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Abstract. We prove that, at low temperature, the line of separation between the
two pure phases shows large fluctuations in shape. This implies the translation invariance
of the correlation functions associated with some non translation invariant boundary
conditions and should be a peculiarity of the dimensionality of the model.

1. The Line of Separation

It has recently been conjectured that the surface of separation between
two pure phases is, at low temperature and for short range potential
models, rigid in the case of a 3-dimensional model and non rigid in
2-dimensional models [1, 2].

In this paper we prove the truth of the conjecture in the 2-dimensional
Ising model.

The precise meaning of what “surface of separation” and “rigid”
mean will be given below and has already been discussed in the literature
[3].

Let Qbea N x N square lattice centered at the origin:leti=1, 2, ..., N?
be a label for the center of each unit square composing Q. We assume
that on each site i€ Q is located a spin ¢;= + 1 and that the energy of
a spin configuration ¢ = (o4, ..., gy2) is given by:

Hy(o)=—% Y oi0,—3 Y, o;+3 Y o (L.1)

Giy iedt Q ied-Q

where ) means, as usual, sum over the pairs of nearest neighbour
<

couples of points in  and 0% Q (0~ Q) denote the points adjacent to the

upper half (lower half) of the boundary dQ of Q.

The physical meaning of (1.1) is that Hy(o) corresponds to the energy
of a configuration of spins interacting through a nearest neighbour pair
potential and, also, interacting with a set of external fixed spins adjacent
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Fig. 1.

to 0Q from the outside: the spins adjacent to d*Q being +1 and the
ones adjacent to ¢~ Q being — 1.

A picture of this situation is given in Fig.1 where the boundary
condition is illustrated together with a possible spin configuration (in
the picture Qis a 12 x 12 box).

As usual it will be much more convenient to describe a spin configura-
tion through the lines of separation between regions containing opposite
spins. To do so we draw a line on the lattice bonds which separate
opposite spins: the set of lines thus obtained splits into several connected
components and, at each vertex of the lattice will end 0, 2,4 lines with
the important exception of the vertices A, B (see Fig. 1) where 1 or 3 lines
will end.

For an example of such a construction see Fig.2 where the lines
corresponding to the spin configuration of Fig. 1 are drawn.
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We shall consistently call y;, ..., 7, the connected components of the
set of lines corresponding to a given spin configuration and which do
not contain the points A, B; we shall call 4 the component containing
A, B (it is easily realized that the component containing A must also
contain B).

It is clear that there is a one-to-one correspondence between the
“contour configurations” and the spin configurations: a contour con-
figuration being a set y,,...,7y,,4 of (n+ 1) disjoint sets of lines in Q
such that n of them (y,, ..., y,) are “closed” (i.e. every vertex x € y; belongs
to two or four lines of y) and the other 4 is “open” with end points A
and B (ie. every vertex x € A belongs to two or four lines unless x = A
or x =B).

It is very important to notice that, if ||, |A| denote the “lengths” of
7, 4, then the energy of a spin configuration g =(y,, ..., y,, 4) is given by
(see (1.1)):

Hy(0)=Cx+ 1A+ Y Inil (1.2)
i=1

i

where Cy is a suitable constant (i.e. a o-independent object).
The grand canonical ensemble corresponds to assigning the con-
figuration ¢ =(y,, ..., y,, 4) the probability:

exp— B2~ B Y Iy

7G5 (1.3)

p()"ylﬁ ---»yn)z

where the normalization factor Z(€, §) (gran canonical partition func-
tion) is:

2@ p= 3 exp—plil=pY Il (1.4)

Aol is i

At low temperature the system “exhibits long range correlations”
corresponding to the fact that there are two possible equilibrium states
[4]. The fact that the spins on the upper half of the boundary are fixed
to + 1 will favor the formation of the pure phase with positve magnetiza-
tion in the upper half of Q while, for the same reasons, the negatively
magnetized phase will be favoured in the lower half of Q.

These intuitive ideas are put in a precise form by the following
theorem: [5, 9]

Theorem (Minlos-Sinai). If f is large enough then a configuration
0 =(AV1» ..., ys) chosen randomly out of the grand canonical ensemble
will have properties i), ii), iii) listed below with a probability approaching 1
as N— oo (we use the notation |Q = N?) :

8*
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i) Ais such that

|1A|~N|<%N for some C>log4. (1.5)
ii) Iyl =CylogQ Jor some Cy>0. (1.6)

iii) if m* denotes the spontaneous magnetization [6] and M; (MJ)
denotes the total magnetization (i.e. the sum of the spins) above (below)
Athen:

M F m*21Ql <x(B))/ 1€ (L.7)
where »(f)— 0 exponentially fast.

The contour A will be called the “line of separation” between the
two phases: this line is almost straight, because of i), with very large
probability.

In the next two sections we introduce a more precise notion of
“straight line” and discuss other known results which will be the basis
for our investigation of “how straight” 4 is.

2. When a Random Line is Straight

Denote €4 and Q} the regions above and below A and put:
Z(@2p= Y ep—BYhl i=ab QD
(Fsees 7n) €S i

where the sum runs over the spin configurations above or below /A
(if i=a or b) described by contours 7,, ..., y, with no points in common
with 4.

In terms of (2.1) one can write the probability py(4) that the separation
line of a spin configuration coincides with 4 as (see (1.3)):

e MHZ(QF ) Zo(QF) )
2 e WIZy QR B Zo (AR B)

Fg

pn{d) = 22)

We shall say that the phase separation line 4 is “rigid” or “straight™ if
the probability, after (2.2), that A passes through a fixed point x does not
tend to zero as N—oo for some x; in the opposite case we shall say
that the line 4 is “loose” or “non rigid”

We stress that in the above definition of rigidity, the point x is held
fixed as N— oo and, therefore, x is at a fixed distance from the center
0 of Q.

We shall prove that, in the model under discussion, the line 4 is loose
at low temperature, therefore A will pass “very far” from any fixed
region Q with a probability tending to 1 as N— co. In other words we
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shall prove that there is a function D(N), D(N)w=-> oo, such that the
probability that the distance d(4, Q) exceeds D(N) tends to 1 as N— oo.
The best choice for D(N) will roughly be proportional to ]/ﬁ

It is clear that the techniques used in Ref. [4] combined with such
a result will imply that the correlation functions (o, , ..., g, >, will have

a limit as N— oo, at fixed x4, ..., X,,, and

o9 Ans

1\llim (O s 0 00 =3((0g 50, " +{0y .0, 07)  (23)

where ( »*,{ >~ denote the correlation functions of the two pure
phases [4].

Hence the correlation functions associated with the (non trans-
lationally invariant) hamiltonian (1.1) will be translationally invariant
and, we observe, this phenomenon is quite remarkable since it is not
expected to happen in 3-dimensions.

The technique we use can be easily understood from a physical point
of view: we picture 4 as a sequence of “jumps” each of which is interpreted
as a particle of a multicomponent one dimensional lattice gas. Thus a
line 4 will be regarded as a gas configuration. We show that the gas in
question is almost perfect and reduce the problem of the rigidity to the
investigation of the fluctuations of an almost perfect gas. We prove, for
the needed fluctuations, a “local central limit theorem” following
Gnedenko’s ideas (with appropriate modifications) [11] and the results,
properly reinterpreted, will mean that A is not rigid.

A more clear and precise idea of the above scheme can be gotten
by reading the next two sections.

Our proof of the local central limit theorem can be transformed into
a proof of the local central limit theorem for Markov processes which
seems to be quite different from Kolmogorov’s proof [12]: it is weaker
because it seems to need more conditions on the process but seems to
apply to more general situations. This remark will be clear to the reader
familiar with Gnedenko’s and Kolmogorov’s theorems and with Spitzer’s
work on the isomorphism between certain Markov processes and
classical lattice gases [13]. We shall pursue this point in a subsequent
paper.

