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Abstract. We prove the GHS inequality for families of random variables which
arise in certain ferromagnetic models of statistical mechanics and quantum
field theory. These include spin — 1/2 Ising models, ¢* field theories, and other
continuous spin models. The proofs are based on the properties of a class % _
of probability measures which contains all measures of the form
const exp(— V(x))dx, where V is even and continuously differentiable and
dV /dx is convex on [0, c0). A new proof of the GKS inequalities using similar
ideas is also given.

1. Introduction

We consider models of general even ferromagnets with pair interactions in a
positive external magnetic field. Such a model is defined by a finite family of
real-valued random variables {X;;i=1, ..., N}, whose joint probability distribu-
tion 1, ,, on RY has the form

hN(dxla "~ade)=(1/Z(h19 9hN)) exp(—H(xla .. xN)) z—th(dxi)‘ (11)
H(xy, ..., xy) is the Hamiltonian defined by

H(xy, ..., xy)=— Zl<z<J<NJu iX Z1§i§Nhixi > (1.2)
and Z(hy, ..., hy) is the partition function defined by
Zlhy, oo hy)=Jgn ... fexp(—H(xq, ..., x ) [ [ 1 0idx;) . (1.3)

The indices i and j label atomic sites in a lattice A= {1, ..., N} of N sites. X; denotes
the spin of the i'th atom, J;;=0 the ferromagnetic 1nteract10n strength between
X; and X, and h;=0 the non-negative external magnetic field strength at the
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i’th site. The g; are measures belonging to &, which is the set of all even probability
measures @ satisfying

fexp(kx*)g(dx)< oo for some k>0.

The choice of each g; as the Bernoulli measure
b(dx)=%(8(x — 1)+ d(x + 1))

gives a classical spin— 1/2 Ising model [30, Chapter 5].

We shall assume that the numbers J;; are so small that the integral in (1.3)
converges for all #,=0. Unless noted otherwise, the inequalities we discuss are
to hold for all 4,20 and all J;;=0 subject only to this restriction.

Our main focus in this paper is on the Griffiths-Hurst-Sherman (GHS)
inequality, which states that

02 6/0h;0h;ohy In Z(h, ..., hy)
:E{(Xi—E{Xi})(Xj_E{Xj})(Xk_E{Xk})}
=E{XinXk}_E{Xi}E{Xij}—E{Xj}E{XiXk}

—E{X,JE{X,X;}+2E{X }EX }E{X} (1.4)

for all (not necessarily distinct) sites i, j, ke A. We discuss several implications of
(1.4) below. The GHS inequality was first shown to hold for spin—1/2 Ising
models [11]. Also, one can prove the GHS inequality indirectly for ferromagnetic
families of random variables. These are systems which can be built out of spin —1/2
Ising models in a suitable way [18, § 4]; examples are given after the statement
of Theorem 2.5 below. Other inequalities known for even ferromagnets include
the Griffiths-Kelley-Sherman (GKSTI and II) inequalities. They were originally
proved for spin—1/2 Ising models [8, 13] and have since been shown for all
measures in & and for Hamiltonians more general than (1.2) (see [4; 26, p. 274]
and Appendix A of this paper). In contrast, measures in & for which the GHS
inequality fails are easily obtained [12, p. 153]: for example,

0dx)=ad(x)+(1—a)/2) 3(x— 1)+ d(x+1) for 23<a<l. (1.5)

The GHS inequality has a number of interesting implications: concavity of
the average magnetization N ' Y~ | E{X,} as a function of the external field [ 11];
absence of phase transitions for h, =...=hy>0[23]; monotonicity of correlation
length in Ising models [14] and of mass gap in ¢* field theories [12] as functions
of the external field; absence of certain bound states in quantum field theory
[6,7]. It has also been used to derive critical point exponent inequalities [11,
p. 7957, absolute bounds on physical coupling constants in quantum field theory
[5], and eigenvalue inequalities in quantum mechanics. For the latter, see the
remark before Theorem 1.2 below.

Our main result is to give conditions on the measures g; which guarantee (1.4).
This is done in terms of a subclass % _ of &, defined at the beginning of Section 2.

Theorem 1.1. If ¢, ..., 0y are in 9 _, then the GHS inequality (1.4) holds.

