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THE GHS AND OTHER CORRELATION INEQUALITIES
FOR THE TWO-STAR MODEL

ALESSANDRA BIANCHI, FRANCESCA COLLET, AND ELENA MAGNANINI

ABSTRACT. We consider the two-star model, a family of exponential random
graphs indexed by two real parameters, h and «, that rule respectively the to-
tal number of edges and the mutual dependence between them. Borrowing tools
from statistical mechanics, we study different classes of correlation inequalities for
edges, that naturally emerge while taking the partial derivatives of the (finite size)
free energy. In particular, if o, h > 0, we derive first and second order correlation
inequalities and then prove the so-called GHS inequality. As a consequence, under
the above conditions on the parameters, the average edge density turns out to be
an increasing and concave function of the parameter h, at any fixed size of the
graph. Some of our results can be extended to more general classes of exponential
random graphs.
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1. INTRODUCTION

Correlation inequalities are an important tool in equilibrium statistical mechan-
ics. They are used to estimate moments and correlations in ferromagnetic systems,
allowing in turn to obtain analyticity properties of some physical observables (such
as magnetization and susceptibility) and to prove/disprove the presence of a phase
transition. Among these inequalities, we find the Griffiths, Hurst and Sherman
(GHS) inequality, that rules the three-particle interactions and is mainly known
for providing convexity properties of relevant functionals. As the Griffiths, Kelley
and Sherman (GKS) inequality [12] [15], it was firstly proved for the classical Ising
model, to show that the average magnetization is a concave function of the positive
external field [I4], and then extended to general classes of even ferromagnets that
can be derived out of the Ising model [8] 13|, 5], 20].

However, the aforementioned result is only one of the different implications en-
tailed by the GHS inequality. For example, it has been used to characterize possible
phase transitions, to prove monotonicity of correlation length, and to derive critical
exponent inequalities for the Ising model on Z%: to obtain monotonicity of mass gap
and to estimate coupling constants in ¢* field theory; or also to show convexity-
preserving properties of certain differential equations and diffusion processes. For
further details we refer the reader to [0] and references therein.

In the present paper we consider a family of exponential random graphs known

as two-star model [22]. Specifically, we consider a Gibbs probability measure on the
1
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set of all simple graphs on n vertices, whose Hamiltonian depends on the densities
of edges and two-star graphs. Our goal is to study some correlation inequalities for
such a model, with a particular focus on the GHS inequality.

In comparison with ferromagnetic systems, the major difference is that the Gibbs

measure of our system, being supported on {0, 1}(75), does not enjoy Zs-simmetry.
As a consequence, although the positivity of the support of the measure allows
to easily deduce positivity of the moments and derive the Fortuin, Kasteleyn and
Ginibre (FKG) inequality [10], higher order correlations are non-trivial to analyze,
and generally depend on the choice of the parameters.

The manuscript is organized as follows. In Section 2 we introduce the two-star
model and we define the corresponding free energy function. Moreover, we briefly
recall some recent results about its asymptotic behavior, including the characteriza-
tion of the phase diagram and some limit theorems for the edge density. Section 3 is
devoted to correlation inequalities and it collects our main results. We first provide
the formal definition of the aforementioned FKG, GKS and GHS inequalities in the
context of a two-star model with generalized parameters (see Eq. (3.1)). In Subsec-
tion 3.1 we show that the FKG and GKS inequalities hold for this model whenever
a > 0, and then we derive some preliminary results used afterwards in the proof of
the GHS inequality, that is the core of the present work (see Theorem . The
statement of this result, that holds under the additional hypothesis A > 0, is given
in Subsection 3.2 together with its proof. This is mainly based on ideas from [16],
where an alternative and simplified strategy of the original proof has been devised.
We then bring back the results to the classical two-star model, and make a few
comments about some immediate consequences of the derived correlation inequali-
ties. In Section 4] we discuss which of our techniques can be extended to prove the
FKG and GKS inequalities for general exponential random graphs and which are
the issues in adapting the proofs to obtain the GHS inequality in this setting.

2. MODEL AND BACKGROUND

2.1. Two-star model. Let us consider the set G,, of all simple graphs on n labeled
vertices that are identified with the elements of the set [n] = {1,2,3,...,n}. We
define a probability distribution on G,, by means of the homomorphism densities of
the subgraphs of the graph. Specifically, if G € G,, and H is a given simple subgraph,
we define

_ |hom(H, G)]
(2.1) t(H7 G) o W7
i.e. the probability that a random mapping V(H) — V(G) from the vertex set of
H to the vertex set of G is edge-preserving.

