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Abstract. We consider the Ising model on a lattice which is the orbit of a discrete
cocompact group acting on the hyperbolic plane. For large values of the inverse
temperature we construct an uncountable number of mutually singular Gibbs
states.

1. Introduction

The goal of this paper is to study some Ising models on the Lobachevsky plane.
Before discussing the motivation and the formulation of the results we shall give
some necessary definitions.

Let H be the Lobachevsky plane and let G be a finitely generated co-compact
group of isometries of H. We shall build our model on the Cayley graph ¢ of G.
The graph ¢ is embedded in H in the following way. Choose a convex finite-sided
geodesic polygon A which is a fundamental domain for G acting on H. According
to Poincare”s theorem on fundamental polygons, the set of isometries G, which
identify the sides of A is a set of generators of G. Fix a point OeInt 4. The vertices
of 4 are the points g0, geG. Join g0 to g'0 by an edge whenever g “1geG,.

We consider spin conﬁguratlons ¢ = {0(g)}4ec ON 4, where ¢(g) takes the values
+1 at the vertex g0e%. Sites g0, g'0 have a common bond, written (g, g, exactly
when ¢0, g’'0 are joined by an edge. The Ising ferromagnetic Hamiltonian at the
inverse temperature § has the form

Hyp)=—B Y. o@eo) (1)

{9.9">

For such models it is impossible to define the notion of free energy because
for natural domains like balls the number of points belonging to the boundary is
proportional to the number of points in the whole domain. However, the notion
of a Gibbs state can be introduced in an unambiguous way through the DLR
conditions. Namely, let @ be the space of all configurations ¢ = {¢(g) },cc, let F
be the o-algebra of Borel subsets of @ and let P be some probability measure
defined on .
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Definition 1.1. P is a Gibbs state corresponding to Hj (see (1)) if for any finite set
V = G the conditional probability P{¢(g),geV|p(g),geG\V?} is given by

1
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Here ¢ ={@(g),geG\V} is a fixed configuration outside ¥ and E(V, @) is the
corresponding partition function which is a normalising factor. It is clear that these
conditional probabilities P{¢(g),geV |®(g), §eG\V} depend only on those @(g) for
which g0 is joined by at least one edge to V.

Such Ising models are similar in many respects to Ising models on graphs like
Cayley trees (see [9, 11]). These trees may also be embedded in the Lobachevsky
plane as graphs of groups of hyperbolic isometries. In the case of the modular
group, similar models were constructed in [6]. (We shall explain below why we
restrict our attention here to cocompact groups, for which the graph is never a tree.)

From the point of view of traditional statistical mechanics the Lobachevsky
plane should be considered as an infinite dimensional space. Indeed, in the usual
situations one can often write the partition function in the form

E(V,¢) =exp{a(B)|V|+a(B)loV]+r(B,V)}, ©)

where a(p) is proportional to the Gibbs free energy, o(f) is associated with the
surface tension and r(f, V) is a remainder term of smaller order. For lattices in R?
the size of the surface |V is of the order of |V|! 4 We use (3) as a natural
definition of the thermodynamic dimension in more general situations. For example,
if we consider models on Z¢ with sufficiently slowly decaying interactions then this
dimension can depend on the interaction and be greater than d. As already
mentioned, for our models |0V | & | V|, which means that it is natural to take d = co.

The main result of this paper shows that there is another reason to believe that
the Lobachevsky plane is thermodynamically infinite dimensional. Namely we
prove the following result:

Theorem 1. There exists >0 such that for all B> f, there exist uncountably
many mutually singular Gibbs states.

The Gibbs states we construct are similar to the non-translationally invariant
extremal Gibbs states for the usual Ising models on Z¢ d =3, constructed by
Dobrushin in [3]. His construction gives a countable number of Gibbs states and
it is likely that for d = 3 there are no others. For other d it seems that there might
be other Gibbs states, but apparently the total number of extremal Gibbs states is
countable. Presumably the Gibbs states which we construct are extremal. Thus in
our opinion, Theorem 1 also indicates the infinite dimensionality of H from the
point of view of statistical mechanics.

