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Abstract

The correlations in classical multi-component ionic mixtures with a spatial
dimension d > 2 are studied by using a restricted grand-canonical ensemble
and the associated hierarchy equations for the correlation functions. Sum rules
for the first few moments of the two-particle correlation function are derived
and their dependence on d is established. By varying d continuously neard = 2
it is shown how the sum rules for the two-dimensional mixture are related to
those for mixtures at higher d.

PACS numbers: 05.20.Jj, 52.25.Kn, 05.40.—a

1. Introduction

The statistical equilibrium properties of classical many-particle systems with long-range forces
have been the subject of an extensive literature (for reviews see [1]-[4]). The simplest models
with long-range interactions are Coulomb systems consisting of point particles with charges
of the same sign that move in an inert uniform background of opposite sign. For these systems
no collapse of particles can occur and stability is guaranteed at all densities and temperatures.
Both the one-component plasma, also known as jellium, and ionic mixtures of particles with
different charges and masses fall in this class. An important tool in the analysis of the
equilibrium behaviour of these systems is furnished by the set of correlation functions and the
associated Ursell functions. The first few moments of the latter satisfy sum rules, which are
essential for the description of the large-scale fluctuations of local densities.

In studying one-component plasmas and ionic mixtures it has been found that the
dimension d of space in which these systems are embedded plays a remarkable role. It
turns out that several properties of systems with d = 2 and d = 3 (which have mainly been
considered) are quite similar, whereas occasionally the derivation of these properties proceeds
along rather different lines. An example is a recent proof of a second-moment sum rule for
correlations near a guest charge in a two-dimensional one-component plasma [5]. Here the use
of symmetry properties of the Ursell functions leads to a short proof [6], whereas in deriving
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the analogous sum rule for the three-dimensional case a detailed analysis of the statistical
ensemble properties has to be carried out [7]. Sometimes the analogy between the two- and
three-dimensional cases gets lost altogether, as seems to be the case for a higher-order sum rule
of the two-dimensional one-component plasma [8]. For this sixth-moment rule no counterpart
at d = 3 has been found as yet.

The purpose of the present paper is to postpone any choice of dimension and to derive
sum rules that are valid for ionic mixtures in all dimensions d > 2. We shall refrain from a
discussion of the case d = 1, as periodic oscillations in the density lead to complications in
that case [2]. We shall concentrate on sum rules for two-particle Ursell functions. Our unified
treatment enables one to clearly see how the simplifications in the derivation of these sum
rules for d = 2 come about, and why the proof for d > 2 (and hence for d = 3 in particular)
is necessarily more complicated. In the course of our analysis we shall obtain several new
results for a general Coulomb-type system with d > 3, which has hardly been discussed in the
past [9]-[13]. In deriving our results we shall treat d as a continuous variable, as is standard
practice in the theory of phase transitions [14] and in dimensional regularization of quantum
field theory [15]. This method has been used in the context of systems with long-range forces
as well [16].

When describing multi-component ionic mixtures attention has to be paid to a suitable
choice of the equilibrium ensemble. As in a previous treatment [7], we shall use a restricted
grand-canonical ensemble, in which the fluctuating particle numbers are constrained by
stipulating that the ensuing total charge matches the fixed charge of the inert background.

2. Ionic mixtures in dimension d > 2

We consider a d-dimensional multi-component ionic mixture of s components, with label
o =1,...,s, in a large volume V. The N, particles of species o carry mass m, and
positive charge e,. The system is neutral owing to a uniform background with charge density
—qv = — Zo‘ eNs/V.

For arbitrary d the potential ¢ depending on the distance » = |r| is proportional to 1/r¢~2.
It is the solution of the d-dimensional inhomogeneous Laplace equation A¢ (r) = —§(r), with
A the d-dimensional Laplace operator and 3 (r) the Dirac delta function in d dimensions. Here,
it should be noted that in a space with dimension d the Laplace operator acting on an isotropic
function is given by r~%*1(3/0r)r?=1(3/dr). The explicit form of ¢ (r) is

rdnrR-1) 1
ér) = W}m*'cd, 2.1

with I'(z) the gamma function and with c; an arbitrary additive constant. We used the fact that
the surface of a unit sphere in d dimensions equals 27¢/2/ ' (d/2). For d = 3 the potential has
the form ¢ (r) = 1/(4nr) (at least for ¢, = 0), which corresponds to the choice of so-called
rationalized Lorentz—Heaviside units in electrodynamics. For d = 2 the potential ¢ that solves
the two-dimensional Laplace equation is logarithmic,

1
¢o)=—5;wgn+a 2.2)

with a constant c that can be used to render the argument of the logarithm dimensionless by
writing ¢ = log(L)/(2m) with an arbitrary length L. This potential can be obtained from (2.1)
by taking the limit d — 2, if ¢, is chosen as

rd/2 -1

i 2.3)

Cqg = —
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Indeed, in the limit d — 2 one finds

i . I'd/p2-1) 1 1
5‘312“5(”:(512 17072 (rdz — 1>+c=—glog(r)+c. (2.4)
It should be noted that the shift in energy c; as given by (2.3) becomes infinite, when d tends
to 2. This does not come as a surprise since the potential (2.2) grows without bound for large
r, whereas the potential (2.1) for d > 2 tends to ¢, at large r. If desired, one may choose ¢, to
be given by (2.3) for all d. However, we shall see that for d > 2 many formulae simplify by
choosing c¢; = 0, so that the choice (2.3) is somewhat artificial in that case. For that reason
we shall postpone a specific choice of ¢; and leave it arbitrary as yet.
The Hamiltonian of the ionic mixture is the sum of the kinetic energy 7 and the potential
energy U,

