N

N

On the Euler-Poincaré Characteristic of the Random
Cluster Model
Philippe Blanchard, Daniel Gandolfo, Jean Ruiz, Senya Shlosman

» To cite this version:

Philippe Blanchard, Daniel Gandolfo, Jean Ruiz, Senya Shlosman. On the Euler-Poincaré Charac-
teristic of the Random Cluster Model. Markov Processes And Related Fields, 2003, 9, pp.523-545.
hal-00003166

HAL Id: hal-00003166
https://hal.science/hal-00003166
Submitted on 25 Oct 2004

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00003166
https://hal.archives-ouvertes.fr

On the Euler—Poincaré Characteristic
of the Random Cluster Model

Ph. Blanchard!, D. Gandolfo?, J. Ruiz?, and S. Shlosman?

Dedicated to Leonid A. Pastur on the occasion of his 65th birthday

ABSTRACT: Recent results concerning the topological properties of random
geometrical sets have been successfully applied to the study of the morphol-
ogy of clusters in percolation theory.

We present here new results about the behaviour of the Euler characteristic

of the clusters of the (Fortuin—Kasteleyn) random cluster measure.

KEY WORDs: Kuler-Poincaré characteristic, Fortuin—Kasteleyn representa-
tion, Alexander duality, Phase transitions.

1 Introduction

Recently, new insights in the study of the critical properties of clusters in
percolation theory have emerged based on ideas coming from mathematical
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morphology [Se] and integral geometry [Ha, S]. These mathematical theories
provide a set of geometrical and topological measures allowing to quantify the
morphological properties of random systems. In particular these tools have
been applied to the study of random cluster configurations in percolation
theory and statistical physics [MW, O, Wal, M1].

One of these measures is the Euler-Poincaré characteristic which is a well
known descriptor of the topological features of geometric patterns.

The application of these description tools for the study of random systems
in statistical mechanics has already provided interesting results. In [MW, O],
the computation of the Euler-Poincaré characteristic y for a system of pene-
trable disks in several models of continuum percolation has led to conjectured
new bounds for the critical value of the continuum percolation density. In
[IMW], an exact calculation shows that a close relation exists between the
value where Euler-Poincaré characteristic vanishes and the critical threshold
for continuum percolation in dimensions 2 and 3.

Of similar interest in the same domain, we recall that for the problem of
bond percolation on regular lattices, Sykes and Essam [SyEs] were able to
show, using standard planar duality arguments, that for the case of self-dual
matching lattices (e.g. Z?), the mean value of the Euler-Poincaré character-
istic changes sign at the critical point, see also [Gril.

More recently, H. Wagner [Wal] has computed the Euler-Poincaré char-
acteristic of random clusters on all plane regular mosaics (the 11 Archime-
dean lattices) as a function of the site occupancy probability p € [0, 1] and
showed that a close connection exists between the threshold for site percola-
tion on these lattices and the point where the Euler-Poincaré characteristic
(expressed as a function of p) changes sign.

The aim of this work, motivated by discussions with H. Wagner about
his recent results, is to present new ones about the behaviour of the Euler
characteristic in statistical mechanics in the case of the Fortuin—Kasteleyn
representation of the ¢-state Potts model on Z¢. This representation includes
the well known Ising model (¢ = 2) and the lattice bond percolation problem
(¢ =1), see [FK].

Our first result relies on existence properties of the mean Euler charac-
teristic with respect to the Fortuin-Kasteleyn measure. We introduce a local
Euler characteristic and show that its mean coincides with the mean Euler
characteristic per site. Denote this limiting quantity by x"¢(3,q) where
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is the (inverse) temperature and the superscript be refers to the boundary
conditions. We then show that, in dimension 2, x"°(, q) satisfies the duality
property x'(8,q) = —x" (8%, q), where 3* is the dual (inverse) temperature
and f and w refer respectively to the free and wired boundary conditions.
This implies that the mean local Euler characteristic is either zero or ex-
hibits a jump at the self dual temperature. It vanishes when ¢ = 1, and we
prove that a jump actually occurs for ¢ large enough. This jump turns out
to be of order ¢~ /2.

Similar results hold in higher dimensions d. Namely, for ¢ large, the mean
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local Euler characteristic exhibits a jump, with change of sign, of order ¢4
when d is even, while when d is odd it exhibits a jump, without change of

sign, of order g~ @

Let us mention that this work relates on the large ¢ analysis of the FK
representation of the g—states Potts model given in [LMMRS].

The paper will be organized as follows. Section 2 is devoted to the 2-
dimensional case. In Section 3, we present the results in higher dimensions.
Concluding remarks are given in Section 4.

2 Euler Characteristic on Z>2

2.1 Definitions
Let us consider the square lattice
7P ={x=(v),m3) 2, €Z,i=1,2}

whose elements are called sites. Two sites x and y are nearest neighbors if
|z1 — y1| + w2 — y2| = 1. We call bonds b = (zy) the subsets of R? which
are the straight line segments with the nearest neighbors sites z and y as
endpoints. We call plaquettes p = [x, vy, z, t] the subsets of R? which are unit
squares whose corners are the sites x,y, z,t. The boundary 0b of the bond
b = (zy) is the set {z,y} and the boundary dp of the plaquette p = [z, ¥, z, {]
is the set of bonds {(xy), (yz), (zt), (tx)}.