Essentially, a measure belongs to % _ if an infinite string of moment inequalities
are satisfied. These inequalities were used in [2] to prove the special case of (1.4)
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where N =1. The new element needed to prove (1.4) is certain multivariate cor-
relation inequalities satisfied by measures in 4 _.

Our next result, Theorem 1.2, gives a large class of measures which belong
to ¢ _. This property of measures of the form (1.7) generalizes Theorem 4 in [2],
which admitted entire functions V(x) with the expansion

Vx)=Y2ax*, 0,20 for k=2,3,..,a, real (a,;>0

1.6
if all other g, are 0). (1.6)

As an application of Theorems 1.1 and 1.2 ¢), it follows that when V satisfies the
hypotheses of Theorem 1.2, the first three eigenvalues E; < E, < E; of the quantum
mechanical Schrédinger operator —d*/dx*+ V(x) on L*(R; dx) satisfy Ey— E,>
E,—E; [24]. Tt also follows that the gap E,(a)—E (a) between the first two
eigenvalues E;(a) and E,(a) of the operator —d?/dx?+ V(x)+ax on L*(R;dx)
increases with a [26, p. 335].

Theorem 1.2. a) %_ contains the Bernoulli measure b(dx).
b) 4 _ contains the measures g (dx) in (1.5) for 0<a<2/31.
¢) 9 _ contains all measures of the form

oy(dx) = (J, exp(—V(x))dx) "' exp(— V(x))dx , (L.7)

where V(x) is even, continuously differentiable, and unbounded above at infinity,
and V'(x) is convex on [0, o0) (" denotes d/dx).

d) 9 _ contains all absolutely continuous measures g€ & with support on [ —a, a]
for some 0<a< oo provided g(x)=dg/dx is continuously differentiable and strictly
positive on (—a, a) and ¢'(x)/g(x) is concave on [0, a).

That b(dx) belongs to ¥_ was first noted in [2]; we give another proof.
Combining Theorems 1.1 and 1.2, we obtain a direct proof of the GHS
inequality for spin— 1/2 Ising models, and, for example, for the measures

o(dx) = const x exp(—ax* — bx?)dx , (1.8)
o(dx) = const x exp(—a coshx — bx?)dx , (1.9)

where a>0and bis real. Both of these are of physical interest (for (1.9), see [ 26, §5.6]).
Since the measure in (1.8) has been shown to be ferromagnetic, the GHS inequality
holds for it [12], but until now a direct proof has been lacking. We point out that
ferromagnetic families of random variables satisfy other properties, such as the
Lee-Yang theorem, which are distinct from (1.4) [20].

In Section 2 of this paper, we define the class ¥_ and prove the multivariate
correlation inequalities needed for the proof of Theorem 1.1. We also derive other
properties of this class. In Section 3 we prove Theorem 1.1. Our idea is to use the
multivariate ¥ _ inequalities to show that the multi-Taylor coefficients in the
expansion of the entire function

[Z(hy, ..., h)]* P Z(h,, ..., hy)/oh,0h;0h,

! By an argument of Preston [23], this implies that the tricritical point in Griffiths-type models of

He®-He* mixtures (see [1, 10]) is not less than 2/3.
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in powers of h, I=1,..., N, are all negative. We also note other correlation in-
equalities, one of which appears to be new:

<GkIy = iy <kly = ik Gy — Gl Gk + 2 <<k <1 <0, (1.10)

where i, j, k, [ are any (not necessarily distinct) sites in A and <{ijkl> = E{X . X ; X, X,},
etc. In Appendix A, we give simple proofs of the first and second GKS inequalities
as well as other correlation inequalities valid for arbitrary measures in &. One of
these is new:

Z’lc=0(— 1)kz<.ll "'jk><jk+1 "'j2n>;0’ n= 1> 2: [RR] (111)

where the inner summation runs over all partitions of a fixed set {iy, ..., I,,} of
(not necessarily distinct) sites of A into two subsets {j;, ..., ji}s ks 1 --»Jj2n) and
the empty expectations equal one. In Appendix B, we modify our methods to
prove GKS-type inequalities for systems with

0idx)=(1/3)(0(x— D+ 5(x)+5(x+1)), i=1,..,N,
and with the following Hamiltonians which are different from (1.2):
H(xy, o xy)= =1 <icjenJiflax?i —=bx)ax? —bx)+bY <i<nhix;
—Disi=n M7
H(Xq, .o Xp)= =Y 1 <icjendiXiX;— Y 1 <i<jenVifax;? —b)ax; —b)
_Zl§i§Nhixi’

with J;;=0, y;;=0, h;=0, y; real, a and b real. Such systems have been used to
model ternary mixtures [16] and He®~He* mixtures [1].

