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Abstract. In this paper we investigate classical spin systems on a semi-infinite
lattice. We establish detailed properties of such systems near the surface layer.
For the Ising- and the classical XY models on a semi-infinite lattice we study
the phase diagram, the critical properties and the decay of spin-spin
correlations near the surface layer.

1. Introduction

1.1. The Models

This paper is devoted to the study of some surface problems for classical bounded
spin systems with a continuous internal symmetry group G. We consider models
on a semi-infinite sublattice IL of Z3, say IL={x=(x!,x%, x> eZ?*:x3>0}. We
propose to study the behaviour of the system near the boundary surface Y,
> ={xelL;x*=0}. Let us introduce the simplest model of this kind. The spin at
x elL is described by a unit vector in R”, S(x)=(S*(x), ..., 8"(x)), n=1, and the
Hamiltonian is

—(ny} K(x, »)S(x)- 8(y), (1.1)

where S(x)-S(y) is the Euclidean scalar product in IR”, We consider only short-
range interactions and, for the sake of simplicity, we take K(x, y)=0if x and y are
not nearest neighbours. If x and y are nearest neighbours,

K(,y)=K if {xy}¢%, (1.2)

and
K(x,y)=J if {x,y}c>. (1.3)

The inverse temperature f is one, and we investigate the behaviour of the model
when J and K are varied, and (primarily) for n=2.
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1.2. Absence of Symmetry Breaking in the Surface Layer

Since X is a two-dimensional sublattice and the internal symmetry group is
continuous, a natural question is whether one can break the internal symmetry
near or on the boundary 2. It is well-known that this is impossible on a strictly
two-dimensional space. This is the content of the Mermin-Wagner theorem [ 1, 2].
However, in our model the bulk, i.e. the part of the system for values of x3, with
x3— 0, is three-dimensional, and the behaviour on the surface will be different
according to whether the bulk is ordered or not. To be more specific, let us consider
the ferromagnetic model, J >0 and K > 0. We know that there is a critical coupling
K? such that, for K> K2, the bulk is ordered and, for K <K, the bulk is
disordered. In the latter case we do not expect that the bulk part of the system plays
a significant role, and therefore we do not expect to have symmetry breakdown
near 2. In order to prove this result, we compute an effective hamiltonian for the
spins on 2, using a high-temperature expansion in the coupling K. Provided that
this expansion is convergent, ie. for K small enough, we get an effective
hamiltonian with many-body interactions which decay exponentially. A straight-
forward application of the relative entropy argument [3], shows that there is no
symmetry breakdown for this effective hamiltonian, for any value of the coupling
J. Details are given in Sect. 2, for n=2. However it is clear that the proofis valid for
quite general models. The basic hypotheses we need are the following:

a) The internal symmetry group G is a compact connected Lie group.

b) The interaction is smooth (C?) with respect to the action of the group and
satisfies some decay properties. For precise hypotheses, see [4, pp. 182, 188].

c) We have a convergent high-temperature expansion for the spins which are
not on X.

1.3. Existence of Ordering on the Surface X

If we consider the opposite situation for which the bulk is ordered, i.e. K > K? in
our ferromagnetic model, we find a completely different behaviour. Intuitively, we
can think that the ordered bulk acts upon the spins on X like an external magnetic
field. Therefore the symmetry on X should also be broken for any value of J. This
argument is of course not a proof. In the mean field Potts model (4 of components
g—o0) Lipowsky found a disordered surface state in presence of an ordered bulk
state [5]. We can prove the existence of a spontaneous magnetization in the
ferromagnetic XY model (n=2) by the method of [6]. Here n=2 is a genuine
restriction: we cannot adapt the method of [7], which is based on the infrared
bound, since we do not have full translation invariance. Therefore, if J=K, and
K >0 is large enough, the spins on X are ordered in the XY model. Let K* be the
infimum of the couplings K for which the model with J=K is ordered on X. By
correlation inequalities, we extend this result to arbitrary values of J and K> K*.
These topics are discussed in Sect. 3.

1.4. Phase Diagram for the Ferromagnetic XY Model

Let us summarize the above results for the ferromagnetic X' Y model, (J >0, K >0,
n=2). It is convenient to parametrize the spins S(x) by an angle ¢(x) so that

S(x)=(cos@(x), sing(x)). (1.4)
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If we add an external magnetic field we can choose its direction so that its
contribution to the Hamiltonian is given by

— Y hcosg(x). (1.5)

xell

The corresponding equilibrium state is denoted

{>(J,K;h) and <'>+(JJK)=E§B<'>(J,K;h)- (1.6)
There is a K*, K2 <K* < o0 such that
K*=inf{K : (cos$(0)> * (K, K) >0} (1.7)
and a K, >0 such that
K, =sup{K:<{cos¢(0)>*(J,K)=0, VJ}. (1.8)

In order to describe the behaviour of the model more precisely, we introduce
the boundary susceptibility y:(J, K),

1:(J, K)= X Ccos¢(0) cos(x)) “(J.K), 1.9)
the boundary correlation length éz(.(, K),
(&, K)™ ! :xlni—r}lm — %ln<cos¢(0, 0,0)cosg(x",0,0)>*(J,K), (1.10)
and the transverse correlation length &, (J, K),
(& (LK) t= xl}i_l}lOO - %ln<cos¢(0, 0,0)cos¢(0,0,x*)>*(J,K). (1.11)

