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We show that the quantum corrections to the classical correlations of a Coulomb fluid do not de-
cay exponentially fast for all values of the thermodynamical parameters. Specifically, the #* term in
the Wigner-Kirkwood expansion of the equilibrium charge-charge correlations of the quantum
one-component plasma is found to decay like [r| ~'°. More generally, using functional integration,
we present a diagrammatic representation of the # expansion of the correlations in a multicom-
ponent fluid with a locally regularized Coulomb potential and Maxwell-Boltzmann statistics. The
#*" terms are found to decay algebraically for all n >2. Furthermore, an analysis of the hierarchy
equations for the correlations provides upper bounds that are compatible with the findings of the
perturbative expansion. Except for the monopole, all higher-order multipole sum rules do not hold,
in general, in the quantum system. This violation of the multipole sum rules as well as the related
algebraic tails are due to the intrinsic quantum fluctuations that prevent a perfect organization of
the screening clouds. This phenomenon is illustrated in a simpler model where the large-distance
correlations between two quantum particles embedded in a classical plasma can be exactly comput-
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I. INTRODUCTION

One of the most fundamental properties of a system of
charged particles in thermal equilibrium is the screening
of the Coulomb potential ¢(r)=|r|~!. The following fa-
miliar and widely accepted picture is part of the standard
background knowledge. A particle is surrounded by a
screening cloud of opposite charge having an extension A,
the screening length. The charge distribution of the par-
ticle together with its cloud produces, in the medium, an
effective potential

¢eﬂ(r)~ﬁexp( —lrl/A),

which becomes negligible at distances |r| >A. Then, for
practical purposes, one may take the screening effects
into account by replacing the Coulomb potential ¢(r) by
the exponential potential ¢.{r). This picture is support-
ed by all the mean-field treatments of the collective be-
havior of charges, starting with the Debye-Hiickel theory
of classical electrolytes.! Soon after the emergence of
quantum mechanics, the Thomas-Fermi theory of the
electron fluid has led to the same form of the effective po-
tential.> An exponential effective potential is also ob-
tained in the random-phase approximation (RPA) exten-
sively developed in the years 1950—1960.>* These asser-
tions are strictly valid at nonzero temperatures. In the
ground state, one finds an additional oscillatory algebraic
term, the Friedel oscillations, due to the sharpness of the
Fermi distribution. The application of mean-field
theories to the calculation of the correlations of the fluid
itself (see, for instance, Appendix H) also predicts an ex-
ponential clustering.
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But what is rigorously known on this question? It has
been firmly established in recent years that the Debye-
Hiickel picture is indeed correct in a plasma phase of
classical charges. At sufficiently high temperature and
low densities, Brydges and Federbush,” Imbrie,® and
Yang’ rigorously show that the particle correlations have
a decay which is bounded by an exponential. Also all the
studies of the solvable two-dimensional classical Coulomb
models at a special value of the temperature exhibit a fast
decay of the correlations.>® However, when quantum
mechanics is taken into account, the results are still
scarce. The existence of the thermodynamic limit for the
pressure'® and the correlations'' has been proven in a
number of cases, but essentially nothing is known exactly
on the asymptotic behavior of the particle distributions.
Even doubt has been raised on the possible exponential
falloff of the quantum-mechanical charge-charge correla-
tions.'”>!* In Ref. 13 the authors rigorously show that
certain imaginary-time Green’s functions have an alge-
braic decay and they conjecture that the same should be
true for the charge-charge correlation function. The
point of this paper is to present strong evidences that the
equilibrium correlations of quantum-mechanical charges
do not cluster exponentially fast, irrespective of the value
of the density and of the temperature T.

Let us give a first qualitative understanding for this
lack of exponential clustering. It is known both classical-
Iy'* and quantum mechanically'® that a falloff of the
correlations faster than any inverse power is equivalent to
strong screening properties: the screening clouds are so
perfectly organized at equilibrium as to shield not only
the total charge but all multipoles of any given particle
configuration. The central observation is that this perfect
organization does occur in a classical plasma phase, but is
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always destroyed by the quantum fluctuations. In the
quantum system the monopole still vanishes (there is no
bare Coulomb potential seen in equilibrium matter); how-
ever, the higher-order multipoles do not, in general, van-
ish. The latter generate then multipole forces which in
turn induce algebraic tails in the correlations. We im-
mediately emphasize that these multipole forces are
different from the van der Waals forces due to the oc-
currence of complex polarizable entities, atoms or mole-
cules, that can now be formed by the quantum binding
process. The phenomenon is really due to the intrinsic
quantum nature of the particles, as it is exemplified in the
one-component plasma (OCP) where only one species of
structureless charges with the same sign is present and no
binding occurs (Sec. IV). It is clear that the mean-field
theories (Thomas-Fermi, RPA) do not account for these
fine quantum effects, and in this respect, do not repro-
duce even qualitatively the true behavior of the system.

We develop our arguments along three lines. First, in
Secs. IT and III, we examine the general constraints that
are imposed on the correlations by the structure of the
equilibrium equations. More precisely, in Sec. II, we per-
form an asymptotic analysis of the “‘evolution equations”
for the imaginary-time Green functions of the OCP as a
charge is sent to infinity. Under reasonable assumptions
{(existence of integer inverse power-law expansions start-
ing with a |r| ™3 term), we show that the Kubo-Martin-
Schwinger (KMS) equilibrium condition and the locality
imply upper bounds on the decay of the correlations. For
instance, the charge-charge correlations decay faster than
Ir| ~®. These considerations are nonperturbative and val-
id for Fermi statistics, but rely on a number of a priori
assumptions (existence of the thermodynamic limit,
monotonous decay). In Sec. III we derive various sum
rules for the quantum OCP. Most of them have been ob-
tained earlier by the linear-response theory. Here they
appear as consistency relations imposed by the long range
of the Coulomb force in the equilibrium equations. It is,
however, not possible to pursue the analysis as in the
high-temperature classical phase'® to exclude any mono-
tonous inverse power-law decay and establish the validity
of all multipole sum rules.

This leads us to the second aspect of our work, an in-
vestigation of the quantum corrections to the classical
correlation functions using the Wigner-Kirkwood expan-
sion formalism in powers of the Planck constant #. From
the fourth order on, we find that these corrections have
algebraic tails which can reasonably be considered as
lower bounds to the decay in a semiclassical regime (but
we do not control the possible convergence of the series).
In Sec. IV we present a detailed calculation of the #* term
of the charge-charge correlation function of the OCP
with Maxwell-Boltzmann statistics and obtain that this
term behaves as |r| !0 as |r| — . In Sec. V we briefly
indicate how the results of the preceding sections for the
OCP generalize to multicomponent systems (with a
Coulomb potential regularized at short distances). Sec-
tion VI is devoted to a more thorough study of the # ex-
pansion for multicomponent systems from the viewpoint
of functional integration. Here we generate the terms
more systematically by diagrammatic rules and give
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prescriptions to single out algebraically decaying dia-
grams. A qualitative analysis of these diagrams reveals
that there is a slow decay at all order #*", n >2. In par-
ticular, this analysis indicates that the particle-particle
correlations should have a large-distance behavior as
Ir| ~® while the several point correlations should have
even the slower decay |r| ™3 as groups of particles are
separated.

Finally, in Sec. VII, we study a simplified model where
only two quantum charges are immersed in a classical
plasma. It is then possible to determine the exact asymp-
totic behavior of the correlations of the two charges,
which is found as |r| 7%, |r| — «. The model also enables
us to illustrate explicitly the role played by the quantum
fluctuations in the occurrence of the algebraic tails. Dis-
cussions and conclusions are presented in Sec. VIII. A
preliminary account of this work is published in Ref. 17,
and part of it is also reviewed in Ref. 18.

II. EQUILIBRIUM EQUATIONS
AND CLUSTER PROPERTIES

A. General setting

In this section we investigate what kind of cluster
properties are compatible with the equilibrium equations.
For simplicity we consider the quantum-mechanical OCP
and give the modifications for the multicomponent sys-
tems in Sec. V. The OCP consists of quantum particles of
charge e and mass m in a classical background with
charge density —ep. Since the spin plays no role in the
sequel, it will not be taken into account.

Relevant quantities belonging to a single particle are
the number density

N(r)=6(r—q) 2.1
and the current-density
=_¢ — —
J(r)= Y. [pd(r—q)+8(r—q)p], (2.2)

where p and q are the momentum and position operators
of the particle. We keep the same notation N (r) and J(r)
for the second quantized densities in the many-particle
system. In particular, the particle and charge density are

(2.3)

Q(r)=e[N(r)—p], (2.4)

where @ *(r) and a (r) are the creation and annihilation of
a particle with Fermi statistics, a *(r)a (r')+a (r')a*(r)
=8(r—r’).