For any k € N, let Hy, Hs, ..., Hy, be pre-chosen finite simple graphs (edges, stars,
triangles, cycles, ... ) and let 3 = (f1,. .., Bk) be a collection of real parameters. For
any choice of 3, an exponential random graph is identified by the Gibbs probability



density
H, 3G
(2.2) tinp(G) = exp (Hap(G)) o Geg,
ZniB
The function H, g, called Hamiltonian, is given by
k
2.3 Hop(G) = n? S Bit(H,. G)
j=1
and the normalizing factor
(2.4) Znig = Z exp (Hnp(G))
Gegn

is the partition function.

In the present setting we focus on the two-star model, characterized by a Gibbs
measure that depends only on the densities of edges and two-star graphs. Recall that
a two-star graph is an undirected graph with one root vertex and two other vertices
connected with the root, and otherwise disconnected. Under this assumption, the
measure can be conveniently expressed as follows.

Let &, denote the edge set of the complete graph on n vertices, with elements
labeled from 1 to (g) If 4, j € &, are neighboring edges, we write i ~ j and we
identify the unordered pair {i,j} with the resulting two-star graph, that will be
called wedge {i,j} in short. Let W, = {{i,j} : i,j € &., i ~ j} be the set of
wedges of &,, and set A, := {0,1}/¢| | .| being the cardinality of a set.

Notice that there is a one-to-one correspondence between graphs G € G, and
elements x = (x;);ee, € A, so that, if G corresponds to z, it holds that

(25) Hla = sz (HQ, - Z .TﬁCJ %lea

i€€n {z,y}eWn 1€€n

with H; an edge and H, a wedge. Hence, we may look at the Hamiltonian of the
two-star model as a function on A,, defined by

(2'6) Hn 61,,32( 252 Z Tyl +2 <61 + 62) Z i

{1,5YeWn i€én
Notice that this Hamiltonian is asymptotically equivalent (see also [17]) to
!
2.7 H,. == oy :
( ) n,a,h<x> n Z T + h Z Z;,
{i.jrewn i€&n

where, for convenience, we have set h = 23, and a = 23,. In the following, we will
focus on the corresponding two-star model, having Gibbs density on \A,, given by

exp (Hp.on(x .
(2.8)  pnan(@) = p(Z 7 :( D Gith  Zyp = 3" exp (Huan(2)) -
ma, €A,

Accordingly, we will denote the related measure and expectation by P,,., », and E,,.,, 5,
respectively.
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2.2. Free energy. The free energy is a key function in the context of statistical me-
chanics, as it encodes most of the asymptotic properties of the system. Specifically,
the finite and infinite size free energies associated with are

1
(2.9) fran = Eln Zpan and  fop:= lim foan.

n—-+o0o

To understand the important role of the free energy, we first observe that its
partial derivatives w.r.t. « and h, respectively give the average edge and wedge
densities of the model. More precisely, if we denote by FE, the number of edges of
the graph G, and by W,, the number of wedges of GG, we get

(2.10) @mmﬁ:—;%;—z and @hmmz—u%—l.

The characterization of the infinite size free energy, together with its analytical
properties, then provides a relevant tool to infer some structural properties of the
graph.

As an application of Theorems 4.1 and 6.4 in [6], for any (a, h) € R? we have that

(2.11) fan = sup
0<u<1

(mﬂ hu 1 (u)) _ MJFM—EI(U*),

2 2 2

where I(u) = ulnu+ (1 —u)In(1 —u) and u* = u*(«, h) is a maximizer that solves
the fixed-point equation

erc u+h

(212) W =Uu.

Depending on the parameters, Eq (2.12)) can have more than one solution at which
the supremum in (2.11)) is attained. Having multiplicity of optimizers translates in
the possibility of having limiting graphs with very different edge densities.

2.3. Edge-occurrence probability. As already observed by Park and Newman
for the edge-triangle model (see [21I], Eq. (4)), the probability that the edge z;
is present can be also written as the expectation of a function of the Hamiltonian
where x; = 1. Explicitly, in our context we obtain

~1
0]

2.13 B, n(z:) = Epan | [ 1 _e —h

(2.13) a,n () ah <+exp< - > ))

JEER G~

Since the model enjoys a symmetry in the edge structure, in the sense that each
edge in the complete graph has precisely the same neighborhood, the aforementioned
expectation turns out to be the same for all . This leads to

(2.14) Enan (En) = Enan(t) = (Z) B (27) -

i€En

Hence, the average edge density corresponds asymptotically to the edge-occurrence
probability.



Remark 2.1. At this point, the following remark is in order. The symmetry in the
edge structure is intrinsic to the edge set &,, and does not depend on the specific
exponential random graph taken into account. Hence, the analog of the identity
holds true for general Hamiltonians of the form . To our knowledge, this
property, which is evident from the interacting particle system perspective, has not
been pointed out before.

