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Abstract. It is shown that equilibrium states of classical particles with short
range interactions are Euclidean invariant whenever their correlation functions
have a clustering which is integrable. The relation between invariance and
clustering is analysed for spatial rotations and internal rotational degrees of
freedom. The analysis is then extended to the case of long range interactions,
including the Coulomb force and jellium systems.

1. Introduction

An equilibrium state which spontaneously breaks a continuous symmetry cannot
have an exponentially fast clustering: this is a general formulation of the Goldstone
theorem in statistical mechanics. However, to analyse the possible existence of
crystalline phases or the existence of phases with orientational order, a more
precise formulation of the Goldstone theorem is necessary.

In [1] we have proved a version of the Goldstone theorem for the translation
group, namely #!-clustering states are necessarily invariant under translation. In
the present paper, we shall be more specifically concerned with the rotation group;
we shall also improve some of the previous results concerning systems with short
range interactions. Furthermore, in addition to spatial rotations, we shall also
consider systems of particles with internal degrees of freedom, for example classical
gas of anisotropic molecules.

We treat separately the case of short range forces (Sect. II) and that of long
range forces (Sect. III). In the latter case, which includes N-component plasma
and jellium systems (i.e. charged particles with a rigid uniform neutralizing
background), the main idea is that the effect of the long range can be taken care
by means of sum rules which reflect the shielding property of such systems. [4, 12].

Our definition of equilibrium states and the starting point of our investigation
is the BBGK Y-hierarchy for the correlation functions. For sufficiently well behaved
short range forces it is known that the BBGKY-hierarchy is equivalent to other
definitions of equilibrium states such as the classical KMS condition, the
Dobrushin—Lanford—Ruelle or the Kirkwood-Salzburg equations. (See [2] and
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the references quoted there for instance.) Furthermore, all those equations are
verified by the states obtained as the thermodynamic limit of finite volume Gibbs
distributions (for a direct proof of this fact in relation with BBGK Y-equation, see
[3]). On the other hand, for systems with long range forces, it is known that
equilibrium states can stiii be defined by means of a BBGK Y-equation [4]. For
this reason, we have taken the BBGKY formalism for our discussion.

The relations which we shall derive between clustering and symmetry breaking,
imply that in dimension v>2 a phase with spontaneous symmetry breakdown
must have a clustering which can not decay faster than |x|~° where § is specified
in the Table 1:

Table 1
Short range N-Component Jellium
Force Coulomb Systems Systems
(without background)
Translation v—1 v+ 1 v+ 1
Internal rotations v—1 v+ 1 v+ 1
Spatial rotations v v+ 1 v+2

The values of § obtained in our proof may not be optimal. Indeed, a recent
study of the planar rotator model reveals that the two point correlation function

1 . . . .
decays exactly as ﬁ when v =3[5] and similar behaviour is expected in the case
X

of the 3-dimensional anharmonic crystal [5-7]. Moreover, for short range forces,
there does not exist any equilibrium state which breaks the translation or internal
rotation in two dimensions [8, 97]. This result leads us to conjecture that for these
symmetries the optimal value of § could be v — 2 instead of v — 1.

In fact it can be shown [14] with the Bogoliubov inequality that any crystalline
phase must have a clustering slower or equal to |x|~®~ 2, However, the question
remains open for other inhomogeneous situations such as the interface.

Several papers concerning the Goldstone theorem for short range forces have
appeared recently. The same result as ours on the breaking of translation invariance
was obtained in [15, 16] on the basis of the KMS condition: an inhomogeneous
phase has a clustering slower or equal to |x| ~"~ 1), Using the Bogoliubov inequality,
quantum lattice systems are treated in [10, 14] with similar results. Continuous
quantum systems briefly discussed in [10], are under current study and will be
presented in forthcoming publications.

I1. Definition of the System

The system consists of particles in R* having internal degrees of freedom. The
internal degrees of freedom are labelled by the points w of some (locally compact,
Hausdorff) measurable space  with finite measure. We may think of a particle
as a rotator with w a unit vector defining its axis; in this case Q = S™ is the unit
sphere in R* and dw is the invariant measure on S*). We could also think of a
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particle as a molecule and @ would label the specie and the relative positions of the
atoms inside the molecule.
We shall assume that there is a representation of the rotation group SO(v) on
Q which leaves the measure dw invariant. We denote I' = R” x Q the configuration
space; ¢ = (x,w), xeR", weQ will denote a point in I' and [dg = | dx | dw.
Rv Q

Weintroduce furthermore V and J the generators of the translation and rotation
groups acting on differentiable functions f(q) on I'; we then have:

J=L+S5, (1)

where L and S are the generators of the rotation group acting respectively on R*
and Q.