Now we shall explain briefly the idea the proof of Theorem 1. Imagine the
Lobachevsky plane as the unit disk with geodesics which are circular arcs
orthogonal to its boundary. Fix one of these geodesics y and consider the sequence
of domains V, = ] {gA|geG,|g| < n}, where |g| denotes the length of g in the word
metric on G relative to the generators G, or equivalently the smallest number of
edges in a path from 0 to g0 in 4. For all sufficiently large n, the domain V,, will
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contain inside itself a geodesic segment y, =y V,. Consider now the boundary
condition ¢, = {@(g)} outside V,, where ¢(g) = + 1 if g4 lies on one side of y and
@(g) = —1 otherwise. (We shall make this more precise in Sect. 4 below.) Using
this boundary condition we can introduce the conditional Gibbs probability
measure P{” (see (2)) on configurations {¢(g)||g| < n}.

The family {P™},_ is compact, and has therefore at least one weak limit point
which we shall denote P,. The usual arguments show that P, is a Gibbs state. We
claim that such limit points are mutually singular for different 7.

The reason for this is connected with the instability and exponential divergence
of distinct geodesics in at least one direction. Take two such geodesics y,,y, with
a pair of distinct endpoints &,, £, at infinity. Denote the corresponding probability
measures by P, P,. We shall show that for any ¢ >0 one can find two disjoint
subsets ¥;, ¥, = @ such that P,(¥)>1—¢, i=1,2. This certainly implies that
P, and P, are mutually singular. The construction of the sets ¥; is as follows.

Firstly, for each m we define neighbourhoods C;(m) of y;, i = 1,2. With respect
to some fixed base point vYey; let C(m) = () {xeH:d(x,7;) < max (d(r,,(x),v?),m)},
where 7., (x) denotes the foot of the perpendicular from x to y;, and d is hyperbolic
distance. (As we shall explain and carry out in detail in Sect. 4, this construction
should really be done on ¥ relative to the word metric on %.) The regions C;(m)
are illustrated in Fig. 1a.

An easy calculation shows that in a neighbourhood of &;, C;(m) is contained
in the horocycle based at ¢; through the point at distance m from v?. Thus if
&, # &,, there is an infinite quadrant Q lying outside C,(m)u C,(m) and meeting
0H along the entire arc from &, to &,, as illustrated in Fig. 1b.

Now return to the conditional Gibbs distributions P%. In view of our boundary
conditions each configuration ¢,,(V,) will have a separating contour I"..,(o(V,))
which coincides with y; outside V, and which connects the parts of the boundary
where we have change of sign from + 1 to —1 (see Fig. 2 and see Sect. 4 for details).
We shall show that for all sufficiently large n and f, the probability P{"{I".., lies
inside C;(m)} > 1 — e~ °°"#m where the constant depends only on G. This means
that typical configurations ¢ on one side of C;(m) are in the (+ )-phase and on the
other side are in the (—)-phase. Thus by suitable choice of boundary conditions
we can arrange that in the region Q described above we have, with large probability,
different phases with respect to P, and P,, say (+) with respect to P, and (—)
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with respect to P,. Now define @,=QnV, and let

g€0n 9€0n

v={o 3 owz]0l) #-{n 3 ows -0,

where |Q,| is the number of geG for which g0eQ,. The necessary estimates of
P;('¥)) are easy to derive provided that we have already shown that I'’ | lies inside
C;(m). In fact the technique of papers [7, 8] still works in our situation. This is
explained in Sect. 4. Thus the hardest part is to prove the above estimate for the
probability that I';, lies inside C;(m), which is done in Proposition 4.2.