Taking into account identity (2.11) and the aforementioned results, it holds that
(215) lim En;a,h(xi) =2 lim 8hfn;a,h == 28hfa,h == u*(a, h) .
n—oo n—oo

While an explicit expression of the edge-occurrence probability as function of («, h) is
missing even in the infinite size limit, it is easy to verify from that Ep.qn(z;) >
1/2 for all n € N, whenever «, h > 0. However, simulations suggest that the region
of parameters where the average edge density is bigger than 1/2 is larger, and it also
includes negative values of h. For large enough n, this region can be approximately
characterized by the analysis of the asymptotic behavior of the model. The study
of equations and leads to the phase diagram that we are going to

summarize.

2.4. Phase diagram. We collect here the relevant features of the phase diagram
of the two-star model, that can be obtained as a special case of some of the results
in [23].

The infinite size free energy f, is well-defined in R?. Moreover, it is analytic in
the whole plane except for a continuous critical curve

M :={(a,h) € (a, +00) x (—00,h.) : h = gq(a)},

starting at the critical point (a., h.) = (2,—2) and contained in the cone a > 2,
h < —2. In particular, the system undergoes a first order phase transition across the
curve and a second order phase transition at the critical point (see [23], Thms. 2.1
& 2.2). The scalar problem (2.11) admits one solution in the uniqueness region
U := R?*\ M while it has two solutions along the curve M (see [23], Prop. 3.2). A
qualitative graphical representation of the phase diagram is provided in Fig. [2.1

An analogous analysis has been performed in a sparse regime in [1], in the directed
graph case in [2], and for a mean-field version of the model in [3].

2.5. Limiting distribution for the edge density. We summarize some results on
the asymptotic behavior of the edge density of the two-star model. By retracing the
proofs in [4], we can obtain the following strong law of large numbers and standard
central limit theorem:

2B, as.
(2.16) n; — u*(a, h) w.r.t. Poon, for (a,h) eU
and
(2.17)

V2 En = Bnap(En) _a | N(0,v(a, h)) w.r.t. Ppan, for (o, h) € U\{(ae, he)},

n n—oo
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bl

FIGURE 2.1. Phase space («, h) for the two-star model (2.7). The blue region,
that includes the critical point, is the uniqueness region U for the maximization

problem ([2.11)); whereas, the red curve corresponds to the critical curve M along
which (2.11]) admits two solutions.

where N (0,v(a, h)) is a centered Gaussian distribution with variance v(«a, h) =
Opu*(a, h), being u* the unique maximizer of (2.11]). A further result can be also
given in the multiplicity region; for all (a, h) € M, it holds

2En d
—>7Hoo Kéui(a,h) +(1- K)éu;(a,h) w.r.t. Ppon,

n2
where uj, uj solve the maximization problem in and 0 < k < 1 is a suitable
(unknown) constant.

Similar limit theorems are obtained, with different techniques, in [19], where also
results on the partial sum of the degrees can be found.

3. CORRELATION INEQUALITIES

In statistical mechanics the study of correlations between particles, so as the anal-
ysis of local functions, is often performed with the help of two important inequalities,
both related to the sign of the derivatives of the free energy; the GKS inequality
and the GHS inequality (see [L1, [14] (15, 16] and references therein for further
details). We aim at deriving the analogs of these two inequalities for our reference
mMeasure [l 5, given in (2.8)).

To understand the connection between the GKS inequality and the sign of the
derivatives of the free energy, we introduce a slightly more general setting.

Let o = ()i jes, and h = (h;);es, be two collections of real numbers (we write
a > 0 (resp. h > 0) as a shortcut for a;; > 0 (resp. h; > 0) for all 7,5 € &,). For
x € A,, we define the Hamiltonian

1
(3.1) o,h () n E a]xx]+§ , Z

{i,5}€Wn i€En
In analogy with (2.8) and (2.9), we denote by fiy.o.n the Gibbs measure obtained
from (3.1), by E,,.o.n the corresponding expectation, and we set fy,.q.n := n_12 InZ,.an
to be the finite size free energy. Observe that we recover the Hamiltonian (2.7)) and



the related Gibbs measure fi,. 5 by setting o;; = «, for all ¢, j € &,, and h; = h, for
all 1 € &,.

Let A C &, be a given subset of edges. The GKS inequality deals with expec-
tations and covariances of random variables of the type x4 := [];.4 z;, with the
convention that xp = 1.

Definition 3.1 (GKS inequality). The Gibbs measure pin.qn on A, satisfies the
GKS inequality if, for all A, B C &,,

(32) En;a,h<xAxB) Z ]En;a,h(xA> : ]En;a,h,(xB) .