The particles interact by means of two-body potentials &(q,,q,) which we
require to be symmetric under permutations, Euclidean invariant and regular. The
symmetry and invariance conditions are expressed by:

P(q1,92) = P4, 41)s 2
D(qy, 45) = P(x; — X5, 01, 0,), } 3)
P(q1545) = P(R(x; — X;3), Rwy, Rw,),  VReSO().

The regularity is the condition that the force F(q,,q,) = F(x; — X5, 0, w,) = —V,

@(q,,q,) and J,P(q,,q,) be continuous for x, # x,'; the Euclidean invariance of
the potential is then expressed by:

(V, +V,)®(q,4,)=0; (J, +J,)P(q,,4,) =0. 4
Combining the symmetry and the Euclidean invariance yields
Vi®q1,q,) = =V, P45, 91); (J1PNG1,92) = — J,@(q2,9,)- )

The states p of the system are described by the set of correlation functions

0(qys-..,q,)=p(Q)n=12,.... They are symmetric functions of (q,,...,q,) and are

assumed to satisfy the following regularity condition:

0(dys---,q,) is continuous, uniformly bounded on I'";V,p and J,p are locally #!

and continuous in any open set which does not contain coincident particles.
Throughout the paper we shall always assume that the states are clustering in

the following sense:

pT(ql,---,qn)=0( )as x| = o0

Ix,1°

for wy, ¢,,...,q, fixed, n=2,3,...

uniformly with respect to w, and

uniformly with respect to ¢, for n > 3.

1 With the notation V,,J; generators of the Euclidean group on the space of functions /(q;)
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pT(Q) are the truncated correlation functions defined in the usual way and ¢ a
positive number to be defined later.
Let us recall that a state p is:

n
invariant under translations if ) Vip=0,
i=1
n
invariant under rotations if Y Jp=0,

invariant under spatial rotations  if ) L p=0,

n
invariant under internal rotations if ) S§;p=0.
i=1

II1. Systems with Short Range Forces

In this section, we shall consider the case of short-range forces, i.e. we shall assume
that the force F(q,,q,)= —V,®(q,,q,) and J,P(q,,q,) are integrable over
RY x Q x Q:

fdx [ dow, | do,|F(x,0,,0,)| < o,

Rv 2 Q2

()

| dx [ dow, [ dw,|Jd(x,0;,w,)| < w.
R’ Q Q
Following the usual derivation of the BBGKY-Equations, the Equilibrium states
will be defined by correlation functions which are a solution of the following
hierarchy of equations:

n

—kTGip(q,,Q) = ), (G,P)(q,.4,)p(q:. Q)+ [dq(G,D)(q1,9)p(q1,4, ),

ji=2
(®)
where Q =(q,,45,...,9,) ifn=2,3,...,0 = if n=1, and G denotes either of the
generators V, L, S or J.
The main result of this section, i.e. any %' clustering equilibrium state is
necessarily invariant under rotations, is stated in the following proposition.

Proposition 1. Let T #0; if @ (q,,q,) satisfies Eq.(7) and
f dxj da, jdwz IXI"FHF(x, w4, w,)] < o0, )
Rv Q2 Q
then any equilibrium state which satisfies the clustering condition Eq. (6)with é > v
is rotation invariant.
Proof. Using the BBGKY-Equations (8) together with Eq. (4), the equilibrium
states will be solution of the following equation:

n

—kT Z ij(Q)=§dq1[ > (de))(qj,ql)]p(ql,Q), Q=0z----4,)- (10
j=2

J j=2
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On the other hand, Eq. (8) with Q =(q,,...,q,) yields:

Z (J D)y, %)P(‘h, Q)= —kTJ,p(q,,Q) — jd‘I(J1‘p)(CI1’ Qp(q1,9,Q). (11)

j=2
We then integrate both sides of Eq. (11) on ¢, with x, restricted to a ball of radius
R centered at the origin.
The integral on the left hand side of Eq. (11) exists in the limit R - co by the
integrability condition Eq. (7). Using Eq. (5) together with Eq. (10) and (11), we
obtain:

