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1 Introduction

By ferromagnetic Ising models we mean the study of the large-N behavior of the measures

1 ~ 1
pa.pn(T) = 7o) exp{H(z)} = mexp {ﬂ(igExixj + hzezvxl} ) (1)

of the spin variables z; € X = {—1,1}, i € V, given a (possibly random) finite graph G = (V, E) of |[V| =N
vertices, and its dependence on the magnetic field h > 0 and inverse temperature 5 > 0 parameters.

The Curie-Weiss model is perhaps the simplest special case of , a mean field model corresponding
to the complete graph G = K (where there is an edge between each pair of vertices i # j € V = [N],
and consequently, the inverse temperature is scaled down by the connectivity factor N). In this context we
already derived the simple mean field equation m = tanh(h + Sm) for the average magnetization m ~ E X,
under the measure p at a typical vertex of G, whose analysis reveals the existence of a phase transition when
h=0and 8 > . =1 and the lack thereof when either h > 0 or h = 0 and 8 < . (in which case the average
magnetization concentrates near a non-random solution m, (3, h) > 0 of the mean field equation).

Our goal here is to derive similar mean field equations for other families of graphs. Specifically, we focus
on the mean field model corresponding to random k-regular graph G, where k > 2 is a fixed parameter and
E is uniformly chosen at random subject to the constraints |[{j : (i,5) € E}| =k for all i € V = [N]. E| We
show that the mean field equation in this case is

M = fonr_1(m):=tanh(h + (k — 1) tanh™ ' (tanh(3)m)), (2)

with a similar picture as for the Curie-Weiss model, albeit now with 3. = tanh™*(1/(k — 1)), and where the
average magnetization at a uniformly chosen vertex of G is given for N — oo by

m = fgnr(m)=tanh(h + ktanhfl(tanh(ﬁ)m)) , (3)

which simplifies to m = (14 tanh(3))/(1 + 7 tanh(5)) upon combining (2)) with the identity tanh ™" (r) =
Llog((1+7)/(1 —7)).

Unlike the Curie-Weiss model, here we can not directly and explicitly compute the relevant probabilities
under the measure y, so instead we resort to the more robust approach of local weak convergence (as detailed
in Section , whereby using Griffiths inequalities for ferromagnetic Ising measures, we locally approximate
the given model by Ising models on a suitable (possibly random) tree and boundary conditions. To this end,
we first turn to the general analysis of ferromagnetic Ising measures on finite trees, from which we draw
the mean field equations and . In doing so, we pay attention in particular to the effect of boundary
conditions on the magnetization at a vertex well inside the tree. Building on our analysis of the mean field
equations, we shall also address the issue of phase transition in a future lecture.

2 Ferromagnetic Ising measures on trees

Let pr(z;b) denote the ferromagnetic Ising measure for G = T a finite tree, as given by , subject to fixed
boundary conditions z,, = b, for u € T, a possibly empty subset of vertices of T’ (the parameters h > 0 and

ITo simplify our presentation we shall slightly deviate from this ensemble of graphs, by allowing self edges and multiple
edges in G.



B > 0 are fixed so pr(z;b) stands hereafter for pug g n(x|z, = b, for u € T))). Utilizing the tree structure
we get an efficient recursive evaluation of m, = m,(b) = pur(x, = 1;b) — pr(x, = —1;b) for all v € T

Lemma 1. Let {u1,...,ux} be the vertices of a sub-tree T(w) of T that are adjacent to w in T(w) (so
K = K(w) is the degree of w in T(w)), and fori=1,..., K let T(u;) denote the sub-tree of T (w) containing
u; after the removal of the edge (w,u;). With My = pip)(Ty = 1;0) — ppey (T = —150) and in particular,
My, = by, for u € Ty, we have the recursion

K(w)
Zw=h+ > Fplzu,), Fj(z) = tanh™*(tanh(3) tanh(z)) (4)

i=1

for z, = tanh™*(7,), which when initiated with T(v) = T leads to m, = tanh(z,) after at most N
applications.