2
Poo 1 !
H=T+U = —2’; +5 > enend(|foa — o))
oo o 0101,0202
\%4 1 5 \%4
—Yv o d ooa + = d d/ —r . 25
q;jef r(roq — 1)) ZqU/ rdr ¢(r —r')) 2.5)

The particle « of species o has position r,, and momentum p,,. The prime at the summation
sign indicates the condition oj¢; # 0,0, so that self-interactions among the point particles
are excluded. As said above, the constant c; in the potential is left arbitrary for the time
being. The integrals representing the interactions involving the background are taken over the
d-dimensional volume V.

As was shown by Lieb and Narnhofer [17] for the one-component plasma in dimension
d = 3, the potential energy U in H is bounded from below, so that the stability of the system
is warranted in that case. Generalizing their argument so as to be applicable to a mixture in
arbitrary dimension one may prove stability for any d > 2, as is shown in appendix A.

3. Electrostatic sum rules

The k-particle equilibrium correlation functions gf,’]‘)

(2]

satisfy the BGY hierarchy equations

O

k
d d
8—r1g§,’f?.m (1, .t) = —Beg g L (rL .t ) e ar #r =D
j=2

1%
k+1 k
— Bes, ane%,f drier [¢550 (e, ) — 80 ()]

Ok+1

X i¢>(|1‘1 — ), 3.1)
Brl

with B = (kzT)~! the inverse temperature and n, = (N,)/V the average particle density
of species o. The correlation functions can be expanded in terms of Ursell functions hl(Tkl)"'Uk
[18, 19]. In particular, the two-particle Ursell function h$), is defined as g*) — 1. For
large V the Ursell functions are translationally invariant, so that they depend on the difference
between the positions only. In the following we shall assume that the Ursell functions satisfy
the standard exponential clustering hypothesis, which implies that they tend to zero faster than
any power if the separation between two positions goes to infinity.
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For k = 2, the hierarchy equation reads in terms of the Ursell functions

9 _OnG, (rix
Bes, Zn@ea}/dh E® (11,10 13) ¢(7’13) 0, (1, 12)
a3

710203 8r1 8[‘1
9 @
—Ben g > noyee, | drshQ, (r2,r3)¢(r13)
03
8¢(r12) 09 (r12)

_:3801602 maz(rl’ r)——— — e €560, )

(3.2)

with rijj="r; —r;.
The second term at the right-hand side can be rewritten by expanding the potential in
terms of Gegenbauer polynomials. For » > r’ one has [20]

I'(d/2— "\*
p(r—r)) = () + 4( d//2 — c<d 272 (cos 0) (%) (3.3)

with d > 2. Here 6 is the angle between r and r’. For r < r’ a similar expansion holds, with
r and r’ interchanged. By expanding the potential in this way and using the orthogonality
relation of the Gegenbauer polynomials one may establish the identity

0
drs h2) (r2, r3)p (r13) = ¢ruz) drs h) (ry, 13). 3.4

9 0203
1 r3<ri2

ory
Employing this equality in (3.2) and making use of the exponential clustering properties of the
Ursell functions one proves the perfect-screening condition [9-11, 21, 22] for the two-particle
Ursell function of a general d-dimensional ionic mixture,

> nge, / dry h? (r1, 1) = —eo,. (3.5)
02

Similarly, by using the Gegenbauer expansion and the exponential clustering property
one derives from the hierarchy equations for k = 3 the perfect-screening rules,

S e, / ars b, (11,12, 13) = —(eor + 0} H2, (11, 12) (3.6)

- 3 d—2)/2
Znase@/du h§12,203(r1,r2,r3)rf3C2 )/ (cos0)

(d=2) rOn® (1), 1)) €=1,2,..), (3.7)

T ol 0102
with 6 the angle between ry; and ry3, and with (x),, = x(x+1) - - - (x +n — 1) the Pochhammer
symbol.

For d = 3 the Gegenbauer polynomials in (3.7) reduce to Legendre polynomials, so
that we recover one of the well-known perfect-screening rules for a three-dimensional ionic
mixture [7, 11, 23]. To derive the analogous identity for d = 2 we use for £ > 1 [20],

lim %CQ(X) = %Tz(X) (3.8)

with T;(x) the Chebyshev polynomials of the first kind. With the help of this relation one
finds from (3.3) in the limit d — 2 the standard expansion of the logarithmic potential [20].
The perfect-screening rule (3.7) becomes upon taking the limitd — 2,

Zna3e(,3/drg hY) (01, 2, 1) Te(cos 0) = —eq,rhh P (P 12)  (E=1,2,...),

3.9
which for the one-component case corroborates a previous result [24].