Remark 3.2. Notice that, by choosing A = {i} and B = {j}, with i # j, from the

GKS inequality it follows that x; and x; are positively correlated under fin.q p-

A useful link between the correlations of the system and the partial derivatives of
the free energy w.r.t. the parameters h;’s is provided by the MacLaurin expansion
of the log moment generating function of x € A,,.

The coefficients of this expansion are the so-called Ursell functions, that are for-
mally defined, for ¢ € [n] and any choice of iy, ...,y € &,, by

(3.3) we(iny ...y ig) == nQahil---hiz frioh -
For instance, this yields

(34)  ui(t) = Enjan(zs),

(3.5) u2(i,J) = Enia n (i) — Enian (24) Eniarn (),

(
U3(Z,j, ) - n o h(x x]l'k) na,h(xi) En;a,h(xjxk) - En;a,h($j> En;a,h(xixk>
(x

(36) - IEncxh ) ncxh(l' $]) + 2Enah(zz)En;a,h(ajj)]En;mh(xk)-

Remark 3.3. Notice that the definition of the Ursell functions (3.3|) necessarily
passes through the generalized setting with vector parameters o, h, of which they
are functions. However, when computed along the constant vectors o and h, with
a;; = o foralli,j € &, and h; = h for allt € &,, they are also useful to characterize
the derivatives of the classical free energy fr.on through the identities

3.7 n?o nah = wp(i1,...,10), Yl e n|.
(3.7) f:;__.hf,,h Zg na 0) [n]

While the GKS inequality implies uy(7, j) > 0, giving positive correlation between
the random variables x; and z;, the GHS inequality concerns the sign of the Ursell
function wus(1, j, k).

Definition 3.4 (GHS inequality). The Gibbs measure pin.an on A, satisfies the
GHS inequality if, for all i,j, k € &,, us(i, 7, k) <0 or, equivalently, if
(38) En;a,h(xixjxk) - En;a,h<xi) En;a,h<xjxk) - En;a,h(xj) En;a,h(xi-rk)

- En;a,h(~rk) En;a,h<xi~rj) + Q]En;a,h(xi)En;a,h(xj)En;a,h(xk> S 0.

Observe that, in our case, u1(z) > 0 trivially, due to the fact that z; € {0,1}. The
rest of the section is devoted to proving us(i,7) > 0 and wus(i, j, k) < 0.
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3.1. The FKG and GKS inequalities. We start with a preliminary result, the
FKG inequality, that will help us in deriving the more advanced inequalities
and (3.8).

We first show that the measure ji,.n on A, satisfies a proper lattice condition.
Recall that A, is partially ordered by

(3.9) r<y if x;<y; forallieg,.

Moreover, given two configurations x,y € A,, the (pointwise) maximum and mini-
mum configurations are defined as

(x Vy)(i) = max{x;,y;} and (xAy)() = min{z;,y;},
for all ¢ € &,. The following property holds true.
Lemma 3.5. If a > 0, then the Gibbs measure fin.qn fulfills the FKG lattice con-

dition
(3.10) Mn;a,h(x Vy) Nn;a,h(x ANy) > /in;a,h(x) /in;a,h(y) forz,y € A,.

Proof. For a configuration z € A,, let E, := {i € &, : z; = 1}, namely the set of
edges present in z. We have F,, = £, U E, and E,,, = E, N E,. Observe that

e the edges in the configuration x V y are the edges the configurations = and y
have in common, the edges present in configuration z only and those present
in configuration y only;

e the edges in the configuration x A y are the edges the configurations x and y
have in common,;

e the wedges in the configuration x Vy are the wedges the configurations x and
y have in common, the wedges present in configuration x (resp. configuration
y) only and the wedges you may create by superimposing the edges of the
two configurations;

e the wedges in the configuration z Ay are the wedges the configurations x and
y have in common.

Therefore, verifying that (3.10]) is satisfied reduces to show the validity of the in-
equality

1
(3.11) exp § — Z Qi o > 1,
{i,j}eE
where
E = {{i,j} :{i,j} C Eqvy is a wedge and {1, 5} [ ggl }
The conclusion follows as a« > 0 by assumption. |

An immediate consequence of Lemma is the positive correlation of increas-
ing random variables. Specifically, if f and g are increasing functions on A, (i.e.,
f(z) < f(y) if x < y), then we obtain the FKG inequality

(312> En;a,h(fg) Z En;a,h(f) : En;a,h(g) .



Corollary 3.6. If a > 0, then the Gibbs measure ji,.q n Satisfies the GKS inequality.

Proof. Notice that for all A C &, the function x4 = Hie 4 T; is increasing in x € A,,.
Hence, by applying the FKG inequality (3.12) to the functions f(z) = 24 and
g(x) = xp, we immediately derive (3.2)). [

Remark 3.7. A straightforward adaptation of the arguments of Lemma applies
to general exponential random graphs. We refer the reader to Section [] for more
details.