One contribution of the present work is that it proves the GKS and GHS
inequalities by a unified technique. The-proof of each employs independent,
identically distributed copies of random variables (one for GKS I, two for GKS I,
four for GHS) as well as a special orthogonal matrix used to rotate the independent
copies. The 4 x4 matrix used for GHS is the direct product with itself of the 2 x 2
matrix used for GKS II. While the infinite string of correlation inequalities which
enter in the proof of GHS are conditions for a measure’s belonging to % _, the
analogous correlation inequalities needed for GKS are automatically satisfied
by all measures in &.

The idea of using two or four independent copies of random variables has
been employed to good advantage by other workers in the field [4, 15, 22, 27, 29].
No use has yet been found for eight or more independent copies.

As this paper was being prepared, we learned of new work of Sylvester [27],
who has independently proved Theorem 1.1 and who has shown that the %_
inequalities imply the correlation inequalities of Lebowitz [15]. Similar results
have also been obtained by Schrader and Mehta (unpublished).

Acknowledgment. One of us (R.S.E.) has benefited from conversations with the following people:
A. Devinatz, J. Glimm, A. Jaffe, J. Lebowitz, M. Marcus, J. Percus, S. Sawyer, G. Sylvester, and
S. Varadhan. Another of us (C.M.N.) would like to thank A. Lenard and S. Sherman for many
useful conversations.
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2. Facts about 4_

Our definition of % _ is taken from [2]. After giving it, we indicate an alternate
form which simplifies calculations.

Definition 2.1. Given ge &, let W@, a=1,...,4, be four independent copies
of a random variable W distributed by o. Let W=(W", .., W®%) and m=
(m®, ..., m"), where each m® is a non-negative integer. We say that m is odd
(resp., even) if each m® is an odd (resp., even) integer. Take 4 to be the orthogonal

matrix 1 1 1 1
11 11 -1 1 -1 1
A=1/ﬂ(—1 1>®1/‘/§(—1 1)21/2 -1 -1 11 @1)
and define -1t -1 1
(AW)O=Y4_ | A, WO (AW =] [o [(AW)@]" .
We define

4G_={peb E{(AW)"}<0 forall m odd}.

Remark 2.2. Given ge & (resp., e %9 _) and W distributed by o, we shall write
Weé (resp., We & _).

Sylvester [28] has noted that the definition of % _ is equivalent to requiring
that

E{BW)*"}=0 forall m, 2.2

where B is the matrix
1 1 1 1

1 -1 1 -1
=120 |, | _,| 2.3)
1 1 1 -1

This is so because B is obtained from A by multiplying an odd number of rows
by —1 and because the expectation E{(AW)™} vanishes unless m is either even
(in which case the expectation is clearly non-negative) or odd. The latter fact is
proved as Part (c) of Theorem 2.5. We define

Jio(m) = piy(m)=E{(BW)™} . 24

Warning. In [2], u,(m) denotes E{(AW)™}.

Our proof of Theorem 1.1, given in Section 3, is based upon multivariate
versions of the % _ inequalities (2.2). We prove the following result at the end of
this section.

Theorem 2.3. Let {Y,,..., Yy} be a set of real-valued random variables with
joint distribution (see (1.1))
To=Thy,....hylat b =0 -

Let {Y®,.., Y}, a=1,2,3,4, be four independent copies of {Yi,..., Yy} and
define
Y,=(YD, .., Y¥). (2.5)
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Given multi-indices m, ..., my, we define

pmy, o omy)=py, oy (mq, ..., mN):E{Hf'Vﬂ(BYi)m'} . (2.6)
If 91, ...,0vEY _, then

umy, ...,my)=0 forall m, .., my. 2.7)

We state additional facts about %_ (proved at the end of this section) after
the next definition.

Definition 24. Let Y,,..., Yy be random variables as in Theorem 2.3. If
Y=Y~ A, for some 4,=0, then Y is a ferromagnetic union of the {Y;}.