We can now explain why groups whose Cayley graphs are trees embedded in
the Lobachevsky plane are uninteresting from our point of view. The absence of
closed loops in such a graph means that the separating contour described above
is completely rigid and necessarily coincides with the %-geodesic joining its two
ends. By contrast, in the models we describe, the number of non-self intersecting
paths between two points increases exponentially with the distance between the
points as it does for standard lattices. -

Here is the plan of the paper. In Sect. 2 we sketch the derivation of the main
estimate we need from statistical mechanics which compares the contribution to
the partition function from all configurations corresponding to one or the other
of two separating contours, when the separating contours in question differ only
by two fixed arcs whose union is a simple closed loop. The techniques here are
similar to those used in [7,8]. In Sect. 3 we give the distance estimates we need
on the graph & and its dual 4. The most delicate of these estimates (Estimate 1
in Sect. 3) was derived using ideas based on Bowditch’s presentation of Gromov’s
work on hyperbolic spaces [1]. We should like to thank Bowditch for making
available to us an early version of his manuscript. Finally in Sect. 4 we prove
Theorem 1.

Throughout the text we introduce many universal constants depending only
on G. These constants will usually all be denoted by the same symbols ¢ or k,
unless we especially need to distinguish them.

2. Correlation Equations for Contours and Expansions of Partition Functions

As in the introduction, let ¢ denote the Cayley graph of some cocompact finitely
generated group of isometries G of H, embedded in the Lobachevsky plane H.
The dual graph ¢ of ¢ is the graph whose vertices V(%) and edges X(%) are the
vertices and edges of the regions g4, geG. Given a configuration ¢ on 4, by a
contour of ¢ we essentially mean a path in the dual graph ¥ whose edges are edges
dual to bonds in  which join points g0, g'0 for which ¢ has opposite signs. In
order to ensure that contours are not self-interesting curves, and that they are
uniquely defined, we in fact proceed as follows. Remove from the fundamental
region A small neighbourhoods of each vertex, chosen sufficiently small so as to
be mutually disjoint and so as to intersect only those sides of ¥ which meet at the
given vertex. Denote the resulting region by A. Transfer these neighbourhoods by
the G action to each vertex in V(%). For a given configuration ¢, specified outside
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the region V,, consider the connected components of the regions

0F =) {gA:g4€V,, 0(g)= £1}.

A contour of ¢ is a closed non-self intersecting loop forming a connected component
of the boundary of ¢, or O, . Clearly any contour can be identified with a path
in 4. The number of edges of ¢ in a contour C, written | C|, is called the length of C.
Let C* be a contour such that immediately outside C* we have the boundary
conditions + 1 and immediately inside, — 1. Introduce the partition function

E(CH,B) =2 exp(BY.{0(91)9(92):{91,92,(9:00g,0)nO(C*) # &},

where O(C*) is the set of points of G lying inside C* and the sum is over all
configurations in O(C™*) with the given boundary conditions. As in the case of the
usual Ising models (see [10]) we can rewrite this expression in terms of contours:

E(C*, B =exp(BIACT)| —BICT DX exp (=B L(IC,l:C;eB@(0(C™))), (2.1)

where A(C*) is the number of nearest neighbours g,,g, for which O(C*)n
(9,0Ug,0) # &, and B(ep(O(C™*)), the boundary of the configuration ¢ in the region
O(C™), is the collection of closed contours of ¢ contained in O(C™).

The most essential term is the last sum

EoC*,B)= Y exp(—BYL(C;l:C;eB(p(0(C™)))).

@(O(C*))

Differentiating log (Z,) with respect to f§ gives

%bg Eo(C*,B) ==Y ICln((Clo(G(C™)), B),

where 7, (C|@(0O(C™)), B) is the first correlation function in the ensemble of contours
contained inside O(C™). A general method for studying these correlation functions
and correlation functions of higher order was proposed in [7 and 8]. The basis of
this method lies in the so-called system of correlation equations for contours, with
the help of which the correlation functions can be represented in the form of sums
of rapidly decreasing terms.

The method of correlation equations carries over without any change to the
Ising model considered here on the Lobachevsky plane. In fact the basic condition
for its use is the exponential upper bound on the number of contours of length n
passing through a given point or a given edge, which in our case is clearly satisfied.
In this manner we are able to compare the partition function for different regions.