Let us assume that there is no intermediate phase in the three-dimensional model.
In other words, if K <K? there is no bulk spontaneous magnetization, the bulk
correlation length is finite and the bulk susceptibility is finite. Let us also make the
very plausible assumption that

K,=K*=K?. (1.12)

Under these two assumptions the phase diagram is very simple (see Fig. 1). There
are three different regions. Region I corresponds to the high temperature phase

Fig. 1
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and it is characterized by <{cos¢(0)>"(J,K)=0 and y.(J, K)<oo. Region II
corresponds to the Kosterlitz-Thouless phase where {cos#(0)>*(J, K)=0 but
2s(J,K)=0c0. RegionIll corresponds to the ordered phase, where
{cosg(0))*(J,K)>0 and ys(J,K)= 0.

Let us examine region I in more detail. This region certainly contains the square
{(J,K):J<K2,K<K?}. Inside this square the boundary correlation length
¢5(J, K) is finite, since in the three-dimensional model the bulk correlation length
is finite, for K < K23. We can prove, by adapting an argument of Simon [8], that for
K<K}?

1:(J, K)<oo <= &(J,K)< 0. (1.13)

Therefore, inside region I, &x(J, K) < co. The boundary of the region consists of
two pieces: I,

L={(.K): K=K J<J,}, (1.14)
which separates regions [ and III, and I,
L={(J,K): K=K, J=J(K)}, (1.15)

which separates regions I and II. The function Jg(K) is monotone decreasing in
K, Jr(0)=J%r, and Jg(K7)=J,2K?. By correlation inequalities

0=ty ' K) =25 'V K)S4(U, =), T2, (1.16)

Thus x5 ! is a continuous function of J and y; *(J, K)=0 on I}, (provided that I,
does not have vertical pieces). I, is a critical line. In particular, if we go from
region I to region II along a straight line {(J,K):J=pJ,, K=pK,, =0} and
cross I, at (J, K)=(J,, PK ), the susceptibility y5(8J,, BK ;) diverges at least like
(f—Pp)~'. [We have assumed that the function K —J . (K) has a tangent.] At  we
have a Kosterlitz-Thouless transition. If we continue along that straight line, we
find a second transition with symmetry breakdown at f§, fK,=K2. On the other
hand, if J, is small we have only one transition with symmetry breakdown at f.

More generally, the inverse correlation length &5 '(J,K) is a continuous
function of J and K. The proof is the same as in the bulk case, (see e.g. [9]). Inside
region I, &5 <co, and when we pass from region I to regions II or III &; diverges.
The boundary of region I, I7UT, is therefore a critical line.

Finally, inside regions I and II we expect that the transverse correlation length
is finite. If J<K this correlation length is indeed equal to the bulk correlation
length &, (K). However for J= K we have established only the inequality

¢1(J, K) 2 EulK) - (1.17)

It is likely that we have equality in (1.17). This would show that &, diverges when
we go from regions I or II to region IIT across the line K =K.

Let us finally remark that we get qualitatively the same phase diagram if we
make only the assumption that the model with J =K has no intermediate phase.
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1.5. Behaviour of the Two-Point Function
for Small or Large Values of the Coupling Constants

In the following, we summarize our results on the behaviour of spin-spin
correlations near the surface Y. We define

{8(x); 8(y)> =S(x)S(y)> —<8(x)> <S(W)>
where the expectation {(-)) is given by {(-)>*(J, K), and if

5(x)=(8'(x), ..., $"(x))
is an n-component spin S(x)S(y) stands for i SH(x)S(y).

(1) High-Temperature Behaviour of Spin-Spin Correlations. We assume that the
bulk couplings, K, and the surface couplings, J, are chosen to be so small that the
model is well inside the high-temperature phase I. If the external magnetic field
vanishes then {S(x)>=0, ie. {S(x);S(y)>=<{S(x)S(y)> and {S(x)S(y)> decays
exponentially, as |x — y|— oo. It is natural to ask what the power law corrections to
exponential decay are. It turns out that this problem is closely related to the
problem of the wetting- or unpinning transition for an interface in the two-
dimensional Ising model studied by Abraham and others [10, 11]. Mathematically
closely related problems are analyzed in [12, 13]. Using the techniques in [13] one
can prove the following

Result. Consider a classical, ferromagnetic n-vector model, as described above, in a
d-dimensional half lattice IL={xe Z*: x*=0}.

(a) f 0<K<J<1, and for x and y in (or near) the surface >,

d—2
(S(x)S(y))l ~., constlx—)] 2 eyl (1.18)
x—y|=> o

for some £=¢4(J, K) < 0.

(b) f 0<J <K<K and for x and y in (or near) X

d+

1
SX)SGY,, _~ constx—y] T2 e e (1.19)

for some &< o0.
The proofs are sketched in Sect. 5.

Remarks. 1) We shall see that behaviour (a) corresponds to the “dry” phase of the
two-dimensional Ising model, while behaviour (b) corresponds to the “wet” phase,
[10].

2) Deep inside the bulk [e.g. x=0, y=(0, ...,0,n), with n—oc0) one finds the

usual Ornstein-Zernike behaviour
d—1

(S()S(),,_~ constix—y] Al (1.20)

where ¢ =¢ (J, K)< o0 if K <K?. See e.g. [13] for proofs and references to earlier
work.