Proof Let H, (x) = B2 j)erw) TiTi + D er ) Ti denote the contribution to H(z) from the vertices
and edges within T'(w). Since T'(w) is a tree, for K = K(w), the vertices of T'(w), apart of w, are precisely
the union of the disjoint sets of vertices in T'(u;) for i = 1,..., K, and the edges of T'(w) are merely (w, u;)
and the disjoint collections of edges within T'(u;), for i = 1,..., K. Consequently, with 2 denoting the
projection of x on the vertices of T'(u;), we have that

K
Hy, (2%) + hay + B Z Ty -
i=1
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o
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This implies that Sy (&) = prw) (e = & b) for £ € {—=1,1} is such that

1 ~ eht B - i = 5 -
S0 =5 D exp(Hy(@) = o [[ 30 e exp(fl, (@) = Zue™ [T [780,(1) + ¢ 5, (<1)]
Wiz, =€ Woi=1 gi i=1

where Z, is independent of £&. Recall that S, (€) = (1+&My,)/2, so considering Sy, (1)/Sw(—1) we find that

|, I [P+ + e P (L - )]

L= oo T, [P (14 7,) + 41— m,)|

With z,, being half the logarithm of the left side of this identity, upon verifying that

1 {eﬁ(l—km)%—e"@(l—m)

2 8 e P(l+m)+el(1l— m)] = tanh™" (tanh(8)m),

we arrive at . O

The monotonicity of b — m,(b) is a direct consequence of Lemma [1] coupled with the analysis of Fj(z)
for z € [—o00, o0].

Corollary 2. For anyv €T atree, h >0, 3> 0 and T, C T, if the boundary conditions b and b are such
that by, > by, at each u € Ty, then m,(b) > m,(b). Hence, for any boundary condition b on T

my (=) < my(b) < my(+), 2p(=) < 2(b) < 20(+), (5)

with my,(£) and z,(L£) corresponding to the extreme, that is the all plus (and the all minus), boundary
conditions.



Proof With m, a monotone increasing function of z, it suffices to prove the monotonicity of b — 2, (b)
at each w in our recursive evaluation of z,. This clearly holds for w € T, whereby z,, = tanh_l(bw). More
generally, from (4)) we have that 0z, /0z,, = Fj(z,,) and the stated monotonicity follows since

, _ tanh(5)
Foz) = 14 (1 — tanh?(3)) sinh?(2) 20, (©)

for any $ > 0 and all z. O

We next consider the root v of the Galton-Watson tree T' associated with the first ¢ + 1 generations of
a branching process having offspring distribution K of finite mean and one ancestor at the 0-th generation.
Here T, consists of the vertices in T' of distance ¢+ 1 from the root. In this case, setting 3, = tanh™*(1/EK)
we next show that if § < . then as t — oo the effect of boundary conditions on z,,, hence on m,, is negligible.

Lemma 3. Let v be the root of a Galton-Watson tree T of depth t + 1 and offspring distribution K. Then,
for boundary conditions on the set of vertices of distance t + 1 from v,

e(t+1) = Bfsup z0(8) — 2,(D)] < e(1)tanh(H/BE)'

where e(1) = 26EK < oco. In particular, if tanh(B)EK < 1, then the effect of boundary values on the
magnetization at the root decays exponentially in t.

Proof From lj we have that sup,;[z,(b) — zo(b)] = |2o(+) — 2zo(=)|. We also have from @) that
|F5(2)| < tanh(B) and consequently, it follows from the recursion (4) that for any w € T

K(w)

|2w(+) = 2w (=) < Z |F3(2u; (+)) — Fa(zu, (—))| < tanh(p Z |2, (+) = 2u, (=) - (7)

Starting the recursion at v which is the root of the Galton-Watson tree we see that T'(w) is the sub-tree of all
descendants of w up to generation t+ 1. The disjoint random sub-trees T'(u;) of descendants of each offspring
of w are thus identically distributed, independent of each other and of the number K (w) of offspring of w.
As E|z,(4+) — zu(—)| depends only on the distance s between u and T, we denote it by e(s), and considering
the expectation of arrive at e(s + 1) < (tanh(8)EK)e(s) for s = 1,...,¢t. To complete the proof note
that for b € {—1,0, 1},

Fj(b x 00) = tanh™ ' (btanh(B)) = b3, (8)

so considering (4)) with u; € T, we deduce that e(1) = 26EK as stated. O

As we next see, the claimed mean field equation for the random k-regular graph, is just the fixed point
equation associated with our recursion, when specialized to the trees one finds inside a random k-regular
graph and to constant boundary conditions.