The total energy is H =K + U with K and U the kinet-
ic and potential energy formally given by

el
K= [dp S @ pap), 2.5)
U:%fdrfdr'qS(r—r’):Q(r)Q(r'): ) (2.6)

where ¢(r)=1/|r| is the Coulomb potential, @(p) the
Fourier transform of a (r), and : : means Wick ordering.
The imaginary-time correlation { 4_B) of two local
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observables 4 and B is defined in the thermodynamic
limit by

(B,4)= lim }TrA(eﬁ#Ne“‘B—””Be—f”m , @7
A—RY S

where =, =Tre PH ~#N) is the grand partition function,
p is the chemical potential, and N the total number of
particles. In the right-hand side (rhs) of (2.7), the finite
volume Hamiltonian has to be defined with appropriate
conditions at the boundaries of A. The existence of the
thermodynamic for a system of electrons and nuclei is es-
tablished in Ref. 10. The infinite volume limit of the
correlations (2.7) has been shown to exist for a charge
symmetric Coulomb gas without statistics and for Bose
statistics at sufficiently low activity.!! We assume here
that the limit (2.7) exists for the OCP with Fermi statis-
tics and still obeys the same relations that hold at finite
volume. One has, in particular, the Kubo-Martin-

Schwinger condition
(B,4)=(Az__B), 0<7=<B (2.8)
and the imaginary-time equations of motion

1

3 2
diUf;(r)A Y=i#'S V(K" (r)4 >—iﬁfn7 [drFre—r)(N(DQ, (r'):4) .
.

v=1
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Ed;(B,A Y=([H,B],A)=(As_[H,B]). (2.9

In particular, one has
(B,)=(B), 0<r<B. (2.10)

Specifying B =Q (r) in (2.9) and working out the com-
mutator [H,Q(r)]=[K,Q(r)] gives the “continuity equa-
tion”

-dd—T(Q,(r)A)T—ihV-(J,(r)A)T=O, 2.11)
where the truncated expectation is defined by
(BA)r=(BA)—(B)(A4). (2.12)
Notice that by neutrality and translation invariance
(Q.(r))=(Q(r))=e({N(r))—p)=0,
(2.13)

(J#(r))=(JH"r))=0, pu=12,3.

Choosing now B =J(r) in (2.9) gives the “law of force”

(2.14)

In Eq. (2.14) F(r)= — V¢(r) is the Coulomb force and K#*(r) is a “kinetic energy density tensor”

K”V(r)=J—[p“JV(r)-i—J”(r)p“] .
2m

Introducing the fully truncated expectation
(CBA);={(C—{(C))B—(B))(A4—(A4)))

and using the neutrality (2.13) again, one finds

GNADQA):A)Y=(NADQA):A) p+p( Q) 4) p+( A)CN(IDNQ(r ) ) 1

(2.15)

(2.16)

(2.17)

With the help of (2.13) and (2.17), Eq. (2.14) can be written in terms of truncated expectations only,

3
—afi—T(J’;(r)A Yr=i#iS V(K¥(r)4)

v=1

2
—ifif [drFrr—r)(Q,(r) 4)
m

eZ
—iﬁTn—fdr’F"(r—r')(:NT(r)Q,(r'):A Yr =123

Because of translation and rotation invariance, the corre-
lation (:N(r)Q(r'):) depends only on |r—r’| and it does
not contribute to the integral with the force in (2.14).
Moreover, VY(K**(r))=0 since (K*¥(r)) is constant
with respect to r.

The correlation of the charge
(Q.(r)A);=(Apz_.Q(r))r with an observable 4 can
be interpreted as an excess charge density when the ob-
servable 4 has been specified. It will also be called the
charge cloud attached to 4. The term (2.18b) is propor-
tional to the electric field

E(r| A)= [dr'Fr—r'){(Q,(r')4); (2.19)

(2.18a)

(2.18b)

(2.18¢c)

[
at the point r due to this charge cloud and it satisfies the
Poisson equation

V-E(r| 4)=47(Q_(r)A4 ) . (2.20)

Finally, the combination of (2.11), (2.18), and (2.20) leads
to the second-order differential equation

2
%(Q,(r)A)T—ﬁsz,(QT(r)A)T (2.21a)
3
=—# 3 VEVHAKH¥(r)4) ¢ (2.21b)
e

+

V- [drF(r—r)(:N(Q(r'):4) 7,
m (2.21¢)
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where w, =(4me 2p/m)!/? is the plasma frequency.
The integrals in (2.18), (2.19), and (2.21) are absolutely
convergent if the correlations decay at least as

M
QA pls—= ,
']

(2.22)
M,
[N (r)Q(r'): 4 ) 7| SW ,
r
with §>1 and fixed 7, 4, and r. We shall assume this
minimal cluster property holds throughout this section
and derive some exact consequences of the equilibrium
equations.

B. Cluster properties

We investigate the constraints which are imposed by
Egs. (2.11), (2.18), and (2.21) on the decay of the correla-
tions. These equations can obviously not be solved ex-
plicitly and our analysis relies on the a priori assumption
that this decay is like an integer inverse power law
without oscillations at infinity. We remark that this as-
sumption is plausible physically in so far as nonzero mul-
tipole moments of the charge clouds will induce long-
range multipole forces with algebraic tails.

The monopole of the charge cloud (the total charge) is
expected to vanish,

[dr(Q.(n4) = [dr{ A, .0(r))r=0, (2.23)

otherwise localized charges in matter would produce a
bare Coulomb potential at large distances. But the dipole
fdr r{Q.(r) A ) has no fundamental reasons to vanish

for a general A and in fact it does not [see Egs. (3.12) and
(3.15) of Sec. III]. As a consequence, the electric field
(2.19) will not decay faster than |r| 3,

E(r|A)~—|—1{—3fdr’[3’f(’f-r’)—r’](Q,(r')A )z,
T

It|—> 0, T=-1- .

(2.24)
Ir]

For the consistency of Eq. (2.18), it is necessary that some
other terms of this equation behave also as |r| =3 for large
[r|. It is therefore natural to assume that all terms and
all correlations occurring in Eq. (2.18) have an asymptot-
ic development starting with a |r|~® contribution. Then
the structure of Egs. (2.18) and (2.21) imposes several
constraints by equating the coefficients of these develop-
ments at a given order. We do not claim that other possi-
ble behaviors excluded by this scheme cannot occur (e.g.,
oscillations, fractional inverse power law, decay even
slower than |r|™3%). We expect, however, that at
sufficiently high temperature and low density at least, the
decay will be monotonous and the description given
below is meaningful.

We now formalize our assumption in more precise
terms.
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(i) Let

A=A, A% - AY, 0Sm;<B, j=i,....k (225

be a product of imaginary time evolved local observables
A/ (like particle and current densities). Then for any
fixed such A4, (Q.(r) 4 ) has an asymptotic expansion
wi(T, A)  wy(r, A)  wsl(r, A)

Ir|? Ir|* r|®

(QT(I')A >T=

(2.26)

We assume similarly that all the truncated correlations
functions involved in Egs. (2.11), (2.18), and (2.21) have
inverse power-law asymptotic expansions as a point r is
sent to infinity.

(i) For fixed 7 and A, we can find n, =23, n, =23 and ¢,
0<e<2, such that the fully truncated function
g(r,r')=(:N_(r)Q,(r'): 4 )  satisfies bounds of the form

[lel™g(r, e ) <M(2), lr—r’ls%
Il 2.27)
IIr)"2g(r,r")| < M(2), lr—r’lZ%
with  =min(|r’],|r—r’|) and
[acMirh o 2.28)

r|€

The distinction between the two cases (2.27) allows for
the possibility of different cluster properties depending on
whether the distance |r—r’| remains finite or not. The
condition (2.28) on M (t) expresses the usual property of
the fully truncated function, that is, has some joint decay
as two of the distances |r|, |r'|, and [r—r’| grow to
infinity. According to the general scheme, M (|x|) decays
not slower than 1/|x|® and (2.28) is fulfilled for any e
strictly positive.

The next proposition shows that the correlation of the
charge always has a faster decay than the threshold be-
havior |r| 3.

Proposition 1. Assume that properties (i) and (ii) hold
with n, =n, =3; then the correlation of the charge with a
general observable A of the form (2.25) satisfies

C](T,A)

Q. (r)A) | < B (2.29)
Moreover, if A is strictly local one has
C,(1,A4)
Q.(r)A4),| <22 (2.30)

Ir|?

We first state the following lemma which is used to
control the behavior for large r of the integral occurring
in the term (2.21c) (proof in Appendix A).

