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Non-Translation-Invariant States in Two Dimensions

S. B. Shlosman

Institute for Problems of Information Transmission, Moscow, USSR

Abstract. We construct a class of models with translation-invariant in-
teraction for which in dimension two there already exist non-periodic Gibbs
states at low temperatures.

1. Introduction

The hypothesis about absence of non-translation-invariant states in the two-
dimensional Ising model was one of the most long-standing problems. The first
major development in this direction was made by Gallavotti [1], who proved, by
means of virial expansion, that at low temperature the (+)-boundary condition
leads to a translation-invariant state. He showed that the separation line between
(4 )-phase and (—)-phase in a volume V with such a boundary condition fluctuates

at non-zero temperature with a fluctuation of order 4/V. Afterwards, several
papers were published on this subject, until Aizenman [2] proved the validity of
the above hypothesis. This result can be stated in the following way: All non-
periodic ground states of the two-dimensional Ising model are unstable.

In 1980, R. L. Dobrushin conjectured that the same instability holds (at low
temperatures, atleast)for any two-dimensional model whose hamiltonian has only
finitely many periodic ground states (pure phases) and satisfies the Peierls
condition [3]: i.e., the creation of an “island” D of one pure phase in a “sea” of
another pure phase leads to an increase of energy which is greater than ¢-|02),
where g is some positive constant (the “Peierls constant”), and |09 is the length of
the boundary of 2.

While the proof of this conjecture is still in progress, it was surprising to find a
class of models which possesses both periodic and non-periodic Gibbs states at a
cost of having infinitely many periodic ground states. The Peierls condition is still
satisfied. The underlying non-translation invariant ground states are of the
following “stair” structure:

Pupn=nty, (t,1)eZ*, neZ', n+0.
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This ground state is stable for the following reason: While in the Ising model the
corresponding (+) ground state has the form

0 t,=0
P ¢ >0,

with only one contour to separate different phases, which is thus free to fluctuate,
in our model the ground state under discussion has infinitely many contours,
which cannot fluctuate so freely due to interacting with each other. The precise
meaning of this argument is given in the next section.

2. The Main Result

Let Z? be, as usual, a two-dimensional lattice, and for any t=(t,,,) a spin variable
@, is given with values in Z'. The interaction is defined through the function U(n),
neZ', which is supposed to be

(i) Convex: 2Um)<U(n+k)+ Um—k),n, keZ', k>0,

(i1) Symmetric: U(n)=U(—n).

The (formal) hamiltonian H of a configuration ¢ = {¢,} is given by the formula

Hp)=(1/2) Ulp,— ). (1)
s,teZ2,|s—tf=1
A configuration ¢ is called a ground state if for any other configuration ¢’ which
coincides with ¢ almost everywhere the (well-defined) difference H(¢")— H(¢) is
strictly positive. One sees immediately that any constant configuration

¢, =neZ’ 2)

forms a ground state. So our model indeed has infinitely many periodic ground
states. There are also non-periodic ground states of the hamiltonian (1), for
example,

1 ¢,>0
(pt_—_. {0 tl §0, t:(tlvtl)‘ (3)

If one defines the mean energy of a configuration ¢ by the formula

W)= tm = Y Ulp—g)

A= IAI s,ted,|s—t}=1

(when the limit exists), then one finds that the mean energy of all periodic ground
states (2) is, evidently, the same, and it coincides with that of a non-periodic
ground state of type (3).

Our interest in the model under discussion is based on the observation that the
hamiltonian (1) also possesses a class of ground states {¥™*'} n,keZ', i=1,2
given by

Prhi=nt+k. (4)
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This class has two interesting features:

1) h(phekoiyy > p(Phekaiz) if |n | >|n,|; in particular, if the ground state ¥™%1is
non-periodic (n *0), then its mean energy exceeds that of a constant ground state;

2) each ground state Y™*is stable in the sense that for each n, k, i there exists a
Gibbs state of the hamiltonian (1) at low temperature which is a small per-
turbation of the corresponding ground state.

To make our statements precise, let 4CZ? be a finite region, and consider the
set of configurations @%*'={¢,, seZ?, ¢, =¥""", s¢ A}. The hamiltonian H in A
with boundary conditions ¥™* is defined in the following way :

H"*(@)=(1/2) Y Ulp;—e)+ Y Ulp,—o), pedi™".

s,teA seA, t¢A
[s—t]=1 |s—t|=1
The Gibbs state ¢ %% in A with hamiltonian H and inverse temperature f is
defined by the formula

Pl =Tr(f exp{— BHH ) Tr(exp{— BHE).