4
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From the above results a consistency relation can be obtained. On the one hand, we can
prove from (3.2) with (3.4) and (3.5), upon multiplying by r;, and integrating over r,,

¢ (r13)
3)

Beo, ;nm%/drz drihg ., (r, 12, ra)rp - o,

3

1
= —3beq > noeq, / drs h, (ra,r3)r3,
03

+(d — Dfenen, / drs k%) (r1. 1) ()

+[d — (d — 2)caBes,es, ] / dry S, (ry,ro). (3.10)

On the other hand, from (3.7) for £ = 1 one gets after multiplication by rl_zd and integration
OVer ry,

Z 9 (r12)
Ngy €04 / dl'2 dl‘3 hz(r’j;)ozq (1'1 , I, I‘3)I’13 : arl
o3

= (d —2)eo, / dry h$ (v, 12)¢ (r12) — (d — 2)cqeo, f dry h$) (v, ).
(3.11)

Comparison of (3.10) and (3.11) yields an identity, which by means of (3.5) gets the simple
form

> nong,eq o, / dry h? (v )l = —%. (3.12)
For d = 3 this identity reduces to the well-known sum rule that was first obtained by Stillinger
and Lovett [25] and discussed subsequently extensively [7, 19, 21, 26-28]. For the one-
component case with d > 3 its form has been found before [13].

The sum rule (3.12) is independent of ¢, as it should be, since the correlation functions
cannot depend on the choice of an additive constant in the potential. Ford > 2 the intermediate
steps in deriving (3.12) simplify for the choice c¢; = 0, but that is not essential for the proof.
To treat the limit d — 2 one has to choose the specific value (2.3) for ¢4, so that ¢ (r) stays
finite. With that particular choice the proof of (3.12) remains valid in the limit d — 2. The
form of (3.12) for d — 2 is consistent with that found previously by taking d = 2 from
the start [24, 28]. The above derivation shows how the general form of the Stillinger—Lovett
relation for an ionic mixture reads for arbitrary d > 2.

01,02

4. Equilibrium ensemble and thermodynamics

To prepare the ground for the derivation of additional sum rules for the pair correlation
functions of the ionic mixture we need to specify the equilibrium ensemble for the system.
A convenient choice, which has been discussed before [7], is the restricted grand-canonical
ensemble. It is a grand-canonical ensemble with particle numbers satisfying the constraint
>, e Ny = q,V. Its partition function Z depends on the volume V/, the inverse temperature
B, the background charge density ¢, and s — 1 chemical potentials fi, (o # 1). In the limit of
an infinite system, the partition function leads to a thermodynamic function p that is defined
by writing

1
Jm 7log Z(B. {Bito}, qv. V) = BP(B. {BlLc}. 4v)- 4.1

5
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The energy density u, and the particle densities n, for o # 1 follow by taking derivatives

_ aﬂp _ 9Bp
Uy = ng = ~
B’ 0By
In writing a partial derivative with respect to one of the variables 8, {8ii,}, ¢v, the other
variables that are meant to remain constant are suppressed. The pressure follows from p

through the relation

(c=2,...,5). 4.2)

. ap
P=DP—qv
gy

4.3)

as is proved in appendix A.
For d > 2 a scaling argument can be used to relate the partial derivatives of p. In fact,
the potential energy satisfies the identity

v, ... % v) = AHU(ArN',...,ers,de)+ 2 (A2 - chN e? 4.4)

for arbitrary positive A. This property implies a specific scaling behaviour of the partition
function Z and the thermodynamic function p. As a consequence, the pressure and the energy
density of the ionic mixture are related as

d—2
p=— ——(d 4)— chno (4.5)

withn = )__ n, the total particle density.

The partition function Z, and hence p, depends on the additive constant c¢; via the
Hamiltonian. However, the combination (4.3), which gives the pressure p, is invariant when
¢4 is modified. On the other hand, the energy density u, as given by (4.2) does depend on c,.
Its dependence is such that u, + %cd Yo ngetzr is invariant, so that (4.5) can be satisfied. The
specific amount by which the Hamiltonian is shifted when a different choice for c¢; is made
depends on the particle numbers N,, as (2.5) shows. Hence, the chemical potentials fi, (with
o # 1) change as well when a different value for ¢, is chosen. However, the combination
Ao+ %cde(, (e; — e1) is found to be invariant. Of course, the partial densities n, do not depend
oncy.

It should be noted that both the pressure and the energy density can be written as a sum
of a kinetic and a potential part,

p=Gar =S, (4.6)
According to (4.5) the potential parts of the pressure and the energy density are related as
prt = [(d — 2)/d](up pot 4 1 1ca Y, nee?). In appendix A, it is shown how several auxiliary
relations can be derived from 4.5).

For dimension d > 2 one may take c¢; = 0, so that (4.5) gets a simpler form [12]. In
contrast, for d — 2 one should choose c; according to (2.3). With that choice the energy
density u, stays finite ford — 2. Hence, it drops out from (4.5) in the limit. As a consequence,
we are left with the equation of state for the two-dimensional ionic mixture

———an ez, “.7)

which can also be obtained directly by applying a scaling argument to a system with a
logarithmic potential [29, 30]. The present derivation shows how the second term at the
right-hand side comes about as a consequence of the shift ¢; in the potential. Incidentally,

6
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we remark that it is essential to choose the right value for ¢, before taking the limit d — 2.
For instance, choosing ¢; = 0 in (4.5) and taking the limit naively, without realizing that u,
diverges in that case, would have resulted in an incorrect equation of state.

In closing this section, we remark that alternatively one may choose to describe the
equilibrium ionic mixture by means of a full grand-canonical ensemble with a background
with fixed density [2, 12, 21, 31, 32].