Theorem 2.5. (a) Given Yy, ..., Yy as in Theorem 2.3 with each ¢, % _, then any
ferromagnetic union of the {Y;} belongs to 4_. (b) If W,, n=1,2, ..., are random
variables in 9_ such that W =w-lim W, exists (i.e., the probability distribution

R— 0

of the W, converge weakly to the probability distribution of W) and sup E{W?}<

K <0, then We 9 _. (¢) Given ge &, then u,(m)>0 if m is even and p,(m)=0 if m
is neither even nor odd. (d) The numbers p,(m) vanish for all m odd if and only if
either g is an even Gaussian measure or Q= (x).

In [18, § 4] the set Z#, of mean zero ferromagnetic random variables is defined.
We shall say that a measure ge & is mean zero ferromagnetic if a random variable
distributed by ¢ belongs to #,. Using the fact that the Bernoulli measure belongs
to 4 _ [see Theorem 1.2(a)], we have by Theorem 2.5(a) and (b) that 7, is a subset
of ¥_. As examples of measures in %,, we have the measure in (1.8), the measures
04(dx) in (1.5) for 0<a<% (as can be shown by direct construction), the measures

(9]
bo dx)=(k+ 1" Y*_ 8(c(1—2j/k)), k=1,2,..., 0<c<oo,

and normalized Lebesgue measure on [—c,c], any O<c<oo [weak limit of
b, (dx) as k— c0].

We claim that %, is actually a proper subset of % _. Indeed, the measures
04dx) for 0=a=<2/3 belong to %_ [see Theorem 1.2(b)] while for 1/2<a<1 these
measures are not mean zero ferromagnetic. To see the latter fact, we note that
any mean zero ferromagnetic measure satisfies the Lee-Yang condition [18,
Remark 5], which is that

the entire function h— | e"g(dx) has pure imaginary zeroes in h. (2.8)

It is easy to ckeck that (2.8) is not true for g (dx), 3 <a<1.

We end this discussion with a conjecture concerning the ¢_ inequalities and
another set of inequalities, called the Khintchine inequalities. The latter have
single-site and multivariate forms. In their single-site form, the Khintchine
inequalities state that the moments of ged are bounded by the corresponding
moments of a mean zero Gaussian measure with the same variance as g; they are
known to hold for any measure in & which satisfies (2.8). In their multivariate
form they are known to hold for any mean zero ferromagnetic family of measures.
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See [19, Theorem 5] and [18, Theorem 3] for complete statements of these
inequalities and proofs of the above facts and [25] for an application of the
multivariate Khintchine inequalities in field theory.

Based on calculations with the first four 4 _ inequalities, we make the following
conjecture.

Conjecture. Given Yy, ..., Yy as in Theorem 2.3 with each g;e % _, then the Y;s
satisfy the multivariate Khintchine inequalities. In particular, any pe %_ satisfies
the single-site Khintchine inequalities.

As further evidence, we consider the measures g (dx) in (1.5). By Theorem 1.2(b)
these measures belong to ¥_ for 0=<a<2/3. One can verify that the g,(dx) satisfy
the single-site Khintchine inequalities for exactly the same values of a. We also
note that it is precisely for Gaussian measures or the trivial measure that all the
single-site ¥ _ inequalities and all the single-site Khintchine inequalities are
equalities.

Proof of Theorem 2.3. For each i=1,...,N, let W\, a=1,...,4, be four in-
dependent copies of a random variable distributed by o, We assume that W'
and W are independent unless i=j and f=7y. We set

W=(WO, .. W),

By the definition of Y; and the orthogonality of B, we have

ZEE{[ [N BY)™}=E{] [, (BW)"exp(}.J;W;- W)}
=E{][LBW)™exp(}).J,(BW)-(BW))}, (29
where Zo=Z(hy, ..., hy)laun=o and - denotes the standard R* inner product.

Expanding the exponentlal and using the positivity of the J;, we see that it suffices

to prove that

E{J[X (BW)"}=0 for arbitrary indices n;. (2.10)

l]’

But (2.10) follows from the independence of the W, and from the hypothesis that
each g, is in 4 _. This completes the proof.

Proof of Theorem 2.5. For Part (a) it follows from Theorem 2.3 that for any m
and 4,20

E{[B(YX 4Y)]"}=0.