Lemma 1. Set h(r’)=limmﬂwlrl"'g(r,r+r') for fixed
r’ and suppose that (2.27) and (2.28) hold; then

JdrFr—r)g(r,r)

=L [arFE)R(r)+R, (0 +R, (1),
|r|™

(2.31)
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n,+2— e

with R, (r)=0(1/|r|"") and R,(r)=0(1/|r|
Proof of the proposition. According to the inverse
power-law expansion starting with |r|”%, the term
(2.21b), a second derivative, is O (|r| "°). For the term
(2.21c¢), one notes from the definition (2.16) and because
of the neutrality and of the commutation
[Q(r),Q (r')]1=0, that one has the symmetry relation

eg(r,r')=e(:N (r)Q(r'):A)
=(:0.(r)Q(r'): A )=

This implies in turn A (
for fixed r’

h(r’)=‘

(r',r) . (2.32)

r')=h(—r') since one can write

lim [r|"'g(r,r+r')

r.»oo

= lim |r—r|"g(r—r',r)

|r|— o

lr—r|
mew |r|

= lim |r|"'g
[r] — o0
Thus f dr'F(r')h (r')=0 because of the antisymmetry of
the force. Then the application of Lemma 1 with
n,=n,=3 and € <2 to the integral in (2.21c) implies that
this integral decays faster than 1/|r|* and hence its gra-
dient faster than 1//r|* (assuming monotonous decay).
Inserting the expansion (2.26) in Eq. (2.21), we con-
clude that the coefficients w, (7, 4), n =3,4, obey the
differential equation

lim |r]"'g(r—r',1)

‘riaoo

(r,r—r')=h(—1') . (2.33)

2
;djw,,(f, A)—#wjw, (1, 4)=0,
Moreover, the continuity equation (2.11) implies with the
assumption (i) that (d /d7)w;(7, A)=0, and hence from
(2.34) w;(7, A)=0. This shows (2.29).

To obtain (2.30), we apply the KMS condition (2.8)

0=rt=B. (234

(Qp(1)A4 ) —(Q(r)A4) =([4,2(1)]) (2.35)
and from (2.11)
d d
E—;(Q‘_(r)A)T - E(QT(r)A)T .
=i#iV-{[4,J(r)]) . (2.36)

If A is local, the commutators [4,Q(r)] and [4,J(r)]
vanish when |r| is large enough. This implies that the
coefficient w,(7, A) satisfies the boundary conditions

wy(B, A)=w,(0,4) ,

(2.37)
d -4
dTw4(T,A) T=ﬂ_ dTw4(T,A) L

The solution of Eq. (2.34) with the conditions (2.37) is
wy(1, A)=0, thus showing (2.30).

A stronger result can be obtained for the charge-charge
correlation (Q.(r)Q(0)). If we specify 4 =Q(0) in Eq.
(2.21), we observe that using the KMS relation and
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translation invariance, one can write
(K*¥(r)Q(0)) p=(Qp_,(—1)K*(0)) r , (2.38)
e (:N (r)Q(r'):Q(0)) 1
=(:Q.(r)Q (r'):0(0)) 1
=(Qp_,(—1):Q(0)Q(r'—r): ) . (2.39)

The result (2.30) shows that the correlation (2.38) decays
at least as |r| 7, and its second derivative [term (2.21b)]
as |r|77. By the same result (2.30), the correlation (2.39)
does not decay slower than |r| > as |r|— o with |’ —r|
fixed. Moreover, by (2.29) it decays not slower than ¢ —4
as the distances ¢t =|r’| or t=|r—r’'| tend to infinity.
This allows us to apply the lemma with n, =S5, n,=4,
and €=0 to the integral occurring in (2.21¢). Taking into
account the symmetry (2.33), this integral decays faster
than |r|~> and its gradient faster than |r| "% Thus the
coefficients w,(7,Q(0)), n =5,6, in the asymptotic devel-
opment (2.26) of (Q.(r)Q(0)) obey also the second-
order differential equation (2.34), as well as the boundary
conditions (2.37) for the same locality reason as found
from (2.35) and (2.36). Hence w,(7,Q(0))=0, n =5,6,
implying

1{Q.(r)Q(0))| (2.40)

Ir®

1
=o|—= |, lrl—>o .

In particular, the charge-charge correlation S(r)
=(Q(r)Q(0)) decays faster than |r| ®. We emphasize
again that the upperbounds (2.29), (2.30), and (2.40)
should not be considered as rigorous results on the corre-
lations of the quantum OCP. As already said in the be-
ginning of Sec. II, they follow if we admit the validity of
the hierarchy equations for the Green functions in the
thermodynamic limit, integer inverse power-law decay
and bounds having the structure (2.27), (2.28). But for
the lack of any mathematically rigorous information on
the decay of the correlations in quantum-mechanical
Coulombic matter, we feel that it would be interesting to
investigate what are the simplest conceivable compatible
scenarios. In fact, one sees that the KMS equilibrium
condition together with the locality play a nontrivial
compelling role in reducing the bare Coulombic decay (as
[r| ~1) to the faster ones (2.29), (2.30), or (2.40), a manifes-
tation of screening. In the classical case, the correspond-
ing investigation of the equilibrium equations enables ex-
clusion of any monotonous inverse power-law decay, al-
lowing thus for exponential clustering.'® In the quantum
case, it does not appear possible to pursue the analysis
beyond the present point. The calculation of the quan-
tum corrections presented in the rest of the paper reveals
indeed that all quantum-mechanical correlations have
algebraic tails.

III. SUM RULES
A. Charge and dipole sum rules in the OCP

The existence of algebraic decay is intimately connect-

ed to the multipolar structure of the charge screening
clouds. It is convenient to discuss the screening proper-
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ties of these clouds in terms of the excess charge density
at r when a configuration of charges is fixed at
ITy,. . . Ty, [, 7T, 7 * * * 71y, defined by

C(rlry,...,r)=(Q(r)N(r,). .. N(r;)) . (3.1)

The properly normalized excess charge density would be
the quantity (3.1) divided by {N(r,) - N(r;)). We re-
call the general theorem that exponential clustering im-
plies the vanishing of all multipoles of the excess charge
density (3.1), i.e.,

[drY,(0)Cxlry, ..., 1)=0 3.2)
for all harmonic polynomials ¥ ,(r) of degree
1=0,1,2,... and all particle configurations r,...,r;

(see Refs. 14 and 18 in the classical case and Ref. 15 in
the quantum case). The sum rules (3.2) are indeed true in
the Debye screening phase of a classical plasma where ex-
ponential clustering is known to take place.>%!°

It turns out that the rules (3.2) are violated in the quan-
tum OCP for / =2 [the first quantum correction to (3.2)
does not vanish, see Sec. IVC]. We must therefore con-
clude from the above-mentioned general theorem that the
clustering of the quantum OCP cannot be exponentially
fast. However, the charge (I =0) and the dipole (/ =1)
sum rule

[drculr, ..., r=0, (3.3)

fdrrC(rIr,,...,rk)=O, (3.4)
hold in the OCP and can easily be derived from the equi-
librium equations (2.11) and (2.21), assuming the validity
of the analysis of Sec. II B. In particular, the decays
found in Sec. II B ensure the convergence of spatial in-
tegrals and that integrals of gradient terms give no sur-
face contributions.

d
—E;fdrr<QT(r)A Y

d
:;fdrr(Q,(r)A)T )

This last integral vanishes because of the translational invariance of the state.

=B =0
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To establish (3.3), we consider the more general corre-
lations { Q.(r)A ) ; where 4 is any local observable [(3.1)
corresponds to 7=0 and 4 =N(r;)--* N(r,)] and note
that the “‘continuity equation” (2.11) implies

%fdr(QT(r)A ) =0 . (3.5)

Moreover, Eq. (2.21) gives simply after integration on r
d2
ﬁfdﬂQT(r)A Yr =10l [dr{Q.(r)4);=0. (3.6)

The combination of (3.5) and (3.6) leads to

[dr(Q.(r)4),=0, (3.7)

giving the charge sum rule (3.3) as a special case.

To establish (3.4), we remark from (2.21) that the di-
pole of (Q.(r)4 ), obeys the second-order differential
equation

2
:—Tzfdrr(Q,(r)A )T—ﬁzwf,fdrr(QT(r)A )7=0.

(3.8)

This is because (2.21b) and (2.21¢) do not contribute after
integration by parts. (Note that

[ dr [drF(r—r)g(r,r')=0

since g (r,r') is symmetric [see (2.32)] and F(r—r’) is an-
tisymmetric.) One deduces from the KMS condition that

Jdrr(Qur)4) 7= [dre(Q(n) ),

= [dre([4,00]) 7 3.9
and from (2.11), using the KMS condition again,
=ifi [ drr{V-([4,3(D]) ]}
=—i#i [dr([4,](r)]) =0 (3.10)

Indeed, from the definition (2.2),

fdr J(r)=(e/m)P is proportional to the formal generator of space translations P. If A4 (y) is the space translate of 4

to the point y, one has

[de([ 4,301 p=([4,P]) =i-5V( A(y)) =0
m m

(3.11)

since { 4 (y)) is constant in a homogeneous state. For a local 4, the commutator [ 4,P] is still a local observable, and
the average ([ 4,P]) is well defined. The solution of Eq. (3.8) with the conditions (3.9) and (3.10) is

fiw T —fiw_ T

fdrr(Q,(t)A)T=% ﬁi) ﬁp
P L

11—

7 | [drr([4,00]) 1 .
e 14

(3.12)

If A is a purely configurational observable, it commutes with Q (r), and one finds

Jdrr(Q.(r)4) ;=0 when [4,0(r)]=0

with (3.4) as a special case.