— Y Ip@=lim [ dg,[(U:p)a0 Q)+ BldalJ, ) (ay.q)
j=2

R—® x|SR

(qlaq’Q)]f QZ(QZ"--:qn)- (12)

We shall prove that the right hand side Eq. (12) vanishes in the limit R — oo, which
will thus establish the invariance of the state under rotations. In order to use the
clustering condition on the state, it is convenient to use the first equation of the
BBGKY hierarchy Eq. (8) to express the right hand side of Eq. (12) in the form:

( Z JjP)(Q) = - Rlim I dq,J (p(q;, Q) — p(q,)p(Q))
=2

=% x|SR
—Blim | dgy[dg(J,9)q1,9)(p(d1,q,Q) — pa1,9)p(Q)).
R= o x,[<R (13)
The limit of both terms in Eq. (13) exists and is zero. Indeed: let h(g,) = p(q,Q) —
p(q,)p(Q); the first term on the right hand side of Eq. (13) becomes
lim | dq(L,+S)h(g,)=lim | dx, f do (L, + S)h(x,0,)

R=w ¢ <R R0 |x|<R

. o _— 1 .
and the clustering condition Eq.(6) implies h(x; w,)= 0(W> uniformly
X1
with respect to w,. Using furthermore the regularity condition of p, we have

j dx,(L,h)(q,,Q) = 5 dx;(x; AV h(x,,0;)

[xi1|<R [x;| <R

= f x; Adoh(xy, @) = O<_Tsl-—-‘>
Ix1]=R R°™
as R—- oo (14)
uniformly with respect to w,.
On the other hand since Q has finite measure and dw is invariant under the
rotation group, the regularity condition of the state implies that

| dxljdw (S h)(x;,w,)=0. (15)
[xi|=R

This identity follows from the following consideration; let S be the generator of
the rotation around a given axis 7 and let 7, denote the action of a rotation of
angle ¢ around 77 on I'; then
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1
5 dx1§dw1 (Sh)(q,) = 2 S dop 5 dx, jdw1(s1h)(T¢Q1)

|xi|=R |x1| <R

= dxljda)1 jdgohml

isR o Q a0

[hiz,t,q1) — hlt,4q,)]

1 2n

[xi| =R

where y(¢) = h(z,q,). | |
We have thus shown that the first term on the right hand side of Eq. (13) is

zero; using Eq. (4) the second term can be written as
3 | dq,JdqU, —N)P(q.,9)[p(q1,9,Q) — p(41,D)p(Q)]. (16)
[x1[ =R

To show that (16) vanishes in the limit R — co we note that

p(d1,9, Q) — pla,.9)p(Q) = p(q:)(p(q, Q) — p(q)p(Q))
+ p(@)(p(g1, Q) — plg1)p(@Q)) + R(g;,4,Q), (17)

where R(q,, ¢, Q) is a sum of products of truncated functions where the arguments
q or g, (or the pair (q,, q)) always occur in conjunction with some other argument
q;€Q,i=2,...n. (See Lemma 4, p. 219 [4].) Therefore, the clustering condition
Eq. (6) implies that

M, M,
1p(41,9, Q) — p(q1,9)p(Q)| = P + M (18)

with M, M, independent of ¢, and 4.
Let us write

94,9 = p(q;,9, Q) — p(q;,9)p(Q) (19)

and consider first the contribution of internal rotations (S; — S)® to Eq. (16). It
follows from (7) and (18) that

(S; —8)P(q:,9)9(a,,9)

is integrable over I'? so that we can take the limit R — oo to obtain:

2Jdq, [dq(S, — S)P(q;,9)[p(4:,4. Q) — p(41,9)p(Q)] =0
because of the symmetry of the correlation functions and the antisymmetry of
($; = S5)P(q,,9).
Finally, we show in the Appendix that the contribution of spatial rotations
(L; — L)@ to Eq.(16) vanishes in the limit R— oo which concludes the proof of
Proposition 1. [

The translation invariance of the state has been established in [1] when there
are no internal degrees of freedom.
By obvious modifications of the present proof (i.e. dealing with the generator
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of translation V instead of J), we obtain

Proposition 2. Let T #0; if ®(q,,q,) satisfies Eq.(7)and
[ dx {dw, [ do,|xP'|F(x, 0y, 0,)| < 0, (20)
Q

R0
then any equilibrium state satisfying the clustering condition (6) with 6 >v —1 is
translation invariant.