X1

3. Technicalities

To proceed we need a more handable form for (2.2).

Let 4" be the family of all sets I" =(y,, ..., y,) of closed (in the sense
of §1) lines lying on the infinite square lattice and such that the set
{yiyuf{yyu---u{y,} is connected. Notice that we are not only con-
sidering sets I of overlapping contours but we even allow identical
contours to be part of the same I' 4"
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The knowledge of the statements of the following theorem will be
fundamental for understanding this paper:

Theorem 2. there is a function @™ (I') defined on A" such that:
1) @"(I') is translationally invariant,
2) if N(I') = (number of contours in I') then:

(=112 0, (3.1
3) there is a function §(B)—5=7~0 exponentially fast such that:
Y lo™ (D= d(B) (3.2)
I'sp

where the sum is over the I' e /" containing the vertex p.
4) there exists a function x(f) tending to zero exponentially fast and
such that the following inequality holds:

Y oD S x(pyTte I, (3.3)

I'sy
N =n+1

5) if p is a vertex of the lattice and Q is a set of lattice vertices at a
distance d(p, Q) from p then

Y "D =x(B)(4e™ )@ (3.4)
I'sp
I'mnQ#+0

6) Using definition (2.1) one has:

Z,(Q%) B)Z,(QP) B) T
—exp— r 35
7. Q.p) exp FZ (I (3.5)

Ic2

where I'i ). means that {I'} n 1.+ @.
Ty Let Y =(yy, ..., ¥.) be a set of distinct vertices of the lattice and
define

®,(Y)= ) lo"(D) (3.6)
rsy
where I' 3Y means that (y,, ..., y,,) are vertices of contours in I, then one

finds:
p(P)= Y D,(Y)< o

s ) ‘ (3.7)
®,(Y)<R;%p(f) with R, =100

Y=20,diamY2d
and p(p)— 0 exponentially as f— co.

The above theorem is proven with a slightly different notation in
Ref. [9] appendix A: the few necessary changes in the notations are
discussed in Appendix 1 of this paper.
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Clearly (3.5) allows us to write the probability distribution (2.2) in
the ensemble U(N) of the “lines” from A4 to B as:

- Y o)
il 158
e Fltle
A= — . 38
Pr(4) (normalization) 38

We now introduce several auxiliary ensembles of “lines” /4 starting
in A, ending in some point B' on the vertical line through B and lying
in the vertical strip with base the segment [A, B]. We remember that
“open lines starting in A and ending in B’ means a connected set 4 of
lattice bonds such that every vertex p € 4 belongs to two or four bonds
of A except the vertices A, B' which must belong to one or three bonds
of 4.

The auxiliary ensembles are:

I) The ensemble U (N): it is the set of lines A from A to B such that

IIAI—N[<%N

where C is the constant introduced in Theorem 1. The relative weight
of 1 € Uy(N) will be, by definition:

Wy(A)=exp—BlAl— Y o' (I

rie
Notice that, as set of lines, U (N) is contained in U(N) for large f.

I1) The ensemble 1[,(N): it consists of the lines A starting in A and
ending at the point B; at height i above B (i=0, + 1, ...). We also require
that the elements Ael(N) lie in the vertical strip Iy with base the
segment [A, B]. By definition the weight of A € I1,(N) will be

Wi(A) = exp — BlA| — FZ @™(I) (3.9)
rcly
I1I) The ensemble L(N) is, as a set, given by U (N) and the
relative weight of a configuration 4 e U(N) is, by def;r_n;]acom
W (3) = exp — BlA| — FZ @I (3.10)
Iely

(i.e. the same as (3.9)).

It is easy to prove from part i) of the Theorem 1 and (3.3), (3.4), that
the line / is loose in U(N) if and only if it is loose in U(N). The simple
proof of this fact can be found in Appendix 2.

From now on we concentrate in proving that A is losse in I (N).
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4. Geometric Description of 1€ (N)

This section is devoted to a detailed but purely geometrical description
of the elements A€ U(N): all the concepts introduced become very
clear if one checks, as they are introduced, what they mean for the
particular line of Fig. 3.

Let 2 e fI(N) (see Fig. 3). Consider the (N + 1) vertical lattice lines
passing through the (N + 1) lattice points of the segment [A, B].

A vertical line will be identified with the point q e [A, B] through
which it passes.

A vertical line will have in common with A at least one point (in
fact it will, in general, have in common with A several isolated points
plus several disjoint segments).

Let qy,...,q, be the vertical lines which have in common with A
more than one point; group q;,...,q, into clusters &, ¢&,,...,¢: a
cluster consists of a set of adjacent lines which intersect A in more than
one point and such that any other vertical line drawn between the two
extreme lines of a cluster and not lying on the lattice will intersect 4 in
more than one point (notice that such vertical lines intersect A in an
odd number of points). In Fig.3 we have drawn the the extreme lines
of each cluster.

A cluster ¢ consists of a set of (k+ 1) consecutive points
(e» Qo+ 1, ...,9,+ k) k=0.

We denote .#; the “shape” of the part of 4 above a cluster .

Clearly the set of clusters &, ..., & together with the associated
shapes ,Vgl, . Vg completely determine A. Viceversa we can give
arbitrarily a set of disjoint clusters &;, ..., &, and of associated shapes
Feps o> %, and uniquely construct a line 4 e 1(N). This representation
for 1 is due to van Beyeren [14].

It is important, in order to get a clear intuitive picture of 4, to remark
that a line 1 can be interpreted as a configuration of a multicomponent
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lattice gas: the particles of the lattice are as many as the shapes above
the clusters; there is a hard core which forbids the overlapping of the
clusters.

Clearly there is a one-to-one correspondence between the lattice gas
configurations compatible with the hard cores and the lines 4 e U(N).

To each “shape” ¥ (or “particle” in the lattice gas language) we
associate several “form parameters” and other related notions:

1) The “first” and the “last” point of .%;: these points are marked
in Fig.3 and their definition in the general case is easy to infer from
this particular case.

2) The “jump”, denoted 9.7;, which is the difference in height between
the first and the last point of a cluster .

0%:=0,+1,+2,....
3) The “basis length” |&| of & is defined as |£] =k if
iz(qo’qo+1"'-’qo+k); k=0,1,

4) The “vertical length” at qe¢ (denoted by V,(¥:)) which is the
length of the intersection between A and a vertical line q e £. Remark
that if ¢ =q, then [6.7:] =V, (%)

5) The “horizontal length” at q € & (denoted by h,(.#})) which is one
unit less than the number of intersections of % with any vertical line
between q and q+ 1 ifq=q,+11=0,1,...,k— 1. For q=q, + k we put

h,(7:)=0.
6) The “total vertical length” V(%) defined as
V(Z)= Y V(). (4.1)
qed
7) The “total horizontal length” h(%;) defined as
()= Y hy(%). (4.2)
qes

8) The “excess length” |7}, at q:
|Selqg =hg(F2) + V(S . (4.3)
9) The “excess length”:
[l =h(F) + V(7). (4.4)
10) The distance of q € £ from the extremes of ¢ : d.(q).
Clearly if A=(y, ..., &0 Sy, ..., F~,) We have:

=N+ Y %] (4.5)
i=1

1
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In the next section we push further the analogy with the multi-
component gas and show that the problem of studying the probability
distributions of 4 in U(N) is equivalent to the problem of studying the
equilibrium state of the multicomponent lattice gas at certain component
activities and under the influence of suitable (many body) potentials.