(3.13)

The right-hand side of (3.12) does not vanish in general. For instance, if 4 =J"(0) is the v component of the current

(2.2), one obtains from the canonical commutation relations
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2

Jdrr1770),0(01) = =it pbuv , (3.14)

leading to the sum rule for the charge-current correlations
fiw T —fow, T
v _ . #ie? e * e 7

Jdrr(Q 00 = —iduv=—p T (3.15)
We remark finally from (3.12) that the response function fgd7'< 0.(r) A ) ; has no dipole

Jarr[far(o.n4) ;=0 (3.16)

for any local 4.

B. Second moment

The second moment of the imaginary-time charge-charge correlation obeys again the simple differential equation

2
57—2fdr[rfz(Q,(r)Q(O))T—ﬁzwf,fdrlr[z(QT(r)Q(0)>T=0 )

(3.17)

This follows from Eq. (2.21) [with 4 =Q (0)] once multiplied by |r|? and integrated on r. The terms (2.21b) and (2.21c)
do not contribute. After integration by parts, using translation invariance and the KMS condition, one finds

J drlclPvev (K ()Q(0)) p=28uv [ dr{ Qs (1KH(0)) 1,

[ arltl?V- [ drFa—r)(:N(0)Q.(r):Q(0)) ;=2 [ drF(r)- [drr{Qs (r):N(0)Q(r')) .

(3.18)

(3.19)

Both (3.18) and (3.19) vanish because of the sum rules (3.7) and (3.13). Two conditions are needed to determine unique-
ly the solution of the second-order differential equation (3.17). The first one follows from the KMS relation and from

translation and rotation invariance,

[ arlrl(Qp(rQ(0)) = [drlr|XQ(Q(0); .

(3.20)

A second condition is obtained by integrating (3.17) on 7(0 <7 <p3) and applying successively the continuity equation

(2.11), the KMS relation, and the identity (3.14),

i

Jdrle? [Par(Q.(r1Q(©0)) =

J drirl?V-(34rQ(0)—3(r)Q(0))

fio,
2i 3
, __3 21
Fio? fdrr ([J(r),0(0)]> e (3.21)

The solution of (3.17) under the conditions (3.20) and
(3.21) is

[ drlrl¥Q,(r)Q(0)) 1
3

T

fiw T —fho T
P e P

- + e . (3.22)
eﬁ"ﬁ—l 1—e ﬁ”Bl

e

Equation (3.22) is the generalization for arbitrary 7 of a
known sum rule for the static structure function
S(r)=(Q(r)Q(0)); of the OCP, usually derived by
linear-response arguments,’

(3.23)

3 fiw, B
d 2 - P )
f r|r|2S(r) ﬁa)pcoth > ]

We note that Eq. (3.21) is a sum rule for the quantum-
mechanical response function

o= ["ar(Q.(r())

to an infinitesimal static external point charge in the

r

OCP. In linear response, Eq. (3.21) expresses the shield-
ing of this external charge and is the quantum analog of
the classical Stillinger-Lovett second moment condition.
In the classical limit, the response function x(r) and the
structure function S(r) are proportional and both (3.21)
and (3.22) reduce to the classical Stillinger-Lovett condi-
tion. [For alternative derivations of (3.23) and (3.21), see
Refs. 20 and 21.]

IV. WIGNER-KIRKWOOD EXPANSION

A. General formalism

In this section we compute the first terms of the # ex-
pansion of the static charge-charge correlation function
S9m(r)=(Q(r)Q(0))9™=e*(N(r)N(0))§" , 4.1)
SI(r)=S(r)+#S () +AS )+ - - - . 4.2)

For now on, quantities with the index qm are quantum
mechanical, and quantities without the index qm are clas-
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sical, e.g., { )9 and ( ) denote, respectively, the quan-
tum and classical averages. In 4.2), S%r)
=(Q(r)Q(0)) is the corresponding classical
charge-charge correlation function of the OCP and
2)(r),S$(r) are also expressible in terms of
higher-order  distribution  functions p(ry,...,1;),
k=1,2,..., of the classical OCP. The second-order
term has been calculated??

sn=Le

2
2m ——Vp,(r,0)

(4.3)
and decays fast when p(r,0) does so. Our main result is
that even in the regime where all classical truncated (Ur-
sell) correlation functions of the OCP decay exponentially
fast, the fourth-order term is algebraic,

Be

m

7
1672

1
‘r[IO’

S®(r)~ (4.4)

|r|—>oo .

To establish (4.4), we proceed as follows. We consider
first a quantum OCP with a finite number N of charges in
R? submitted to the potential of a uniform infinitely ex-
tended background of density —ep. The Hamiltonian of
this system is

ﬁZ N
o S VitV(r,...

i=1

Hy=— Ty) 4.5)

|

- [dryQ(n)Q(r)exp[ —BV(ry, . . .
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V(ir,...,ty)= (4.6)

%Zqﬁr——r +e2¢b

i=1 j=1

i#j
#(r)=1/|r| is the Coulomb potential and H, acts on
LAR*). In (4.6), the background potential formally
given by ¢,(r)=—ep [dr'¢(r—r1') is defined as the
spherically symmetric solution of the corresponding Pois-
son equation V2¢,(r)=4mep, i.e. (up to an irrelevant ad-
ditive constant),

2
¢b(r)=‘31ep|r|2 : 4.7)
This potential confines the particles in a bounded spatial
region and no finite distance boundary conditions are
needed for the Laplacian. Thus the equilibrium charge-
charge correlations

Tr[Q(r)Q(r")exp(—BHy)]
Trexp(—BHy) ’

(Q(r)Q(r"))sm= (4.8)

with
N
Q(r)=e[N(r)—p], N(r)= 3 6(r—r;),
i=1

are well defined for finite N, as are the higher-order corre-
lation functions. The same remark applies to the corre-
sponding classical correlations, e.g.,

] ry )]
N 4.9)

(Q(r)Q(r")) =

fdrl"'

dryexp[ —BV(ry, ...

rrN)]

which converge as N — o« to those of the classical translationally invariant and locally neutral OCP with density p.

The background potential acts as a soft wall.

In the plasma phase, the bulk correlations are independent of the bound-

ary conditions in the thermodynamic limit, as it can be checked in a solvable model. 23 To obtain (4.2) we shall use the
Wigner-Kirkwood (WK) formalism, expanding the quantum-mechanical functions in powers of # and then letting

N — » term by term.?*

For a Hamiltonian of the form (4.5) with a general potential energy V(ry,. ..

,Ty) the first terms of the Wigner-

Kirkwood expansion are given by the formulas (4.10)—(4.13) below. To abbreviate the notation, one sets

R={rfi=1,...,Nu=1,23}=(R,,p=1,...,3N}
a point in configuration space R3Y where i =1, ..., N, u=1,2,3 are, respectively, the particle and vector indices. The
corresponding gradient on R3" is

vV={Vv#=a/0rt,i=1,...,N ,LL=1,2,3}——-1V =0J/0R,,p = .,3N} .

Then, the diagonal part of the kernel of e ~#*
26]

is expanded in powers of # with the result [formula (2.10) of Refs. 25 and

3N
“BHy o\ _ 1 —BV(R)
(Rle R) WPty [1+G(R)]e , (4.10)
G(R)=#GPR)+#GP(R)+ -, @.11)
G‘2’=%[—%BV2V+ 1BV, 4.12)
2

GW=1 % {482V —4B3 V2V )V 4B VY — 2BV V + 2BV -V(V?D)

+EBVHVV)?— 2BV -V(VV)] . (4.13)
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In (4.10), A=(#%8/m)'/? is the thermal de Broglie wave
length. In (4.12) and (4.13), the dot means the scalar
product on R, (VV)?*=VV-VV and V>=V-V is the La-
placian on R3.