We now provide two useful consequences of the GKS inequality. To state properly
the results we need to introduce a few more notation; we need a suitable “restriction”
of the system on a subset.

For A CE&,, set Wy :={{i,5}:1,7 € A, i ~ j} and define the Hamiltonian

1
(313) HA;a,h(.CE) = E Z Qi T 5 + Z hlﬂfl .
{i.j}eWa icA

Let f14.o.n be the associated Gibbs measure, with normalizing constant Z.q.pn (par-
tition function), and let E 4.4 », denote the corresponding expectation.

A first consequence of the GKS inequality is a form of monotonicity, with respect
to the volume, that can be established for the averages of x,, with A C &,,.

Lemma 3.8. If the Gibbs measure [in.q n satisfies the GKS inequality then, for any
ACACBCE,

(3.14) Esan(®r) <Epan(za).

Proof. Observe first that, for all A € A C &,, the function Eqn(2a) is non-
decreasing in a. Indeed, by differentiating E4.q p, W.r.t o5, we get

1
(3.15) Oay; Easan(ra) = - (Eaan(zaziz;) —Eaan(ta)Eaan(ziz;)) >0,

where the last inequality follows from the GKS inequality.
Now let Wy p == {{i,j} i€ A,j € B\ A, i~ j} and, for s € [0, 1], consider
the Hamiltonian

1 S
Hpg, == ij il T — i Lid iLi
Bia(s),h(T) - Z QT + - Z QT + Z h;x
{ivj}EWB\WA,B {i,j}EWAyB i€EB

with corresponding Gibbs measure jip.q(s),n and relative average Ep.q(s),n- Notice
that, if s = 1, we obtain the system on the set B, so that Ep.q(1)n(2r) = Epa,n(2a).
Moreover, since Wp = W, U Wp\a U W g, when s = 0, we get

Hpia(0),n(7) = Hajan(2) + Hp\Aian(T) -

Then ppa)n = Haah - EB\Aa,r aDd, as a consequence, being A C A, we have
Egia)n(®r) = Eaan(za). Finally, since ¢ — Epqn(ra) is a non-decreasing
mapping and a(0) < a(1), we conclude

Ean(®r) = Epa@)n(®r) < Epa)n(@r) = Epan(ra),

as claimed. [ |
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A second consequence of the GKS inequality is a comparison between partition
functions.

Lemma 3.9. If the Gibbs measure [iy.q n satisfies the GKS inequality then, for any
E,FC&,,

(3.16) ZiahZrah < ZEUF.ahZENF;ah -
Proof. We follow some ideas developed in [16] to prove an analogous result for Ising
spin systems. We set Ky := ENF, Ky := E'\ K; and K3 := F \ Ky, so that we

can express the sets F/, F', EUF and EN F as proper disjoint unions of the subsets
K;’s. With this notation, the inequality (3.16)) becomes equivalent to

Z ahd »
(317) L(a, h) =1In ZKluKQUKg;a,h —1In KiURsioh 2K O Rsio0h Z 0.
ZKl;a,h
Notice that, if there is no interaction between the edges in K; and those in K3,
then

ZKlququ;a,h = ZKlqu;a,hZKg;a,h and ZKlqu;a,h = ZKl;a,hZKg;a,ha

that yields L(ea, h) = 0. To conclude, it suffices to show that the function L(c, h)
is non-decreasing with respect to the interaction parameter ac. To this purpose, we
consider the change in L(a, h), when an interaction of strength «;;, between the
edges © € K; and j € K3, is added to the system. By differentiating w.r.t. «a;; we
get

1
(3.18) Qi L, h) = - (Exyurouksian(Tits) — Eryukgan(Tir;)) 20,
where the last inequality follows from Lemma [3.8] All together this implies that
L(a,h) > 0. |

3.2. The GHS inequality. We are now ready to derive our main result: the GHS
inequality for the model associated with the Hamiltonian (3.1).

Theorem 3.10. If a, h > 0, then the Gibbs measure fin.qn satisfies the GHS in-
equality. In particular, for any choice of 1,7,k € &,, we have

(319) 8hihjhkfn;a,h S O .

Remark 3.11. The above theorem provides sufficient conditions for the validity of
the GHS inequality, and it is then natural to wonder whether they are also necessary.
A hint on this question is given when considering the statement for indicest = j = k.