5. Shape Potentials

Let X=(&;,....¢,) be a set of disjoint clusters and denote
=, &0 S S ) aline A€ U(N),

Sl

As already mentioned we can interpret %% as a configuration of a
multicomponent gas. We denote || = ) |-

IfX=TuT and TnT =@ we shall also write, with obvious meaning
of the symbols, % = %o = %0 S0
Let 1=%x and interpret the quantity — Y ¢@"(I) in (3.10) as a

Iii
potential energy of the configuration Sy by writing:
Yol= ) o(N+UBSx. (5.1)
Irii I'.[A,B]

We wish to think U(¥y) as a sum of many body contributions as:

U= T o) (52)
TcX
this is certainly possible and, as a matter of fact, the potentials (¥ )
are given by the (rather useless) formula:

OS5 = ¥ (~ 10Uy (53)
XcT
(M0bius inversion formula).
The potentials @(¥) will be called, for obvious reasons, shape
potentials: they verify the following lemma:
Lemma 1. If 8 is large enough the shape potentials verify the following
inequality:
1P(SX) = Po(X) |7] (5.4)

where ¢ € X is either the first or the last cluster in X (i.e. is either to the
left of all the other clusters in X or is to the right of all the others).
Furthermore @,(X) is a translationally invariant function of X and
sup . ®o(X)=1p(f) (5.5)

S T X3¢&
XcC

where the sup is taken over the allowed (i.e. without overlappings) cluster
configurations T which contain &, and, then, over &, The function ()
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in (5.5) can be taken to be the same as the one in (3.8) (hence it tends to
zero exponentially as f—o0).
Finally, for R,=100:

2 Py (X) = 24(8R; )M Wy (B) (5.6)

X3¢,
X3&

where d(&,, &) = distance of & from &,.

The above Lemma 1 is proven in Appendix 3 and is, if course, a basic
ingredient to our proof. In fact let us first remark that, because of (3.10),
(4.5), (5.1), (5.2), we can interpret the set of lines A€ U(N) as a multi-
component lattice gas in which a component &. has an activity
7y, = exp — Bl and in which the interaction between the elements
of the gas is described by hard cores and the shape potential: in fact
the weight (3.10) is proportional to

W (2)ocexp—PlSxl— ) P(S ). (5.7)
TcX
Lemma 1 tells us that the potentials ¢(%¢) are small at low temperature
(see (5.5)) and have short range (see (5.6)). Furthermore at low temperature
the activities of the components become very small. Hence we can hope
that the gas of shapes is almost perfect at low temperature and we shall
relate this fact to the non rigidity of A in fIO(N).

We devote the next two sections to make more precise the statement
that the gas of shapes is almost perfect: we shall manage to do so with
the help of the generalized Kirkwood-Saltzburg equations and the
associated cluster expansions (see Ref. [7]).

6. The Gas of Shape Particles is Almost Perfect

We define, as usual (see Ref. [7]), if X =(&,, ..., & )and & < &, << &
(in the sense that the clusters are numbered from left to right)

Ui(x) = ) ¢(Lq), (6.1)
TcX
Ta&
W, (P Fy)= Y ®(P1oy) =YX, Y+0, (6.2)
&eTcX
LS Sy =Y WP ) Y+0,YNX=0 (6.3)
RcY

YOy [[eMEIxTr 1) if Y40
nz1l (P,...,Py)i=1
U,P;=Y

Ki(Sx Fy) =
1( X Y) 1 Y———ﬂ,
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here Z runs over all the n*'* of different subsets of Y such

(Py,--,Py)
UP, LY

that U; P;=Y (notice that we do not require P,nP;=@ i) and such
that P;+0i=12,...,n
Define the correlation functions for the gas of shape-particles in
[A, B] as
Z ze—ﬁlyx}—ply{{[—uwxuy;{)

on(Fy) = Y05

6.5
normalization 6.5)

where the sum over Y runs over the sets of clusters in [A, B] compatible
with X C[A, B] and non overlapping.

The correlation functions (6.5) verify (as in [7]) the generalized Kirk-
wood-Salsburg equations: let £,€X then, if XV'=(¢,,...,¢&,) we have:

NI )= Talmu0 F S K (P )

YoX=0 ¥y

Z Z (— I)N(P)Q(rgpxmuy;(k)t?g)

Pnéi+0 L5
PAXMDUY)=9

(6.6)

where all the sums run over sets of clusters in [A, B] and where P&, + 0
means that either all the clusters in P have intersection with £, or P=4.
N(P) = number of clusters in P.

We now show that the Neuman series for the inhomogeneous
Eq. (6.6) (remember that gn(@) = 1) converges for large fs.

Let # be the space of the functions f(¥x) defined for X=+6 and
without overlapping clusters and such that

[Tl
It = sup ST < T 6.7)

we regard % as a Banach space with the norm (6.7).
Define the operator & :  — %

(R () = 70l 5§ K (S S

YaX=6 %

Y* Y (= DNPHL UL UL
PAXDUY)=0 #5
Pné +0
where * means that the term XV =@, P=6, Y =0 is omitted.
Let yn: % — % be the operator:
_AM(#%) if XC[A,B]

(D (0= f 1ot (6.9)

(6.8)
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Finally let o € # be defined as:

(S ) =exp— 1L — U (F) (6.10)
(P =0 If NX)=2. '

Taking into account the definitions (6.8), (6.9), (6.10) and the Eq. (6.6)
and the fact that oy(#)=1 we realize that (6.6) can be written as an
equation on #:

On = IN0+ INSON - (6.11)

It remains to show that & is small: in fact we shall prove that
|R] =k(p)<1 (the |]] is the norm of the operator & in the space %)
and k() — 0 exponentially fast as f — o0.

In fact, using (6.9)

_B U
(8 (x) 27e 1m0 ,
t ,Ji}(/x‘l =€ Z ZIKI(yxayY)l

217x YnX=0 ¥,
Byl B (612

2 ¢ ¢ Il

PAx(Muy)=6 ¥

Pn& F0

A straightforward but very long calculation allows us to estimate
the curly bracket in (6.12) and the result is:

LS U (6.13)

e"é"l»’xl =

where k(f)— 0 as f— oo exponentially fast. The details of the com-
putation leading to (6.13) are in Appendix 4.
Formula (6.13) implies

[R] < k(By<1 for p large (6.14)

hence the Neuman series for (6.11) converges.

The reader familiar with the Mayer expansion and the proof of its
convergence ([10], p. 83) will immediately understand why the result
(6.14) can be called a proof of the fact that the gas of shapes is almost
perfect.

Unfortunately (6.14) is not quite enough for our purposes and we
have to use some more detailed results about the Mayer expansions.
The next section provides the additional results we need.
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7. Cluster Expansions for the Shape-Particles Gas

The “clusters™ in the title of this section do not have any relation
with the clusters ¢ associated with the shape particles. There should
be no confusion between these two concepts.

Consider the space § of the symmetric functions defined on the finite
ordered sets of configurations of shape-particles obtained by allowing
also the configurations not verifying the hard core condition [15].

If ¢ € & then ¢ associates to every ordered set % of shape particles,
where X =(¢,, ..., ¢,), a number ¢(%y). We underline the fact that

Lx=CEi sl Ly os L)
is a set of shape particles, located in &, ..., &,, not necessarily obeying
the hard core condition (we also allow the possibility that & =¢; for
some i+jand & =5 ).

If o e  we call

loly = sup  |@(L g, ... Ll (7.1)

Gls oo on
gy e Pin

and we shall assume that |¢|, < + oo for all n = 1.
It is interesting to introduce some operations on the functions
of & [10].