If A = A(R) is a configurational observable [acting as
a multiplication operator on L*(R*M)], its quantum-
mechanical average ( 4 )™ is first developed around its
classical value in powers of the quantum correction
(4.11). This gives (dropping the index N from now on)

Tr A exp(—BH)
Trexp(—BH)

JdR A(R)R[e P|R)
J dR(R[e PH|R)

_(4)+(4G)
1+(G)

=({A4)+{(AG )X

( A )qm:

1—{(G)Y+{(G)+ ),
(4.14)

where ( ) denote the corresponding classical averages.
Inserting the expansion (4.11) for G in (4.14) and collect-
ing the powers of # leads to

()= A)+#(4)P+#(A) Y+ - (4.15)
(AYD=(AG?)Y—=(4){G?) , (4.16)
(4)YP=(AG*H)—(4)(G*W)—(4)?(G?),

(4.17)

where G2 and G'¥ are defined by (4.12) and (4.13).
Applying the general formalism to the case where

A =Q(r,)Q(r,) is the product of charge densities at r,

and r,, the second- and fourth-order corrections (4.2) are

6493
(Q(r)Q(r)))*=(Q(r)Q(r,)G'*")
_<Q(r1 )Q(r2)><G(4))
—{Q(r)Q(r,)Y¥(G?) . (4.20)

According to (4.13) and if V(r,...,ry) has the form
(4.6), one notices that G'* involves the fourth power of
the two-body Coulomb potential, i.e., an eight-body ob-
servable. Therefore the term (4.20) involves, in principle,
classical correlations up to order 10. Fortunately, after
appropriate reduction of the formulas, and using specific
properties of the OCP, this number can be reduced to 5.

B. Reduction of the formulas

In the OCP, the formulas simplify considerably with
the observation that the Gibbs factor
exp[ —BV(ry,...,ry)] vanishes faster than any inverse
power when two arguments coincide as a consequence of
the infinite repulsion between two particles at the same
point. This allows us to apply the following rule: for any
pair of particles i, j

i#j, ,j=1,...,N (421

and the same rule holds for the product of any derivative
of 8(r; —r;) with the Gibbs factor.

Consider first the second-order term (4.12). The square
of the potential can be eliminated with the help of the

identity

Vie BV=—B(V?V)e P +BAVV)e PV . (4.22)
Introducing (4.22) with the Poisson equation
N
V2V =—4me? 3 8(r,—r;)+4me’pN (4.23)

i#j

and applying the rule (4.21), Eq. (4.12) takes the simpler

S“"(r)=N1im (Q(r)Q(r;))* form
o B g2 2
r:r]—r27 k:2,4 (4.18) G - 24m (V 4779 pNB) . (4.24)
. In (4.24), the La /g)lacmn V2 is understood as acting on the
with Gibbs factor e “#” when calculating a classical average.
(O(r)0(1,))P=(0(r)Q(r,)G?) We proceed in the same way for the fourth-order term.
Q(r,)Q(r; Q(r)Qlr, We first eliminate in (4.13) the highest power [(VV)?]* of
—(Q(rQ(r,N(G?) , (4.19)  the interaction by means of the identity
_J
(V3)%e PV={ —B(V2)2V+2[3’2V (V2V)-VV + BV +BVAVY) =28 (V2 V)V V)
— 2BV VYV +B (VY] e AV, (4.25)
obtaining in this way
GW==1 |52 BBV — 2B VATV — SRRV + ZEVY (V)4 VAV
—2BVV-V(VIV)+(V2)] . (4.26)

Then the factor (V¥)? in the second term of the right-hand side of (4.26) is also eliminated with the help of (4.22), lead-

ing to
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2
[BAV2V)?— 2BV V+ 2BVV-V(VYV

5

B

G(4)____
24m

1
2

)+ 1BVHVI)
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—1BVV-V(VV)?—2B(VV)V>+(V?)] .

(4.27)

As in (4.24), the differential operators occurring in the last terms of (4.26) and (4.27) act on e ~#" when calculating a

classical average.

Let us examine in more detail the terms VX(V¥)? and VV-V(V V)% in (4.27). One has

VIVVY= 3 VAV V)2—22V (V,V, NV, V]=2V(V?V)-VV+2 3 (V,V, V)

pq

where p,q run on all components in R*". With the identity

BV = _ -BV 2 —BV
V, Ve B'==B(v, v Ve P'+BAV, V)NV, Ve F
the term VV-V(V¥)? is transformed to

VV-V(VV)P=(V, V)V, (V V)
P9 p.q

All the other terms in (4.27) (except the last one) involve
the Laplacian of the potential V2V. By (4.23) and the rule
(4.21), we can replace everywhere V2V by 4me pN (and
hence [(V2)}*V and V(V?V) by zero). With this, and to-
gether with (4.28) and (4.30), the expression (4.27) takes
the final form

B

1
W= (V. V, V)? (4.31a)
5 (24m)? ,% pa *
1 [3)4 2 2
L (4 N) (4.31b)
2 Qamp P
__B 4me’pNV? (4.31¢c)
(24m)?
1| B 2
= | 224 VV. VY.V, ].
> | 34m [<V> 53%](”)”]

(4.31d)

C. The second order

We consider the second-order term in the usual quan-
tum configurational k point distribution functions

p4™(ry, . . ., 1;) defined by
p9™(ry, .., )=([N(r) -+ N(rg)], )%™, (4.32)
oAl ST )
=p(ry, ..., 1) +#p (1, ST )+ (4.33)
J
crlry, .. ) =epPAr,ry, .. ) —eppPry, . L.,y

Using (4.36), V:Y,(r;)
finds

fdr Y, (D (rlry, ..., 1)=—

12

The right-hand side of (4.38) is different from zero only if /70,1 [35_,V,p(r,, ..

22VVVV)(VVV=%2VVV
X

k
)te 3 8(r—r;)pr,, ...

JY () Vplry, oo )

(4.28)
p.q
(4.29)
2
= 3 (V,V,NV,V, (4.30)
pq

—

The notation [N (r,) - N(r;)],. means that the contri-
bution of coincident points r,=r1;, i,j=1,...,k, is not
included, and p(ry,...,r;) are the corresponding classi-
cal functions. The correction p'?(r,, ..., ;) is obtained
from (4.16) and (4.24)  with the  choice
A=[N(r) Nl

We first note that the integral of any derivative or
product of derivatives of the Gibbs factor vanishes,

BV(rl ..... Toy..., r,\)

[dr,(vEvy e Pt o (434)

since e PV decreases as a Gaussian in every direction in
RN [see (4.7)]. So we find from (4.16) and (4.24)

<G(2)>:—g1r1n‘ﬁzesz , (4.35)
2 B &
pHry, ... )= S~ S Vip(ry,...,10) . (4.36)

Jj=1

There are no quantum corrections to the one-point func-
tion to any order since its value is fixed to p by the local
neutrality. For the two-point function, one recovers im-
mediately the result (4.3) if one uses translation invari-
ance.

Let us calculate from (4.36) the second-order quantum
correction cm(rlrl, ..., T;) to the classical excess charge
density (3.1) for an arbitrary particle configuration
| ST 78

JTe) 4.37)

Jj=1

=0, and the fact that the classical excess charge density verifies the multipole sum rules (3.2), one

(4.38)

., T )=0 because of translation invari-

ance]. Thus, only the charge and dipole sum rules are verified at the order #2, a result compatible with Egs. (3.3) and
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(3.4) of Sec. III A. No higher-order sum rules hold in the quantum OCP for the excess charge density (3.1).

Finally, it is also possible to find the second-order term of the excess charge density
c(rlry,...,1,)=(Q.(r)N(r;) -~ N(r;)) at a nonzero imaginary time 7. A calculation left to the reader shows that
(4.38) must be modified to

B—71)
2B

The rhs of (4.39) does not vanish for 1 =2 and 0 <7 <f. But it is interesting to observe that

foﬁdT

and therefore the response function fgdr( Q.(r)N(r,)--- N(r;)) obeys all the multipole sum rules to order #2. This

is an indication that the response function of the quantum system to classical external charges might have better screen-
ing and cluster properties than the Green’s functions themselves.

e
12m

k
S VY1) Vp(ry, ... 1) . (4.39)

j=1

Jdr Y, (0Pl ..., 00)= B

TB=71) |-
;. B|=0

D. The fourth order

We now insert (4.24), (4.31), and (4.35) in (4.20). The term (4.31b) drops because of the truncation and the term
(4.31c) is canceled by the last term in the right-hand side of (4.20):

(Q(r)Q(r,)) P =(Q(r)Q(r, )+ Q(rQ(r,))Y

(@=L B <Q(r1)Q(r2)E(VquV)2>——<Q(r1)Q(r2)><2(VquV)2> , (4.40a)
3 (24m) P4 Pq
2
(Q(rpQr)=—| 55 [(Q(rl)Q(rz)(Vz)z)——;lB [(Q(rl)Q(rz)Z(VquV)Vqu>
pq

—(Q(rl)Q(r2)><E(Vqu V)Vqu>' . (4.40b)

P9

The expression (4.40b), involving derivatives of the Gibbs factor, is shown to have a fast decay (Appendix B). The alge-
braic tail comes from the term (4.40a), which we now investigate more closely.