Corollary 1. An}x equilibrium state satisfying the conditions of Prop. 1 is invariant
under the full Euclidean group.

Remarks. 1) For short range interactions any equilibrium state which breaks the
translation invariance must have a clustering which decays slower or as [x| ™ *!
whereas to break the rotation invariance we need only to have a clustering slower or
equal to |x|™".

The reason for this difference is that, L= x AV being linear in x, one more
power in the decay of correlation functions is needed to control the convergence
of integrals (see the Appendix, in particular (A4)).

This indicates that in the transition from a Euclidean invariant state to a state
of lower symmetry, rotation invariance is likely to be broken before translation
invariance.

2) Two dimensional systems are of particular interest in this respect: they are
known to be translation invariant irrespective of any clustering condition (for
short range forces) [9]. However, they may have phases noninvariant under spatial
rotations with clustering decaying slower or as |x| 2.

3) If the force satisfies only the integrability condition (7) (but has no finite
moments as assumed in (9)), then the rotation invariance (respectively the translation
invariance) can still be proved provided that the clustering (6) holds with 6 > v + 1
(respectively 6 > v). Indeed, in this case, the integrand of the expression (A1) in the
Appendix is integrable in ¢, and g over I' x I' and antisymmetric, showing that
the integral (A1) exists and vanishes.

4) The same result will also hold if the force has a nonintegrable repulsive
singularity at x =0. Then, the correlation function should vanish at coincident
points in such a way that p(q,, q,, Q)F(q,, q,) is still integrable in g, = g, (at finite
volume, this follows from an integrability condition on exp(— fP(q,,4,))F(q,95)
in g, = g,). In this case, the additional assumption (supplementing (18)) is therefore
natural

. M M
101, a2, Q) = pd1, @) QN = Uxy = x)| 5+ 5

X 17 Ixal
with M independent of x,,w,,x,,w, and {(x) is a bounded function such that
{(x)F (x,m,, w,) is locally integrable in x = 0. It is then easy to check that the proofs
of Prop. 1 and Prop. 2 can be carried out in the same way. Finally, the case of

strict hard cores can be treated with the same results [11].

If the potential is separately invariant under space rotations and (or) internal
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rotations, i.e.
(Ly + L) Pgy,9,) =0 (21)
and (or)
(Sy + S2)2(41,95), (22)

we deduce the corresponding invariance properties of the states as corollaries of
Proposition 1, ie.
(i

(

Corollary 2. Let @(q,, q,) be invariant under spatial rotations. Then any equilibrium
state satisfying the conditions of Proposition I is also invariant under spatial rotations.

M=

u)mm=o (23)

i

1

and (or)

M=

1

&)mw=o. (24)

Corollary 3. Let &(q,,q,) be invariant under internal rotations and verify

fdw, [dw, | dx|x]"|S;@(x,0,,w,)| < . (25)
e 2 r

Then, any equilibrium state satisfying the clustering condition (6) with 6 >v —1 is
invariant under internal rotations.

Corollary 2 follows immediately when one deals only with the generator of
spatial rotations in Prop. 1.

Corollary 3 is proven as Proposition 1 with the antisymmetric function (S, — S)
d(q,, q) replacing (L, — L)®(q,q) in the estimates given in the Appendix (here a
clustering which is O Fi, 6 > v — 1 is again sufficient since S does not introduce

X
an additional power of x).

Remarks. 1) If the potential satisfies the integrability condition (7) (but not (25)),
the result of Corollary 3 is still true provided that the clustering (6) holds with
d > v (see Remark 3 following Corollary 1).

2) All these results can be generalized to the case where the internal degree of
freedom consists in the elements of an arbitrary compact Lie group. Indeed, besides
the integrability and clustering hypothesis, one uses only the fact that the internal
symmetry group has generators acting in differential form and an invariant measure
with finite total mass.

1V. Systems with Long Range Forces

In this section, we consider systems which consist of N species of “charged” particles
and we denote by o, « =1,...,N the charge of the specie a. To simplify the
following discussion we consider point particles without internal degrees of freedom
other than the charge. We shall then add a few remarks at the end of this section
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concerning the extension to systems of particles with internal degrees of freedom.
We denote by g = (x,a)eR” x {1,..., N} the position and specie of the particle and

fdg=Jdx} .
The particles interact by means of a two-body potential of the form
D4y, q5) = 04,0, P(Ix; — x,1), (26)

where @(x) is of class C* on R". The long range of the interaction is characterized
by the asymptotic behaviour of the force F(x) = — Vd(x) as |x| - c0:

F<x>=~+o<—7>, = Ixlow,

0 po—of ! ® po—of >
ox" (x)’— |x|y+1 ’ 0x"ox° X)= |le+2 .