For Part (b), since each W,e%_, we have by Theorem 1.1 and [19, Proposi-
tion 1] that for all real h

E{exp(hW,)} sexp(RE{W}}/2)<exp(h®K/2), n=1,2,....
Hence (as in [19, Theorem 57)
lim E{W2™}=E{W?"}, m=1,2,.... (2.11)

Since each py, (m)=0 for all m, this carries over to uy(m)=0 for all m. Hence
We%_.
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The first half of (c) is obvious. For the second half, we use the fact that the
random variables W), .. W™ in the definition of _ are symmetric and identi-
cally distributed to prove that

)= (1 () ) [( = 1747 (D g (g

+(_ 1)m(1>+,,,(2> +m(3)+m<4)] )

From this it follows that u,(m)=0 if m is neither even nor odd.
The sufficiency of the condition in (d) is checked by explicit calculation. For
the necessity let us assume only that

to(m;)=0, all j odd, where m;=(j, 1,1, 1). (2.12)
For N=1, (3.12) below (also see [2, Eq. (8)]) becomes

d*/dh® In [ exp (hx)o(dx) = — 2L Z(h)]~* Y joaa! ™ '(2hY u,(m)),
and so by (2.12)

d?/dh? In [ exp (hx)o(dx)=0.

Thus jexp(hx)g(dx)=a exp(bh?), a and b real, and so 9=4(x) if b=0, Gaussian
otherwise. This completes the proof of the theorem.

3. Proof of Theorem 1.1

Given (not necessarily distinct) sites iy, ...,i,e A, n=1,2, ..., we define the Ursell
functions

Uiys....i,)=0"0h;, ... 0h; InZ(hy, ..., hy) (3.1
and set

UPq, oo i) =Uyfigs oo i)l ann=o0 - (3.2
We write Z for Z(hy, ..., hy) and let

Jroodmr=E{X, .. X, 5 Gy o =E{X . X, Hanni=o - (3.3)

Given i, j, ke A, we have

Us(i, j, k)= Cijky — iy k) — (o <iky = <k<ijy + 2K <<k (3.4
We define vectors

h=RY, .. K9, 1=1,..,N, (3.5)
and consider random vectors Y, as in (2.5). We rewrite U,(i, j, k) as

Ui, Js )=(Zo/Z)* E{D exp (Y- by Yl)}lh(7> =hi,a=1,...,4 > (3.6)

where 9 is the differential operator
D= 03/ohM on\M oh) — 0%/ oh® on\V onid — &3/ on{ ohP ohiY
— 0°/OnV oV ohP +2 3 | oh{M onP oY) (3.7
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Define
si=(s, .., s =nB,1=1,...,N.

As in [3, Appendix] (where the matrix 4 was used instead of B), we find that

Us(i,js k)= —2AZo/2)*E{D' exp(Yi-  51-(BY)} (3.8)
where

D= 30505 osiH (3.9
and E denotes expectation followed by evaluation at

sV =2h, s =sP=s"=0,1=1,...,N . (3.10)

The latter corresponds to the A® evaluation in (3.6) since

(g, hy, by, h)B'=(2h,,0,0,0) .
Expanding the exponential in (3.8), we see that

Us(is ji k)

== 2Zo/Z)'[Z L ((s)™ /my ). (sy)" /my Dy, y(my, ..y my)] (3.11)
where the sum extends over all multi-indices m, ..., my and

m! =] o= (m)!.

Carrying out the evaluation given by (3.10), we find that

Us(i, i b= —2Z,/2)* Z}En, <ao ((Zhy)" /0y 1) Chy)™ [ny))

1,..., N

Uy, ya(ys sy, (3.12)
where

ni:(ni7 19 07 0)7 nj=(nj3 07 1a 0), nk=(nka Oa 07 1) s

and n,=(n,0,0,0) for I=+1,j, k.
By Theorem 2.3, the proof is complete.
Remark 3.1. Sylvester [28] has proved this in slightly different form. He sets

h;=(h;, h;, hy, hy)
and writes
Us(i,js k)= —(Zo/Z)*E{(BY)**(BY ) *(BY)™ exp(} ) 1 by ¥))}
= —(Zo/Z)*E{(BY)®(BY))(BY)™ exp (3L ; (BY)M)},

from which the GHS inequality follows by expanding the exponential and using
Theorem 2.3.

Remark 3.2. Other inequalities follow from (3.12). Under the same hypotheses
as in Theorem 1.1, we have

Fohy, ... 0hy {Z*hy, ... U3 J, k)Y = miy=0 =0, (3.13)