The first step is to single out the contribution of coincident particles in the second derivatives of the total potential
(4.6)

—82¢"”(r,~—rj), i#j

VlfLV}/V: S (4.41)

e 3 ¢(r—r)—ep [drgt(r—r,), i=j
k=1
ki

where ¢*¥(r)=(V*#V¢)(r) is the dipole-dipole potential. This allows us to express ¥, . (V,V, ¥)? in terms of the charge
density Q (r) and particle densities N (r) as a sum of a two- and a three-point contribution,

Spa (VY 1= #él él (VEVYP)+ é (VEVYP)?
i#j
=e* [dr, [ dr f (1;—1)[N (1N (1)1, (4.42a)
ter 3 [dr, [dr, [ drg e —r 6 (r — 1IN (1) Q(£)Q (£, - (4.42b)
wv=1

The notation [N (r;)|Q(r,)Q(r;)],. means that the contributions of coincident particles at r,=r, and r,=r; are
suppressed, and f (r) is defined by

3
fn= 3 [¢()]*. (4.43)

uv=1

Inserting (4.42) into (4.40a) gives
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1 et
(Qr)Q(r )=+ a[’):m—)zfdr3dr4f(r3—r4)K1(r1,r2,r3,r4) (4.442)
1 Ble?
— dry | dry | des¢g*¥(ry—r,)¢H (13— 15)K, (1,15, 13,1,,15) , (4.44b)
5 (2am) 2 f 3f 4f s¢ ¢ sIK (1, 15,T3,T4,Ts

with the four- and five-point correlation functions
K\ (r),15,15,1)={Q (r))Q (r;)[ N (r3)N (r)],.) —(Q(rQ () [N (r)N (1)) » (4.45)
K, (r,,15,13,T4,15)={Q (r)Q (r;))[N (r;)[Q (r,)Q (r5)],e) — € Q(r)Q (r;)) ) ([N (r3)[Q (r)Q (r5)],c) - (4.46)

Notice in (4.44a) that f(r) behaves as the square of the dipole potential, i.e., f(r)~1/|r|® is integrable at infinity but
not at the origin. This will cause no problem s1nce the distribution functions vanish sufficiently fast whenever two argu-
ments coincide. In (4.44b), ¢**(r) behaves as |r| 3 as |r|—0 and the same remark applies (see Appendix D).

To determine the asymptotic behavior of (4.44a) as |r,—r,| — o, it will be convenient to decompose

So)=f(r)+ f,(r) (4.47)

into a short-range part f,(r) and long-range part f,(r) with f,(r) of compact support and f,(r) regular at the origin.
We shall discuss below the long-range part only (the short-range part, which does not contribute to the algebraic decay,
is discussed in Appendix C). One needs, moreover, to decompose the expressions (4.45) and (4.46) into fully truncated
correlations by means of the formula

(A, A,,):%:(Af]Aiz"' Ypoo A Dy (4.48)
The sum runs over all partitions P=[m,,...,m;] of 1,2,...,n into k subsets of m,,...,m; elements,
k=1,...,n,m,;+ -+ +m,=n. When (4.48) is applied to (4.45), and taking into account the neutrality (Q(r))=0
and (N (r)) =p, one obtains the decomposition

K (r,15,15, 1) =(Q(r)Q(ry)[ N (r;)N (1)1, ) 7 (4.48a)

+p(Q(r))Q(r,)N (13)) ++p{Q(r)Q (r;)N (1)) y (4.48b)
+{(Q(r N (1)) 7{Q(r,))N (1)) 7+ {(Q(r)N(r)) 7{Q ()N (13)) 1 , (4.48c¢)

where only the partitions [4], [1,3], and [2,2] occur.

Under the assumption that the fully truncated correlations decay exponentially fast when any group of particles is
separated, it is clear that (4.48a) gives a short-range contribution to (4.44a). Using translation invariance, the contribu-
tion (4.48b) can be written as

2 e’
gTiB:_mB)f fdrf,(r)]fdr3<Q(r,)Q<r2)Q(r3)>T=o. (4.49)
Note that because of neutrality, one has e{Q(r;)Q(r,)N(r3));=(Q(r)Q(r,)Q(r;)); and e{Q(r)N(r,)) 7

={(Q(r;)Q(r,)),=S(r,—r,). The contribution of (4.48b) vanishes as a consequence of the charge sum rule (3.3). The
contribution of (4.48c¢) to (4.44a) is

2 (B“e 2 fdr3fdr4S —r3)f(r;—1,)S(ry,—r,) (4.50)

and will be responsible for the algebraic tail. It is shown in Appendix D that (4.44b) is rapidly decaying as |r, —r,| —
[as is the term (4.40b)], hence (4.50) is the leading asymptotic term at the order #i*:

Wipy=2 B e [ anS (e f (=1 1,8 (1) + - 4.51)
SH(r) 5(24m2f rlf r,S(r))f(r—r,+1,)S(r, ,

where the ellipses represents exponential terms as |r| — .
It remains to find the exact power law as [r|— o in (4.51). For r,—r,=a fixed, f,(r—a) has an asymptotic expan-
sion of the form

filr—a)=3 (—1)"1111“.#"(3)

nzo0

Ir|— o0 (4.52)
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(with summation on repeated indices) where the tensors

L, ..., (2) depend on the unit vector 4a=a/|al and can
n

be obtained by squaring the multipole expansion of the
dipole potential. Inserting (4.52) in (4.51), one has to cal-
culate the moments
fdrlfdrzS(rl)(rl—rZ .. (ry—r, )”"S(rz) . (4.53)
The spherical symmetry of S(r) together with the elec-
troneutrality fdrS(r)=O implies that the moments
(4.53) vanish for n=1,2,3. The fourth moment (4.53) is
equal to
2¢,,6,,+6,,6,,+6,,8

by " Kty K3 oty Bty Hols

) %fdr!rle(r) ]2

(4.54)

One finds therefore with (4.54) and (4.52) that the slowest
term in (4.51) is

4 ple? 2 1
SW(n~2 L4 [L drir)’se) | ——,
5 (24m)? 3f I’ r|10
lt| >  (4.55)
with
3
4= 2 (F”l“lﬂzﬂz+FF1#2#1#2+F#1#2M2#1) ' (4.56)
Hysly

One knows from the Stillinger-Lovett second moment
condition for a classical OCP that?’

_fdrerS(r)————— (4.57)
and a calculation found in Appendix E gives the value
A=1260, hence the final result (4.4) follows.

We add that we have checked that the second-order
term S®(r) (4.3) and the fourth-order term S*(r) [found
by collecting all the contributions (4.40a) and (4.40b)] ver-
ify the charge sum rule and the second moment condi-
tions

[ drlr|2sP(r)=— , (4.58)
7 Bplet

20(4)
fdrlrIS (r)= 30 e

(4.59)

inferred by expanding the right-hand side of (3.23) in
powers of #. In particular, the value (4.59) of the second
moment comes from the term (BS5) of Appendix B, and it
can be verified that all the other parts of S'¥(r) do not
contribute to it. This last verification involves the use of
generalized classical Stillinger-Lovett conditions given in
Ref. 28.

V. MULTICOMPONENT SYSTEMS

We consider a multicomponent system made of M
species of particles with charges e, and masses m,,
a=1,...,M. The finite system, contained in a box of
volume A, has total number of particles N = ¥ , N, with
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N, the number of particles of species a, and it is overall
neutral, ¥ e, N,=0.
The total Hamiltonian of the system is

H=

-r1;), (5.1)

l?&j

where r;, e;, and m; are, respectively, the position, the
charge, and the mass of the particle labeled by i =(a, k),
and the sums run on all species a=1,...,M and on
k=1,...,N, for each species. ¢(r) is the Coulomb po-
tential, or a regularized Coulomb potential if Fermi
statistics is not taken into account. The regularized po-
tential reduces to 1/|r| for |r| >0, and to some short-
range potential regular at the origin for |r| <o (the pre-
cise form of the latter does not need to be specified). In
this section we indicate briefly how the analysis of the
preceding sections extends to the system (5.1). A more
thorough study will be presented in the next section by
means of functional integration. In general, multicom-
ponent systems with different charges and masses have
less symmetries than the OCP. In particular, the mass
and electric currents are no longer proportional [for in-
stance, the argument (3.11) used to establish the dipole
sum rule (3.4) does not apply any more]. Therefore we
expect weaker bounds for the correlations than in the
OCP.

We first give the generalization of the equilibrium
equations (2.11) and (2.21) for charged fermions, assum-
ing the existence of the thermodynamic limit of Green’s
functions

ea-(—g—_(NT(ar)A)T—iﬁV-(J(ar)A)T=O (5.2)
d2
eq—5 (N(ar)4)r—#o} Q. (r)A) (5.3a)
dr?
3
=—# 3 VFV(K¥ (ar)4d ) (5.3b)
Hv
+#
(5.3¢)

In the “‘continuity equation” (5.2), N(ar)=a*(ar)a (ar)
is the microscopic density of particles of type a and J(ar)
is the corresponding electric current density. In Eq. (5.3),
@), is the plasmon frequency of the a particle. The par-
tial “kinetic energy tensor” K**(ar) is formed as in (2.15)
and Q(r)= I e, N (ar) is the total charge density.