Theorem. Let the conditions (i) and (ii) be satisfied. Then

1. the configurations ¥™%, defined in (4), are the ground states of the
hamiltonian H ;

2. if B> P(U, n), then the family of states { Y% is compact as A— oo, (n,k, B, i
are fixed) and if { Yy is any limit point of this family, then

(ppmti=nt;+k, Q)

and the probability of the event B,={¢ : @, FW"*}, calculated for the state  Yy*',
tends to zero as p— 0.

3. Proofs

Let
P(s)=P"ki(s,,s,)=ns, +k, nkeZ', s=(s,,s,)el?

be a ground state which will be fixed throughout this section. We assume that
n>0. Let |A] < oo, ACZ> By a configuration ¢ in A with boundary condition ¥
we shall mean any mapping ¢ : Z*—Z", ¢(s)= P(s) for s¢ A.

The proof is based on a suitable revised contour technique.

In order to define the set of contours of the configuration ¢, we consider the
difference p=¢ — ¥. Let /e Z', and A,= {seZ*, {(s)>¢}. (For /<0, the set 4, is
infinite.) The boundary 04, is defined as the set of all bonds y*e (Z*)*, which are
dual to the bonds y=(s, t)e Z* with the property: s€ 4,, t¢ A,. The set 04, is split
up into the sum of its connected components, d4,= | JI;. Let us orient each
component I'CJA4, in such a way that the corresponding connected component B
of A,, whose boundary contains I" (I'C0B) is situated on the left side of I'. More
precisely, for any y*CI its orientation is chosen in such a way that the pair
(¥, (2, 3)) is left-oriented.

A set I' oriented in such a way is called an /-contour, or simply a contour. The
union of all /-contours, — 0o <7 < oo forms a set I'(¢) — the set of contours of the
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configuration ¢. It should be noted that different contours in I'(¢) may intersect or
even coincide, so the set I'(¢) is the set of contours with multiplicities.

The set of (oriented) contours 7 = {I',I'C A*CZ?**} is called admissible if for
all y*eI NI, I'e 7, i=1,2, the two orientations of y*, induced by that of I, I,
coincide. It can be seen immediately that for any ¢ the set I'(¢) is admissible.
Moreover, for any admissible set of contours 4 a configuration ¢(J) can be
constructed in such a way that if 7 =TI'(¢) for some configuration ¢’, then
o(T)=9¢'.

In order to construct the configuration ¢(9), let us fix some point s¢ A, and for
each re Z* fix some oriented path /,€ Z* which starts at s and terminates at 7. Now
the configuration ¢(7) is given by the formula ¢(t)=Y(t)+ f(/,), where

f)= "% f),

YeELt
and
0, if y*¥¢I' forall I'eg
f)=9 {ed,y*el'}|, if the pair (y*,y) is left-oriented, (6)

—{Teg,y*el'}|, if the pair (y*,y) is right-oriented.

It is easy to see that the configuration ¢(7) is thus well-defined.

Now, let J be some admissible set of contours, I'e 7 and I =7 \I'. (If the
multiplicity of I" in  is more than 1, then I still belongs to 7".) For the set of
configurations C= {5, I'e I'(3)}, one can define the transformation I given by the
formula I(n)=nr=@ (n)\I'). This is the analog of the Peierls transform. As
usual, one is interested in the estimation of the energy difference H(¢)— H(¢;) for
@eCy from below.

Lemma 1. For ¢eCp, H(¢)— H(p;) 2 C,|I'l, with C,=3min{(1/2)[U(+1)
+UF—-1)]-U@), r=1,...,n, U1)—U(0)} >0. Here n is the same as in the ground
state ¥ (see (4)).

Proof. Let I ={y*;y*e(Z?)*}. Consider the set I'*={yeZ? y*el'}, and for any
bond yeI™, let y*,7” be its endpoints, and moreover let $(y*)>@(y~). One sees
immediately that

PO =p( )=y )= dp(yT)+ 1. (7
By the definition of H
H(p)—H(pp)= ZF*[U )=o) = Ule(y )=y N]. (8)

Let y¥, 77 be the first and second coordinates of the site y* € Z?. The bond y is
called vertical if y; =7] and horizontal if y; =y;. We shall show first that each
vertical bond contributes more than a fixed constant to the sum (8). Indeed, for a
vertical bond

Py =(r)=0(r")=0(7),
o0 )=y )=o) = or(y7),
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hence

Ulp(y )=o) = Ule(y ") — oy N=Ule(y ") =@ 7) = Ule(y ) — oy )—1)
> ggig [U(k)— U(k—1)]=U(1)—- U(0)

by formula (7).

As for horizontal bonds, one sees immediately that the contribution of some of
them to (8) is negative. We can circumvent this obstacle by splitting up the set of
horizontal bonds into pairs.