3) Results like those described in (1.18) and (1.19) were discussed, on a heuristic
level, by Fisher and Camp [14]; see e.g. the beautiful review of Fisher [11] and refs.
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given there. We are informed that Abraham, Chayes, and Chayes have independ-
ently found results closely related to (1.18) and (1.19) which describe the decay of
connected correlations of an Ising model in three or more dimensions near a
surface, at low temperatures.

4) We are indebted to Jean Bricmont for having explained to us techniques
useful for the proof of (1.18) and (1.19).

(2) Behaviour of Spin-Spin Correlations Near a Surface in the Kosterlitz-Thouless
Phase. We consider the spin-spin correlation

(S(x)S(y) — <ei(¢(x)—¢(y))> , X, y near >,

in the Kosterlitz-Thouless phase, I, of the three-dimensional X' Y model (n=2) on
L, ie. for K<K?, J>Jgs. For this model we can prove

(c) If K< K2, then
0=<{S(x)S(y)y Sconst|x—y|~*, (1.21)

1
for some a=a(J, K)>0, with a(J, K)=0<7>, as J—oo0.

(d) If J>Jgy, then
{S(x)S(y)) =const|x—y| ™", (1.22)

1
for some o' =a'(J, K)>0, with o«'(J, K):O<j>’ as J— 0.

Remark. Result (c) is a rather straightforward generalization of the McBryan-
Spencer bound [15], and the proofis sketched in Sect. 2.3. Result (d) follows from
the bounds in [16] by using Ginibre inequalities [17]; see Sect. 3.

(3) Spin-Spin Correlations Near an Ordered Surface. Next, we propose to study the
behaviour of {S(x); S(y)), x and y near Z, for values of K deep inside phase I11, i.e.
K > K?. In the Ising model, for J > JZ (the critical coupling of the two-dimensional
Ising model) and either K very small, or K very large, {S(x);S(y)) decays
exponentially in |x—y|, x,y in X, as follows from standard low-temperature
expansions. Power law corrections have been studied by D. Abraham, J. T.
Chayes, and L. Chayes, with results similar to those summarized in (1.18) and
(1.19). When K passes through the transition point of the bulk the behaviour of
{S(x); S(y)» is not known precisely, but the power corrections for J > J2, K =0, are
different from those for J>J2, K+0; see e.g. [18].

For the classical XY model we prove the existence of spontaneous magneti-
zation when K is large enough (phase III); see Sect. 3: If a symmetry breaking
magnetic field, h, in the 1-direction is turned off then a spontaneous magnetization
(8'(x)>>0 remains. By the Goldstone-Mermin-Wagner theorem [1,2],
{S%(x)S?(y))> must then be expected to have slow decay in |x — y|, and this is indeed
the case.

For example, one can prove that {5%(x)S*(y))>, xe Y, yelL, decays slowly in
|x—y|, in an average sense with respect to y. This follows in a simple way from the
positivity of the spontaneous magnetization, a “Ward identity” for {S'(x))» and
correlation inequalities; see [19] for similar results. More precisely, let 2 be some
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half sphere in IL centered at x, and let 0Q be the set of nearest neighbours y, y’, with
yeQ, y'¢Q. By a simple integration by parts one finds

0< (S (x)) =J< >Zm ($*(x) (WS (V) =S WMS* N>

y,y'>eoRnz

+K 3 (S (SPWST) =SSO

¥ )edNX

SESHI X LSS

>, y'>ed2nk

+SHK ¥ . ($*(0)8*(n)>, (1.23)

yyHeo
by omitting negative terms and bounding positive terms by correlation in-
equalities, [207]. Here
(S*)=sup(S'(y)).
y

Now, since the proof of spontaneous magnetization (a straightforward
adaptation of [6]) shows that, for large K, Gaussian spin wave theory is correct, up
to small corrections, it is reasonable to conjecture that

<Sz(x)S2(y)>'xﬁ;v'q _constK™ 1GN(x, ¥), (1.24)

for large K, where G™(x,y) is the Green’s function of the finite difference
Laplacian, 4V, with Neumann boundary conditions at X, but we have no rigorous
proof of this.

Whatever the exact behaviour of (S%(x)S*(y), the behaviour of (S*(x); S*(y)>
is constrained by the inequality

(8'(x); 8'(y)> Zconst (S*(x)S*(y))?, (1.25)
due to Dunlop and Newman [21].

2. Absence of Ordering on the Surface X
2.1. Effective Hamiltonian

We compute the effective Hamiltonian when K is small. We choose a specific
system, the X Y model with Hamiltonian (1.1) (n=2). We use the parametrization
of the spins by angles and normalize the angles so that (1.1) becomes

- ny K(x, y) cos2m(¢(x) — ¢(y)) 2.1)

and ¢(x) e [0,1), mod 1. Any pair {x, y} of nearest neighbours is a bond b= b(x, y).
The coupling constants are therefore K(x,y)=K(b)=K if b¢Z, K(b)=J if bCX
and K(x, y)=0 otherwise. Let Q; be the finite box CLL

Q,={xelL:|x|<L,i=1,2,...,d—1, x'<L}. (2.2)