5. Thermodynamic sum rules for pair correlation functions: zeroth- and
second-moment rules

In the restricted grand-canonical ensemble the derivative of the partial density n,, with respect
to the chemical potential combination Bi,, is given by

Dng, 1 1
— = —(N(r] N(72> - —(Nc71 )(Naz), (5.1)
Dﬁ“a‘z V V
with the operator D/Dg i, defined as
D ey 0
— =1 —=0c1) 77— =851 ) — - (5.2)
Dfjiq aﬁ Mo (Z; er 9B o

The right-hand side of (5.1) can be expressed as an integral over the pair correlation function.
As a result one finds

2
RorPioy / drs h®, (11, 12) =

Dn,,
DB jis,
Upon summation over o,, with the weights e,,, one recovers the perfect-screening rule (3.5).

Taking an unweighted sum over o, and using (A.8) to eliminate the derivative of the particle
density n we find the equality

- n0180102~ (53)

1 on on
(2) [ea o
Sd(d = 4n, 202 o / drs ) r1m) = —(d = DB +dgy
1 1 D )
_ Ed(d — Dng, + E(d —2)cyB DBfia, ( UEO nqze(&) . (5.4)

This zeroth-moment sum rule is independent of the perfect-screening sum rule. Like that rule
it is valid for each species o) separately. If an unweighted sum over o, is carried out, one
arrives at a less strong sum rule of the form

1
) _
34 =) Y o, [ dra b, e = —d - 2>ﬂ@ +dg, o

01,02

——d(d D+~ (d 2)cdﬁz (5.5)

‘o Dﬂ Poy

For any d > 2 one may choose c¢; = 0in (5.4) and (5.5). For d = 4 the integrals in (5.4) and
(5.5) drop out; the resulting equalities are trivial consequences of the relation (A.8). The case
d = 2 deserves special attention, and will be discussed at the end of this section.
The derivative of the partial density n, with respect to the inverse temperature 8 reads
ong 1

1
o = =y (NoH) + 7 (No) (H). (5.6)




J. Phys. A: Math. Theor. 41 (2008) 495001 L G Suttorp

Like the derivative with respect to the chemical potentials discussed above, it can be written
in terms of integrals over Ursell functions, as shown in appendix B,

ong 1
d - 2)/38_,31 = _EIBCIU"’Q Znozeﬂz / dr, h((Tzl)O'z(rl’ r2)r122
o

1 1
— d(d = 4n,, > no, / dry A (ry, 1)) — Sdd = 2)n,,

02

1
+5(d = 2)caPny, [Z Noyel, / droh? (r1.m) + e§1:| . (5.7
o2

An essential role in the proof of this identity is played by the symmetry properties of the Ursell
functions, as is discussed in appendix C. Employing (5.3) and (5.4) for two of the integrals at
the right-hand side, we find that many terms cancel. In this way, we obtain the second-moment
sum rule

2d on
o Neg,€s, | dry hf,z)o (ry, 1‘2)}’2 =%
; ’ 2‘/ . 2 B 9qy

Summing over o with the weights e,, one recovers the Stillinger—Lovett rule (3.12). Taking
the sum with equal weights we get the second-moment identity

2d on
Z nﬂlnﬂzeaz / dr2 h¢(721)(72 (r19 r2)r122 = - )
o B 3q

(5.8)

5.9)

which is independent of the Stillinger—Lovett rule.

The above sum rules have been derived for all d > 2. To obtain the corresponding rules
for the case d = 2 we choose ¢, according to (2.3) and take the limit d — 2. The zeroth-order
sum rule (5.3) retains the same form, whereas the sum rules (5.4) and (5.5) become

ong B D
Moy Y Moy / dry Q) (r1, 1) = —q, qul + % DB (Z naze§2> (5.10)
o) ! [ep)
and
an B Dn
2) _
Zn”]ndzfdrzhf,lﬂz(rl,r2) =—qu—+o— Y e —. (5.11)
= dqy 8w 7 "' Dpjio,

As in the previous section, incorrect results would have been obtained from (5.4) and (5.5)
when the choice ¢; = 0 had been made before evaluating the limit d — 2. In contrast, the
sum rules (5.8) and (5.9) are independent of the choice of ¢y, so that the proof of their validity
for d = 2 is straightforward. It may be noted that in deriving the limiting form of the auxiliary
relation (5.7) it is important once again to choose ¢, correctly before taking the limit.

The above derivation of (5.8) for general d shows how one can combine perfect screening,
symmetry and thermodynamics with the statistical relation (5.6) to establish a second-moment
sum rule. For the special case d = 2 the last-mentioned ingredient is not necessary, as is
shown in detail in appendix C. This particular feature of the second-moment sum rule (5.8)
for d = 2 has been discovered recently [6].

6. Thermodynamic sum rules for pair correlation functions: fourth-moment rule

To derive an equality for the fourth moment of the two-particle Ursell function we start from
an expression for its derivative with respect to the inverse temperature,

8
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a 1
(d— 2)/3£ [n0,n6,h 3, (k1. 12)] = _Elgqvnmnaz 2”036’03 /dl‘3 hS) (X1, T2, 3)rg
03

1 d
- Ed(d_ 4)na|nazzna3fdr3 hS) L (P12, T3) = g ng,T1p - a—rlhfl)az (ri,rp)

03
2 2 2
-5 BaunaNoyea h), (X1, 1)1y — d(d — Dngne,h), (1, 12)

1
+5(d = 2)capnono, [ > ngel, / dr3h)  (ri, 12, 13)

o3

+(e2 +e ) hS (ry, 1‘2):|. (6.1)