If p,e &, ¢, e & we define the convolution ¢, - ¢, € & as

(1" @) (LX) = Z/ 01 (%) 02(Sx,) (7.2)

XiuX,=X

here X is a general set of clusters (in the sense of Sec. 4) and is determined
by the set of different clusters in X and by their multiplicities; the '
XjuXo=X
is to be regarded as the sum over the ordered couples X;, X, which
decompose X into two sets of ordered clusters (the couples (4, X) and
(X, 9) are allowed).
Let us now define the exponential of a function ¢ € §, where

o = {0lp e, p(@) =0}:

(Expo) () = ¥ LT (7.3)

030 n!

where ¢" is the n'™ power of ¢ in the convolution product (7.2) and
we have put ¢°(¥yx) = 1 (%) with

0 ifX+0

7.4
—~1 fX=0. 74

(%)=



The Phase Separation Line in the Two-Dimensional Ising Model 117

It is clear that 1 is the identity for the product (7.2). It is also clear
that, since ¢ e §, formula (7.3) makes sense since it involves only a
finite sum.

The inverse function to the exponential is defined over the set
81 ={olp; €& ¢1(@)=1}; if ¢, € F, we can uniquely write ¢, =1+ ¢
with ¢ € §, and therefore we can define

© (_ 1)n+1 N
Logp, =Log(l+¢)= ) ~————¢"(¥x)
" (7.5)

— 1) ,
(=D P(Lx,) - p(L,)

0 xuXyue-uX,=X

«©
=2
n=1

since, again, the sum runs over a finite set of indices. Clearly Exp: §,— &;
and Log: &, — &, Furthermore it is easily checked that

ExpLogp, =@, VYo, e . (7.6)
Define, on &, the operation D, :
Dy @) (Ly) = (SxUy). (7.7)
This operation has the properties:
Dyé(ﬂl’l’ ¢a) = (Dyg 1)@ty (Dy.9,), (7.8)
Dy, Expe =(Dy, @) Expo
1 (7.9)
D, Exp(pz(z — 2 D, (p...D(/\_(p) Expo .
nzt 0 U X =X ! Xn

X, F0

Finally we find that the important formula below holds:

Y (Expo) ()7 =exp ) o(%)7(Sx) (7.10)
X.‘/’X X‘(/X
provided Y [p(S)7(¥xI<+2 and z is multiplicative ie. if
X, %y
X=¢&, ., &

170 =11 172).
i=1

and provided the symbol ) is consistently given the meaning:

X, Sy
|
Yy o= y ﬁz Yoy (7.11)
X. ¥ K=o TG S Lo Sea
A special y will be
N (Fy) = H 7N (7.12)

&eX

where y™N(&)=0if ¢¢ [A, B] but ¢™M(&) =1 if £C[A, B].
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So that
Y Y (Expo)(Fy)=exp ) Y o(Fx) (7.13)
XC[A,B] 5"X XcC[A,B] #x
provided Y Y |o(¥x)<+0.
XC[A,B] %y

Let f, be a large enough number in order that all the series written
below in this section converge. Let 8 be so large that > f, and p(f) < f,
where y(p) is the constant in (5.5). Consider the element ¢ € &,

/e‘ﬂotyxt e V%) if (ST én) =X

(p(y)X)=\0 and &n¢&;=0 i=%j otherwise
(0 =1 (7.14)
Since from (5.5), (5.4), (5.2) it follows

U = 1% wlpl (7.15)

the condition (7.1) is satisfied @ and therefore @ € &,. Let " = Log®,.
We shall also be interested in other elements ¢ € &, of the type

o(I%) :{ n j-(yg)}@('%() (7-16)
eX
for some suitable real or complex A(.%) such that [#(v/ ;)| = 1.
Clearly Logg is such that, see (7.5):

0" = (Logo) (73 ={ [ 479} 7" (). (7.17)
éeX
We now investigate the ¥y dependence of ¢ (¥y).
Consider, for this purpose, the function @ '€ & (ie. the function
@ ! such that '@ =@ -@ ' =1: this function can be inductively

defined from (7.2) for all @ € ;). Define
Ayx(yy) = (5_1 ’ Dyx ?)(SY) (7.18)

for &y arbitrary and ¥ such that X contains only non-overlapping
clusters.

Then we can write an equation for 4, (#y) along the lines of
Ref. [7,13].

We have (if Y\T means complement of T in Y):

Ava§(’5pY):e_ﬂo‘ygle:m(y)xug) Z Kl(yXu@ *97"[)
TCY
Tn(EuX)=¢

ey b (7.19)
Z (=1 yxﬂu,,( yipouT)
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where, as in (6.6), PN ¢+ @ means that all the elements in P intersect &
or P=g. Eq. (7.19) is deduced in detail in Appendix 5.
From (7.19) one can deduce very strong results on @' (¥y). Put

4 &
I,= sup z Z | 5’5_ J%'f; |(%|Y)l' (7.20)

Y

&
Ends N Emen

Then, using (7.19), at fixed XU¢ and & x:

le
—Lo g+ U XL
IAy§ (&Y < 5 | e+ UF x 0 2)

7 A
N(Y)+NX)=n Y

Z Z Z |K1 (yxu{, y%)' Z lAyXu'%:P (y,Y/PuT)I

7, Pm;w = [#x010pl
N(X)+N(Y) n Tn(éuX)—o PCY\T €
~7$‘VXUTL;P|
e
ﬂo
-0 x o) ,
=e )} ;Z Y K Fxoe D (121)
T Pn Fpux
PuT)nX=06 Pn T
PAT=0 N(P )+N(T)+N(X)<n
A P ‘ﬁ-ﬁ”yxm up
Z z | yxﬂup( Y/PuT)l R
Y>PUT Fy\ PUT -3 %ot op)
N(Y\PUT)+N(P)+N(T)+N(X)=n €

’ﬁ—zolngUdyxw:)

;
n € Z Z Z Ky (Lx0e L1l
T PnX=90 ¥,

TnX=0 PnT=9¢

Pre+o

IIA

PuUT

ﬁ()
-5 1¥p 1l
e P‘}gkwau

as we easily see after a calculation identical to the one leading to the
estimate of the curly bracket in (6.12).
Formula (7.21) says that

L1 Sk(B) L, ie LSk(B) . (7.22)
By
In particular, since I, <e 2 and
(ET(%UY):' Asﬂg(y\() (7~23)

9 Commun math Phys., Vol 27
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S &
ZZI@D oyl=ehPlpe 20 Y T
m=1
) ( __&> , , by (7.24)
o 1 2 _Bo s _Bo g 2
ée—Tugl e ZMﬂge 175 9e

1- k(ﬁo) -

If B has been chosen large enough.
A simple consequence of (7.24) is that, for 3, large:

Y 1P(HK < + o (7.25)

XC[A.B]

as it follows by combining (7.24) with the observation that the number of
shapes %, with a given %} does not exceed 3%1%¢!,

We shall be interested in choosing the arbitrary function A() in
(7.16) of the form 0.7 is defined in Sec. 4):

M) =¢e'to%emh=ho) |l +itoLe 7N () (7.26)

with t, t real and yN(&) = 1if £ C[A, O], £¥(¢) = 0 otherwise.
We have now all the instruments to deal with the original problem
which is attacked in the next section.

8. Characteristic Functions for the End and Middle Point Displacement

Consider the characteristic R function for the random variable
Y. 6%, defined for every line A€ U(N), 1= %:

éeX
~U(¥x) itdSs o, —f |
< i[26(7’§> Z Z e X n (en se Bl e:l)
€

2 _ XdAB) ¥y teX (8.1)

Y Y e U0 e %

Xc[A,B] ¥y eX

Here we can apply formula (7.13) to the numerator and denominator of
(8.1); we get

ity o
et J=exp Y Y PNHK)e PTIINIE — 1), (82)

XC[A.B] #y

We now look for estimates of the sums in (8.2). The Lh.s. of (8.2) is periodic
with period 27, hence it is enough to consider it for — n <t < n. We divide
the interval |t| <« in three regions:

) 0<|t|< N3,
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and we estimate the sum in (8.2) in these three regions. The constant ¢
is a numerical constant that will be chosen later.
Observe that, if X=¢, [¢|=0and 6, =] ¢+ A, B we have

@T(%) =g Bolil e=@(Fe) — o= bolil=2e7 *A|j| + e~ A ]| (8.3)

as it follows from the definition of the shape potential @(%;) and the
formula for it in Appendix 3. Hence the contribution to the sum in (8.2)
from the one-point clusters of height j= + 1 is:

expNe #((e' =D+ (e "~ 1)+ O(e¥) (8.4)

where O(e~#) contains the end point contribution (¢ = A, B) as well as
the corrections coming from the term (@(e~°*) in (8.3). In formula (8.4),
as well as everywhere in this paper, ¢/(a) means $a where 3 is a function of,
a priori, everything possible but such that |9 < 1.