With this structure the lattice becomes a cell-complex L = {Lg, L, Ly},
where Ly = Z? is the set of sites, L is the set of bonds and L, is the set of



plaquettes (see e.g. [DW]). More generally, the elements of LL,, will be called
p—cells. We also introduce the co-boundary dx = {(zy) € Ly : y € Lo }.

To a set of bonds X C LL; we associate the subcomplex A(X) C L defined
as the maximal closed subcomplex that contains X : this subcomplex is the
union A(X) = Ag(X) UA1(X) U Ay(X) where

AMX)=X
is the set of bonds itself,
AM(X)={zrely:anX #0}
is the set of sites which are endpoints of bonds of X, and
Ao(X) =A{p = [1,y,2,1] € Ly = (wy), (y2), (21), {tx) € X}

is the set of plaquettes whose all four bounds in their boundary belongs to
X. Figure 1 shows a cell complex A(X) associated to a given set of bonds
X.

Figure 1: A set of bonds X and its associated cell complex A(X).

For a set of bonds X, we define the boundary B(X)of X as the set of
bonds of X that belong to a plaquette of Ly \ Ay(X). We also associate to
the set of bonds X the occupation number

nb:{l if beX (1)

0 otherwise
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and denote by n = {ny},c, the associated configuration. We then use
N°(n) = |Ao(X)] to denote the number of sites of Ag(X), N'(n) = |A(X)]
to denote the number of bonds of A;(X), and N?(n) = |Ay(X)| to denote
the number of plaquettes of Ay(X). Hereafter we will use |E| to denote the
cardinality of the set E.

The Euler characteristic of A(X) is defined by

x(n) = N°(n) — N'(n) + N*(n) (2)
It satisfies the Euler—Poincaré formula
x(n) = 7°(n) — w'(n) + n*(n) (3)

where 7%(n) and 7!(n) are respectively the number of connected components
and the maximal number of independent 1-cycles of A(X). Here 7%(n) = 0
because A(X) has no 2-cycles.

Our aim is to study the mean value of the Euler characteristic with respect
to the Fortuin—Kasteleyn measure. To introduce this measure we define, for
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a “volume” V C LLq, the partition functions with boundary conditions
ZbC(V,ﬁ, Q) _ Z (6ﬁ _ 1)N1(n)qle(V)l—NO(n)+7r0(n) /ibc(n) (4)
nef{0,1}V

and the corresponding finite volume expectations of local functions f of the
bonds variable {n;} by

¢ Y(n 0 70 (n c
(H™(V,8,q) = Zbcvﬁ Z (e — )N ) glo(WI=Nom)+x() cbe ()
nef{0,1}V
()
where kP¢(n) refers to the boundary condition be. In particular, we will be

interested to the free boundary condition xf(n) = 1 and to the ordered or
wired boundary condition £™(n) = [[,c ) 70

Notice that for a configuration n € {0, 1}|V|, one has

N(n)=Ag(V) = > [ (1—m)

2z€Ao(V) bedxNV

N'(n) = Z % Z 0

z€N(V)  bEszNV

S i I

x€Ao(V)  peP(x) bedpnV



where P(x) is the set of the four plaquettes that intersect x. This represen-
tation motivates the following definition of the local Euler characteristic.

Xr(n)zl—Hl—nb an—i-—z Hnb (6)

bedx b65x pEP(x) bedp
2.2 Results
We first prove existence.

Theorem 1 a) The following limits exist and coincide

f
) X . _
VILL1<\AO( )|> (V,ﬂ,q)zvlgﬁl (o) (V. B,9) =X"(B.q)  (7)

and define the mean local Euler characteristic with free boundary con-

dition X' (3, q).

b) Analogously, the following limits exist and coincide

. X v . w W
im () (B0 = Jim ()" (V6.0 =3 (Ba) )

V-l
and define the mean local Euler characteristic with wired boundary con-

dition x™ (5, q).

Proof. The proof of these results are standard consequences of FKG
inequalities [FKG]. Let us first recall basic definitions and properties.

A configuration n dominates n', n > n’, if n, > ny for all bonds b.

A function f is said to be increasing if n = n’ = f(n) > f(n'). It is said
decreasing if —f is increasing.

A measure () is said to have the FKG property if :

(fg) = (f){9)

for all increasing functions f and g.
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The measures (5) with free and wired boundary conditions are FKG,
see e.g. Theorem 2.2 in [ACCN]. This implies the following monotonicity
properties:

NV B.0) = (N (VoBia), (N (V'.8,0) < ()" (V.5.0)

for any increasing function and any pair of subsets V' C V.