In the proof of the main theorem (cf. Proposition 4.1) we shall need the following
result. Let V, be the region introduced in Sect. 1 and let ¢.(G—V,) be the
corresponding boundary conditions relative to a geodesic y £ H. For any configura-
tion in our ensemble, denote by I',., = I"%,(y) the uniquely determined separating
contour, that is the contour which coincides with y outside ¥, and which forms
the boundary between the region (+) and the region (—) (see Fig. 2). We denote
by E(B; V,, 7, I'sp) the statistical sum over configurations for which the separating
contour I, is fixed. Suppose now that we are given two separating contours
Iy, I, for which I'y,, = 'y + I'y and Iy, = I'y + I',. In other words, I, and

sep> 4 s
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Fig. 3

I';,, have a common part I';, and differ over the (bounded) arcs I'",, I',. (See Fig. 3.)
Then

InEo(B; Vs 75 Tsep) —InEo(B; Voo 0, Tie) =1(B3 Voo 0, I, T7), 22)
where r is a remainder term which satisfies the estimate
[7(B; Vs v, I, I'")| < const.exp { —const. B} (|| + I, ]). (2.3)

This estimate follows immediately from the form of the series representing the first
correlation functions for contours.

3. Estimates from Hyperbolic Geometry

As explained in the introduction, the main point in the proof of Theorem 1 is to
show that, relative to a probability distribution P, determined from a boundary
condition associated to a geodesic y in H, the separating contour lies within the
region C,,(y) with probability at least 1 — e~ #™ for f sufficiently large and for some
universal constant ¢>0. In order to make this estimate we need to measure
distances in the natural graph metric on € and its dual graph % (described in Sect. 2).
Thus for v,v'e V(¥), d(v,v) is the minimum number of edges in a path from v to
v'. A metric d is defined on ¢ in a similar way.

Itis a standard fact (see for example [2]), that both d and dare pseudo-isometric
to the metric d,, induced on %, % by the hyperbolic metric (denoted d,;) on H. In
other words, there exists k > 0, depending only on G, such that

%d(v, V) <dy(v,v) S kd(v,v') v,v'eV(9), (3.1)
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with a similar inequality for d. (The proof of this result is usually given for the
Cayley graph % and not for %, however the same proof applies since there is still
an upper and lower bound to the hyperbolic lengths of edges of ¢, and an upper
bound to the number of edges of ¥4 meeting at a vertex.)

We need two distance estimates, both of which are standard in the hyperbolic
metric dy. If ycH is a geodesic and if X ¢y, let n,(X) denote the foot of the
perpendicular from X to y.

Estimate 1. Lety S H be an H-geodesic, and let X ¢y. Let Y = n,(X) and let Zey,
Z # Y. Then there exists a universal constant ¢ such that

d,(X2Z) 2 d(XY) +d,(YZ)—c.

Estimate 2. There exists a universal constant J such that if y € H is a geodesic
and if X, Y¢N,(y), the J-neighbourhood of 7, then

pJ(X> Y) g ldw(ny(X), 717),( Y))a

where p;(X, Y) denotes the minimum distance from X to Y measured along paths
which lie entirely outside N (y).

Estimate 1, follows easily from the hyperbolic Pythagorean theorem in triangle
XYZ, which states that

coshd(XZ)=coshdy(XY)coshd,(YZ).

Estimate 2, follows since perpendicular projection by a distance u onto a
geodesic contracts lengths by a factor sech u.

We shall need to use versions of Estimates 1 and 2 in which d,, is replaced by
d (and the term geodesic refers to a d-geodesic) We need the notation of a
k-quasi-geodesic, relative to a metric p.

Definition 3.2. A path y in a metric space M, p is a k-quasi-geodesic if for any two
points v,v' ey, we have

P, V)
k

where p, denotes distance measured along y. .
In our case either y is a curve in H and p =d,,, or y is a path in 4 or 4 and
p=dord.