The proof of this identity is sketched in appendix B. Multiplying both sides with e, 5,9 (r12),
integrating over r, and summing over o} and o, we get an expression for the derivative of the
potential-energy density (B.1),

ul™ 1
2d =P = 3P D" nonoyno,eo en,eq, / drydrs h$),  (r1, 12, 13)r% (ri2)
01,02,03
1
~ 3@ =4 Y nnengenes, / drydrs h8) (11, 12, 1) (r12)
01,02,03
I
_Znalnngeﬂle(rg drory - aThgm(l‘l,l'z) ¢(ri2)
1
01,02
1
= 3800 Y nateten, [ Ara b, @ rarg i) - 2400 — 20

01,02

1
+ E(d_ 2)cap Z Ng Mo, €, e02|:2 No, eéf drodrs h$) (11,12, 13)0 (r12)
03

01,02

+ (e(le + efrz) / dry hffl)az (ri, r2)¢>(r12):|. 6.2)

The first term at the right-hand side can be expressed in moments of the two-particle Ursell
functions by using the relation (C.4), which follows from the symmetry properties of the
three-particle Ursell function. Likewise, the second and the sixth terms can be rewritten by
means of the symmetry relation (C.2). In the third term, we can carry out a partial integration
and use the identity

a";(:”) =—(d —2¢(rn) + (d — 2)cq. (6.3)
1

As aresult we arrive at a relation involving the zeroth, the second and the fourth moments of
the two-particle Ursell function,

2.2 2 4
dpq, Z nalntfzemeffz/er hél)gz(rl’ r2)r,

01,02

rp -

+2d(d — 6)(d +2)Bgy Y _ nonoseq, / dry S (ry ),

01,02

—4d*(d — 4)(d +2) ann@/drz h2 (X1, r2)

01,02
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pot

= —8(d —2)*(d +2)p* —— XL o —16(d — 1)(d — 2)(d +2) BuP*

+2(d — 2)(d +2)cqB |:2,3qv Z Noy o, €o, / dry h$) (v, 1)1,

01,02

+d(d —6) Y ngno, Ulfdrzhgzlz,z(rl,rz)ﬂdz 6d+4)ane(2,]:|

01,02 o1

—2(d —2)*(d +2)c3p* [Z NoyNoyez, en, / dry A, (K1, 1) + ) g, 83'} .
ol

(6.4)

The zeroth and second moments at both sides of this relation can be replaced by the
thermodynamic expressions given in (5.3) and (5.8). The ensuing derivatives with respect to
the chemical potentials may be eliminated with the help of (A.8). Furthermore, at the right-
hand side the full energy density can be introduced with the help of (4.6). These manipulations
lead to an expression for the fourth moment of the Ursell function in terms of thermodynamic
derivatives only,

2.2 2 4
d:B qv Z nalnazeUIeGZ/dr2 hg'l)o'7(rl7 l.2)7‘12

01,02

= —8(d —2)*(d + 2),32%—”;’ —16(d — 1)(d — 2)(d +2)Bu,

on ) on
+4d(d — 2)(d — 4)(d + Z)ﬂﬁ +4d-(d — 4)(d +2)q, 5

v

—4(d—2)(d+2)caB [(d—2),38/3+dqv O vd- 2} (Zna ) (6.5)

Upon using (A.9) we find that the right-hand side is proportional to the derivative of the
pressure p (in the form of (4.5)) with respect to ¢,. In this way, we have found the rather
elegant fourth-moment sum rule

8d(d+2) d
Y nong,eq e, f dro h 2, (v, ro)rfy = —% 8” : (6.6)
qv qv

01,02
It is a generalization to arbitrary s and d of the well-known compressibility rule that has been
established for the one-component plasma in two [24] and three [19, 33—35] dimensions and
for the three-dimensional ionic mixture [7, 21]. Whereas the second moments, as given by the
sum rules (3.12), (5.8) and (5.9), are linear in d, the fourth moment turns out to be quadratic
ind.

For all d > 2 we may put ¢, = 0, as before, so that the relations (6.1)—(6.5) become
somewhat simpler. To discuss the case d = 2 we must choose ¢, as in (2.3). Upon taking
the limit d — 2 the terms in (6.1)—(6.5) containing ¢, remain finite, so that they cannot be
omitted. However, the final result (6.6) does not depend on c¢; explicitly, so that it remains
valid as such in the limit d — 2. Hence, we have established the fourth-moment rule (6.6) for
alld > 2.

As a final remark we point out that a shorter proof of the fourth-moment rule for the
special case d = 2 can be found from a particular symmetry relation connecting second and
fourth moments, as discussed in appendix C. The derivative 9h$), /9B is not needed in that
line of reasoning.
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7. Concluding remarks

By making a systematic use of the properties of the restricted grand-canonical ensemble and
the hierarchy equations for the correlation functions we have been able to derive the sum rules
that govern the first few moments of the two-particle Ursell functions for a multi-component
ionic mixture with an arbitrary spatial dimension d > 2. The dependence on d of the various
moments has been determined in detail. While most discussions in the literature had to treat
two-dimensional mixtures with a logarithmic potential as a separate case, we have shown that
a unified description of mixtures for all d > 2 is indeed possible by making a careful choice
of additive constants in the potential.