These properties give, by standard arguments, the existence of the infi-
nite volume limits with the corresponding boundary conditions, through se-
quence of increasing volumes, see e.g. Theorem 2.3 in [ACCN]. They imply
also, following [G], that both limiting states are translation invariant. The
translation invariance allows finally to show that the two limits in (7) (resp.
(8)) coincide provided the first one is taken in such a way that |[B(V)/V| — 0
asV —-1L;. m

Theorem 2 a) The mean local Euler characteristics satisfies the duality

relation

X'(8,9) = —x"(5",9) (9)
where the dual inverse temperature 3*is given by

(e’ =1 —1)=gq (10)

b) At the self-dual point 3, = log(1 + /q) solution of (10) with 3 = 3* we
have

X' (B 0) = —x" (B, q) (11)

Proof. Duality properties between FK measures with free and wired b.c.
have been already derived in more general situation, (see [PV]), and we will
use some notations inspired from Section 3.3 of that reference. First, we
recall some basic geometrical results about Poincaré duality and Alexander
duality. Namely, we introduce the dual lattice

(23 = {z = (x1,22) s s +1/2 € Z, i = 1,2}

and use L* to denote the corresponding cell complex. IL* is the dual complex
of L and the following geometrical relations hold:

1. each site z € L is the center of a unique plaquette p* € LL*,
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2. each bond b € LL is crossed by a unique bond b* € IL*,

3. each plaquette p € L has a unique site x* € L* at its center.

This correspondence between the p—cells of I and the (2 — p)—cells of L*
is one-to—one
Sp > S5, (12)
For a subcomplex A C IL, the dual A* of A is the set of elements of IL* which
are in one to one correspondence (12) with the elements of A.

Consider the set of bonds V' C L; such that
A(V) = {(5171,332) c7?: |z <m, i = 1,2}

The dual set [A(V)]" is the union [A(V)]" = UZ_(A%(V) where each p—cells
sy € Ay(V) is in one -to-one correspondence with a 2 —p cell 53, € Ay (V).
In particular

(AL (V)] = [Ae—p (V)] (13)

We let © = A(V) U f be the complex obtained from A(V) by adding
an extra face f whose boundary is the set of bonds of B(V'). Then  is
homeomorphic to the sphere S2. We let 2* be some point inside the face f.

We define the dual Q* of Q as the set [A(V)]" U z* except that now all
the bonds of Af(V) that crosses B(V') meet at the point z*. We call faces
of 2* the new 2—cells. Again the correspondence is one-to-one provided one
replaces 2—cells by faces.

We now turn to Alexander’s duality. Let n € {0,1}" and
V*={b" € Q" :b" crosses b}
We define the A-dual configuration n € {0,1}" of n by
Ny = 1 —ny (14)

where b* is the bond of V* intersecting 0. In other words, if we let X C V
be the set of bonds b such that n, = 1, A(X) its associated cell-complex and
A(X) = [Q\ A(X)]*, then the bonds of A(X) are those of Q* that do not
intersect the bonds of A(X). Obviously one has

N'(n) + N'(@) = [A(V)] = [AT(V)] (15)
N*(n) + N°(0) = [Ao(V)| + 1 = [Ag(V)] + 1 (16)



where N?(n) denote the number of p—cells of /A\(X ). Moreover by Alexander’s
duality theorem, see [A] (Theorem 4.10 p. 24), [Le| (p. 205), or [PV]:

'(n) = 7'(n) + 1 (17)
@) =7'(n) +1 (18)

where 77(71) denotes the p-Betti number of the complex A(X). Then, by
using successively (15), (10) and Euler’s formula (2) (3) we can write

3 NHm) |Ao(V)|=NO(n)+70(n) e -1\ " [Ao(V)[=NO(n)+70(n)+ N (n)
(8 =1)" "¢ = q

AL (V)] —N'(m)
= (eﬁ _ 1) (eﬁ _ 1) qle(V)I—NO(n)+7r°(n)+N1(n)
q q

66—1 A1 (V)] A * 15 0 0 1
:< : ) ghoMl(B7 _ )N @) =N+ (m)+N' (n)

3 A1(V)]
e’ —1 * 17 2(n) 4wl (n
= ( . ) q\Ao(V)I(eﬁ _ 1)N( )qN (n)+mt(n)

Setting R — <E)A1(V)|

q oWl we get from (16)(18)

AF(V)|-NO@)+7° ()
(19)
This formula establishes the one-to-one correspondence between the FK mea-
sures with free and wired b.c.: indeed, the right-hand-side of (19) coincide
up to a boundary term independent of n with the Boltzman weight entering

in the definition of the partition function (4) with wired boundary condition.
From this formula, we get by (17 )(18):

x)' (V,B.q) = (2—x)" (V*,8,q)

It then suffices to divide both terms of this equation by |A¢(V')| and to take
the thermodynamic limit (m — o) to get the result. m

1(n « o
R (f —1)" ) GRoWI=No(m)+70(m) — (" _ )N

Remark 3 Let us mention that for every B # (3,

X'(8,9) = x"(6,9) (20)
when g =2 and q > 4



This is a consequence of the differentiability of the free energy with respect
to ( for the corresponding values of ¢ combined with FKG inequality, (see
[LM]).