We fix a configuration of spins outside Q,, i.e. on Qf =IL\Q,, and denote it by
¢(Q7). We can write the Boltzmann factor in Q; for (2.1) with the boundary
condition ¢(2}) as

IT 1= 11 1) TII Ib), (2.3)
bAQL*0 bR %0 bnQr+0
bCE b¢z
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where
1(b) =1(b(x, y)) =exp(K(x, y) cos2n(¢p(x) — p(y)) =1+ U(b) . 24)

Since K is small we write I(b) =1 + U(b) for any b such that K(b) = K. We apply the
standard polymer formalism [22] to exponentiate the second product on the right-
hand side of (2.3), which is the product over the b’s such that K(b)=K and
bnQ, +0. Let X CIL, and let y be a graph, whose vertices are in V(y) CIL and with
bonds in B(y). We say that X CIL, | X|=2, is connected if the graph y, with vertices
V(y)=X and bonds B(y)={bonds bCy}<B(X), (the set of all bonds on X), is
connected. (| X| is the cardinality of X.) Let X CIL, | X| =2, be finite and connected.
We introduce

U X)=% 11 Ub), 2.5

y beB(y)

where the sum extends over all connected graphs y with V(y)= X and whose bonds
are bonds, b, in B(X) such that K(b)=K and bnQ, +0. In all other cases
U,(X)=0. Using the U-function we can write

1
T Ih)= H LA+ Ub) =1+ Z P> H UXy,  (26)
bR+ 0 bnQr * X1, Xy i=
btz K(b)= K
where the sum extends over all families of n disjoint subsets. Let Q;(X) be the result
of the integration of U (X) with respect to the angles ¢(y), with y € X n(Q,\). Let
(X4, ..., X,)=1ifall the subsets X are disjoint, and (X 4, ..., X,) =0, otherwise.
After integration of the spins ¢(y), with ye Q,\X, we get for (2.6)

1 n
1+3 = 2 T10uX)w(Xy,....X,). 2.7
nz1 Xy, X, i=1
Let
C(b) = [|eXPreo2me—q]| . (2.8)

Notice that C(b) bends to zero if K(b) tends to zero. We have
10 (X)| £ 29¥1C(b)™ = y,(K)X! (2.9)
and

zuumNKZﬂmmwr—ﬁﬂL, (2.10)

—e- (e
Xczd Var %

where o} is an upper bound for the number of subsets X C Z with X 30 and | X|=
Provided that (2.10) is smaller than 1, we can write (2.7), using the Mayer
expansion, as

w3 T 0w X)), @)

n=11l. s Xni=1
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where the factor v (X4, ..., X,) is a well-known combinatorial coefficient (see ¢.g.
[227). We can now read off the effective interaction. Let YC2ZnQ;, and define

BN=F T 110Xy X, @1
nz1 N X, X, i=1

vees

where the second sum extends over all X, ..., X,, such that (U X i) NnX=Y If
(2.10) is smaller than one, i=1

YZO lp(VI=C (2.13)
with C independent of L. We can write (2.11) as
exp (Yg $u(Y)+ RL> , (2.14)

where 2, =Q,; nZ and R, is independent of ¢(x), x € 2. The expectation value of
any local observable on X is given by the Gibbs formula for a spin model defined
on X, with Hamiltonian

—2  Jeos2a(g(x)—@(y)) =X ¢ (Y). (2.15)

b(x, )N EL+0 YCXp
b(x,y)CX

Remark. ¢,(Y) depends on the boundary condition ¢(Q7). We can always
decompose ¢,(Y) as

¢L(Y):¢1,L(Y)+¢2,L(Y)r (2.16)
where ¢ ;(Y) does not depend on ¢(Q7) by definition. Thus ¢; ,(Y) is invariant

under a rotation of all ¢(x), x € Y by the same angle. Let 9,0 <0 < 1, and K so small
that

ZO QL (X))o~ Wlel¥l< 1, (2.17)
Rl
Then
XCZS 2, (X)) ., <constyist-#r) (2.18)

Xox

with a constant independent of L.

2.2. Absence of Symmetry Breakdown

We take again d =3 and we choose K small enough to ensure the validity of (2.17)
and (2.27) below. We want to prove that any Gibbs state obtained by taking the
thermodynamic limit of a model with Hamiltonian (2.15) is necessarily invariant
under the internal symmetry group, which is the circle group G in our specific
example. We use the method of [3]. In this method we must find a uniform upper
bound on the relative entropy of a perturbed equilibrium state with respect to the
unperturbed equilibrium state. The unperturbed equilibrium state can be
constructed as the thermodynamic limit of finite volume Gibbs states. Therefore
we work with finite volume Gibbs states and try to find a bound which is also
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uniform in the volume. Let y; be a Gibbs state on X with Hamiltonian (2.15) and
some boundary condition. The perturbed equilibrium state y; is obtained from y;,
by the following transformation. We choose an arbitrary positive number /, and
choose L>2I. Let g € G and consider the transformation R(g): ¢(x)— ¢(x)+ g(x)
given by

g(x)=g if max(jx'], [x*)) =1,
g(x)=g~l—Tk if max(x!|,|x*)=I1+k, O0<k<I, (2.19)
g(x)=0, otherwise.