Our main results for the moments of the two-particle Ursell function are presented in
(3.5), (3.12), (5.3)—(5.5), (5.8)—(5.9) and (6.6). The ensuing results for the moments of
the two-particle correlation function follow by replacing h) with g{*) — 1. Whereas the
zeroth-moment perfect-screening rules (3.5) and the second-moment rule (3.12) could be
derived without invoking thermodynamical properties, the proof of the other sum rules had
to be based on statistical ensemble theory. Accordingly, the ensuing rules in sections 5
and 6 depend on thermodynamical derivatives with respect to the basic variables describing
ionic mixtures in a restricted grand-canonical ensemble, namely 8, {8i,} foro =2,...,s)
and q,.

If one wishes, one may express the sum rules in terms of derivatives with respect to a
different set of independent variables involving—apart from f—the chemical potentials {u }

witho =1, ..., s,in a way described previously [7]. For completeness we give the sum rules
(5.3), (5.8) and (6.6) in terms of derivatives with respect to these alternative variables,
1 (dn, 10 g,
oy e / dryh@, (1) = o (oot — T ) e, (7.1)
e B \olo, S o, fho, ’
2d 0dq
- 0o, | drah® (v, r)rl, = —— " 7.2
nl%:n zezf 2 olaz( 1 2)}”12 BS D1t (7.2)
8d(d +2)
> nong,eq e, fdrz h, (e r)rf, = g5 (7.3)

01,02

with the abbreviation § = ZG es0qy,/01Ls. As before, in writing the partial derivatives at the
right-hand sides the independent variables that are kept constant are suppressed.

The sum rules discussed in this paper are essential in understanding the equilibrium
fluctuations in an ionic mixture. In particular, the fluctuations in the partial densities, the
pressure and the energy density are governed by these rules, as has been shown in [36] for
the three-dimensional case. The fluctuation formulae in turn are necessary in order to determine
specific dynamical properties of the ionic mixture, such as the time evolution of the collective
modes [37, 38].
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Appendix A. Stability, thermodynamic pressure and some auxiliary relations

In this appendix, we shall first discuss the stability of ionic mixtures in arbitrary dimension.
Furthermore, we shall establish the relation between the thermodynamic pressure and the
partition function in the restricted grand-canonical ensemble. Finally, a few thermodynamic
auxiliary relations will be derived.

By generalizing the argument given in [17] so as to be applicable to a mixture in arbitrary
dimension d > 2 one finds the bound

d 1 2/d 1
Uz——————q 21T (-d+1 Nyelt?/d _ Nye2, Al
md+2d—2)" 2 XU: €o 5 ; €y (A.1)

which for the one-component case (and ¢; = 0) agrees with the bound presented by Sari
et al [39, 40]. Taking moreover d = 3 one recovers the result in [17]. Ford — 2 and¢; =0
the bound in (A.1) goes to —oo, so that it becomes useless. However, upon choosing c; as in
(2.3) the inequality (A.1) becomes in the limit d — 2,

1 ) TGy 1 3 )
U}—gg:Ngealog< . >—§(c+§>;Ngea. (A.2)

For the one-component case (and the choice ¢ = 0) this inequality has been derived previously
[39]. It should be remarked that different bounds have been obtained in the past [41]-[44].
For our present discussion these are not relevant, since we only wish to confirm here that the
multi-component ionic mixture is stable for arbitrary d > 2.

Furthermore, we want to derive the relation (4.3) between the the pressure p and the
thermodynamic function p, which follows from the partition function according to (4.1).
Generalizing the definition of the (thermal) pressure in a one-component plasma by Choquard
et al [45] to an ionic mixture, we write it as the derivative of the free energy F with respect
to the volume V at constant temperature 7, constant (average) particle numbers n,V (for

o =2,...,s)and constant total background charge ¢,V
OF (T, {ns},q,,V
p=_< (T, {no}. qu )> ‘ (A3)
v TotnoV)goV

Taking account of the implicit dependence on V we get
af" afv
p:_fv+zna(a ) +CIU<8 ) s (A.4)
o) Mo/ 1,in,).90 9v/ T, (n,)

with f,(T,{ns},q,) = F/V the free energy density. The construction of the restricted
grand-canonical ensemble implies the relations [7]

df, = —s,dT + Z fio dn, + fi, dg, (A.5)
o(#D)
p=—fot Z Aoho, (A.6)
o (#1)

with s, the entropy density and ji, = —dp/dq,. Hence, (A.4) can be written as
p=—fut Y fichs + figqy- (A7)
o (D)
Comparison of (A.6) and (A.7) yields the relation between p and the pressure p that we wished
to prove.
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Finally, in the main text we need several equalities involving partial derivatives of
thermodynamic quantities. Upon differentiating the relation (4.5) with respect to Bji,, at
constant 8 and g,, we get

an(,_ ong 1
(@ =2)p3g = dquy = —dng - d(d 4>Dﬁ~ +5<d—2>cdﬁDﬁ~ (Zw)

(A.8)

with the operator D/ DS i, defined in (5.2). Likewise, differentiation of (4.5) with respect to
B yields

d— Z)ﬂau"—dqv —2(d — Dy + = d(d 4)—

ap 9y ap

—%(d—Z)cd<1+ﬁ )(an ) (A.9)

For d > 2 we may choose c; = 0, so that the last terms at the right-hand sides of (A.8)
and (A.9) drop out. For d — 2 we choose ¢, as in (2.3). When the limit is taken, the left-hand
sides of (A.8) and (A.9) disappear, while the last terms at the right-hand sides yield a finite
contribution. As a result we get for d = 2,

ng D
L 5 S el | =0 (A.10)
gy DBjis 8 p
and
du,y 3 1 3
gty (1482 > nget | =o. (A.11)
g B 8 )\ &

The auxiliary relations (A.8) and (A.9) have been used in the main text.