Actually by FKG inequality, one has that
(o) (V, 8,9) < (n)*(V, 8, q) < (n)™(V, B, )

0= ([Lmo)™ = ([T me < 3 ()™ = ()

beA beA beA

since obviously n, is an increasing function and the same is also true for the
function fa = .41 — [[pea 70, (see again [LM]).

Therefore the state is unique as soon as, in the thermodynamic limit,
(np)t(B,q) = (ny)"(B,q). This property holds whenever the free energy is
differentiable with respect to (.

Indeed, again by FKG, (ny)f(3,q) and (ny)" (3, q) are the respective left

and right derivatives of the free energy f(3,q) = Vlin]ri \AO—%V)l In Z%¢(V, 3, q)
—la

with respect to [3.

The proof of differentiability of f(f3,q) for ¢ = 2 and ¢ > 4 may be found,
e.g. in [B, MM, HKW].

Let us also mention that for the percolation model (¢ = 1) the free energy
is obviously differentiable for any (inverse) temperature . Therefore in that
case X' (B, =1) = x"(8,¢ = 1) = x"(8,q = 1). This implies, by Theorem
2, that at the transition point 3; = In2, one has x**(8;,¢ = 1) = 0 (for any
be).

Theorem 4 Assume q is large enough, then the mean local Euler character-
istic is discontinuous at [3;

X' (B q) = —x"(Brq) = 2¢7* + O(q77/*?) (21)

Proof. The proof is mainly based on a contour representation of the
model derived in [LMMRS]. To define these contours, we first introduce the
co-boundary C(X) of a set of bonds X as the set of bonds of L; \ X that
contain 1 or two vertices in A(X): C(X) = C1(X) U Cy(X) where

Ci(X)={beL;\ X :bhas 1 endpoint in A(X)}
Co(X) ={beL;\ X :bhas 2 endpoints in A(X)}
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A subset v C L; is called contour if it is the co-boundary of a set of
bonds X and if its dual is a connected set of bonds. The connectedness of
the dual of v means that it is the union of the bonds of a sequence by, ..., b,
such that for any ¢ < n — 1, b; and b;; belongs to the boundary of a same
plaquette. When X is finite, v is called contour of the free class and X will
be denoted by Int y. The length of v is defined as

71 = [CL X[ + [Co(X)] = |Ci(Int )] + |C(Tnt )]

As a result of [LMMRS], one has

Z'(V, Br, q) = gAY 'Z(V\w)

Z(V]p) = > Hs@ %) (22)

{717 7’YTL}CVUC(

where the last sum runs over compatible families of contours, i.e. v; N7y; = 0,
and A(V') is a boundary term such that |A(V)| < cte |B(V)|. The activities
() of contours are given by

ply) = g T A (23)

where A(7) satisfies the bound :

AM)| < 6477 ] (24)

This implies that for large ¢ the free energy f(¢) = limy_, m In Z(Vl]p)

of the contour model behaves like 2¢~2 + O(q™"). We will show that the
dominant contribution to the local Euler characteristic x!(3,q) shares the
same behaviour. This fact might be seen as follows. In the limit ¢ — oo,
there are only two ground state configurations where the bonds are either
all empty or all occupied. The Euler characteristic of such configurations is
0. The first excitations of the empty ground state configuration consist of
occupied bonds in the “sea” of empty ones. Each excitation gives a contribu-
tion to 7° and the number of excitations scales like the volume, giving that
the Euler characteristic behaves like O(q_%). However, in order to compute
the coefficient it is more convenient to consider the expression of the Euler
characteristic in terms of the coefficient IV, and more precisely the expression
(6) of the local Euler characteristic x.(n).
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Notice that x, obviously depends only on the values of the bonds of
the 4 plaquettes intersecting x. Define the distance between 2 vertices x =
(21, 22) and y = (y1, y2) associated to the sup norm by d((z1, x2), (y1,92)) =
max;—1 o{|z; — yi|}. Let d(z,S) = min,egd(x, 2) the distance between a set
S and a vertex x ¢ S.

To compute (xo) we will consider the following events

E; = {n €{0,1}" :all the bonds of the co-boundary 40 of the origin 0
are empty } (25)

E = {n € {0,1}" : there is exactly one occupied bond in 60 and all the
bonds of the co-boundary of sites at distance 1 from
the end points of the occupied bond are empty} (26)

and the complementary event

E = {ne {01} \ (BUE))) (21)

Since for any configuration n € Ef, xo(n) = 0 and any configuration n € E,
Xo(n) = 3, one gets

1
o) (V. 8.q) = 5 Pr(E) + 3 [xo(m)] Pr(n) (28)
n:nekr’
It is easy to check that all configuration n € E’ satisfy |x,(n)| < 3. Therefore
2| > [xo(n)] Pr(n)| < Pr(E) (29)
n:nek’

which is bounded by

Pr(E') < Pr(3y:v 3 0;|Inty| > 2) (30)

Actually, for every configuration n € E’ there exists a contour v > 0 such
that |Int~y| > 2. Taking into account that the minimal length of contours
with [Inty| > 2 is 8 and that 7°(Inty) < ¢||v||, this probability can be
estimated by Peierls type arguments as follows

Pr(E)< ) P(9)< Y e

y:v30;| Int v|>2 7303 (|v][>8
3 _ 1
1 —1eM8e 12
<> mrm(g i )" <2 8248 1 (31)
(1—4dg 7eda )3
m>8 q *€
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provided g-1eb4 2 < 1. Here we used the equality (23) and the fact that

the number of contours of length m that contain a given point is less than
2 4m
m4™.