Under the same assumptions (i) and (ii) of Sec. II B we
can proceed as in Proposition 1. The main difference is
that the function

8o(r,r)=CN_(ar)Q (r'):4) ;

is no more symmetric under the exchange of r and r’, and
(2.33) does not apply. Lemma 1 with n,=n,=3 and
€ <2 gives that the integral in (5.3¢c) is O (|r| ~3), hence its
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gradient is O(|r|™*). Then Eq. (5.3) summed on « im-
plies the differential equation

2
“d_"‘w_;(T, A)"ﬁz

0 zwza}w3(‘r,A)=O . (5.4)
The continuity equation (5.2) gives again
(d /dT)ws(1, A)=0, hence w;(7, 4)=0 and

Cy(r,4)
|<QT(I')A>Tl§———l!rT (5.5)

Setting 4 =Q(0) in (5.3), one argues again from the
KMS condition, translation invariance, and (5.5) that the
term (5.3b) is O( [r‘_é). One can apply Lemma 1 with
n;=4, n,=3, and €<1 to the term (5.3c), which is
O (|r| 7). Thus w,(7,Q(0)) obeys (5.4), and by the KMS
boundary conditions, w,(7,Q (0))=0, leading thus to

Cz(T, A)
[rf*

[{Q(r)Q(0)) ;| < (5.6)

If we consider now the particle-particle correlations
(N_(a;r;)N(a,r|))r we can obtain the same result as
(5.6) under the additional assumption that

€q eq, (N (a)1))N (ayry)) 1 <0

for |r,—r,| large enough (5.7)

and similar inequalities for higher-order particle correla-
tions. The inequality (5.7) expresses the electrostatic at-
traction or repulsion of charges at large distances, and
should be satisfied in a monotonous regime (high temper-
ature and low density).

By the same arguments which lead to (3.7), one finds
immediately that the charge sum rule holds in the mul-
ticomponent system. This is no more the case for the di-
pole sum rule (3.13) as can be seen from the #*-quantum
correction (5.9). The second moment relation (3.23) for

fdr‘y,(r)c(f)(r\alr,,... T—(%—B

» QT )=

where p(ary, . ..

kK €

b

=1 m,

1
12

, a, T ) is the classical distribution function of particles of species a, . .

A. ALASTUEY AND PH. A. MARTIN 40

the charge-charge correlation holds only in the OCP.
However, as in the OCP, one can conjecture that the
response functions have better screening and cluster
properties, in particular that the dipole sum rule (3.16)
remains true for multicomponent systems [see comment
after Eq. (5.9)]. One expects on the physical grounds that
the relation (3.21)
2 (B _ 3
Jarlel? [ dr(Q.(r)Q(0)) o

expressing the shielding of an infinitesimal external classi-
cal charge, is true in general. In fact, the sum rule (5.8) is
also an exact consequence of the equilibrium equations of
the multicomponent system when (3.16) holds.?!

We now indicate the modifications of the Wigner-
Kirkwood formalism given in Sec. IV that are needed to
treat the multicomponent system. Since Maxwell-
Boltzmann statistics is used here, a regularized Coulomb
potential is needed to provide stability. In the
configuration space of coordinates of all particles, the
gradient

(5.8)

1 |1 _
\/_r;v—[—‘/_’;v,,z 1,2,...,N’

must be replaced by the differential operator

l—l__—va‘,(, a=1,...,M;k=1,...,N, ‘ ,

Vim,

where V, , is the three-dimensional gradient associated
with the kth particle of species a. With this modification
one can go through the algebra of Secs. III A and III B,
which has a similar structure. The main result at the or-
der #? is that the multipole of the excess charge density
(4.39) is replaced by

%j

V,;Y,(r;)-V,plajry, ... ,op1y) (5.9)

J

.,apatry,...,r,. Therhsof

(5.9) is, in general, different from zero if / = 1, thus all the multipole sum rules, including the dipole, are violated at the

order #? in a multicomponent quantum system. However, one sees on (5.9) that the multipoles of the response function

[Pd7{(Q(r)N(ajr,) - N(ayr,)) vanish at the order #’, and the same remarks made after Eq. (4.39) apply here also.
One can again calculate the quantum corrections to the classical truncated particle-particle correlations

prlar,,a,r,) at order #*, i.e.,

p%m(alr,,azrz)z(N(alr,)N(azrz))‘}m

=prlar;,a ) +#pP (e, an,) o lar,ar,)+ - - .

(5.10)

There are now contributions involving V?¢(r) [which were vanishing in the OCP with the strict Coulomb potential by
the rule (4.21)], but it is easily checked that all these contributions are short range. As in the OCP, only the analog of

the term (4.50),

2 )2 etzz e(zl
% —% > fdr3fdr4m3 (N (a;1))N (a313)) 2.1 (13— 1) —— N (agr,)N(ar,)) 1 (5.11)
azay, ay ay

has an algebraic decay, i.e.,
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(4

PP ar,,a,0)~ (5.12)

T |> |l‘]|——>00 .

N (a,0))

B 1
240 |r, |6 | < m,

The quantities in large parentheses, which vanish in a one-component system because of the charge sum rule, are now
different from zero. Thus the behavior of the particle-particle correlations at the order #* is |r| 5, i.e., as the square of
the dipole potential itself. However, forming the charge-charge correlations S9=(Q(r)Q(0))%" one notes in (5.12)
that the coefficient of the leading term |r| ~¢ vanishes because of the charge sum rule [dr{N(a0)Q(r));=0. Then by

a calculation similar to that leading to (4.55) one recovers the same |r| ~'° behavior as in the OCP,

4y 4 3_2 ,
SWn~< 125 2 fdrlrl (N(a0)Q(r')) 1
with 4= 1260.

VI. FUNCTIONAL INTEGRATION FORMALISM

In this section we extend the analysis of Sec. V to all
the terms of the Wigner-Kirkwood expansion of the equi-
librium correlations of a multicomponent quantum sys-
tem. We start from a finite system described by the
canonical ensemble. Using the functional integration for-
malism, we introduce a diagrammatic-expansion scheme
which generates the Wigner-Kirkwood expansion in a
systematic way. This scheme allows a qualitative analysis
of the large-distance behaviors of the correlations of the
infinite system, up to any order in #. All the #*" terms
(n =2) are found to decay algebraically with powers de-
pending on the nature of the considered correlations
(particle-particle, charge-charge, etc.). In this part of the
section, for the sake of simplicity, we only sketch the

o S I1da; [ TI D dexp

alt

Z,=
[12mB# /m )

3IN,/2

In (6.2), the sums and products over the index i =(a,k) run on a=1, ...,

2
(5.13)

|r|—>oo

| |10’

-
main arguments. Explicit calculations of the numerical

coefficients involved in the asymptotic behaviors are re-
stricted to the #* terms.

A. Formal representation
of the Wigner-Kirkwood expansion

We consider the multicomponent system § made of M
species defined in the preceding section. We assume that
the particles obey Maxwell-Boltzmann statistics. The
Hamiltonian is given by Eq. (5.1) with a regularized
Coulomb potential. It is well known?** that the canoni-
cal partition function

y =1 _
Z,= TV Tr[exp(—BH)] (6.1)
can be rewritten as
s S S e [ dsdlla—a;+aE(O-AEED | 62
zs‘éj
M,k=1,...,N,, and A, =(B#/m;)""? is

the thermal de Broglie wavelength of the ith particle. D(£;) is the Gaussian measure of the Brownian bridge process
which defines the functional integration over all the dimensionless paths £;(s) subjected to the constraint

£,(0)=E£,;(1)=0. It is normalized to 1 and its covariance is given by
% . N s(l—¢), s=<t
FOE D)= [ DEEHE(1)=8,,X f(l—s), t<s . (6.3)

The canonical distribution functions of the system have functional integration representations similar to (6.2). In par-
ticular, the n-body distribution function

pzm(a,rl,...,a,,r">=< T N(a,r,)] )qm, N(ar)=38,.8(q,—1), j=(y,k) (6.4)
=1 nc!' A j
reads
piary, ..., a,r,)
:fANHd‘L' 1;[ (ay1;) ‘
B 1
Xf I;Ii)(gi)exP Y iéjeiejfo ds ¢(|qi—qj+Ai§i(s)_A'j§j(s)')
B 1 -
fANn dq; [ T D(&)exp -5 zeie,.fo ds ¢(1q; —q; +A,E,()—A,€,(s)]) . (6.5
i i i#j
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In the present description of the finite system, one
should, in principle, take into account the boundary
terms arising from the interactions of the particles with
the walls of the box. We have omitted such terms in the
expressions (6.2) and (6.5) because we are ultimately in-
terested in the correlations of the infinite system obtained
by taking the thermodynamic limit (N,, V— oo, N,/V
fixed) which is assumed to be well defined, i.e., indepen-
dent of boundary effects (for a charged symmetric
Coulomb gas without statistics, the existence of the
infinite volume limit is established in Frohlich and
Park'!).

