/index.php/eljc/article/view/v25i3p11

	1 Introduction
	2 Results
	3 Combinatorics
	3.1 Several subgraphs
	3.2 Unlabelled graphs

	4 Analytic Properties
	4.1 Reduction to one equation
	4.2 Analysis of one equation
	4.3 Application to subgraph counts