On the other hand, in order to estimate the probability Pr(E) we let ¥
to be the set constituted by the six bonds containing one endpoint of the
occupied bond as endpoint but not both of them. Then

Z H(’O(%) Z HSO(%')

{’yl??’y’ﬂ}jr‘/ i=1 — {’yl??’yn}?’nm:‘/:@ i=1
Pr(E) =14 = 4p(¥ 32)
( Z(Vly) T 2y (

The factor 4 stems from the fact that there are 4 bonds in the co-boundary
of 0: we take V' to be a box centered at the origin.

The last ratio can be estimated by cluster expansion [D, M]. For that
purpose we introduce clusters X as multi-indexes defined on the sets of con-
tours with integer values. The support Supp X of a cluster X is the set of
contours «y for which X () > 1. We also introduce the truncated functionals:

o7 (x) = ) Hso X)X (33)

Hm

The coefficient a(X) is a combinatoric factor defined in terms of the con-
nectivity properties of the graph G(X) with vertices corresponding to v €
Supp X (there are X () vertices for each v € Supp X) being connected by
an edge whenever the corresponding contours are not compatible.

As a result we have

S (X)) < (g Fet )" (34)

X:Supp X Nb#£D

_1
for 4gq~ 3¢5 ? < 1, where g ~ €58 [KP, M]. This is aetually a consequence

of the theorem given in [M] using that () = (¢~ 1¢% )”7” and that the
minimal length of contours is 6.
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Moreover both terms in the ratio of the r.h.s. of (32) can be exponentiated
in terms of the truncated functionals leading to

Pr(E) = 4¢(7) exp Yoo X)) =D 6" (X)

X:Supp XNny=0

=dp(Yexp — > ¢'(X)

X:Supp XNy#0

54 20 (It 5 _
=4g T T Vexp CAF) - > ¢T(X)

X:Supp XNy#£0

=dgiexp{ AT - Y ¢T(X) (35)

X:Supp XNy#£0D

For the last two equalities, we have taken into account the expression (23)
and the fact that ||§]] = 6 and 7°(Int§) = 1. According to (34) the sum in
the exponential satisfies

S oY S )

X:Supp X Ny#£0 bey X:Supp XNb#D
. 1
< |71l (49)% ™2™ (36)
This implies from (28), (29), (31) and (36)

X' (B q) = 2472 + O(q7*?) (37)

giving the statement of the Theorem by taking into account the duality
relation(11). m

3 Euler Characteristic on Z% d > 3

3.1 Definitions

In this section, we consider the hypercubic lattice

78 ={x=(v1,...,200) 2 €Z,i=1,...,d}
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We let L, be the associated cell complex. Recall that L = {Lo,...,Ls}
where Ly = Z? is the set of sites, LL; is the set of bonds and L, is the set of
plaquettes, etc... . The elements s? of L, are called p—cells and a p-cell may be
represented as (x; 016, ..., 0pe;,) where € Z%, (eq, ..., €q) is an orthonormal
basis of R? and 0, = +1,a = 1,...,p. We shall use S?(x) to denote the set
of all such p-cells containing x. The boundary of a p-cell is denoted by Js?
and the co-boundary of a p-cell is denoted ds? (see [DW]).

As in the previous section, to a set of bonds X C LL; we associate the sub-
complex A(X) C L defined as the maximal closed subcomplex that contains
X : this subcomplex is the union A(X) = Ag(X) U ... U Ayg(X) where

MX)=X
is the set of bonds itself,
AM(X)={zrely:anX #0}
is the set of sites which are endpoints of bonds of X, and for p =2,...,d
Ay(X) = {s? € L, : every cell in Js” belongs to A,_;(X)}

For a set of bonds X, we define the boundary B(X) of X as the set of bonds
of X that belong to a plaquette of Ly \ Ag(X).
We also associate to the set of bonds X the occupation number

C(1if beX
™ =19 0 otherwise

(1

~—

and let n = {ny},; be the associated configuration. We then use N?(n) =
|A,(X)] to denote the number of p—cells of A,(X).