We estimate the contribution of the other clusters to the sum in (8.2)
by: (we use (7.24) and the fact that there are at most 3¢l *1¢l < 321%l
different shapes over ¢ with the same |.%])

2 Z Z e—(B~ﬂO>IYXI|¢T(yX)!
Xc[A,B] Py
l#x>1

<20y Ye PR N N (Lu S
tclAB] 7, X'\ 7y

~Bo/2
S2e7 20k Y Ze‘“’o/”'%li_ (8.5)

(A B] 7 1—X(B,)

@ 3e Fol2
<2e 20F-F N 32p e~ (Be/2)p §e_2”C(ﬁ0)N
Pz%*' 1 - k(ﬁo)
where C(f,)— oo if 8, is large enough.
Hence we have proven that

itZéy§> t
<e ¢ :exp(—4N<sin2 T)e"‘—i—N(O(e‘”) +(9(e"3)> (8.6)

forall te[—m, n].

Clearly the estimate (8.6) is going to be good only in the region iii)
and for large f.

To obtain estimates of use in 1), ii) we proceed as follows.
ox
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Expand (e'%”x — 1) to third order using the Schomilch formula for
the fourth order rest: we get
ity 8%, 2
<et¢ §>= exp{_ D) aT(yx)e%B—ﬂo)IyXIMﬁ
HARBY 7 5P (8.7)
bSO g e OB g

XC[A,B] %y

where |9| < 1 and we have used the fact that the first and third order terms
vanish for symmetry reasons.
Define o(f) as

Fp)=lim o T TR I GRE (8
N XC[A,B] S’X
the existence of this limit follows from the fact that the functions (%)
are essentially translationally invariant. We have not dealt with this point
and we shall not do so but we leave it as an exercise to the reader. We
observe, however, that by taking into account separately the “unit jump”
contribution one finds that the sum X(N) on the r.h.s. of (8.8) is

I(N)=2Ne P+ NO(e 2+ 0 ? (8.9)

and so
ocr=2e 1+ 0(e™%) (8.10)

the real reason we do not insist on the existence of the limit (8.8) is that
(8.9) proves that

Z(N) Z(N)
N

lim inf

N—-

=2e P14+ 0,(e#)and I\}im sup =2e P(1+ 0,(e™ ")

and this would be enough for the rest of the proof (modulo minor
modifications).
An estimate similar to (8.9) yields

Y Y13 (Hle ETINAIG AN =N2e (1 + O )+ 0e ). (8.11)
XC[AB]V

Hence using (8.7)—(8.9), (8.11) we find that, if 0 < |t| S N3~ %:

IS 6%
<e ¢ >=exp{—%2(N)t2+N‘ (9(26“’)}

ity 0%
e ¢ <exp—-1i(EMN)t? (8.12)
provided ¢ < % (say).
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It is now easy to compute (see also [11]) an expression for the
probability Py(k) that, in H(N), the line A € W(N) ends in the point B" at
height k = Z 0F%:

n 1!26Y§ )
Py(k)= f < >e“‘“‘ dt
(8.13)
k2
+rYN i«i; yogs\ itk "~ 2NoZ 1
_ <evg >e X gy = © - +0< ->.
2n]/N — YN ]/27w N ]/N

In particular { {
Py(0)= + . 8.14
N( ) l/27t02N o ( Vﬁ) ( )
Using a completely analogous procedure we can estimate (see (7.26))

3 (it+iz g™ ) 8%

<e*‘5x > (8.15)

and deduce that the probability in (N) that the end point of A is at
height k and the last point of the last cluster in A contained in [A, O]
is at height h:

2_ 2
(k 2;:2+2h )

1
-t +s (W) (8.16)

—+0 as N— oo

Py(k, h)=

hence if |h| £ h(N) and

RO o 1 1 (8.17)

P, (0) V/no? /N

Since Py(0, h)/Py(0) is the probability in [ (N) that the last cluster
before O has the last point at height h formula (8.17) tells us that the
probability that the height h of this point is such that |h| = h(N) tends
to 1 as N—oo in Uy(N).

We now show that the probability, in U(N), that 4 contains a shape

1
& such that || > ClogN tends to zero faster than—ﬁ— if C is suitably

chosen. This fact will imply that (see (8.14)) not only in U(N) but also in
U,(N) the probability that in 4 there is a %, such that |[#]>ClogN
tends to zero as N— co. Therefore since the height of the last point of the
last cluster such that & C [A, O] does not exceed h(N) with probability, in
2 (N), tending to 1 as N—oo we can deduce that the line 4 passes above
O at an height h(N) — C log N with a probability tending to 1 as N— co.
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It is obvious that, once it will have been proven that with probability
tending 1 as N—oo no shape in 4 is such that |7 > ClogN, a simple
modification of the above argument will allow to prove that in U (N)
the probability that the distance of O from A is larger than N* ¢ tends to 1
as N—oo at fixed ¢ > 0.

Therefore we are left with the proof that if

AeU(N), A=(¢y,.... 60 %, .. %) then [ ]<ClogN

with a probability tending to 1 as N—co.

Call P(N, C) this probability: using (6.11), (6.7) and the estimate for
the number of shapes above £ and with given [.¥;| used in (8.5):
oN, O ) Y ox(%)

EC[A,B] |F|>ClogN

B
—5 1%l
© 32]9’§|e ©
<N Y TS sNY | Y 81y
1&l=o0 |Fe| >ClogN - (ﬁ) INEY | 2| >ClogN
ﬁ[</| _‘%M BCI gN 1 1 1
- | - 7|Clo
<9e 4) ~—-—§N(9e 4) ; ;
-5 AV
1—k(p) 1—-9¢ * (]——e 4) 1—k(p)

hence if C= %and p is large:

2 1
Nz+ﬁlog9 N

Acknowledgements. I wish to express my gratitude to H. Van Beyeren for stimulating
my interest in the problem through many discussions and through the description of
some partial results which he got using a completely different and much simpler approach

[14].

Appendix 1

The basic setting of Ref. [9] is very similar to the one of this paper.
Here, for esthetic reasons, we have preferred a different definition of the
contours associated with a spin configuration.

What we essentially need are the results of Appendix A of Ref. [9]
and to obtain them one has to proceed, word by word, exactly through
the same calculations and steps with the understanding that the new
definitions of contours (and, therefore, of overlapping contours) are to
be taken into account to modify in the obvious way the interpretation
of the notation.
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+ o+ + 4+ 4+ + o+ o+ o+ o+ o+ o+

+l= = -+ 4+ + +|{=- —I+|- -
+| =+ +]= = =+ + +[- - =

+ o+ - - -+ o+ o+ o+ o+ o+ |-+

+ o+ + + o+ + |- = =+ o+ 0+
+E:ﬂ+ + o+ -
+ 0+ + +|=- - - -
- _ _______ + | -
- - = =% +| - =]+ + + +|-
- __ _______ + o+ |-

+ o+ o+ o+ o+ 4

We give, as an example, in Fig. 4 the contours associated with the
spin configuration of Fig. 1. The reader should compare Fig. 4 with
Fig. 2 in order to realize the difference in the definition of contours. We
remark that in spite of the difference in definition the number of con-
tours of length |y is still bounded by 3!”!.

