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Abstract. A new representation for distribution functions of the grand canonical
ensemble by the Poisson measure functional integral is obtained. Due to the ultralocal
nature of the measure, the construction of the cluster expansion is very simple. For
the convergence of the cluster expansion, the requirement of exponential decay of the
interaction potential is not necessary.

1. Introduction

The cluster expansion method, proposed by Glimm, Jaffe, and Spencer [1] for the
investigation of quantum field theory models, was greatly developed by Brydges and
Federbush [2,3] in statistical mechanics. It was especially fruitful in the classical
statistical mechanics for the study of screening effects in charged particle systems [4—
9]. However, the range of applicability of this method is restricted to exponentially
decreasing interactions, and in addition, the technique of construction of cluster
expansions is very complicated. The requirement of the exponential decay is needed
to compensate the large powers of N!, where N is connected with the order of
decomposition. These factorials appear especially due to variational derivatives over
Gaussian fields (sine-Gordon variables). In turn, the variational derivatives arise on
each step of decomposition in the formula of replacing the initial Gaussian measure
by the new one which provides the factorization of Gaussian integrals (see (1, 4, 5,
10] for details).

In this paper, we propose a new representation for distribution functions of
the grand canonical ensemble. This representation gives an opportunity to simplify
considerably the construction of the cluster expansion and the proof of its convergence,
and also extends the set of admissible potentials up to the class of integrable functions
(or for slightly stronger condition). This representation is based on the fact that the
expression which is obtained after the sine-Gordon transformation and summing up
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over the number of particles is again the characteristic functional of some Poisson
process with independent values (infinitely divisible process). This allows to carry out
the integration with respect to sine-Gordon variables and obtain the representation of
distribution functions in terms of the ultralocal measure. Such a measure possesses
the needed factorization property and enables us to get easily the cluster expansion
which does not contain any derivatives over random fields. However, we should
note that this construction is applicable when the total interaction potential (including
short range forces) admits the approximation for which we can make the sine-Gordon
transformation. This means that the initial potential can be represented as a pointwise
limit of positive definite continuous functions, and then, after integration with respect
to sine-Gordon variables, one can go back to the original potential. However, in this
paper we consider only positive definite continuous potentials.

2. Functional Representation

Consider a system of identical particles interacting through a pair positive definite
potential V(z — y) with regularity condition

V() =1y < 0.

We start from the ordinary definition of m-particle distribution functions in a finite
volume box A for the grand canonical ensemble

QA(JJ)m = ZXI Z '('7—7,—_2—%—)7 / . (dw)n\m e_ﬂU(x)" y (1)

nzm An—m

where z is the fugacity of particles, Z, is the grand partition function, and

U@)y,= Y. Vi, —z,).

1<i<j<n
In (1) and below, we use the following abridged notations
@y = @1, Ty, -0, Tp)s (A = ATy - - AT,
The sine-Gordon transformation gives

51/2 ,
e—,@U(w)n — el/25nv0 / dp,(¢)el'8 IS§Sn o(x5) '

Then we directly obtain from (1) that

B2 Y dzj) ,
0" @),, = 725" / dude 7 exp (2 / e’ﬁ‘”ﬂz’daz), @

A

Zy= / du(d) exp (2 / ewm*”(’”)dw) ,

A
Z= zel/mvo,

with

and due to the condition v, < oo the Gaussian measure du(¢p) is defined on a
measurable space of continuous functions ¢(z), = € A with covariance V.
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In the previous papers [4-9], Eq. (2) was the starting point for the cluster
expansion. In this work, we want to carry out one more transformation which will
allow to integrate over sine-Gordon variables. To do this we make the elementary
renormalization and define

Z(A) = Z e 2
Then

iBY2 Y () ‘
@), = Z"Z () / du@e T exp {‘2 / (8'?0@ _ 1>de. ©)
A

Now, one can easily find that the exponent in (3) is a characteristic functional of
some generalized Poisson-type process with independent values at every point = € A
[11, Chap.III], and by the Minlos theorem [11, Chap.IV], there exists a positive
countably additive measure dP(qg) defined on the o-algebra generated by cylindrical
sets of ”(R3) such that

. i | f(x)q(z)dz
exp [z / (ef® — 1)da:] = / dP(q)e 4 7 . @)
A

f/
We substitute (4) into the right-hand side of (3) and interchange integrals to obtain

o' @), = 2" e PO, ®)

~A 1 -8 Z f dzV(z;—z)q(x)
@), =Z"'(A) | dP(@e 'sisma

X exp [— g / / dzdyq(z)V(z —y) q(y)J , (6)
A A

Z7' W= / dP(q)exp [—g / / dwdyq(x)V(x—y)q(y)}. @)
A A

In fact, Egs. (5)—(7) are the integral representation for the Poisson measure (1)
which defines the initial Gibbs distribution. The ultralocal nature of the measure dP(q)
makes it possible to simplify the construction of a cluster expansion and proceed to
A/ R? limit.