The Euler characteristic of A(X) is defined by

x(n) =Y (~1)"N(n) (2)

p=1

It satisfies the FEuler—Poincaré formula

x(n) =Y (=1)n"(n) (3)

p=

—_
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where 7P(n) are the Betti numbers of the cell complex A(X).
We then define, for a “volume” V' C L, the Fortuin—Kasteleyn partition
functions
Z(V, B, q) = Z (e — 1)V () glAo(V)I=NO(m)+7°(n) K>°(n) (4)
ne{0,1}V

and the corresponding finite volume expectations of local functions f of the
bonds variable {n;} by

(1)"(V. 3,0) = Do (P )N ORI e )

ne{0,1}V
(5)
Here xP¢(n) refers to the boundary condition bc. In particular, we will be

interested in the free boundary condition xf(n) = 1 and in the ordered or
wired boundary condition £™(n) = [[,cpny 1

ZbCVﬂq

Notice that for a configuration n € {0, 1}|V| one has

NO(”) Z H (1 —mnyp)

xer(V) beSt(z)NV

- Y 3 X

z€Ao(V) beSl(x nv
Z Z H ng, pP=2,...,d
:cEAO(V) SPESP(z ) besPNV

where, with a slight abuse of notations, the last product is over the bonds of
V' that belong to the cells s?. Accordingly we define the Euler characteristic
per site as follows

Xe(n)=1-— H (1—nb)—% Z nb+z Z Hnb (6)
beS1()

beS1(x) p=2 sPESP(z) beEsP

where the last product runs over the bonds that belong to the cells sP.

3.2 Results

The following theorem shows existence results that can be proved in the same
way as in the previous Section.
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Theorem 5 a) The following limits exist and coincide

f
) X ) _
Jm () (0 = Jim () (V50 =3 () ()

and define the mean local Euler characteristic with free boundary con-

dition x*(3, q).

b) Analogously, the following limits exist and coincide

. X v . w — W
Jm () (Vs = Jim ()" (V8.0 =X () 9

and define the mean local Euler characteristic with wired boundary con-
dition xV (0, q).

It is known that, for large ¢ and d > 2, the model exhibits a (temperature
driven) first order phase transition at some inverse temperature 3; (= 31Ing)
where the mean energy 75 4 f(3,q) is discontinuous [KS]. The following theo-
rem shows that it is also the case for the mean local Euler characteristic.

Theorem 6 Assume that q is large enough, then there exists a unique in-
verse temperature 3; where the mean local Euler characteristic is discontinu-
ous.

X' (B g) = dg~* +O(¢g~ T I+ma)) 9)
XY (B q) = (1) g 7+ O(g7772) (10)

and for every (3 # [,

l\')lH

X'(8,9) = x"(8,q) (11)

Note that while the jump of the mean energy is AE =1 — O(q_é) the
jump Ay = |Xf(ﬁt, q) — X“(B:, q)| = O(q~4) for even space dimensions and
Ax = O(q~ ") for odd space dimensions.

Proof of Theorem 6. We begin with the proof of (9) which is based,
as in Section 2, on a contour representation of the model [LMMRS]. We first

introduce some geometrical definitions. Two bonds are said co-adjacent if
there exists a d—cell containing these two bonds. A set of bonds, X, is said

17



co—connected if for any b and b’ in X, there exists a sequence of bonds in X
b="by,...,b, =V, such that b; and b;,; are co—adjacent. We note that to
any p—cell in L we can associate the orthogonal (d — p)—cell of the dual cell
complex IL* corresponding to the dual lattice (Z + 1/2)? which intersects it.
The co—connectedness of a set of bonds means that its dual is a connected
set of R? (with the usual topology). Consider the co-boundary C(X) of a
set of bonds X : C(X) = C1(X) U Cy(X) where

Ci1(X) ={beL;\ X :bhas 1 endpoint in A(X)}
Co(X) ={beLy\ X :0bhas 2 endpoints in A(X)}

A subset v C L is called contour if it is the co-boundary of a set of bonds
X and if it is co—connected. When X is finite, v is called contour of the
free class (or f-contour) and X will be denoted by Int~. The length of ~ is
defined as

7|l = [Ci(Int )| + |Co(Int )| if v is a f-contour
With these definitions, one has ([LMMRS]):

Z5V, Br, q) = g™V >'+‘A<V>'Z<V|sof>

Z(Vligy) = > Hcﬂf ) (12)

{’71 77777 ’}/n}CVUC(

where the last sum runs over compatibles families, i.e. 7, N7y; = 0, and A(V)
is a boundary term such that |A(V)| < cte |[B(V)|. The activities () of
contours are given by

04(7) = g ralIFr" i 7) A (13)
where A(7) satisfies the bound:

_ d-1
[A(7)] < 6 221 ||| (14)

This implies that for large ¢ the free energy f(apf) = hm \Ao(V)l In Z(Vl]epy)

of contour model behaves like d g~ T+ O(q™ ) We will show that the
dominant contribution to the local Euler characteristic x!(3,¢q) shares the
same behaviour.
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For that purpose, we will follow the same strategy as in as in the proof of
Theorem 4. Namely we consider the events Ey, E and E’ defined in (25-27),
again one has xo(n) = 0 forn € Ey, xo(n) = 1/2forn € E and |xo(n)| < 1/2
for n € E’'. The rest of the proof is analogous to that of Theorem 4. Only
some estimates have to be changed, namely (30) now reads