Inequality reduces to (see also (3.8))
(3.20) Enan (i) (1 = Enian(2:)) (1 = 2Epia n(2:)) <0,
that is verified if and only if
Enan(z) >1/2.
Recall that by the above condition is fulfilled whenever a, h > 0. This assump-
tion is indeed the only strict requirement on the parameter h that we will use along

the proof, and precisely in (3.38]) below, though in a modified setting that requires
the validity of this condition uniformly in n. However, as mentioned in Subsection
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the edge-occurence probabilities are implicit functions of the parameters o and
h, and are also dependent on n. For these reasons, we believe that the derivation of
explicit necessary conditions could be in general a hard task.

The strategy of the proof is based on the trick of introducing a duplicate set of
variables. Let y € A, be an independent copy of z € A,,, with the same Hamiltonian
as in (3.1]), and let E denote the expectation with respect to the joint measure

€Xp {Hn;a,h(x) + Hn;a,h(y)}
Z2

n;a,h

(3.21) p(z,y) =

For any i € &,, define the variables z; = x; — y; and v; = %(Z‘l + y;). Notice that z;
takes value on {—1,0,+1}, while v; takes value on {O, %, 1}, and that the following
equivalence of events holds for all i € &,:

1
(3.22) {zoe{-1,+1}} = {vi = 5} and {v; € {0,1}} = {z; = 0}.
With standard notation we set z := (z;);es, and v := (v;);es,. Moreover, for any

given A C &,, we define the functions z4 := [],c 4 zi and va = [];c 4 vi.
Proposition 3.12. Let a,h > 0. Then, for any C, D C &,, it holds that
(3.23) E(zc2p) > E(20)E(2p) ,

(3.24) E(zcvp) < E(z¢)E(vp) .

Remark 3.13. [t is easy to check that the Ursell function us(i, j, k), given explicitly
in (3.6), can be written as a function of the random variables z;’s and v;’s as

(3.25) us(i, J, k) = E(zizjvr) — E(zi2;)E(vg) -

The statement of Theorem is then a consequence of the inequality (3.24). Sim-
ilarly, it can be shown that Eq. (3.23) implies the GKS inequality for the Gibbs

MEASUTE [ln.ah-

Proof of Proposition[3.13. We first consider two general functions ®(z) and ¥(v),
with 2z = (2;)ies, and v = (v;);ee,, and we try to express the average E(®(2)V(v)) in
a convenient form. Later we will focus on the functions ®(z) = z¢ and ¥(v) = vp.
Observe that, due to the identity x;z; + y;y; = %zizj + 2v;v;, the exponent of the
joint measure (3.21]) can be phrased in terms of the variables z and v. It yields

—~

(326) Hn;a,h(x) + Hn;a,h(y) = Hln;a(’z) + fi\'zn;a,h(v)u
where
— 1
H'yo(z) = o > iz,
(3.27) threnn

o~

Hzn;mh(v) = % Z Qi;U;V; + 2 Z hivi .

{i,j}EWn 1€€n
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Moreover, by exploiting the constraints (3.22), we can partition the state space of
the couple (z,v) in a disjoint union, over subsets A C &,, of the sets

(3.28)
Sa = {(z,v) c2i=0,v;,€{0,1}Vi€e Aand v; = %,zi e{-1,1}Vie AC} :

Hence, we can write

exp {P/ﬁn;a(z) + fﬁn;a,h(v)}

(3.29)  E(®(2)¥(v)) = B(2)U(v)

3
ACEy (2,0)ESA Zn;a,h
It is easy to see that if (2,v) € Sa, and with the same notation introduced in

(13.13]), we obtain

— 1

(3.30) H'o(2) = — Z a2z, with z; € {—=1,1}, Vi € A°
{ivj}EWAC
and
o~ 2 1
(331) H n;a,h('v) = E Z Q;U;U5 + Z 2hz + ﬁ Z Q5 | Vg
{i,j}EWA €A JEAC:j~I
1
—f—% Z aij+zhi7 WlthUZE{O,l},VZGA
{7/7.7}EWAC 1€AC

In particular, on the set Sy,

e the Hamiltonian P/[\ln;a(z) corresponds to the Hamiltonian of an Ising spin
system on the set A°, with inverse temperature 8 := a/2n, magnetic field
h = 0, and associated Gibbs measure

HISQ (Z)
Is € A%B0
fidepo(?) = —p—
ch;ﬁ,o

e the Hamiltonian }/ﬁn;a,h(v) corresponds to the two-star Hamiltonian on A
given in (3.13), but with parameters o’ := 2a and h’ := (h});ce,, where
hi == 2h; + - ZjeAC:jNi a;;. Indeed, the two Hamiltonians differ only for
the constant term 3- D (ijtewae Qij 2 ieac hi that, being irrelevant in the
Gibbs measure, will be neglected. As before, we write f14.o/ p7 for the Gibbs
measure related to the Hamiltonian (3.31]).