This is a local transformation and inside
I={xeZ:x"ZLIX}|Z]}

it is a rotation by g. Let u; = R(g)u,, [for any observable u;(f)=p.(f° R(g))]. If
there is an upper bound, C, uniform in L, [ and the boundary condition,

<o, (2.20)
1253

then all equilibrium states for L— oo are rotation invariant; (see [37]). Technically it
is simpler to estimate

d
0= S(uzlp)=—T duy log 7

S(urle) +S(uilpe) » (2.21)
where p7 =R(g) ™ 'y
Let XCcZ2;, X={x{,...,x,}. Let
P(X)={p(xy),....,0(x,)} and g(X)={g(x,),...,g(x,)}.

We write o(X) +g(X) ={p(x) +g(x,), ..., o(x,) + g(x,)} . Since L is fixed we write
#(X) instead of ¢, (X). We also introduce ¢'(X)=¢(p(X)—g(X)) and ¢"(X)
=d(@(X)+¢g(X)). It is easy to compute (2.21):

S(uzlug) +Silu) =l duy, X J[2c0s2n(p(x) = @(y)) —cos 2m(p(x) — ¢(y)

b=b(x,y
bn¥y ¥
—g(x) +g(y)) — cos2n((x) — p(y) + g(x) —g(¥))] .
+idp, & (WO—gX)—¢'(X). (2.22)
XnEy+0

Let us consider the most difficult terms in (2.22). We know that ¢ = ¢, + ¢,. Using
(2.18) and choosing L large enough, the contribution of the terms ¢, to (2.22) can be
made arbitrarily small. Therefore we have to worry only about

2 20(X)—91(X)—91(X). (2.23)
xazsiko

¢,(X) is invariant by rotation. Therefore

P1(X) = d1(p(x1), 9(x3) +9(x1) —9(x5), ..., p(x,) +9(x1) = 9(x,)) ,

and a similar expression holds for ¢7(X). The interaction is smooth; we use only
the fact that it is C* in order to make a Taylor expansion with remainder. The first
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order terms in (2.23) cancel exactly. Therefore we get the upper bound

O )
20 (X)—¢1(X)—1(X)| = — —g(x;
RHO=HO-H0IS 3, 3 oo B0l o) =g
X |g(x1) —g(x)l . (2.24)
From the definition of R(g) we have
1 ..
lg(x) —g(xpI = Ydlst(xia Xj) . (2.25)
Therefore let
gl =sup ¥ ¥ |20
! x.-eI))( jFi k%1]|09(x ;)00 (x)||
dist(x;, x;) dist(x;, x;) . (2.26)
If K is small enough, we have
XZO lll¢(X)lll=const < oo, (2.27)

Xcr

and the constant is independent of L. We have immediately a uniform bound for
(2.23)

2
chzL 12¢:1(X) = 1(X)=41(X)lle= 2 X lll¢1(X)III~G> <const,

xeXy Xax

XnZu+0 (2.28)
[see (2.24) and (2.25)]. This, combined with standard arguments [3], yields (2.20).

2.3. McBryan-Spencer Bound
In this subsection we show that if 0 K < K32, and for xe X,

0 < {S(0)S(x)) = (2m@O~0tNy < const|x| %, (2.29)

for some positive a=a(J, K)=0 <§> See Sect. 1, (1.21). The lower bound in (2.29)

follows from Ginibre’s inequalities [17]. To prove the upper bound, we use the
method of complex translations of the angular variables, ¢(j), introduced in [15]
and the effective Hamiltonian (2.15). Our arguments are very similar to those in
Subsects. 2.1 and 2.2, so we only sketch them.

Let je I, and set |j|=max(|j*|,|j?|). Instead of the real translations, ¢(j)— ¢@(j)
+9(j), introduced in (2.19), we perform complex translations,

p(H—e() +ia(), (2.30)
where a,=a is defined by
a(j)=0 if |j|>[x],
a()=C- 3 i li=lx-n. 230

K=o |x|—k+1
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From the observable, exp2mi(p(0)—¢(x)) we obtain, after the change of
variables (2.30), a small factor

A
exp < - 7L(IXI)) ) (2.32)
where

x|—1

L(|x]) = Z m ~loglx|,

2 L
and we have chosen C= ] in the definition of a(j). Next we must prove an
upper bound on T

G(0, x) = {exp2mi(p(0) — p(x)) exp(H(p) — H(p +ia))> ™, (2.33)
where H is the Hamiltonian of the model. We re-write (2.33) as follows:

G(0,x)= hmf I1 do(j) exp2ni(¢(0)— () Zg, 1L L(b)

Lo jeXp

xJ T1 de() TI I.b), (2.34)
jeQr\>L bnQr+90
where beZL

1,(b)=exp{K(j,]) cos 2n[ () — @(I) + i(a() — a(D)]} ,

with K(j,)=J ifj and I belong to X, and =K, otherwise, and where a(j) is defined
by (2.31).
We now note that, for j and [ nearest neighbours,

A 1 A
N—a(h)| < — — < —. 2.35
0= O= i 1 = 239
This bound is uniform in x and in j, . It follows that
C.b)y=|U,b)] ., =expK cosh2rn <§> —1-0, (2.36)
as K—0. Furthermore, if XNnX =0
01.(X)=] H{dqo(i)UL,a(X )=0.(X), (2.37)
Jje
where
UL,a(X) = Z 1—[ Ua(b) B
V(=X bey
and v connected

U b)=Ib)—1.