= p,(0,0) = kp(v, '),

Proposition 3.3. In any of the three situations above, there exists a universal constant
K = K(k) such that if A is any k-quasi-geodesic joining points v,v’ then A < Ng(y),
where y is a geodesic from v to v'. This result applies even in the case when v,v'€0H.

For a proof, see for example [2]. (The proof in [2] refers to the hyperbolic
metric d,, but it is clear that the introduction of multiplicative constants using the
inequality 3.1 will not affect the result.)

Notice that it follows from 3.1 that any d or d geodesic is a d,; k-quasi-geodesic,
and thus lies at a universally bounded distance from the corresponding H geodesic.

The replacement of d; by d in Estimate 2 is straightforward using 3.1 and 3.3,
provided we have an analogue of the notion of the foot of the perpendicular from
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a point to a line. Given a graph geodesic y, and a vertex v¢y, we can clearly
construct points on y whose distance to v is minimal. However there may be several
such points, and thus to make sense of Estimate 2 we need to see that all such
points are at a universally bounded distance apart. This is provided in Lemma 3.6
below. Any such point we refer to as a projection of v of y.

The situation with regard to Estimate 1 is less straightforward. The use of 3.1
introduces a multiplicative constant so that the best we can do appears to be

dX,Z)=z wdX,Y)+d(Y,Z))—const.,

where it is possible that u < 1. This is unfortunately not good enough for our
purposes (see the proof of Proposition 4.2). However, it is in fact true that estimate
1 remains valid relative to the metrics d or d, provided of course that we adjust
the values of the constants suitably. This fact appears in Bowditch’s presentation
[1] of Gromov’s work on hyperbolic spaces. For completeness we give a proof
here, based on Bowditch’s methods but adapted for our purposes. It will be
convenient to prove the result on projections or a point to a line at the same time.
We shall refer to the estimates we need relative to the graph metrices on 4 and
@ simply as Estimates 1 and 2.

Lemma 3.4. There exists a universal constant c, such that if XYZ is any geodesic
triangle in H, then there is a point CeH such that d(C,y) < c, where y is any one of
the three sides of XY Z.

Proof. Let C be the foot of the perpendicular from Y to XZ. It is enough to show
that there is a universal bound on d(C,[ X Y]) and d(C, [ YZ]). (Here [ X Y] denotes
the geodesic from X to Y, etc.) This follows from the fact that there is a universal
bound on the distance from the hypoteneuse of a right angled hyperbolic triangle
to the opposite vertex. (This can easily be seen in the disk model by putting the
right angle at the centre of the disk.)

Proposition 3.5. There exists a universal constant c, such that if XYZ is any geodesic
triangle in 4 (or @) relative to the metric d (respectively d), then there is a point Ce¥
(respectively %) such that d(C,7y) < c, where y is any one of the three sides of XYZ.

Proof. The sides of XYZ are all d,; k-quasi-geodesics, for some universal k > 0,
and hence by Proposition 3.3 lie at a universally bounded d,;-distance from the
hyperbolic geodesics joining X, Y,Z. By Lemma 3.4, there is a point CeH at
universally bounded distance from these three sides. There is a vertex C' of ¥
(respectively %) at bounded dy-distance from C, and hence at a universally bounded
d,-distance from the original three sides of X YZ. A further application of 3.1 gives
the result.

Proof of Estimate 1. Throughout the proof, we refer only to the metric d. Suppose
that y is a d-geodesic, X ¢y, and that Y = (X) is some projection of X on 7.
Suppose also Zey, Z # Y. Use Proposition 3.5 to find a point C within bounded
distance of all three sides of triangle X YZ. Clearly without loss of generality we
may take Ce[XZ], the geodesic from X to Z. We obtain Fig. 4, and we label the
distances as shown. Using the triangle inequality in triangles XDC and ZEC we
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Fig. 4

see that |a; —d,|and |b, — d,| are universally bounded. Since [ X Y] is a shortest
path from X to y, a; + a, < a, + k+ k' and hence a, is universally bounded. It is
also clear that [XY] is a shortest path from Z to [XY], and hence by similar
reasoning b, is universally bounded.