Going back to Eq. (3.29)), in view of the previous considerations, it turns out that
(3.32) E(®(2)¥(v)) = > P(A)f*(A)g"(A),
ACE,

where, with self-explanatory notation, we set

(3:33)  fU(A) =Ef go(®(2)]smovica) s 9" (A) = Eaarn (P(0)],-1 viea)
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and

 ZRepo Lo
 Zian
Notice that P is a probability on &, by construction. Specializing the identity
to the functions ®(z) = z¢ and ¥(v) = vp, with C, D C &,, we get

(3.35) E(zcvp) = Z P(A)ESC;ﬁO(’ZC
ACE,

The proof of the two inequalities (3.24) and (3.23)) is an immediate application of
the FKG inequality relatively to P. Indeed, if o, h > 0, then also 3, a’,h’ > 0,
and the conditions for the application of the FKG inequality are fulfilled:

(3.34) P(A) :

zi:O,VieA)EA;a',h' (UD vi:%,VieAC) :

e If 3 > 0, the GKS inequality for ferromagnetic Ising systems [11] guarantees
that the function Efi‘c;ﬁyo(zdzizo,wg 4) is non-increasing in A, for any choice
of C C§&,.

o If &, b’ > 0 the function E e n(vply,—1 vieae) 1s non-decreasing in A, for
any choice of D C &,. This is a consequence of the GKS inequality together
with Lemma 3.8 Indeed, let A C B and observe that

1

Esiar b (U y,=1 vieae) = QDA e b (vpna)
(3.36) 1
Eparw(Vbly=1vien) = Siprpe Emarw (Vbns)
Since DN A € DN B by hypothesis, we can write vpng = vpnavpn(p\4) and
hence, from the GKS inequality and Lemma |3.8],
(3.37) Eg.o n'(VprB) 2= B’ (VDna)Egias v (Vpn(B\4))
' > Euar p (VDna)Eaor n (Vpn(s\4)) -
We now recall that for &’ > 0 and b’ > 0, it holds that E .o/ o7 (v;) > 1/2,
for allt € A and A C &,. Applying the GKS inequality to the second factor
of the r.h.s of the above equation, and using this bound, we then get
1
(338) ]EA;a’JL’ (UDQ(B\A)) > H ]EA;a',h' (Uz) > W-
i€DN(B\A)
Putting together (3.36))-(3.38)), we conclude that
(3.39) Epiar b (VDly=1 viese) = Baer w (D421 vieae) -

o If a > 0, the probability P, defined in (3.34) and acting on subsets of &,,
satisfies the FKG lattice condition, namely

(3.40) P(E)P(F)< P(EUF)P(ENF), VE,FCE,.
According to the definition of P, the inequality (3.40) follows if the two
inequalities

Is Is Is Is
ZB02F80 < Zrur8.0ZE0F;8,0
and
Zpa' wlra b < ZEUF.a W LENF:o!
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are simultaneously satisfied. The first inequality holds true as a consequence
of the GKS inequality for Ising spin systems with 8 > 0 and magnetic field
h > 0 (see [16], Lemma on p. 90). The second inequality is instead verified
thanks to Lemma [3.9]

Thus, as P obeys the FKG lattice condition, and the functions ]Efjc; B’O(zc|zi:07\ﬁe 4)
and E o n (U], — 1 vie 4c) are respectively non-increasing and non-decreasing in A,

from Eq. (3.35) we get

E(zcvp) < Z P(A)ERe.5.0(2¢|2—0vica) Z P(A)E .o 0 (vD
(3.41) ACE, ACEn

= E(z¢)E(vp),
providing inequality (3.24). The inequality (3.23) can be obtained in the same

way by setting ¢(z) = zczp, so that g¥(A) = 1, and by observing that f?(A) is
non-decreasing in A, hence giving the reverse inequality. ]

vi:%,VieAC)

Proof of Theorem [3.10, The statement follows readily from Remark and Propo-
sition [3.12 n

3.3. The GHS inequality for the two-star model. Let o, h € R. Recall that
the two-star model is obtained, as a particular case, by setting a;; = «, for all
i,j € E,, and h; = h, for all i € &,, in the Hamiltonian (3.1)). This means that,
whenever o, h > 0, the GHS inequality holds true for the Gibbs measure i,.q.5,
given in (|2.2)).

Observe that, by differentiating the free energy f,,..., w.r.t. h, we get the following
identities in terms of the Ursell functions (see also Remark

n2ahfn;o¢7h = Z Uy (Z) ’ n2ahhfn;o¢,h = Z u2(7’7j) )

1€En i,J€EN

n28hhhfn;a,h = Z Ug(i,j, k) s

1,5,k€ER

and so on. Thus, not only the sign of each Ursell function provides a specific
correlation inequality between the random variables z;’s, but also it gives a definite
sign to a derivative of the free energy.