Corollary 4. Suppose the tree T is also the closed ball of radius t +1 and center v for a k-regular graph G,
with T, the set of vertices of distance t + 1 from v in G. That is, each of the N = (k(k — 1)t —2)/(k — 2)
vertices of T \ Ty is of degree k. Suppose further that the boundary values are constant, i.e. b, = b for some
be{—-1,0,+1} and all u € T.. Then, m, = my,(t;b) = fz5.x(M(t; b)) where M(s;b) = fgnr—1(M(s —1;b))
for s=2,...,t, m(1;b) = tanh(h + (k — 1)bB) and fani(-) is as in @)



Proof We apply the recursion , where our degree condition translates to K(v) = k and thereafter
having K(w) = k — 1. Further, here the shape of the tree T'(w) depends only on the distance s of w from
the boundary T, of T, and having constant boundary conditions implies the same for 7, which we thus
denote by m(s;b) = tanh(z(s;b)). With 2(0;6) = b X oo (and 0 x co = 0), we have from and that
m(1;b) = tanh(h + (k — 1)bF). Similarly, it then follows from (4) that z(s) = h + (k — 1)Fs(2(s — 1)) for
s=2,...,t while z, = 2(t +1) = h+ kFs(z(t)), which m = tanh(z) maps to the stated recursion for m(s; b)
and m, (t;b). O

We conclude this section with the analysis of equation .

Lemma 5. The equation (@) has a unique positive solution T.(8,h) when h > 0 and a unique negative
solution M. (B,h) = —m.(8,—h) when h < 0. If h = 0 it has a unique solution, M.(5,0) = 0, for 8 <
B. = tanh™(1/(k — 1)), and three solutions, 0 and £, ((3,0), with m.(3,0) > 0, for each 8 > (.. Further,
(6, h) | m.(5,0) as h | 0.

Proof Let g(2) = 2z — (k—1)Fp(z) for Fj(z) of (4] . From (6) we see that F5(0) = tanh(3) and Fg(2) <0
for all z > 0. Consequently, the smooth functlon g(z) is strictly convex on (O 00), and with Fg(-) an odd
function, so is g(-). We thus deduce the existence of a unique solution z(3, h) of g(z) = h for any h > 0, and a
unique negative solution z(8, h) = —z(8, —h) of g(z) = h when h < 0. Turning to h = 0, with ¢(-) a smooth
odd function that is strictly convex on (0,00), the equation g(z) = 0 has a unique solution z(3,0) = 0 if
g'(0) =1—(k—1)tanh(3) > 0, that is, for 5 < ., and three solutions, 0 and +z(3,0) for some z(5,0) > 0,
otherwise. Finally, for such a function g(-) we have that 2(3,h) | 2(5,0) as h | 0. We complete the proof
by observing that solutions of (2)) are of the form ™ = tanh(z) with g(z) = h, while tanh(-) is a monotone
increasing odd function. O

Exercise 1: Derive the analog of for the probability vector S, (-) in the simplex over X, first when
X ={-1,1} and then for an arbitrary finite set X.

Open problem: Most of what we do for random k-regular graphs can be adapted for other ensembles
of random graph. Of particular interest is the Erdos-Rényi random graph G(c/n,n), where each pair (i, 7)
is chosen to be in E with probability ¢/n independently of all other pairs. This ensemble reduces to a
Galton-Watson tree with a Poisson(c) offspring distribution. Check that for A > 0 the mean field equation
replacing in this case corresponds to finding positive random variable Z that satisfies the equality in
distribution

K
ZEh+Y Fs(Z
i=1
where Z; are i.i.d. copies of Z which are independent of K. The uniqueness of such Z when tanh(8)EK > 1
and h > 0 (that is, the analog of Lemma [5)), is an open problem.