The case of main interest is the Coulomb force corresponding to y = v — 1; another
case of interest is the system of electrons confined to a narrow layer above the
surface of liquid helium which corresponds to y=v=2. In the following, we
consider general values of y such that v — 1 <y <v and we recall the notation:

(27)

F(‘]n‘]z): O'aIO'aZF(Xl - X,).

The equilibrium states are now defined by their correlation functions which are
clustering solutions of the BBGKY hierarchy written in the following manner:

kTV,plq,,Q) = [GalEp(le Y F(qqu)]p(ql,Q)

j=2
+[dqF(qy,9)[p(a,9Q) — p@)p(q1, Q) ], (28)
where Q =(q,,...,q,) ifn=22, Q=Fifn=1,
E,(x) = Eo + [dy(F(x — y) = F(= y))c,(y) (29)
N
is the average electric field in the state p and c,(x)= Y. 6,0,{x)— pg is the
a=1

average charge density.

E,=E,0)and p, are parameters describing the systems. Systems with p, #0
are called “Jellium”; they correspond to systems of charged particles in the presence
of a rigid, uniformly charged background, with charge density — p,.

In the case of Coulomb systems (y =v — 1) we consider only states which are
invariant under some discrete subgroup of the translation group; this condition
on the equilibrium state will then imply that the state is locally neutral and that
the field E (x) Eq. (29) is well defined.

We refer to [2, 4] for a discussion of Eq. (28) as the definition of equilibrium
states for systems with long range forces.

Proposition 3. Let T > 0, v = 2 and assume that ®(q,, q,) verifies Eq.(26)(27) Then
i) any equilibrium state satisfying the clustering condition Eq. (6) with 6 > v + 2
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and

w X X)) <o Vrx3 (30)

,,,,,

jdx1 § dlexlllpfl
Rv Rv

is invariant under rotation.
ii) for N component Coulomb systems with py =0 the same result will also be
valid if the equilibrium state satisfies the clustering condition with § > v + 1.

Corollary. Any equilibrium state satisfying the conditions of Prop. 3 is invariant
under the full Euclidean group.

Indeed it was already shown in [ 1] that a state verifying the clustering condition
with 6 > v + 1 is necessarily translation invariant.

Proof of Prop. 3. Since we know that the state is translation invariant, we have
¢,(x)=c, and E (x) = E,. Furthermore, in the Coulomb case, ¢, =0 (see Prop. 6
and Lemma 3 of Sect. 4 in [4]) which expresses the local neutrality of the state.

As we have recalled in Sect. II, this proposition will be established as soon as
we have shown that:

Z Lip(Q)=0 where L,=x; AV,

Using then Eq. (28) together with the assumption that the force is antisymmetric
and radial, ie. x; A F(qy,4,) = — X, A F(q,,9,), and the fact that E (x) = E,, we
obtain:

KT 3 Lip(@Q)= ¥ 0,,%; A Eop(Q)+[dg . % Flg;0)
[0(d, Q) — p(@p(Q)]- (31)

It is also known [12] that, under the same clustering hypothesis on the correlation
functions, any equilibrium state for a system of particles interacting by means of
long range forces satisfying Eq. (26), (27) with v — 1 £y < v will obey the following
sum rule:

; 0, %;p(Q) + [dqo,x[p(g, Q) — p(@)p(Q)]1=0. (32)

In fact, this sum rule will be satisfied as soon as the clustering condition holds
with 6 > v+ 1.