To conclude this section, we note that the transformations like (4) were used in
[12] for construction of generalized random fields which satisfy Osterwalder-Schrader
axioms.

3. Cluster Expansion

We fill R? with a set of disjoint lattice unit cubes. All the subsets in R? are given
as a union of unit lattice cubes. Let X, = (x|, ..., z,,,) be some fixed variables of
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distribution functions 37, and let X; = Y, be a minimal union of lattice cubes which
cover X,. LetY), ..., Y, ,n,=[A\Y;|+ 1 be disjoint unit cubes for which

U v=4
1<j<ny
The set Y|, = X is fixed, but the cubes Yj, j=2,...,n, are the variables of
corresponding series and can change their positions. We now define the sequence of
these sets (see [4])

X,=Y,UX X, =A, XS=AX,.

n—1- nA
To simplify the notation, we define
VO = VXK= 3 / daV(z,; ~ £)q(), ®)
1<jsm x
VX5 X)) =V(X5 X" q) = / dx / dyq(z) V(z — y)qy) )
X/ X//

and, in addition, Z(X) is the same expression as in (7) but with X instead of A. Then
we have for Eq. (6) in the notations (8)—(9),

8@ = 27') [ dpige DD, (10)
Now, let us introduce the sequences
VoXps ()= D 818, Vp(Y), (11)
1<j<n
1
VX (9 ) = 5 SNV + Y sis VYY), (12)
1<5<n 1<i<j<n

The interpolation parameters 1 < s, < n — 1 specify the intensity of interaction
between the particles in X, and in X?. Equation (12) corresponds to the sequence
of covariances of the sine-Gordon measure in [4]. In our case, it is used for the

factorization of exp [ — % BV (4A; /1)] in (19) at every step of the expansion and can be
obtained by applying the Newton-Leibniz formula. We now use the property of dP:

/dPFk(q)F)'éc(q)=/dPF§<(q)/dPF}éc(q), (13)

where F(q) depends on fields g(z) localized in X, and F'¥.(q) depends on fields
q(x) localized in X €. As a result, we obtain the cluster expansion

@)= Y D b(X)FX,), (14)

1<n<ny Y3, ..., YnCA

1
060 = o [y [aP@ T fsrees, Vet
0

2<j<n
+5... sJ_zV(Yl; Y)+s,...8; V(Y Yj)
+o s LV V) + VY3 Y)))
X exp(—BVo(X,,; (8),_1) — BV (X5 (8),—-1)), (15)
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Z(Xy)

R (16)

fA(Xn) =

To obtain an ordinary tree-graph representation, we define

Vi@ =V ) +V{5Y;), (17
VYY) =V, (@, i>1. (18)

Then we get for

1
b (X, = (—p" 3 / (@)1 (s / P@ [ Vi, @
T 0

2<j<n
X exp(—BVy(X .5 (8)—1) — BV(X,; (8)_1)) - (19)
Recall that (see [3, 4, 10] for details)

1@n2= II sup--552-

2<5<n

4. Thermodynamic Limit A ~ R. Proof of Convergence

The main result of this section is formulated by the following

Theorem. Let the interaction potential satisfy the following requirement

b= H{;alx E Vyl’y < o0,
Y CR3

1/2
Vory = dylV(z - y) ,
y’y = max (/ ylV(z y)l)

Y

(20)

where Y andY' are unit lattice cubes in R3. Then there exists the constant C(m, 3, z)
independent of A such that for sufficiently small 3 which satisfies the condition

64CB0 < 1;

the infinite volume limit §(x),,, exists for @A(x)m and can be represented by the series
(14) with A = R>, n4, = 00, and f(X,) = lim f,(X,,) instead of f4(X,,).

The Proof of the Theorem. We start from the estimation of b,(X,). To estimate
b,(X,), we apply the Schwarz inequality to the integral with respect to dP(q) in
(19):

1 1/2
b, (X, <"1 Y / (ds)n—lfn(s)n—2< / P ] V772(j),j(q))
7 0

2<j<n
X (f dP expl—28Vy(X 5 (8)_1) — 28V (X3 (8),_DDY2.

The following two lemmas yield the final estimation.
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Lemma 1.

12 )
(/dP(q) 11 (J)J(q)> <6z [[ d® ] Voivs » @D

2<j<n 1<k<n—1 2<j<n

where VYx,Yz is defined in (20), and dn(k) is the number of vertices j in the “tree” n
for which n(3) = k (see [13] for details), and z, = max (%, 1).