Thus |a, +a, +b; +b, —(d;+d,)| is universally bounded, which gives the
required result.

Lemma 3.6. Suppose that vy is a geodesic in % (or 9), and that X ¢y. Let Y,Y'ey be
vertices such that d(X,y)=d(X,Y)=d(X,Y’). Then there is a universal bound
on d(Y,Y’), in dependent of X or y.

Proof. Letd(X,Y)=d(X,Y)=aand letd(Y,Y’)=b. By Estimate l,a>b+a—c,
for some universal constant ¢. This immediately gives the required bound on b.

4. Proof of the Main Theorem

Let us begin by giving a precise formulation of our boundary conditions and the
main results.

We claim that given any two distinct points £, nedH, there are both % and ¢
geodesics joining them, and that any two such & (or &) geodesics are at a universally
bounded distance apart. (Notice that such geodesics are not necessarily unique.)

Consider the hyperbolic geodesic y joining & to #. This geodesic passes through
a sequence of regions...,g;4,g; 14, ... ieZ. (If y passes through a vertex of 4 or is
coincident with an edge of ¢, it can obviously be replaced by a nearby curve
without this property.)

Now replace y by the path 7 in the graph & which joins vertices ... g;0,4;4 10, ...
of 4. Using 3.1 one sees that § is a d k-quasi-geodesic for some universal k > 0.
By Proposition 3.3, there is a d-geodesic § within a universally bounded distance
of § and hence of y, and any two such d-geodesics are at a universally bounded
distance apart.

We can construct a 9-geodesic from ¢ to # in a similar way, by considering a
path in ¢ which follows one or other side of the boundary of the chain of regions

..9:;A4,9;+14,... cut by A. It is clear that such a path is again a ¥ quasi-geodesic,
and the same arguments as above apply.

Now let &,nedH and let y be a ¢ geodesic from & to . Let V, = U g;A be the

union of regions g;A4 such that d(g,0,0) < n. It is known that V, is a ball [4]; clearly
V,cV,iyc...and () V,=H. Define 0V, = | ) {g;A4|d(g;0,0) = n}. Then y divides

n=1
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Fig. 5

H and 0V, into two connected components which we shall for convenience refer
to as “above” and “below” y. The corresponding components of 0V, are denoted
by oV, and oV, .

The boundary condition that we use to define the probability P{” is that
@@= +1 if gAcoV,) and ¢(g)= —1 if g4 <0V, . Alternatively, one may
consider that ¢(g) = +1 if g4 = H\V, and is above y and —1 otherwise.

Let now ¢(V,) be any configuration on V,, subject to the above boundary
condition. Among the contours of ¢, there will be one which coincides with y
outside V,. The part of this contour which lies inside V), is denoted by I'i.,(@(V})),
see Fig. 2. Inside the upper of the two regions separated by I',,, the configuration
is mainly in the (+)-phase with islands of (—)-phase, while below the I, the
situation is reversed.

We can now formulate our main results. For any d geodesic y as above, fix a
base point v,€y. As usual, for veV(%), m,(v) denotes a projection of v on y.

For t>0, C,(y,t) =) {veV(9)|d(v,y) £ max (td(m(v), ), m) }. (By Lemma 3.6,
the position of 7,(v) on y is defined up to a bounded universal constant, hence this
definition is essentially independent of the choice of 7, (v).)

We claim that ¢t >0 can be chosen so that there are neighbourhoods of the
endpoints & 4 of y in which C,,(y,t) is contained in horocycles based at ¢ and #.
This follows from the calculation illustrated in Fig. 5 which shows the upper half
plane model with y as the vertical geodesic through i and ¢ at infinity. Here P is
a point at hyperbolic distance b above i, and Q is the intersection of the geodesic
t perpendicular to y through P with the horocycle at Euclidean height 4 above
the real axis. Then d(P, Q) < 2b — logh. We now use Proposition 3.3 and (3.1) to
replace this inequality by one relative to the metric d, in which a multiplicative
constant may have been introduced on the right-hand side. We then pick the value
of t so as to cancel this unwanted constant. From now on, we assume t to have
been chosen in this way, and write C,,(y) for ¢, (y,?).