Equation (2.37) follows from the periodicity of the cosine by shifting the
integration contour for ¢(j) by —ia(j). It follows from (2.36) and (2.37) that the
expansion of Subsect. 2.1 still converges if I(b) is replaced by I ,(b), for every b, etc.,

provided |K|< K (;), for some positive number K <§) which only depends on 4
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and J, but not on our choice of x. Let YCXnQ;, and define

b= % 0 T QLXK X,

Xni=1

where the second sum extends over all X, ..., X, such that < U X i) nX=Y We
also define i=1

Hf (@)=~ > Jeos2alo(j)—o0)+i(a()—al))]- 2 PrdY).

b(j,)NEL*0

b(j,)CE (2.38)
Then
G(0,x) lim Z,, ol ,D do(j) exp2mi(¢(0) — p(x)) exp[ — Hilu()]
= ZL’?O oo exp [ ()~ HEL(0) ) (2:39)

We Taylor-expand H§'o(¢)—H§"(¢) to second order in a, noticing that the
modulus of the exponential of the first order terms is equal to one. Let X C X, and
let y(X) denote the site in X closest to the origin, 0. (If there are several such points,
we choose the smallest one in lexicographic order.) Let y(X)=ie X, je X. Then

1 AT

|an—a0N~— Z kT S

lj—il. (2.40)

In estimating the modulus of the second order remainder of H5"y(¢) — H§™(¢), the
nearest-neighbor terms yield a contribution of order

/12
0<7>mgn. (2.41)

The terms depending on ¢,(X) tend to 0 exponentially, as L— oo, for every x, and
hence can be ignored. Finally, we must estimate a term analogous to (2.23). When
summing over X we first sum over all X with y(X)=y fixed. This yields a

contribution bounded by
2

A
constK‘—I—z(|x|—|y|-1—1)‘2 ,

see (2.24),(2.25),(2.35), and (2.40). The sum of all these contributions over all y, with
Iy = x|, is therefore bounded by O<K jl
(2.32), completes the proof of the upper bound in (2.29) by choosing A small
enough.

>log|x]. This, together with (2.41) and

3. Existence of Ordering on the Surface

For the XY model, with J=K, we can prove that, for large K, there is a
spontaneous magnetization on X. The method is that of [6] which is also described
in [25, Sect. 8.5]. This proof, even for the Villain model, is relatively long. Since it is
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essentially the same in our case as in [25], except for minor details, we do not
reproduce it. Let us however describe the main ideas. It is sufficient to prove that
there exists a positive constant C> 0, such that for large K

<exp2ri(9(0)— @(x))y " = C>0, (3.1

where x € ¥ is arbitrary. The state {-»* is clustering, and we can conclude that
there is a spontaneous magnetization. In order to prove (3.1) we use a duality
transformation to express the model as a model of spin waves and vortices. In the
Villain model there is no direct interaction between spin waves and vortices, and
this simplifies the analysis somewhat.! If the vortices were absent the result (3.1)
would be true for any K>0: In our case the spin wave part is a Gaussian
measure whose Boltzmann factor is

exp <5 3 0(x) (46) (x)>. (3.2)

In (3.2) 6(x)e R and 4 is the lattice Laplacian on I with Neumann boundary
condition on X. The main part of the proof is to show that the vortices do not
destroy the effect of the spin waves for large values of K. This is a kind of Peierls
argument, more complicated than the usual Peierls argument in the Ising model,
which is used to show that the defects in the system do not destroy the ordering
present in the ground states. The only differences between the situation analyzed in
[6] and the present one is that, in the situation studied here, vortices can terminate
on the boundary, X, of IL and that the finite difference operators appearing in the
estimates now have to obey specific boundary conditions on X. But these
differences are minor and do not warrant presenting a detailed proof.

We show that for K > K* and any J there is always an ordering on the surface.
By definition of K*, {cos@(0)> " (K, K)>0 if K> K*. Therefore it is sufficient to
show that {cos@(0)> " (J =0, K) >0, for K > K*. In this expectation the spin S(0) is
only coupled directly to S(x), with x=(0,0,1). It is easy to compute the
conditional expectation value of cos@(0), given the value of ¢(x). We find

1,(K)
Io(K)’

cos @(x) (3.3)

where I,(K) is the n'" modified Bessel function. By Ginibre inequalities [17]

{cosp(x)) " (J=0, K) = {cosp(0)> " (K, K), (3.4)
and therefore
+ + II(K) +
Ceosp(0))> " (J, K) =2 cosp(0)> " (J=0,K)= (&) Ccosp(0)> " (K, K).

(3.5)

! The usual XY model can be analyzed too, but the proof is somewhat more complicated; see
Sect. 6 of [6]
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4. Phase Diagram for the Ferromagnetic XY Model
4.1. Boundary Susceptibility y

We use an argument given in [9] in order to analyze y;. We leave out some minor
technical points. Details can be found in [8,9]. In order to simplify our notation,
we write {0,x)> or {xyz) instead of {cosp(0)cosp(x)>* or
{cosp(x) cosp(y)cosp(z2)> ™ .
We compute
d
dK(x, y)

where we have used the inequality [20],

Czw) = Czwxy) — (2w {xy), (4.1)

cos p(z) cos p(w) sing(x) sin(y)> " < {cosp(z) cos p(w)) * (sing(x) sinp(y)> " .