Appendix B. Derivatives of densities and Ursell functions with respect to the inverse
temperature

In deriving the second- and fourth-moment sum rules we need expressions for the derivatives
of the partial densities and the two-particle Ursell functions with respect to §. The
derivative of n, with respect to 8 follows by evaluating its formal expression: dn,/9f =
—(NxH)]V + (Ns){(H)/V. The average (H) of the Hamiltonian is proportional to the
internal energy u,, which is the sum of a kinetic and a potential part of the form (4.6). The
latter can be written as an integral over the two-particle Ursell function

1
= 5 Y ot [ drah, @000 ®.1)
a1,02
The average (N, H) can likewise be expressed in terms of integrals over Ursell functions. As
a result we find

ong, 1
B B _E'Bnm Z nazna3€azea3/dl'2 dr3h$) (X1, 12, 13)$(r23)

02,03

— Bng, e Z o, €0, / dro h2) (r1, 1) (r12)
02

1
— 5dno, > n, / dry ) (ry, 1) — dnal. (B.2)
(53
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Employing the symmetry relation (C.2) to eliminate the integral with the three-particle Ursell
function, we arrive at (5.7).

Furthermore, we need an expression for the derivative of the two-particle Ursell
function with respect to S. In the restricted grand-canonical ensemble one has quite
generally d(f)/d8 = —(fH) + (f)(H) for an arbitrary phase function f. Taking
f= Z;]m 8(1’1 — r[,lal)é(rz — ram) and using (2.5) one derives

0 1
ﬁ% [nmnazh((yzl)qz (rl s 1'2)] = _Eﬂnalnnz Z Ng3Ng,€55€0,

03,04

4
X /dr3 drg S o (01,12, 13, 14) (r38)

1 3
— Edn(,ln(72 an /dr3 RS (T1, T2, 13)
o3

— Bliong, Y noyeo, / drs b, (01,12, 13) [€6,¢ (r13) + €5,0 (r23) ]
03

2 2
- dnalnazh((ﬂ)gz (rl, I‘2) - ﬁnalnazeal eazhf,,)az (l‘l, I'2)¢ (I"12)

1 2 2
= oo Y Moo, [ drsdra [H2, (rr v, (2w

03,04

+h, (01, TR, (12, 19)] ¢ (r30)
— By g, Z Nos €04 / dr; [EU,h((,zz)(,3 (r, r3)¢ (r13) + e,,zh((,zl)(73 (ry, 1‘3)47(7’23)]
o3

_ﬂn01n0260'11€(72¢(r12)' (B.3)

For large separation of the position arguments the left-hand side vanishes faster than any inverse
power of rj,. At the right-hand side, the first three integrals and the two terms proportional to
hf,z])az share this feature. However, the property of being of short range is not obviously true for
the last two integral terms, while it is certainly false for the final term, which is proportional to
¢ (r12) and hence of long range. Nevertheless, by employing (3.4) and (3.5) one may rewrite
the sum of these terms in a form that shows their short-range character as a function of r,
explicitly,

B 2 0 (r23) ’
el Z NoyNoyeones, | Arsh$) (ry,r3)r - 3 dry h) (rp, r4)

- 03,04 2 4>y

2 2
B, 3 totoienea, [ drah (e v (60 —cal [ dnih, im
03,04 r4=>rs
2
B l$01) — el Y noen, [ drah ri). (B.4)
riz>riz

o3

Substituting these terms and using moreover the symmetry relation (C.6) in the first term at
the right-hand side of (B.3), we arrive at the somewhat simpler expression (6.1) given in the
main text. It should be noted that at the right-hand side of (6.1) the potential does not occur
explicitly any more.
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Appendix C. Symmetry relations

The Ursell functions are symmetric under a permutation of both their position arguments r;
and their component labels ;. From that symmetry one proves

(d-2) Z Ny N30, €0 / drodr3 hS) | (r1, 12, 13) [ (r23) — ¢4l

02,03

¢ (r23)
=2 Z Ny Mgy €0,€0, /dl‘z dr; hffli,m (ri,rp, r3)ry - o, (C.1)

02,03
At the right-hand side we use (3.10). Employing moreover the perfect-screening relations
(3.5) and (3.6) we get the identity

@=DB Y noioyenen f drydry b8 (11, 12, 1) (rzs)

02,03

+2(d — 2)/36(;1 ZnUZEUZ f dr2 hfle)(fz (rl ) r2)¢(r12)

02

=Bqy Y N, / dry b (v, e)rfy —2d Y " ng, / dry hZ), (ry,12)
o5} o2

—(d —2)cup [ Z Ngyel / dry hZ) (ry,12) + €2, ] (C.2)
o
which is used in section 6 and appendix B.