A mere “translation” changes the results (A.20), (A.19), (A.17), (A.21),
(A.24) of Ref. [9] into 1)+ 5) of Theorem 2.

Furthermore (A.26) of Ref. [9], duly reinterpreted, can be applied to
write (in this paper we call I what was X in Ref. [9]):

Z(Q9, py=exp Y o™(I), (Z.1)
rcaf

Z,@P, p=exp ¥ (), (2.2)
FCQR)

ZO(Q}.7 B) = eXp Z (pT(F) > (23)
rce

hence, by taking the product of (Z.1) and (Z.2) and by comparing the
result with (Z.3) we find (3.4).

The last statement of Theorem 2 does not appear in Ref. [9] and we
provide here its simple proof.

Observe, from (A.20) of Ref. [9], that

@"(M)=e""1Me™(T) (24)

where " is f-independent.
From (3.3) it follows that
ﬂ() ~

Y e kg <e 2 '!x(ﬂo)““. (Z.5)

I'sy
NI =n+1
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Let X be a set of distinct points on the square lattice and let
X=(xy,...,X,); denoting I' 3 X the fact that the points of X are vertices
of contours in I we find

D,(X)= Y, lp" (D)= 3, e "M|g"(T)|

r>x rsx (Z.6)
— Z e~ B=B)ITI e—ﬂolfl|q~,T(r)|'
I'sX

Let R, be an arbitrary large integer, fixed once for all (say R, = 100),
then if 2R e~ ¥ ~F) < |

S RERXS Y YN

03X n=0 OeX I'sX
N(I)=n+1
. RUamX o= (B=B) || o= 8,11 |<7)T(F)I
— Z Z Z l{dlamxe (B—Bo) IT[e oIT| l@T(r)‘ (27)
I'sO Xcr

N(I)=n+1 X330

z Z (2Roe—(ﬂ—ﬁo))lfl e—ﬂolrl|¢T(p)|
n=0

Iso
N(I)=n+1

IIA

Bo
B 2
—G- —5 i %(fB) (36 )x(ﬁ) g
< 2R, k) N 2 o o IR, e F
- yglO I %(ﬁo) - %(ﬁo)

and this formula holds for 1 <R <R, and f large enough. Taking
R=1and R =R, (Z.7) prove statement 7 in Theorem 2.

Appendix 2

The ensemble U (N), as a set of configurations in U(N), has a prob-
ability in U(N) approaching 1 as N— oo (see i) Theorem 1).

Hence 2 is loose in U(N) if and only if it is loose in [ (N).

For large f§ the distance of 4 € U (N) from the upper and lower bases
of Q will be longer than N/2 hence, regarding A as an element of 1 (N),
the weights #,(4) and #(4) are such that

Wy(W)=Wy(Wexp— Y @"(I' (2.8)
I'iA
ren
rcy

and, using (3.4): B
_Y/N
Y'Y Y 1</)T(F)I§N<1+%) %(ﬂ)(4e ) 2 (29)

I'ei Xel X
rcQ I'n(basesof Q)
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therefore, for large f:

T——
Wo(A) =W (A)expOle " 2 (Z.10)
B1/N BVN
where ¢ (J( 3 ) 34, B, ...)e and |9 1.
Furthermore the set 2 (N), as a subset of I (N), has in U (N) a
probability that tends to 1 as N—oo. In fact, since, using (3.2),

Y eI Y le"(DI= 141 6(B) (Z.11)
Iii+o I'sO
we have )
T e fllHom
c ]l|>(1+%)N
Py, ou | |14 = N[> B = o~ PN-NG(h) (Z.12)

where the denominator is a lower bound to the contribution to the
normalization constant to (3.9) coming from the single line 2= [A, B].
The r.h.s. of (Z.12) is bounded above as:

Z (3e—ﬁ+6(ﬂ))k

kz (1+5)N
A
/ (Z.13)
1 1+ £ a5+ S2B B )N B
T 13 Frm (3 Pe Fe”) s@e N

if C> log4 and if f§ is large enough.

Hence 2, (N), as a subset of T (N), has in 2[,(N) probability tending to
1 as N—oo0. Clearly this fact combined with (Z.10) implies that 4 is loose
in U (N) (hence in U(N)) if and only if it is loose in 2,(N).

Appendix 3. Theory of the Shape Potentials

Consider a configuration %x=(¢y, ..., ¢, %, ..., &) (see Fig. 3
for reference).

We divide the sets of contours I" € 9t and lying in Iy and intersecting
A in three classes: to the first class belong the I'’s which have in common
with 1 some points and which have a projection on the segment [A, B]
which does not have points in common with any of the vertical lines
through ¢, ..., &,. To the second class belong the I'’s which have inter-
section with some “shape” %, of 1. To the third class belong the I"’s which
do not intersect any of the % s but have a projection over [A, B] which
overlaps with some of the clusters ooy &

Call C(4), C,(4), C5(4) the three classes and call C|(¢,,...,¢,) the
set of I'’s which intersect the segment [A, B] and have a projection on
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[A, B] overlapping with some of the clusters £, ..., &,. We easily find:
Y o"(D= Y* "D+ Y* o'+ Y* oI

I'ii I'eCy(4) I'eCy(4) IreCs(2)
reig (Z.14)
= Y* o"D—= Y* "D+ Y* o'+ Y* oD
T'i[A,B] I'eCyi(&1...&9) IeCy(4) I'eCs()

where the * reminds us that I" C 1.
We recognize U(%%) in the sum of the last three addends of (Z.14).
We now show that each of the last three sums in (Z.14) is of the form

Y (), where i=1,2,3 is an index that labels the last three sums in
Tox

(Z.14). Furthermore each of the three functions @ (%) verifies Lemma 1.

Consider first ~ >*  ¢@"(I'): We have
reCi(&y... <)

5 g0 ¥ (3t
IeCi(¢s... &) j=1\reg;
1,s \ 1,s
- Z(Z* eI+ X [ X* '] -
i<j\TIeg, i<j<k| I
e gy Ieg
Hence, if we define Fegy
cb‘“(ygluygzu W )=(— It Z* . (Z.16)

ri&
j=1...n

We have for some C, >0, using (3.7) and || = (|¢] + 1):
1A | p(B RS PN, | DV (X) (Z.17)

where 6(X) = distance between the first and the last cluster in X.
Hence if T is a set of non overlapping clusters:

(Z.15)

) ‘PQ”(X)éw(ﬁ)( ) p2"R§") sy(p). (Z.18)
X3& p=1

Consider next Y  ¢"(I'). Suppose A= (in the following we
I'eCz(4)
sometimes write 4 = (X, %)) fixed; introduce the following symbols:
a) (S): this symbol means sum of ¢*(I') over the I'’s which intersect
all the shapes of the line A’ = (P, %).
The next symbols will be defined when the clusters of Q are between
the extreme clusters of P.

b) (%4 |Q): this symbol means sum of the @T(I")’s over the I"’s which
do intersect all the shapes with base P of the line " =(PuUQ, % o) but
do not intersect all the shapes % in the case we considered only the line
A =(P, %)
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¢) (%] Q): this symbol means sum of the ¢™(I"), over the I”s which
would intersect all the shapes of (P, %) but do not do so if the shapes %
are considered part of a line 1" = (% q, PUQ).

d) (%)q: this symbol means sum of the @"(I'y’s over the I''s which
intersect all the shapes of % in the line

A'=(PuUQ, %.q)-
Notice that

(%o =(H)+(%H|Q~ (%] Q). (Z2.19)
Then we can say that if X =&,
Y eN=(%) (Z.20)
I'eCy(2)
if X=(&,&)and & <&, (ie. él is to the left of £,):
Y o) =(S) () — (L) (Z.21)
I'eCy(4)