PrE)s 3, P)s D, e
~v:y30;| Int y|>2 iy 30: ][ >6d—4
__d=1
< Y (s
m>6d—4

o1
—(TF 52t o6(6d—4)g =20

— (15)

@d—2yd

o d—1 -
1— Vqq (@d—2)d €6q

Here we have used 7°(Intvy) < 7 [|7]| and that " bounds the number
of contours of length m that contain a given point: vy can be bounded
by vy < d?244=D_ To see it, we first observe that the number of p-cells
(x; 0164, ... apeip) that share a same vertex x equals 2P (Z): 2P stands for the
choice for the signs of the o’s and the binomial coefficient (Z) stands for
the choice of p vectors among (eq, ...,e4). This implies (by duality) that a
(d —1)—cell contains 2%~ vertices and hence that the number of (d — 1)-cells
connected (i.e. sharing at least a vertex) with a given (d — 1)—cell is less than
2(@=1(42(4=1) 1), Finally, one uses the fact that for any contour there exist
a path going through the center of every (d —1)—cell of its dual at most twice
[Or].

The cluster expansion now gives

__d=1
S O] < (vagq N g b2 »
X :Supp X Nb£(

d—1
d—1 ~@d—2)d

for vygq~ @24 b4 < 1, leading to

Pr(E) =2dg~ 5 ™ TP exp L AG) — Y 6T(X)
X:Supp XNy#£0
=2dg" T expd AR - Y. ¢T(X) (17)

X:Supp XNy#£0
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and

Sy > 1)

X :Supp X520 bEy X:Supp XNb£0)
< (4 - Drag) 2~ 2
using ||¥|| = 4d — 2 and 7°(Int 4) = 1. This implies
V' (Brg) =dgq~ '@ +0(g T ) (19)

giving the first statement of the theorem.

We now turn to the proof of the second statement of the theorem. We
first define the contours of the wired class. A subset v C L is called contour
if it is the co-boundary of a set of bonds X and if it is co-connected. When X
is infinite, 7 is called contour of the wired class (or w—contour). The unique
infinite component of Iy \ 7 is denoted by Ext~. The length of 7 is defined
by

7]l = |C1(Ext )| + |Co(Ext~y)| if v is a w—contour

With these definitions, one has ([LMMRS]):
Z"(V. Brya) = (" HVIZ(Vpy)

PSR S | XCh (20)
where the last sum runs over compatibles families, i.e. 7; N y; = 0 and the
activities ¢, () of contours are given by

oY) = q—ﬁllvlleﬁ(v) (21)
where A(7) satisfies the bound:

[AM) < 9¢72 |17 (22)

This implies that for large ¢ the free energy f(p,) = Vlir% m In Z(V|pw)
— 1

of the contour model behaves like d ¢~¢ + O(g4). We will show that (up to
the sign) the local Euler characteristic x“ (03, ¢) shares the same behaviour.
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This fact might be seen as follows. The first excitations of the occupied
ground state configuration consist of empty bonds in the “sea” of occupied
ones. Each excitation gives a contribution to 7¢~! and the number of excita-
tions scales like the volume, giving that the Euler characteristic behaves like
(=1)41O(q~4). To compute the coefficient we will consider the expression
(6) of the local Euler characteristic x.(n).

Let us introduce the p—meighborhood of a site z = (z1,...,24), p =
L...,d, as Np(z) = {y = (y1,-.-,va) : Z?Zl |z; — y;| = p} and recall that
S%(z) is the set of the 29—cells that contain the site z.

To compute (xo) we will consider the following events

E, = {n€{0,1}V : all the bonds of the d-cells belonging to $*(0)
are occupied } (23)
El = {n € {0,1}V : there is exactly one empty bond in the d-cells
belonging to S¥(0) and this bond has no endpoint in AVy(0);
in addition, all other bonds of the d—cellsthat contain this
bond are occupied } (24)
E = {n € {0,1}V : there is exactly one empty bond in the d-cells
belonging to S?(0) and this bond has one endpoint in N (0);
in addition, all other bonds of the d—cells that contain this

bond are occupied } (25)
and the complementary event
E' ={ne{0,1}\(FUE,UE,)} (26)
We have
Xo(n) =0 ifne E,orifnekE, (27)
(_1 d—1
Xo(n) = 5 ifneFE (28)
Ixo(n)] <1 ifneFE (29)
Then,
w (_1)d_1
(o)™ (Vi B,q) = ——5— Pr(E) + > [xo(n)] Pr(n) (30)
nnek’
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with

> Ixo(n)] Pr(n)

nnek’

< Pr(E) (31)

Taking into account that for any configuration n € E’ there is at least a
contour v with length ||| > 4, we estimate this probability by Peierls type
arguments as follows

Pr(E)< > Py < > gu()

Y303 v[1>4 ¥y30;||yI[>4
2 360" 12
1 g% q ae>?
m( —= 9q 2\M 4
< E Vg (q 2d ¢71 ) < g 1 (32)
m>4 1 —vgq2de% ?