3 Griffiths inequalities and local weak convergence

Griffiths inequalities allow us to compare certain marginals of ferromagnetic Ising measures for one graph G
and non-negative parameters 3, h with certain other choices for G, 8 and h. To this end, we consider the
extended ferromagnetic Ising measure

Z(lj) exp{ s(x)} = exp{ Z JRacR} (9)

RCV

py(x) =

for a finite set V' and parameters Jr > 0, where hereafter xg = [[,cp 2w and z = (xu,u € V) for spin
variables x,, € X = {—1,1}. We note in passing that the Ising measure pug g5 of (1) is merely p; in case
Jy =hforallieV, Jg, ;=B forall (4,j) € £ and Jg = 0 for all other subsets of V.



In this context Griffiths inequalities are [
Proposition 6 (Griffiths inequalities). For A, B CV and any J = (Jgr, R C V) with Jgp > 0,

EJ[xA]:ﬁZerxp{ﬁJ(x)}ZO, (10)
d J—
@EJ[J?A] = Covy(za,zp) > 0. (11)

Proof Fixing A C V we start with , where for V finite,

oo o0
Zerxp{fIJ(x)} = ZJL’AZ%}?J(%)”ZZ%ZIA(ZJRZCRW
x z n=0 n=0 " =z R
= Yo ¥ Iw X eal]en
n=0 ' Ri,...,R, (=1 T /=1

Since z2 = 1 for all u we have that z4 [[,_, 2r, = z¢ for C = {u € V : v in an odd number of sets among
A, Ry,...,R,}. Further, with 3"z, = 0 it follows that 3> x¢ = 0 if C is non-empty (and > zc = 2IV1 >0
for C=0). Thus Y, za ], zr, >0 forall A Ry,...,R,, and with Jg > 0 for all R, we have established
(10). Turning to deal with we fix A, B C V and check that

d d T4 €ex Jrx 9
R T oK e B M R ML

which is precisely the covariance of x4 and zp under puy(x). We shall use to verify that this quantity
is non-negative. To this end, let z, = x,y, € X noting that ygr = vrzg for any R C V (as J;% = 1), and as
before x gqxp = x¢ for the symmetric difference C' between A and B. Consequently,

Y (@azp —wayp)exp{Y_ Jr(zr+yr)} = Y (1-zp) ) zcexp{)_Jr(z)zr}
x R

T,y R z

where Jr(z) = Jr(1+2g) > 0. From we thus have that Y. zcexp{>_p Jr(z)zr} > 0 for each z € XV,
and with 1 — zg > 0 we complete the proof of . O

Fixing § > 0 and h > 0, for any finite graph G let m,(G) = pgg.n(zy = 1) — pe gn(r, = —1) denote
the magnetization at v € V induced by the corresponding (ferromagnetic) Ising measure. For S C V
we similarly define m,(S;b) as the magnetization at v induced by the same Ising measure subject to fixed
boundary conditions x,, = b, for u ¢ S. Of particular interest to us are m,(S; +) and m, (S; f) corresponding
to b, = 1, respectively b, = 0, for all u ¢ S. The latter are called free boundary conditions since subject to
b, =0, u ¢ S, the restriction of the Ising measure g gn to (z,,u € S) coincides with the Ising measure
pa)s,p,n for the restriction G |s of G to S (i.e. with S as its vertices and {(i,7) € E:i € S,j € S} as its
edges). We then get by Griffiths inequalities the following comparison results

Lemma 7. If v € S CV then m,(S; f) < my(G) < my(S;+). Further, S — m,(S; f) is monotone non-
decreasing and S — m,(S;+) is monotone non-increasing, both with respect to set inclusion (among sets S
that contain v).

20ur source for both statement and proof is [Lig85, Theorem IV.1.21], see also [Gin70] for more general results in this
direction.