Combining the 1st and nth equation of the BBGKY hierarchy Eq. (28), together
with the sum rule (Eq. (32), the symmetry of force, i.e. x A F(x — x;) = x; A F(x — x))
and the definition Eq. (17) of R(g, ¢, Q), we can express the integrand of Eq. (31)
in the following manner:

_Z X A Flay @) [p(d: Q) — p(@)p(Q)] (33)

= —kTx A Velp(q, Q) — p(@)p(Q)] (332)
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+ 05 A Eo[pld.0) — p(@p(Q)] (33b)
+ 3%, A FE = %) = F@)os0, p@p(Q) (330)
j=1
+Jdgo,x A [F(X = x) = F(x)]0:0(d) [p(4. Q)
— Q)] (33d)
+[dqx A F(q,q) R4, Q)- (33¢)

To obtain the integral which appears in Eq. (31), we integrate both sides on
g =(x,a) with x in a ball of radius R. We shall then evaluate all terms (33a—e) in

the limit R — co.

o—v

1 . .
As in Eq. (16), the gradient term (33a) is O (R‘_> by the clustering hypothesis.

It thus vanishes as R — oo as soon as ¢ > v. The term (33b) is integrable over all
space and gives, using the sum rule, Eq. (32):

— Ey A [dqayx[p(q,Q) — p(@)p(Q)] = Eq A 2 0., %p(Q) (34)

By the assumption Eq. (30), the integrand in (33¢) is integrable over R* x R* and
thus, in the limit R — oo, (33e) yields:
zJdqfdg(x A F(q,9)R(G,9.0) =0

Since F(q, q) is antisymmetric and R(g, ¢, Q) is symmetric in (g, q).
Using the definition of c,, the integral over g of Eq. (33c) is for finite R

(€, +p0(Q) Y. 7, %, A [ J dR(F(x—x)- F(f))]- (39)
j=1 IF <R

Using Lemma 1 and 3 of [1], the expression (35) converges in the limit R — o0 to

~(¢, + pp)P(Q) Y. 0, x; A (€x,). (36)
ji=1

% =0 when y>v—1,and fory=vy— 1% = {%,,} is the depolarization tensor. For
a general domain V,, 4 is defined by

lim | d%(F,(x —X)— F,(— %) =) ,x", (37

Aoy,

where V, = {x|x = 1y,yeV,, A >0} is a dilatation of V. In particular if V; is a sphere,
b, =&5rs (w, =21, w5 =4n) and Eq. (36) (i.e. the contribution (33c)) gives zero.
v

On the other hand, before the limit R — oo, Eq. (33d), gives:
§ dxfdgo,x A [F(x —x) = F(X)}(c, + pp)Lo(g, Q) — p(@)p(Q)].
iR

Using the clustering condition together with Eq.(37) and the fact that
| dx|F(x — x) — F(x)| = O(|%|) uniformly in R (see Lemmas 1 and 3 in [1]), the

|XI=R



66 Ch. Gruber, Ph. A. Martin, and Ch. Oguey

term (33d) yields, in the limit R — o0
— (¢, + pg) [ dgo,x A €x[p(q, Q) — p(@)p(Q)], (38)

which will be zero by our choice of V.
Combining these results Eq. (33) leads to:

J

§dgz n F(a, Dp(@, Q) — p(@)p(Q)]
=1
=EoA ), a,xp(Q)—(c,+ pB){ Y. 0,%; A Ex;p(Q)
j=1 i=1

+ [dgo,x A €x[plg, Q) — p(q)p(Q)]}-

Thus it follows from Eq. (31) that:

kTZLjP(Q)z —(Cp—i_pB){ 2. 0,,%; A Ex;p(Q)
Jj =1

J

+ fdqo,x A €x[p(q, Q) —p(q)p(Q)]}, (39)
ie. kT L;p(Q) =0 which concludes the first paft of Proposition 3.

To {)rove the second part of this proposition we recall that for any periodic
state of a Coulomb system ¢, =0. Since the clustering condition 0(@) with
0> v+ 2 has been used only to control the term (33d) in the limit R — oo, our
proposition will remain valid when p, =0, assuming that the clustering condition
is satisfied with § > v+ 1. [

Remarks. 1) The sum rule Eq. (32) is essential for the derivation of Proposition 3
and thus a clustering faster than l;lovlﬁ is necessary for our proof.