. 1 g,—%
provided vyq 2ae% * < 1.

On the other hand, in order to estimate the probability Pr(E) we let 4
to be the dual of the occupied bond. Then

> ] ewtw

Pr(E) :[(_1) - (2dd)] {Y1,eymn } 27 i=1

2¢ Z(Vpw)
Z ~ H Pw ('Yz)
=[] () EEES (39

The factor 2%d stems from the fact that there are 2¢d bonds in the d—cells of
S?(0) that contain one endpoint in the d —neighbourhood N(0) of the origin.

We will compute this last ratio with cluster expansion by introducing
clusters X as multi-indexes defined on the sets of wired contours and the
corresponding truncated functionals:

o1(X) = =) T, (34)

[[x(

Y
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By taking into account the expression (21) and that ||| = 2, we get as
a result of cluster expansion

Pr(E) = [(-1)* ¢ 7 ep{ AG) - > $L(X)

X:Supp XNy#£0)
= ()" dgTexpq A = > eh(X) (35)
X:Supp XNy#0
and

Yoo X< D> en(X)]

X:Supp X Uy#0D bey X:Supp XNb#D
1
< 2(ptagq e 7 )? (36)
1
provided f1ggq22¢% * < 1. This implies

XY (B q) = [(—1)4'd]q 7 + O(g7a72) (37)

giving the second statement of the theorem. The last statement follows again
from the differentiability properties given in [LMMRS]. m

N

Let us give some consequences of Theorem 6. Consider a generalized
Fortuin—Kasteleyn measure (GFK) where the occupation variables are de-
fined on the (d — 1)-—cells of the lattice:

1 d—1 d—1
WV - - (P — )N () m (n) be
(-)(V,5,q) =(V. 5.9) ne{%’l}v (e’ —1) q k>(n) (38)

where V C LLg_; and x"°(n) refers to the boundary conditions. In dimension
d = 3, the partition function Z(V, 3, q) is actually the Fortuin—Kasteleyn
representation of the gauge Potts model. In dimension d > 4, it is the one
of the so—called hypergauge model. Potts and hypergauge Potts model are
related by the natural extension (®) of the Kramers-Wannier duality, i.e.
Fourier expansion together with Poincaré duality [LMeR, KLMR]

Potts «— Hypergauge Potts
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Denoting by FK and GFK their Fortuin—Kasteleyn representations, the com-
plete commutativity of the following diagram

Potts «= Hypergauge Potts

|

FK &, GFK

actually holds. The correspondence FK 2, GFK is the Alexander duality
(used in Section 2 for d = 2) and defined as follows

ﬁb*zl—nb, beV

where b* is the (d — 1)—cell that crosses b.

Under this transformation, the FK measure (5) at (inverse) temperature
3 is transformed in the GFK measure (38) at (inverse) temperature 5*, while
free boundary conditions are transformed into the wired ones. Note that this
duality actually holds at the level of measures. It implies, as a consequence
of Theorem 6, that the (suitably defined) mean local Euler characteristic
with respect to the generalized measures (38) is discontinuous at the dual
temperature 3; given by (e’ —1)(eft —1) = q.

4 Conclusion and outlooks

This work clearly shows that the mean Euler-Poincaré characteristic per
site of the FK measure exhibits a non-trivial behaviour at the transition
point. More precisely, we have proved that it satisfies, in dimension two, a
duality property implying that at the transition point it is either zero or it
is discontinuous.

For the percolation model (¢ = 1) it actually takes the value zero at the
transition point.

Moreover, for large ¢, using an analysis of the order—disorder transition,
. 1 C e . .
we have shown that a jump of order ¢~ 2 occurs. This is illustrated in Figure
2 for ¢ = 5000.

In higher dimensions, the magglifude of the jump is of order q_% for even
space dimensions and of order ¢~ @ for odd space dimensions.
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Figure 2: Mean Euler characteristic per site and mean bond occupation
number as functions of 3, for ¢ = 5000 in dimension d = 2.

For small values of ¢ (to which the above mentioned analysis does not
apply) it would be, in particular, interesting to see if the mean local Euler-
Poincaré characteristic is continuous and takes the value 0 when the transi-
tion is second order, as it is the case for the percolation model. Numerical
simulations performed in [BFG]| indicate that this is actually the case. We
illustrate in Figure 3 when d = 2 and ¢ = 2 the behaviour of the mean local
Euler-Poincaré characteristic as a function of the temperature that confirms
this prediction.

In the numerics we have directly sampled the FK distribution through
the heat bath Monte Carlo method (Glauber dynamics). As we needed the
number of connected components to compute the weights of this distribution,
the Hoshen-Kopelman [HK] cluster algorithm has been used.

We think that the fact that the mean local Euler-Poincaré characteristic
vanishes at the transition gives new non trivial informations on the topology
of typical configurations at this point.
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Figure 3: Mean Euler characteristic per site as function of 3, for ¢ = 2 in
dimension d = 2.
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