To define this pairing, one first has to note that for any contour I" there is a
uniquely defined configuration &(I') such that I' is the only contour of ¢(I'), and its
multiplicity is exactly one. Let IntI” be the union of all one by one plaquettes of IR?
centered at those vertices s of Z? for which &(I')(s) + ¥(s). Consider now the set &
of all (horizontal) segments of the lines /,CZ?, /,={(x,y)eR? y=teZ', xeR'},
such that e Z < 0=/¢,nIntI for some t. Now, two bonds y,y'e'* are paired if
and only if there exists a e & such that both ynd, y'nd are non-empty (see Fig. 1).

We are going to show that each pair contributes at least some positive
constant. Let two bonds 7y,7el'* be paired. Then either ",y elntI’ or
y~,y " elntl". Consider the first possibility. Without loss of generality one may
suppose that

v =71 —1, 7=y +1,

+ r+ + o Ay
Y1 <71 > V2 =72 =02 =V -

As for the Peierls transform

oy )=0(7), oy )=007),
o) =01, @y )=k )1,
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Again there are two possibilities: either

PO )> 00 ) +n, (9a)
or

0<p(y =Py ") +n. (9b)

If (9a) holds, then ¢(y'*)>@(y' 7), and again

Ulo(y ") =o' )= Ulpy' ) =@y N=Ule(y' ") =o' 7))
—Ulp(y )= o(y )= 1)ZU1)— U(0);

of course, @(y")>¢(y~)+n, and by the same reason
Ule(y")— (7)) — Uler(y") = @r(y7))>U1)— U(0).

So, in case (9a), each of the bonds 7,7y’ contributes as before.
We are left with (9b) when the contribution of ' is negative. Let p=¢(y™)
—o(y7), g=0(y 7)—o(y'"), then 0L g<n<p by definition of the contours. Now,

Ule(y ) — oy )N+ Ule(y ) — o' )= [U(e (") = o (7)) + Ule (") — or(y )]
=U(p)+ U@ —[U(p— 1D+ Ulg+1].

Now we shall use the following simple
Lemma 2. If U is convex, and g <n<p are integers then
U(p)+ Ulg)—[U(p— 1)+ Ulg+ 1] 23[U(g)+ U(g+2)] - Ulg +1).

For the proof the reader is invited to inspect Fig. 2, where U(p)+ U(q)
—[U(p—1)+ U(g+1)]=2A4B, while AB>CB, CB=(1/2)DE, DE=FE=1[U(q)
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+U(g+2)]— U(g+1). Thus the desired contribution is not less than
min {F[UGF+ 1)+ U@Fr—1)]-U®r)},

r:1=r=n
and Lemma 1 follows.

Now, let ¢ Y% be the Gibbs state in the finite volume A, defined by the
hamiltonian H at inverse temperature  and boundary condition ¥. Then one has
the following estimate of the probability Pr of a given contour I’ to occur in the
state { MM

Pr{p:I'el(@), p(s)=¥(s),s¢ 4},
= 2 eXp{—ﬂH@)}/ZeXp{—ﬂH((P)}

¢, I'el ()
Y. exp{—BH(p)}+ > exp{—BH(¢p)}

o, T'el'(p) ¢, T¢I (@)
I compatible with I'(¢)

Y.exp{—BH(¢p)}

Sexp{—pC,II'}. (10)

The second sum is taken over those configurations ¢ for which the family
I'ul(¢)is admissible. The estimate (10) is known as the Peierls estimate. From (10)
it follows in a standard manner that for any te A and large enough § Pr{¢p :|o(t)
—¥(t) =1} Le P for some d,=d,(C,)>0, and moreover,

Pr{p:lo(t)— P@Olzr}se . (11)

sexp{—fC,II'}

Indeed, if |o(t)— P(t)| = then there are at least r contours in I'(¢) surrounding t.

From (11) the compactness of the family of states { M%), ACZ? |Al<o
follows easily.

Let ¢ 3% be some limit point of the set { »%*%’. The statement (5) of the
theorem follows from the fact that for all A the state ¢ )7’ is symmetric under the
reflection ¢ — @ with @(s+t)= P(¢) — ¢(t — s). The rest of the theorem follows from
the Peierls estimate.

4. Discussion

1. We have shown that the “stair” ground state ¥(s,, s,) =ns; is stable at non-zero
temperature. It seems that other choices of boundary conditions — ie., non-linear
or linear with a non-integer factor — do not give any new Gibbs states which are
not mixtures of the already constructed ones.

2. In their very deep and interesting paper [4], Frohlich and Spencer were able
to show that in certain integer-valued spin models in two dimensions a sort of
roughening transition takes place, which manifests itself by passing from finite to
logarithmically divergent fluctuations as temperature increases. Because of a more
complicated structure of stable ground states in our models, a natural question
arises: How many roughening transitions may occur in them? A priori it is
possible that the critical temperature for a given state { »™*can depend on n. But
we were unable to prove any result of this type.
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