Proof From Criffiths inequalities we know that J — E;[z,] is monotone non-decreasing (where J > .J if
and only if Jp > Jg for all R C V).

Recall further that m,(G) = E jo[z,] where J?i} = h, J?i,j} = [ when (i,5) € E and all other values of
J9 are zero. Considering

J}%’S =Jp+ NlRrcse |R=1,

with 1 — J"5 non-decreasing, so is 7 + E ju,s[z,]. In addition, pn.s (2; = —1) < ce™2" when i ¢ S, hence
as 17 T oo the measure pyys converges to py subject to the fixed boundary conditions x,, = 1 for u ¢ S.
Consequently, m,(G) < E jn.s[x,] T my(S;+).

Similarly, let J& = J%1rcs noting that under p ;s the random vector (x,,u € S) is distributed according
to the Ising measure g, g With v € S we thus deduce that m., (S; f) = Ejs(z,] < Ejofz,] = my(G).

Finally, the stated monotonicity of S — m,(S; f) and S +— m,(S;+) are in view of Griffiths inequalities
the direct consequence of the monotonicity (with respect to set inclusions) of S +— J* and S + J7%, re-
spectively. O

Applying this lemma, we next find that the magnetization at the root under the Ising measure on a
k-regular tree of large depth is for o > 0 or 8 < (3. and both free and plus boundary conditions, near the
unique m, (5, h) specified by our mean field equations and .

Corollary 8. Let m,(t;b) denote the magnetization at the root v of k-reqular tree T of depth t + 1 under
the Ising measure with constant boundary values b, = b € {—1,0,1} at the leaves of T, as in Corollary .
Then, for h >0 or 3 < B, = tanh™*(1/(k — 1)) both m,(t;0) T m.(8,h) and m,(t;1) | m.(8,h) ast T oo,
where m(B,h) = f5.n,1(Mx(8,h)) for m.(B,h) of Lemma[§ (and f51nx(-) as in (3)).

Proof Fixing an offspring w of v in the k-regular tree, let T'(w) and m(t;b) denote the corresponding
sub-tree (of depth t), and associated magnetization at w, respectively. Recall Corollary [4| that m,,(t;b) =
fa.nk(M(t; b)) with fap k() non-decreasing and continuous. It thus suffices to show that both m(¢;0) 1
M (B,h) and m(t;1) | M. (B,h) ast T oo (when h > 0 or 8 < f3.).

To this end, embedding the sub-tree T'(w) for a k-regular tree of depth ¢ in the sub-tree T'(w) for a
k-regular tree of larger depth, the monotonicity in ¢ (and hence convergence) of the latter two sequences is a
direct consequence of Lemma [7] Further, by the recursion of Corollary [ the limit of such a sequence must
be a solution of . We also saw there that 0 < (¢;0) < m(t;1) <1 for ¢t = 1, and with f3  x—1 mapping
[0, 1] to itself, the same applies for all ¢, hence for the limit ¢ 1 co. We conclude the proof upon noting that
when either h > 0 or § < . we have from Lemma [5| the uniqueness of a non-negative solution . (3, h) of

2)- O

Suppose kN is even. A k-regular random graph over V = [N] is constructed by assigning k labeled
half-edges to each vertex i € V' and creating the set of edges E by a uniform random matching of the kN
half-edges (as mentioned before, this is the same as choosing a k-regular graph uniformly at random, apart
from possibly having self edges and multiple edges).

In view of Lemma [7] and Corollary [§] we complete the derivation of the mean field equations by showing
that

Lemma 9. Fiz t < oo and a positive integer I. The probability Q(N,t) that the closed ball of radius t and
center I in a k-regular graph G over [N] is a tree, converges to one as N — 00

Remark This is of course also the probability of such event when choosing I € {1,..., N} uniformly.

Proof Let By(t) denote the subgraph induced by vertices of distance at most ¢ from I in G. Ordering the
vertices of the tree T' according to their distance from the root, it is easy to verify that Q(N,t) = P(By(t) =

T)= HLT:‘O q(v) where g(v) > 1— C/N for some C = C(k,t), any N and v < |T|. O
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