Proposition 4.1. There are universal constants c, i, mq such that
PO {p|T'™(y) & Cply)} Se™m for B> By, m>my

and for all sufficiently large n.
The main step in proving Proposition 4.1 is the following result.

Proposition 4.2. Let y be a 9-geodesic, and let v¢y be such that d(v,y) = h. Let u be
a 9-geodesic from v to m,(v). Then there exist fy, ¢ > 0 and n, (here B, c are universal
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and ny depends on v) such that
POLunT P ()a{v}} <e
whenever = f, and n = n,.

Proof. Pick J as in Estimate 2, and let v denote the boundary, on the same side
of y as v, of U, =|J{gA|dyy(9A4,y) < J}.

Clearly v is a simple path in ¢ joining the endpoints &, # of y. Suppose n, chosen
so large that the two %-edges E,, F, forming 0V, Ny are at large distance from v,
on either side of v, for n = n,. Let B, and B, be the nearest points on v along
I'’(¢) from v in either direction from v,, as shown in Fig. 6. (This means that
I'")(p) does not intersect v between B, and B,.) Let I',, I", denote the arcs of I")(¢)
joining B, to v and v to B, respectively, and let |I",|,|I",| denote the lengths of
I',,I'; in the metric d measured along I"}(p). We need to estimate | I, i=1,2.
Let B; = n,(B;), i = 1,2 denote the projections of B; on y, and let w, = unv. Clearly
d(B;, w,) differs from d(B;, n,(v)) only by an additive universal constant.

By Estimate 1 we have

|T;| 2 d(B;,v) 2 d(B;, v) — ¢, 2 d(Bi, n(v)) + d(v, n(v)) — ¢,

for some universal constant c,.
Thus

[Ti| 2 d(B;, wo) + h —c4 4.2.1)

for some universal constant c;.
Now by construction, each I} lies entirely outside N,(y). Thus by Estimate 2
we also obtain the estimate

| T3] 2 3d(B;, n(v) 2 3d(B;, Wo) — ¢4 (4.2.2)

for a universal constant c,.

(Notice that the estimate |I";| — d(B;, W,) = h — const. of 4.2.1 is crucial in the
estimates 4.2.4, 4.2.5 below. It would not be strong enough simply to have a
multiplicative constant multiplying the terms on the right of 4.2.1.)

We estimate the probability that I'? = I"%)(¢) passes through B,, B, and v by
comparing the partition functions corresponding to the separating contours I"
and I'", where I'{" coincides with I"{" outside B, and B, and I'"; U T, is replaced
by the path Iy =[B,B,]V[B,B,]U[B,B,], where [B|B,] denotes the geodesic
arc along y from B to B) and [B;B;] is a path from B;B; lying inside N,(y) and
of minimal length among such paths. (It is clear from 3.1 that there is a universal
upper bound to this length.)

According to (2.1), (2.2) and (2.3) in Sect. 2 we have, for contours I'; U I, and

I, related as above,
ETuTl
S Y = exp (= BT+ 1T = [T+ rA T+ 13  +ITo) (423

=g

where r(B) < const.e”°°™# as f— co.
Here E(I";url’,) is the partition function for all configurations ¢ whose
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Fig. 6

separating contour contains I, U I,, and Z(I,) is similarly defined relative to I',.

In the formula 4.2.3, any additive universal constant in the length estimate can
be absorbed by adjusting the values of ¢ and B,. Therefore we shall from now on
ignore such constants in our estimates.

Choose an orientation along y, and measure signed distance along y with the
metric d taking v, as the origin. We denote the co-ordinates of B;, i = 1,2, by b;.
Thus |I'y| = |b; — b,| within a bounded universal constant.