2) It is conjectured that the two-dimensional jellium has a low temperature

phase with orientational order. Qur analysis shows that in such a phase, the
. 1

clustering should decrease as or slower than e

Corollary 1. For Jellium systems p, #0 and y=v— 121, any equilibrium state
which satisfies the clustering condition Eq. (6) with 6 > v + 2 obeys the following
sum rule:

Y. 0, X5x5p(Q) + [dqo x"x*(p(qQ) — p(q)p(Q)) = n(Q)J,. (40)
j=1

Indeed, in the proof of Proposition 3, we can integrate on any sequence of volume
V, obtained by dilatation of some fixed arbitrary volume V.
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Using the result KT') L;p(Q)=0 together with Eq. (39), we thus conclude

J
that for y =v— 121 and for any ¥V, we must have:

PB{ L 0a%; A 6x;p(Q) + [dgax A 6xLp(a, Q) — p(q)p(Q)]} =0. (41

J

Furthermore, the bracket in (41) vanishes if and only if [¥, £] =0, where:
= 20X+ [ dgo,x'x(p(q, Q) - p@)p(Q)).
i=

Therefore, ¢ will commute with all symmetric matrices ¢ and is thus a multiple
of the identity.

Let us recall that the sum rule Eq. (40) has been established for arbitrary pg
in [12] under the same clustering condition, but using an entirely different method.

Corollary 2. Equilibrium states of Coulomb systems in dimension greater than 1
1

can not carry an internal electric field E, if the clustering is 0<|_F> with o > v +1
X

when p, =0 and with 6 >v + 2 when pg #0.

This corollary follows from the rotation invariance of the state and the
properties of the BBGKY equations (see Prop. 4 (iii) in [4]).

This result should be compared with the one dimensional Coulomb system
which is known to have exponentially clustering states with nonvanishing internal
electric field [13].

Remark. The results presented in this section will remain true for more general
systems with internal degrees of freedom, such as described in Sect. II, whenever
the particles interact by means of a two-body potential

ds(‘hs 412) = q’(s)(%a QZ) + 0u,%0, (’D(L)(lxl - X2|)

such that the short range part of the force F® = — V@ satisfies the integrability
condition Eq. (7).

Appendix

We show that the contribution to (16) of space rotations vanishes, i.e.

lim 3 | dgq,[dq(L, — L)®(q,,9)9(q,,q) =0. (A1)

R—w |x;|<R

Denoting f*(q, q) = (x{ + x*)g(q,, q) we have
(L, = LY®(q,,9)9(a:,9) = — (a1, DF' (a1, 9) + f*(1, ) F*(q1,9)s (A2)

(r,s,t) = cyclic permutation of (1,2, 3).
Since both terms of (A2) give a similar contribution to (Al), it is sufficient to
evaluate the first one which is
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3 | dq,[dgFq,,q)f(qy,q) =3[dx [ dw, [ doF'(x,w,, o)
Q Q

|xi| =R

j. d}’fs(y’wny—%w)

IyI=R

= —3fdx [ dw, [ doF(x,w,, )
Q Q2

j fs(y + x>w1’ y,a))‘

Iy =R

We have used the antisymmetry of F(q,,q) and the symmetry of f(q,,q) under the
exchange of ¢, and q.
Therefore, one has

31§ dq,fdqFq,.q)f%(qy,9)| £ 5fdx | do, | do|F(x,0,,o)|
Q Q

|xi[SR

j dy{fs(}’»wpy—x,w)‘, (A3)

4

where 4, = {y|ly|SR,|y—x|Z R} u{ylly| 2 R,y — x| < R}.
In (A3), we divide the integration on x into the regions |x| < LR and |x| = 3R.

. . R R
When |x| £ 3R, yed, implies EELL <3R and 3Rz |y —x| =7, and therefore,
according to (18)

.y M
lfs(y’wby_x’w)l = lzys—x Hg(y,wpy—X,w)I g—lz(;hjla

M, being independent of x,y,w,,w. With this, one finds that the integral (A3)
on the region |x| £ 4R is less than

M,|4,) _ M,

i | dxfdo,[do|F(x,0, o) —5—5- < 55 dx[do,
x| £R/2 R R
1
Jdowlx||Fi(x,w,,0)| = 0(;@?;) (A4)

since the volume |4,] of 4, is O(|]x|R*~").
R .
When |x| gz, we use the fact that the correlation functions are bounded, hence
F oLy —x0) S e 2yl + ).
This implies that the integral (A3) on the region |x| = 3 is majorized by

1| dxfdo, [doF(x,0,o)| | c;lyl+ x)dy

|x| zR/2

¢, | dxfdo,[do|F(xo,o)|x" " =o1)  (AS)

x| 2R/2
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since now |y| £ R £2|x| and |4,| = O(|x]").

This last quantity tends to zero as R — oo by assumption. (A4) and (AS5) establish

that the limit (A1) vanishes.
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