Proof. First of all, in (4) we set

f@= > o;f@, swppf;CY, j=1,...,N
I<jSN
and define
w5 = [ a@ s @io
Y

and

i, . / dz f; @) ... f;, (). (22)
Differentiating now (4) with respect to o, ..., o and putting a; = ... = oy =0,

we obtain the following formula for moments of the measure

/ AP@q(fy) - a(fx)

- 3 gt 3

I<IKNy« myvi+...4+myy=N perm.
mp<...<my
Xfi(ll), ’ia f(ul) i(ul)---fm --,1‘533 ---f.(ul) - .<ul),

s tmy

N, = [1/2(8N + 1)/2 - 1)], z(ll),...,](”l)é(l LN, (23

where [x] is the integral part of z.
The number of terms on the right-hand side of (23) is

kN
Ky = ( o = - I RALE (24)
kZl

To use (23), let us integrate the product on the left-hand side of (21). We explain this
more explicitly. The product on the left-hand side of (21) is the contribution of the
tree -graph 7 (see the figure) in which each double line corresponds to the expression

n (q) where V i), (q) is defined by (17)—(18) and (8)—(9). For example, the graph
n: 77(2) n3) = 77(4) = 1; n(5) = 2 can be drawn as follows
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Note here that for this graph we have
an=3, d4,2=1, d,03)=d,4=4d,5)=0.

In every k™ circle 2d, (k) + 2 fields (for k = 1, 2d,7(1)), are located which are
integrated with the potential V(z — -) over the cube Y. According to the condition
(13), the integral on the left-hand side of (21) factorizes into a product of n integrals.
If we now introduce “sewing” m points &, , ..., &; , which are in the same circle
by the formula (22) [analytically, this means that we insert the product of §-functions
(5(3:14I —::ciz)é(aci2 —Z; .. 6(a:im_l —z; )into (2d,](k)+2)-multiple integral], then we
obtain, according to (23), after integration with respect to dP(q) the sum of graphs
with all kinds of “sewing” in every circle. The number of such graphs, according to
(24), is less than
I wd,e+2.

1<k<n—1

We should note here that for ¥ = 1 in the points which correspond to the variables
z, ..., x,, of the function g,,, there are no variables g as well as the integration
with respect to them; therefore, theses points cannot be “sewed.”

Now we bound the contributions of all these graphs by the right-hand side of (21)
if we take into account the definition (20) of VY,Y, and the following expression:

([2d, (k) + 21"/ < 4B+ g, (k)1

and

S o dy=n-1.

1<k<n—1
Lemma 2.
Iy = (f dP(g) exp[—2BV)(X .3 (5),_) — 2BV (X,: (8),,_DI* < C,,,
C,, = exp [A mze20)e™™],  c(B) = / e~ PV@ _ 1|dz, (25)
3

where m is the number of variables of 0(x),),.
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Proof. Recall that V(X ;(s),_,) and V(X ;(s),_,) are convex combinations of
“diagonalized” terms (see the proof of Lemma 9.8 in [5])

VoX s ) = D N Vo(Z)),
J

V(X3 (8)) = NV(Z}:2)), (26)
J
dYoa=1,
J

where A, is a product of parameters s, and (1 — s;), and U Z;=X,,UZ;=X,.
J J
Now, we apply Holder’s inequality to obtain the upper bound
I, < [](J dP@expl-26V(Z;) — 26V (Z;, ZpD/2.
J

The positive definiteness of V(z — y) implies
expl-20V(2}, Z)1 < 1.

Using (4) with
f@=i-28 Y V-,

1<j<m

we obtain

-28 Y. V(z,—=x)
/ dP(q) e~V = exp [E / (e Isizm — lydz| . @7
Z,

J

The estimation of (27) gives (25) if we take into account (26). This proves Lemma
2.

Now, to prove the convergence of (14) as A /" R? we use the Battle-Federbush
estimate [13]

1
> / @)prfyny  J]  dyk)r < 4"
T 0

1<k<n—1

and the well-known method of Kirkwood-Salsburg type equation for the function
fa(X,,) on the sets of A. This gives the existence of the limit for the sequence (16)
(see [5, 6, 10]):

Jim ] f4(X0) = £(X,)

and the following estimate
[faX ) <€,

with some c¢ independent of A. Now the proof of the theorem follows from these
lemmas with C(m, z,8) = C,,z,,€°.
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5. Concluding Remarks

We want to stress that the representation (5)—(7) turns out to be very useful for the
construction of cluster expansions in spite of the fact that the considered systems can
be investigated by traditional methods [14, 15]. But we expect that this representation
can be useful for studying more complicated models and various phenomena.
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