A second identity is obtained by starting from an equality that is analogous to (C.1) and
follows likewise from the symmetry of the three-particle Ursell function

3
@ =2) Y nostosemen, [ e dra b, (1,027 [9030) — i
02,03
2 -2 2
X [}"12 +rp-rpa+ 21’23 (1'12 . l‘23) ]
06 (r23)
3 2
=2 Z Ny Ny € € /drz dr; h<(71)<72(73 (r1,ro, r3)rprin - 8—1’2
02,03

The right-hand side can be expressed in terms of two-particle Ursell functions by employing
the hierarchy equation (3.2). At the left-hand side we may invoke the perfect-screening rule
(3.7) for £ = 1,2, when the sum over o; with weights ng, e, is carried out as well. In this
way, we arrive at the identity

d=2B D NoNgnoes eqes, f dradrs h®) (81,12, 13)r5é ()

01,02,03

(C.3)

+@=DB Y nonoel e, / dry h®) (11, )P (r12)

01,07
d
= mﬁqv Z naln¢72€g-1 egz / drz h(azl)az (rl, r2)ri‘2
01,02
—2d Z NoNo,Ca, / dry hffﬂ,z (ry, I‘2)r122
01,09
_ (d — 2)Cdﬂ Z n(rln(rgezzyl €o, f dl’z hz(lelrz (rl , r2)”122 (C4)
01,02

which is needed in section 6 of the main text.
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Finally, we want to establish an equality for the four-particle Ursell function. It follows
by starting from an equality for #® of a similar form as (C.1),

(d-2) Z N3Ny €0y €, / drsdry hS) (61,10, 13, 14) [B(r3s) — c4]

03,04

0 (r34)
=2 Z N3y No, €0, €0, /dl'3 dry h(gf)amm(l‘l, Iy, I3, I4)r3 - o (C.5)

03,04

Upon using the hierarchy equation (3.1) for k = 3, the expansion (3.3), the identity (3.4) and
the perfect-screening rules (3.5)—(3.6) we get, by taking steps analogous to those of appendix
B of [7],

1
E(d -2)B Z Ng3No,€0,€0, f dr3dry hc(rzt)aza,wzx (ri, 12, 13, 14)¢ (r34)

03,04

=—d-2)p Zna3€a3 /dl's hS) . (01,12, 13) [0, (r13) + €6, (r23) ]

03

1
2
+ Eﬁ% Z Noy€o, / drs h$)  (ry 1, m3)rss
o3

ad
3 2
—d E na3/dl’3 A (P T2, T3) +T) 8r1h[(,l)g2(l‘1,l'2)
o3

0 (r23)

dry h2) (ry,1y)
d rp

0204

2
— B Noyno,es,es, / dry hy), (e, 13)rs -

Foa >
03,04 24>723

+@=DB Y nonoenes, / drs k2, (12, 13) [$(r13) — ca]

03,04

x / dry h®, (11, 13) + (d — 2)Bem [6(r2) — ca)
r4>r13

XY Noyeo, / drs A, (r1,13) — (d — 2)Beq 0, (X1, 12)¢ (r12)
o3 r

13>712

1 1
+ Eﬁqvea,hﬁig (ry, r2)ry, — 5 —2cap

2 2 2 2
x |:an3603 f drshS)  (r1 12, 13) + (€2, +egz)hf,12,2(r1,r2):|. (C.6)
o3

This rather complicated identity has been used in appendix B. Inspection of the terms at the
right-hand side shows that for large r|, each of these vanishes faster than any inverse power
of r», as it should be in view of the short-range character of the four-point Ursell function at
the left-hand side.

For d > 2 the above identities may be simplified by putting c¢; equal to 0. That choice
is not allowed when one is interested in the limit d — 2. In that case one takes c; according
to (2.3). In the limit d — 2 the left-hand side of the identity (C.2) vanishes, so that
we get an identity that connects the zeroth and second moments of the two-particle Ursell
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function,

Bav Y Noseo, f dry b (v e)rfy =4 g, f dry h$?) (r1, 1)
[ep) o2

_ % 3 e, /dr2 W (v e+ |, (C.7)
o
It should be noted that the last two terms would have been missed when in (C.2) the limit
d — 2 had been taken naively after putting c; = 0. The identity (C.7), which is valid for
the special case d = 2 only, has been obtained recently [6]. Upon substituting (5.3) into the
right-hand side and using (A.10) we recover (5.8) for d = 2. In fact, this shows that for
d = 2 the second-moment sum rule (5.8) can be derived from perfect screening, symmetry
and thermodynamics alone, without having recourse to the rather complicated expression for
the derivative dn, /98 of the partial density with respect to the inverse temperature. The latter
expression is essential in deriving the second-moment sum rule for arbitrary d > 2.
Similarly, for d — 2 the symmetry relation (C.4) reduces to an identity connecting the
second and fourth moments of the two-particle Ursell function,

2 4 2 2
Bqy Z Ng Ne, €0, €0, / dr; hf,l)gz (ry, ro)ri, = 16 Z Ng Mg, €q /er hél)gz (r, r)ri,

01,02 01,02

28
- > nengel e, / dry h2) (r1, ). (C.8)

01,02

The last term is missed when one puts ¢, = 0 in (C.4) before taking the limit d — 2.
Substituting (5.8) and using the equation of state (4.7) we are led to (6.6) for d = 2. Hence,
in a similar way as discussed above for the second-moment sum rule, the derivation of the
fourth-moment sum rule can be simplified for the special case d = 2. For that case it is
enough to make use of the perfect-screening and second-moment rules, symmetry properties
and thermodynamical relations in the proof, whereas for general d the derivative 8hf,21)62 /9B of
the two-particle Ursell function with respect to the inverse temperature needs to be determined.
Incidentally, we remark that for the one-component case the identity (C.8) has been obtained
before [24].

We are left with (C.6) in the limit d — 2. The resulting identity is rather complicated
and is not needed in the main text, so that we refrain from writing it down.
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