A direct computation easily shows that, being a variance, the second order partial
derivative of f,..,» w.r.t. h is always non-negative. Thus, proving that uy(i,j) >0
(GKS inequality) is useful to know the covariance between z; and z;, but it is some-
how irrelevant to the purpose of showing that the free energy is a convex function
of h. On the contrary, the GHS inequality (us3(i, j, k) < 0) is of particular impor-
tance, as it implies that the average edge density is a concave function of the
parameter h at any fixed size of the graph.

Explicitly, setting m,(«, h) = E"”‘ﬂ# and assuming that «,h > 0, from the
GKS and GHS inequalities we readily get

(3.42) Onmup (o, h) = Opn frsan > 0, OnnMin (00, ) = Opni frsan < 0.
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Understanding the limiting behavior of the above derivatives has then a twofold pur-
pose. On the one hand, it allows to infer properties regarding the edge density and
its limiting behavior; for example, the existence of lim,,, o, dm, (e, h) is fundamen-
tal for proving the standard central limit theorem in (2.17)) (see [4]). On the other
hand, it is crucial for detecting the occurence of phase transitions, that are generally
associated with the emergence of singularities in the infinite size free energy. In par-
ticular, one can exploit convergence results on the derivatives of convex functions
to guarantee that the limits and the derivatives w.r.t. the external field commute
(see [7, Lemma V.7.5]), and then obtain proper regularity conditions. Notice that
this procedure can be seen as an alternative approach to the investigation of the
hypotheses that allow for the application of the Lee-Yang theorem [18]. However,
in this respect, the convexity property provides a more specific information
that may enter in the characterization of further features of the model.

4. DISCUSSION ON POSSIBLE EXTENSIONS

The results presented in Lemmas [3.53.9| can be extended to the general case
where the Hamiltonian is a function of the homomorphism densities of an arbitrary
collection of subgraphs of the graph . In this Section we will briefly elaborate on
this.

In the sequel, we will be dealing with the general Hamiltonian and the
corresponding Gibbs probability density . We will denote by E,.g the rela-
tive expectation. Moreover, as a standard choice in the literature, we will set the
subgraph H; to be an edge.

Going through the proof of Lemma [3.5] it is easy to understand that the crucial
condition for the validity of the FKG lattice condition is inequality . When
moving to the general setting we are adopting, the analogous condition reads as

(4.1) exp{nQZﬁjt(Hj,G)} >1.

As consequence, since the homomorphism densities are non-negative, the FKG lat-
tice condition is in force whenever the parameters (s, . .., B, are non-negative. Thus,
we obtain the following result.

Lemma 4.1. For all B1 € R and By, ..., B; > 0, the Gibbs measure p,.g fulfills the
FKG lattice condition

(4.2) tnip(TV Y) pnip(® A Y) 2 pnip (@) pnip(y) — for z,y € An.

Two immediate consequences of Lemma are the positive correlation between
increasing functions of the configuration and, in turn, the GKS inequality for the
Gibbs measure p,.3. Specifically, for all 31 € R and B,,...,8; > 0, all increasing
functions f and g, and all A, B C &,, it holds

(4.3) En;ﬁ(fg) = En;,@(f) Eng (9) (FKG inequality)

(44) En;g(:nAxB) 2 En;,@(l‘A) : ]En;[;(xB), (GKS inequality)
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where ¢ = [[,co %, for C C &,

An extension of Lemmas[3.8 and [3.9]to this general context is also straightforward.
However, while they were crucial to prove the GHS inequality for the two-star model,
they are quite irrelevant in the present setting, as the techniques used in Subsection
can not be replicated.

Indeed, when dealing with a generic exponential random graph, the trick of vari-
able duplication does not work. The problem is twofold. On the one hand,
in general the decomposition fails to exist, as mixed terms remain. Thus, it
is not possible to factorize the joint measure of the doubled model and then char-
acterize correlations exploiting averages over an Ising and an ERG subsystem (see
(3.29)). On the other hand, even if the joint measure factored out and the analog
of (3.29)) were available, to conclude we would need FKG and GKS inequalities for
Ising models with multi-body interactions, that are not known.

However, if we specify the Ursell function us(4, j, k), given in (3.6)), in the special
cases when ¢ = 7 = k and ¢ = j # k, we obtain respectively

Enp(z:) (1 — Epp(xi)) (1 — 2En6(2:))
and
Covig(@i, ;) (1 = 2Epa(2:)).

Since Cov,,g(x;, ;) > 0, due to the GKS inequality (4.4)), we can conjecture that
the necessary and sufficient condition for the GHS inequality to hold in the present
general setting is again only the requirement E,.g(z;) > 1/2.
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