We may then rewrite (4.2.3) in the form

E(rul’ 2
UioT2) o T (- epri— b+ BT+ 1), (@24)
u(ro) i=1
We claim that there exists ¢, > 0 such that for i=1,2 and > f,:
=BT = 1bil) +r(B)IT ] + 1bi]) < — oI Tl (4.2.5)

Suppose first that | I';| <2h. We then use (4.2.1) to find
(—cB+r(B)IT] + 1b;l(cB + r(B))
< —cph+2r(B)| | < —'BIT;| for suitable ¢ >0, > f,.
Now say |I';| > 2h. Then we use (4.2.2) to get
(—cB+rB)IT| +1bil(ch +r(B)) = —cBIT| + cBlbi| + 2r(B)| I]
S I+ eplbil = —c T,

where we can ensure 3¢, > 2¢ by choosing f3, sufficiently large.

Let Z(B,,B,,v) be the total contribution to the partition function from all
configurations with separating contours which pass through v and whose last and
first intersections with v on either side of v are at B, B,. Using the fact that there
is an upper bound, say ¢, to the number of edges of ¥ meeting at a vertex, the
total number of such contours of length r is bounded by ¢". Thus we obtain, for

ﬁ>ﬁ01

Z(B,,B,, &
(—1,._..2__1) < Z qr exp(_clﬂr)’

E(0) T r=iby FTbal+ 20
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where we have again used the estimate (4.2.1) for | I';|. Replacing f3, if necessary by
a larger value, the sum on the right is bounded above by e~ *"? for § > B, and
some constant ¢” independent of |b;].

Now the probability that we want is > (Z(B,, B,,v)/E). By the above

—o <bj<bz< 0

estimate, each term in this sum, and hence the whole sum, is bounded above by
e "’ B> B,, as required.

Proof of Proposition 4.1. Denote the vertices of ¢ along y by v;,jeZ. For each
jezZ,reN,let T = {ve¥|n,(v) = v;and d(v, v;) = r}. It is clear that | T| < 2¢". (Recall
that ¢ is the maximum number of edges of ¥ meeting at a vertex.) Now let ¢ be

a configuration on V, with separating contour I'. Let A) be the event that I"%
r—1
intersects T'; but does not intersect ) T%. (Here we assume that n> |j|.)
s=0
By Proposition 4.2 and the observation above, we have

PO(A7) < 2g"e~“Pr <e™F" for another suitable choice of ¢; = 0, f,.

Now suppose that I'(¢) ¢ C,,(y) (where we assume that n>m). Then, referring
to the definition of C,,(4), the event A% must occur for some j, r with r = max (m, |j|).
Thus

POII@ e Cas 3 3 ey § emanr

lil=mr=1j| |il=0r=m
<ce “1Pm L dmec1hm

which gives the estimate we require.

Proof of Theorem 1. Now the end of the proof is simple. Take any ¢>0. We
already described in the introduction how to construct an infinite domain Q = Q(m)
such that

P {I'L, lies to theleft Q} = 1 —e¢,

sep

P,{I'%, lies below Q} 2 1 —e.

sep

(Here left, right, above, below refer to Fig. 2.) But then the usual Peierls’s argument
shows that Q lies in the (+)-phase with P,-probability greater than 1 —g, ie.

Pl{z (p(x)glel}g 1—e¢, and Q lies in the (—)-phase with P,-probability
xeQ

3 . S
greater than 1 —g, i.e. PZ{ Y o)< —ZlQl} =1 —¢. This certainly implies the
xeQ

mutual singularity of P, and P,.

5. Concluding Remarks

In the recent work of Frohlich and Marchetti [5] some models of quantum field
theory were studied in which the realisations of the field are treated as sections of
a vector bundle on a Riemmanian manifold. It is a very interesting question as to
how the geometry of the manifold influences the phase diagram of the model.
Theorem 1 shows what kind of new possibilities may appear in this situation.
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