4.2)
We have
Czwxy)y —(zw) {xy) = Czwxy) — (zw) {xy) —zx) {wy)y —{zy) wx)
+ Czx) {wy) + {2y ) Kwx) = {zx) {wy) + zy) {wx) 4.3)
if (x>=0, [23]. We apply (4.3) for K <K*.
A= ST T (OGO 6o
=2 {gy} Oydrs=4(1s)* - (4.4)
By integrating (4.4) we get
1 U K) =25 (U0 K) 40, =Ty, Joz Uy 4.5)
The function Jg(K) is defined by
Jgr(K)=inf{J : x5 '(J, K)=0}. (4.6)

If K—Jg(K) is the graph of a function, then by continuity of J—y; 1(J, K) we
must have x5 '(J¢(K), K)= 0. Thus in this case the boundary I is critical. Let us
assume that we cross I, at (J, K) along the straight line

{(J,K):J=pJo, K=BK,, f=0}.
Let f be given by J=fJ,, K=fK,. From (4.5) we get

1z (BT o, BKo) =15 (BT o, BK o) — x5 "(T k1 (BK o), BK o) =4(Jxr(BKo)—BJo)
:4(JKT(BKO)_BJO+(B\—:B)JO)
=4(JKT(ﬁKo)‘JKT(EKO)‘{'(E‘_,B)JO)~ (4.6)

If K— J¢(K) is Lipshitz-continuous at K, we see from (4.6) that y; diverges at least
like (8—B)~* when p1p.



352 J. Frohlich and C.-E. Pfister

We now analyze the behaviour of y; in the neighborhood of I [under the
assumption that I ={(J,K): K=K2,J<J*}]. Since I, is a vertical line, we
cannot conclude from (4.5) that y; '(J, K)=0 on I;. However, if we suppose that,
for the special choice J=K, one has a critical point at K2, with a divergent
suceptibility yx(K, K), with critical exponent y, we have, by correlation inequal-
ities, that y; '(J,K2)=0, for K3<J<J*. Moreover, using the argument of
Sect. 3, we see that the same result is true for J < K7, and the critical exponent y is
independent of J, at least for J < K. Therefore we have that I is also a critical line,
under the above assumption.

4.2. Boundary Correlation Length &y
We define, for jel,
1K= 2 (x). (4.7)

xell

The first step of the argument is to show that yy;<oo and K<K? imply that
x;(J,K)<oo. Let us consider the case where j=0. Exactly as for (4.4)

d
o T T (0 <)+ <00 ) =4t (438)
{x,y}CZ zellL
dist(x,y)=1
By integration we find
J2
%0(J2, K) = x0(J 1, K) exp {4 Jf 2, K)dJ } 4.9)

In (4.9) we choose J, =K. Then, by correlation inequalities
X0(K, K) S gxy(K) <00, (4.10)

where y4y(K) is the susceptibility of the 3-dimensional XY model with coupling
constant K. [Strictly speaking, yyy(K)<oo for K<K? is not known as a
mathematical fact. It was assumed in Sect. 1.4.] In the 3-dimensional X Y model
with coupling constant K we choose R so large that

max(J,K) - {yz_ <0y>ls(K)} <3 (4.11)
where |y|=max {|y!|,i=1,2, 3}. Similarly we define, for xeIL,
a(x;R)=a(x) = Z x> (LK) (4.12)
ly= XI R

It is not difficult to prove that the limit of a(x; R), when x*— oo, exists and is equal
to Z {0y z3(K). Indeed, for J < K, a(x; R) is a monotone increasing function of
|

x*. Fo or J>K we add to the model a boundary field on the first layer and let this
field go to infinity. We get an upper bound a*(x; R) for a(x; R), and a*(x; R) is
monotone decreasing in x>. Since there is a unique Gibbs state for the
3-dimensional model when K < K2, we have the result. We can find L < co so that,
for x3>1L,

max(J,K)-a(x,R)<3. (4.13)
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For each x, with 0<x® <L, we choose R(x) so that
max(J, K)a(x, R(x))<3. (4.14)

This is possible, since y;(J, K) <oo. Let R=max{R; R(x),0<x*<L}. It is now
possible to apply the argument of Simon. Let Qg be the box (2.2) and let x be
outside Q)N Z =2, We have the inequality [20],

Oxp= X X K(yz)<0y) {xz) cmax(J, K)a(0, R(0)) {xZ), (4.15)

YeQRR(0) 2¢2R(0)
where {(xZ) is the maximum of {(xz) for z such that dist(z, Q) =1. If |x|2n- R,
then, by repeating this argument, we get
OxYZ3B), ie Ey<oo. (4.16)

4.3. Transverse Correlation Length

We have the inequality

<cos p(x) cos p(y)>* = {cosp(x) cos p(y) (cos? p(z) +sin® (z)) ) *
= (cosp(x) cos p(y) cos” p(z)> "
> {cosp(x) cosp(z)y *{cosp(y)cosp(z)y™ . (4.17)
Let z=(0,0,z°) and x,=0, x; =(0,0,x3}), x,=(0,0,x3), ..., x,=(0,0, x7) with
xi<xi< ... <x3=z3=L.
Using (4.17) we get ; |
——Ind0z)= Y — —In{x;_ (x> (4.18)
L i=1 L