If X=(¢y, 85, ¢3) and &y <&y <&y
Z (PT(F)z('y%x)_l_(‘yéz)_f_(‘%s)_ ('y%liz)_ (‘spf.zia)

I'eCz(2)

v P (2.22)
Therefore ¢ Cléa)éz ( £18283/ ¢
(F) (‘%1)+('y%z)+(‘%a) ( 3;152) ('yézéa)
FEC2(A)
(2.23)
- (‘Spélés) + {('90515253) - (‘%@3 l 52) + (yiﬁaés H 62)} :
IfX=(&,&,5,85,80), 8 <8< &5 <&y we find
r ;(l)(p '%1)_*_(5?52) (‘%3)_‘_(5@4)—(‘9@.142)—(‘%2{3)
- ('%364) - (‘%153)62 - (%154)5253 - (‘%254){% (224)
+ (‘%15263) + (‘%26354) + ('ygxéséa)éz + (5@1%254) ( Cl§2§3s4)
and using (Z.19) we deduce:
1,4
Y D)=L+ (L) + (L) + (L) = ¥ (%2)
I'eCy(2) i<j
T e000) = (%618 + (T [ &)
+ {( k2§3§4) (‘%254 l 53) + £2¢4 “ 63)}
(S ae) = (Fel )+(Vem (k%) (2.25)

+{(Fe 66 = (S, 1 E3) + Freq “53)}
+{“(y¢,¢2g3¢)+($1<4|52)— Ferel €+ (0,1 E5)
41(;4“5 (S el E2E3) + FLreeq H $283) + (S eye,183)
~(Frnal &)+ (Fagel &) - 5’21:3:4 &)}
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In general, as it can be seen by induction, if é <X <& X=(&,, ..., ¢ 1)
we find:

di(‘géuXu{’) = ( - I)N(X)+ ! {(‘Sp{uXué‘)

7.26
+ Y (NN Fopoe Q= (Feoror | QT (729

%

PnQ=9¢
Q¢
it is clear from (3.7) that (6(¢, &') is defined in (Z.17) or (5.6)):

(Froxoe) S 1Sl w(B) RS PEE, (Z2.27)
(Zeopoe | QIS WP RS PEONF (Z.28)
(Fropos | QIS w(B) RS P& F (Z2.29)

clearly the role of ¢ and ¢ is symmetric and no similar inequalities hold
with £ interchanged with &'. Hence

|D(Foxoe)| S 4GB Ry PG| F (Z.30)
because ) contains at most 4°“¢” terms.
PcX
QX

Hence calling #?(EuXuU¢') the coefficient of [% in (Z.30) we find
(remember that R, = 100).

Y. PPX)=w(h) i PARP=p(f). (Z.31)

X2%0 p=1
XcT

It remains to deal with ) @™(I'): A method very similar to the
I'eCs(4)
case just treated works and, actually, one could find for this term much
better estimates (see sketch in Appendix 6).
Formula (5.6) follows from (Z.30), (Z.17) and the analogous result
for the contribution from C;5(A).

Appendix 4. Estimate of ||

The starting point is the term in the curly bracket (6.12).

We remember that &, is the first cluster of X=(&,,&,,...,¢m)
(& << &y < <&, looking from the left to right. Therefore, using
(5.4), (5.5), (6.1), we have

U (FHN =1 w(B), (2.32)
LW (F B (1L |+ 10D w(B) (Z.33)
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if all the sets P, P,,..., P, are different and P,nX =@. Therefore the
curly bracket in (6.12) is such that (using e* — 1 <ae® for a = 0):

s ]
~ Lz 1+, @ L1l
2 1 1 2 15
{1<e Xo2F Y
n=0 (P P,) &
rl\X 0 Uik,
Sy |, L

5 1751
el CIIWAISR X Ye ’

Pnéi+e &3

B (2.34)

(L +200) 1, o ( ~~+w(ﬂ))!5" ol
e 2 3 Z* Z e 2 U, P

n=0 (Pi P yup

IIA

PnX=

I qi

TJTIW( %) T* Te * '
i an*ﬂ VP

where the * reminds us that Py, ..., P,, P are made with clusters taken out
of a configuration of non overlapping clusters (see (6.4), (6.6)).
The last two sums in (Z.34) can be written as, if P=(rn,,...,x):

lIA

© —‘I 77 © 2 2 “gq.

DY Z H e <Y T QI % e

t=0 (ni.m) % . =0 mp..m t=1 q:‘H’H
T,né F0 ,r\é;#@ i

B

) } <exp{|%.| v, (B)} (2.35)

= exp{(léll +) Y X (326
r=0 g=r+1
where ), (f)—0 exponentially fast as f— oo.
Hence

( —§+2w(m+w1w>)w§,t © ( ~ﬁ+wm)l o)
{=sle XX Yle

n=0 Pi.Py S,

P.nX=10
JI W%, %)
i
<< v%+w(ﬂ)+2w(ﬂ)>|%1! o i y y »
<l\e
n=0 m=0 PI‘J;\X—(D 8‘10-)((2:"% L0,p, 040,
, P, £ &y Q;2 &y
——+w<m)|ygp vol m
2 2P uysQ ’ ’
.(e ] WIS TT WIS (2.36)
i=1 i=1

where P,/ ¢, means that the first cluster in P, is to the left of &, while
Q;2¢&; means that the first cluster in Q; is to the right of &,. Hence using

W (AIQIISIZ ] ) [9o(TuQy)l (2.37)

¢1eTcX
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and the property (5.5) and summing over the shapes associated with
clusters appearing in U;Q; and not in U; P, we find from (Z.36) for f8
large enough:

( -§+w(ﬁ)+3wtﬁ>)lygll © ( -gw(ﬂ))”’w.i
{}=le Yroo Yy e /
n=0 Pi.P, ¥,
P.nX=9 o
n e (2.38)
T IW(] )

since the sum over the shapes considered is <1 for f3 large.

Let P, ..., P, be an element of the sum in (Z.38) and call 94, ..., dy
the different first clusters of Py, ..., P,. Since P,, P,, ..., P, are subclusters
of a set of non overlapping clusters, we have that 6,1 ;=01 j. Suppose
0y <0, <+ <0, < &;. Then the r.hs. of (Z.38) can be rewritten as:

( - £+3w<m+wm)|f< l
r.hs. (Z.38)<\e

o0 n
fi+3 % % 5%y
n=1 k=1 ;< <0x<¢; ni+ny+ -+ng=n SIQP

( —£+ww>)l sed ,
-\e / (75,0 (5 )

n

1 2 _eor))
i=1\&eTcX

where X’ runs over the sets of clusters P,, P,, ..., P,suchthat P, P, ..., P

contain d; as first cluster, P, ,,...P,, contain J, as a first cluster, ...

s Poi s oo Pay s g, cONtain o, as a first cluster. We have again

used (5.5). Let us perform the sum over the shapes in U, P, other than

Fs,» - S5, We get (since the sum over these shapes is < 1 for large f):

: j
-4 +3w(B)+w1(ﬂ))i5”¢‘|

(rhs)(Z239) < (e \
-£y wm)m,l

Z i i; l__[(l-Vél}(e

@+
k=1061<6y<-<ox<& Fb,...%,m=1  ny

~Z/H( > q>o<TuR))

i \XDTd¢;

+2 X XX

k=101 < <6 <& ny..ng F,...%5

;£+3w(ﬁ>+w‘(ﬂ> [Een @ L
_ (e 2 ) £ (1 (Z.40)
k

Ay A

i=1 _1

( -4 ww))m’,l

Ta¢&
T=0,

[T
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If d, is the distance between §, and d,, d, the distance between ¢, and
03, ..., (see (5.06)):
Y. @ (T)<24(8R; ) p(p) (Z2.41)
5
hence, using (Z.41) <1 for large  and n; = 1:

—§+3w(ﬂ)+w1(ﬂ))lyf:,l( 0,0 1o

(rhs)(Z.40)< (e 1+

K [o1]-18,] di.-dy
Lo |6]+L,0 k |f >|/,5| A .
Y Y H{( }H{' - 24(8R;1)d'w(ﬁ>}
nyong | $s, 1S 1= =
(—§+3w<ﬂ>+wm)|%1( IR SIS
sle +
( K=0 [01].104] di.-.dy

o 250 s
32, el +1)

k
1 - 24w(/3>(8R;1>d')
o 132 2
(2.42)
é(e~§+3w<m+wm)|f:,t
5
H’i 24p(p) k 326A7Auk( 8R! )“
A 1_326-9“ 8R!
R TR 1
<e ——— =k(p)
R,'e ~ v(p)
1— 3456. —gﬂ
1-3%¢
and k(f5)—0 exponentially fast as f— co.
Appendix 5. Derivation of Equations (7.19)
Ay, (H)=(p~ Dy’g P ()= z/ (P-l(le)Q’(«yEuquz)
YiuYy=Y
_YE (%) e U g ol gl gl | (F4)

YiuYa=Y
Yon(EuX)=46

where the * remembers us that the clusters of Y, can be assumed to be non
overlapping (see (7.14)).
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The chain of equations continues as:

Ag, ((Fy)=e PIElem Ui B o H(A ) o(Fxoy,)

Y,uY2=Y
) H e~ Wil#x| #) Yon(EuX)=0
RCY,
= e Pl R 9T A 0(Frovs) Y, Kilee )
YivuY2=Y TcY,
Yon(¢uX)=0
= g PolFel —Ui(¥x o) Z Kl(yXué’yT) Z (P_l(le)-
TcY YiuY2=Y\T
TA(EuX)=0 Yan(uXuT)=¢6
'@(nyTuYZ):euﬂolyd—ul(yxw) Z K1 (Fxoe S7) (Z2.44)
TcY
Tn(¢uX)=0
Z (_ I)N(P)AXUTUP(yY\PuT) .
Pné #0
PCY\T

here the sum over T or P is over the subset of Y or Y\T regarded as con-
sisting of different elements.

Appendix 6
Let A€ U(N), A=% and X=(¢,,....&,).
Denote
1) (,i+1,...,i+k),=Sum of ¢™(I') over the I''s in C;(4) having
a projection on [A, B] which intersects only &, ..., & 1.

2) Gyj+1,...,j+k/j+k+1)=Sum of ¢"(I') over the I'’s having a
preojection over [A, B] crossing the clusters ¢;, ..., £; ;4 and going, to the
right, beyond the first vertical line of &;,, ., and, finally, which would
be in in C5(4’), where A’ is obtained by continuing A horizontally to the
right of &, ,.

3) (Gy...,j+k/j—1)=Sum of ¢"(I') over the I'’s having a projection
over [A, B] crossing the clusters ¢;, ..., £;,, and going, to the left, beyond
the last vertical line of £;_, and, finally, which are in C;(4") where 4" is
obtained by continuing 4 horizontally to the left of ;.

4) (G,....,j+k/j—1,j+k + 1)=Sum of the ¢"(I') over the I'’s having
a projection over [A, B] intersecting the clusters ¢;, ..., &4, and going
both to the right and to the left of the last vertical line of £;_, or the first
vertical line of ;. ;,, respectively. Finally the I's are required to be
in C5(A”) where A" is obtained by continuing 4 horizontally to the right
and to the left of &, and ¢; respectively.

5) G,j+1,...,j+k)=Sum of the ¢"(I')’s which belong to C5(1")
where 2" is obtained by continuing 4 horizontally before £; and after &; ..
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One then finds:

n n—1 n—2

Yo o' (D= Y (),+ Y Gi+1);+ Y Gi+1,i+2),
I'eC3(4) i=1 i=1 i=1 (245)
+-+(1,2,...,n),.
And using
i+ j+k,=0i+1 . j+0 =G+ L. i+ki=1) (2.46)
— @i +kj+k+D+G, i+ k- Lj+k+1) '
one gets from (Z.45)
n n—1 n—2
Z QDT(F)= z v+ z Yiie1 T Z Viistitz Tt W2 (247)
I'eCj3(4) i=1 i=1 i=1
where (the meaningless symbols are to be set equal to zero):
Vijet, ik =0s s ] +K) =0, j+k=1+k) (2.48)

+G+1L i+ FGHL L k= 14K ).

Let d = distance between ¢; and &, = d(¢;, &;+,) and use the fact that
a line appearing in (j,...,j+k) or (j,...,j+k—1/j+ k) etc. must cross
a horizontal part of the line obtained by continuing horizontally to the
left and to the right the part of A containing 9’{:“ e y%) ... Then one
gets from (Z.48) and (3.7)

d
;.54 §4(d2 + mtl‘) R Y p(p).

Hence if X = URUE and € < R < & from the Mdbius inversion formula

one gets: (remark that y; ;. depends only on 5/’{], s T\ SCC (Z.48))
2V(FK)= Y (= DNPUSR)= ) (=D Pypepee (249
PcX TR
hence
d
(3) < —1\d 2
0O S w(B) 2R, ) 4(d + T _2R0-1)
e 1 SR—x (2.50)
<w(B)BR; Y max (4| ——g =]}

Notice that no |.¥ appears in (Z.50) (as a priori forseeable) and this is

why we say in Appendix 3, that Z gives much stronger results. One
I'eCs(2)

could have avoided the |#}| also in |®V(%)| with little extra effort but,
of course, this factor cannot be eliminated from |®3)(%)|.

10 Commun math Phys., Vol 27



136

13.
14.
15.

G. Gallavotti: The Phase Separation Line in the Two-Dimensional Ising Model

References

. Dobrushin,R.L.: Functional Anal. Appl. 8, 302 (1968) (English edition, see p. 309).
. Minlos, R.: Russian Math. Surveys 23, 137 (1968).
. Gallavotti,G.: talk at the 1971 S.ILF. meeting. Internal report of the physics Dept.

of the Univ. of Roma n° 347. To appear in Riv. Nuovo Cimento.

. — Miracle-Sole.S.: Equilibrium states of the Ising model in the two phase region.

Phys. Rev. § B, 2555 (1972).

. Minlos, R., Sinai, Ya.: Math. Sbornik 73, 115 (1967).
. See [4], see also R. B. Griffiths: Phys. Rev. 152,240 (1966) and A. Martin-Lof: preprint.
. Gallavotti, G., Miracle-Sole, S.: Commun. math. Phys. 7, 274 (1968).

See [3].

. — Martin-Lof, A.: Surface tension in the two dimensional Ising model. Commun.

math. Phys. 25, 87— 126 (1972).

. Ruelle,D.: Statistical mechanics. New York: Benjamin 1969; p. 83 and p. 86; sce

also [7] p. 285 -—-288

. Fisz, M.: Probability theory and mathematical statistics I11. edition, p. 211. New York:

J. Wiley.

. Kolmogorov,A.N.: Selected translations in Math. Statistics and Probability. IMS

and AMS 1962 (translation of the AMS) p. 109.

Spitzer, F.: Am. Math. Monthly 78, 142 (1971).

Van Beyeren, H.: private communication. To be published.

The functions ¢ and ¢ of this section are obviously not the same as the ones of
Theorem 2: there should be no confusion between them since they are defined on
completely different spaces.

Giovanni Gallavotti
Istituto di Matematica
Universita di Roma
Piazzale delle Scienze
[-00187, Roma, Italy