We choose x; so that x} —x?_, =D, for all i.
We replace each (x;_;x;> by <{x;_X;>z:=<0D,s, the corresponding expec-
tation value in the bulk equilibrium state (defined with free boundary condition).
To evaluate the error we make, we use the following property: for any ¢>0
there exists a subset A, such that, for any 42 4,, we have

IK0D»7:—<0D) 4| Se. (4.19)
Using this result we get

lim — 1ln(Oz> =, (J,K) - iln {0D»4:+0(e), (4.20)
L—- o L D

for ¢ small enough, depending on D. We can choose ¢ arbitrarily small and then
take the limit D—co. Thus

¢, K) 2 Epun(K) - (@.21)

[The value of J does not matter since {x;_x;» (J=0,K)={x;_1x;> (K, K)
<Lx;- 1% (J,K) if J’Z K]. On the other hand, if J<K, we have

0z) =<0z)zs, ie. &i(J,K)=Cpun(K), (4.22)
and therefore we get & (J, K) = &gy (K), for JSK.
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5. The High-Temperature Behaviour of Spin-Spin Correlations

In this section we describe the main ideas behind the proofs of results (a) and (b)
described in Subsect. 1.5, see (1.18) and (1.19), taking for granted some technical
results of [12, 13].

By performing a partial resummation of the standard high-temperature
expansion (see e.g. [24, 13]) one can represent the spin-spin correlation function
{S(x)S(y)) as a sum over walks, w, taking nearest-neighbor steps, which start at x
and end at y. More precisely,

(S(x)S(y)y = ) };ﬂ bg K(b)zg, ,(w), (5.1)
where b= i,j) is a nearest-neighbor step in w, and K(b)=J, for bC X2, K(b)=K,
otherwise. Furthermore, zx ;(w)is a positive weight on the set of walks from x to y
with the properties that correlations between distant pieces of w are very small, and
zg, (w)—1, as max(K, J)—0. For explicit representations of zg ,(w), see [24, 13].
We now choose x=0 and y=(r,0,...,0).

The techniques developed in [18, 13] permit one to show that if either
K <J<1, or J£K<1 then (5.1) behaves like

constr %exp(—r/f), as r—wo, (5.2)

for some ¢ =&(K, J)>0 and some 6 which may be calculated as follows. Define a

function G(r) by
Gr=_ X [1K(®), (5.3)
»:0-(r,0,...,0) bed
where @ is an arbitrary directed walk from 0 to (r, 0, ..., 0) without back-tracking,
and K(b) is as above. One then shows that G(r) behaves like

const’r " exp(—r/&), as r—oo, (5.4

for some &'=¢(K, J)>0, with &(K, J)/&(K, J)—1, as max (K, J)—0, and for some
o’". The point is now that, under the hypotheses specified above,

§=4. (5.5)

The details of a proof of (5.5) are quite lengthy and technical, but it should be
possible to adapt the methods of [18, 13] to provide them. The analysis of the
behaviour of (5.3) in the two extreme situations K<J<1 and J<K<1 is
contained in the literature; see e.g. [11], or Sect. 3 of [18]. When K <J <1, the
easier case, the sum on the right-hand side of (5.3) is dominated by walks, &, which
are contained in the surface layer, X, except for rare and short excursions into the
bulk whose contribution can be estimated by a simple Mayer expansion for a “gas
of excitations,” as in [13, 187]. Hence the power correction, r %', to the exponential
decay of G(r) is an ordinary Ornstein-Zernike correction for the generating
function of directed walks, @&, without back-tracking from 0 to (r,0, ..., 0) which
d—2

are entirely contained in X =Z7Z“""!. This is well-known to be r~ 2 , i.e.

Cd-2
5_5_——2 ) (5.6)

This is what has been claimed in (1.18).
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If, however, J < K < 1, then the sum on the right-hand side of (5.3) is dominated
by walks, &, contained in {j e Z“:j*> 0}, where j* is the d™ component of j, which
have only rare and short encounters with . Now, all d—1 components of the
projection, @, of @ onto a plane, 7, perpendicular to the 1-axis are simple random
walks indexed by an integer time which is the 1-coordinate of each site on @&. The
d-component, @’, of @ is a simple random walk subject to the constraint

@*(n)=0, forall n=0,1,...,r. (5.7)
The other components, &%, «=2, ...,d —1, are simple random walks on Z. Hence
d
G(r)=exp(—r/&) [T Prob{d*: &*(r) =0|&*(0)=0},
a=2

where, for a=2,...,d—1,

Prob{a*: &*(r) =0|d*(0) = O}r:wr‘ 12
while
Prob{d?: &(r) = 0|&%(0) =O}r:wr*3/2. (5.8)

For the easy proofs, see e.g. [11]. In conclusion,

a2 _dtt
o GO ~ 1 2 exp(—r/E)=r 2 exp(—r/¢),
6=5”=d—;1‘ (5.9)

This is precisely what is claimed in (1.19).

The arguments outlined here represent a complete proof of (1.18) and (1.19),
assuming (5.5). The details of the proof of (5.5) which is based on an analysis of (5.1)
and of the weights zx_,(w) appearing therein are rather tedious, but are sufficiently
close to the arguments in [10, 12, 13, 18] that we feel we may omit a detailed
presentation.
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