The representations (6.2) and (6.5) lead us to introduce,
in a very natural way, an auxiliary classical system &*
made of the following M species of filaments. Each
species is characterized by the parameters (e,,A,). The
state of the filament / is characterized by its spatial posi-
tion q;, and by an internal degree of freedom &;(s) associ-

J
*
),

=1

nc

n
palarmy, ..., Q,T,7, >=< [ I1 N*(ayxmy)

fANHinf 11508 ‘ I1 N*(ayrimy)
i i =1
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ated with its shape. The measure drD(£) defines the
summation over all the possible states of a filament. Two
filaments i and j of £* interact via the two-body potential

1
vi=ee; fo ds ¢(1q; —q; + 1, E(s)—A,E;()])

which depends on their positions, their shapes, and the
species to which they belong. Note that v} is different
from the electrostatic interaction energy between two
uniformly charged filaments (for additional comments
about this point see Sec. VII). The total interaction po-

tential of £ is

r=13 ot .

i#j

(6.6)

6.7)

At equilibrium, the n-body classical distribution func-
tions of &*, which depend on both the position r; and the
shape 7,(s) of the filaments, are given by

exp(—BV*)
e , (6.8)

J TLda; [ TID(E dexp(—BY*)

where N*(arm) is the microscopic phase-space filament
density of species «,

N*(ar)= 3 5,.8(q; —1)8(&; =) . 6.9)
J

In (6.9) 8(£—m) is a formal delta functional such that
JDEBE—mF(E)=F(n)

for any functional F of &(s). If one integrates
prlarmy, ... ,a,r,m,) over all the shapes 7,(s) of the
filaments, one finds

ffD(m) Dy, prlarmy, -

=pi™ary,...,a,r,),

(6.10)

’anrnnn)
(6.11)

which is an obvious consequence of the definitions
(6.6)—(6.10). Since the n-body correlations p}x  and pi"r
of £* and & are defined through the full truncation of the
corresponding n-body distribution functions, one im-
mediately obtains from (6.11)

[ D) - Dy, p% rlarmy, ...

=plrlar;, ...

The identity (6.12) shows that the quantum equilibrium
correlations of & can be obtained from the classical posi-
tions correlations of &*. This is particularly useful for
our purpose, because the 7 dependence of the correla-
tions of &* only occurs through the de Broglie length A;
in the arguments of the two-body potential v;}. Rewrit-

’anrn"’n)

,a,r,) . (6.12)

[

ing the latter as

Ui;:eiejlﬁ(|(l,-_qj|)+e,.ejw-* (6.13)

ij »

®© 1 1 n
wi= 3 Ifods[x,.g,»(s)-v,»ﬂj.gj(s)-v,.] #(q;,—q;)

n=1
(6.14)

we see that the # expansion of p}7r can be inferred from
the perturbative expansion of p} r with respect to w;j.
Thus we are left with the standard problem of perturba-
tion of the classical equilibrium state with respect to the
two-body potential. This can be treated as follows. Let
& be the ensemble of parameters (Xwy) with X a posi-
tion, @(s) a Brownian bridge, and y a species index, and
let Q*(&) be the N-body operator

Q*(8)= 3 ¢;8,,6(q;,—X)b(§;, —w) . (6.15)
Replacing v/} by (6.13) in (6.7), we rewrite V* as
V¥*=V§+w*, (6.16)
with
V=173 ee;éllq,—q;l) (6.17)
oy
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and

w*=1[d6dEQ*(6)Q*(EN],w*(6,6) .  (6.18)

In (6.18), fdé’ means ¥, deiD(w) while w*(&,8") is

given by (6.14) with (A,0X,A,@'X’) in place of
J
prrlairmy, ..., a,r,m,)
:PX'(}(alrl"h, S a,r,m,)
g o fI[_[ldé dEW*(E,,E < 1:1

In (6.19), { ) %31 means a thermal average with the unperturbed Boltzmann factor exp(—BV§
age is partially truncated with respect to all the partitions of the ensemble {ry, ...,

*larmy)

6501

(A,£,9;,A;€;q;). Calling 8§ the unperturbed system with
total interaction potential V§, we see that the position
correlations of &5 obviously coincide with the classical
correlations of &. Furthermore, the perturbative repre-
sentation of the n-body correlations of & in terms of the
correlations of &g formally reads

(6.19)

p *,0
1110%(6)Q*(61)],e)
A,PT

nc!=1

); furthermore, this aver-
r,, X, X}, ...,X,,X,} which do

not split an interacting pair (X,,X;). The required representation of the quantum correlations p$" of the infinite system

&, directly follows from (6.19), by integrating with respect to all the shapes 7,(s) (I =1, ...

,n) and by taking the ther-

modynamic limit of the truncated averages ¢ )X:%T for fixed configurations (both operations are applied term to term).

This gives
pFary,...,a,r,)
- < (—1)y¥pF n p . .o *,0
=prlar, .., a,r,)+ 3 —— = f n d&,dEw*(8,,8)) n ()| TIIQ*ENQ*(ENTne)
p=1 2fp! 1=1 = ne =1 PT
(6.20)
[
0
which constitutes a formal representation of the Wigner- < N(ar) (&) (& )>*’ (6.22)
Kirkwood (WK) expansion of p§Fary,...,a,r,) [g t ]ncg 2 (e, gl Q76 T
around its classical value py(a;ry,...,a,r,). This pro-

cedure also provides an expansion, similar to (6.20), of
the one-body species densities of the quantum system
around their classical counterparts. Consequently, the
classical reference quantities appearing in (6.20) must be
calculated at densities which are different from those of
the quantum system. This peculiarity is a well-known
feature of the perturbation theory in the canonical en-
semble and is linked to the 1/N tails in the canonical dis-
tribution functions of the finite system. Such tails disap-
pear in a grand-canonical formulation, and it can be easi-
ly seen that the representation (6.20) corresponds, in fact,
to a perturbative expansion at fixed fugacities (and fixed
temperature of course). This point is not relevant for our
purpose.

B. The diagrammatic-expansion scheme

In order to study the large-distance behaviors, it is con-
venient to reformulate the WK expansion generated by
the formal representation (6.20), in a diagrammatic
language. For this purpose, we first replace w* by its
Taylor’s series (6.14) and the partially truncated averages

*,0
( 6 )]m)
PT

by their expression in terms of the fully truncated aver-
ages

1 [0*(6,)0*

nc /=1

11 Nayr))

=1

(6.21)

In (6.22), Q is a subset of [1,...,n], Q' and Q"' are sub-
sets of [1,...,p], and the truncation is taken with
respect to all the partitions of the arguments [in (6.22),
the contribution of coincident interacting points &; and
&) must be excluded]. Each contribution to the WK ex-
pansion obtained by the above operations can be associat-
ed with a diagram with n root points {r,,...,r,} and 2p
field points {6,655, ...,6,,6,}. In such a diagram, two
field points & and &’ are connected by an interaction
bond [(n,n')7#(0,0)]

1

n'n

'w'f ds[w(s)-V]"[@'(s) V' ]"¢(X—X') . (6.23)

We call correlated group the set of arguments occurring
in a given fully truncated average (6.22). Each root or
field point belongs to one and only one correlated group
whose statistical weight has the general form (6.22).
Furthermore, when the diagram contains more than one
correlated group, its topological structure has the follow-
ing two properties.

(1) There exists at least one pair of interacting field
points which belong to different correlated groups.

(2) For any pair of points, there exists at least one con-
necting chain made of interaction bonds and of correlat-
ed groups (the diagram cannot be separated into two or
more disconnected parts).
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In Fig. 1 we have drawn a typical diagram which contrib-
utes to pF (a1, Q,1,).

At this level, we have obtained a representation of the
WK expansion in terms of diagrams. In these diagrams,
the field points have a complex structure, because they
are characterized as usual by their spatial positions, but
also by their Brownian bridges (and their species labels).
In order to simplify the present diagrammatic representa-
tion, in particular to perform the functional integrations
upon the Brownian bridges, we introduce the notions of
nude and dressed field points. A field point & (or &) is
nude if the interaction bond (6.23) does not depend on
(oA,) [or (@'A,)], ie., if n (or n’) is zero; it is dressed
otherwise. Using

S [D@)e*(6)=0(X), (6.24)
Y

we see that the operation ¥, ffD(w) applied to a nude
field point &, transforms the operator Q*(&) into the
charge-density operator Q(X), while the other elements
and the structure of the considered diagram remain un-
changed. The case of the dressed field points can be
treated as follows. Since the Boltzmann factor of £§ only
depends upon the spatial positions, the truncated aver-
ages (6.22) depend upon the Brownian bridges through
products of & functionals arising from the contributions
of coincident points in

e ENTIR &) .
]

Q'

[ Do)

n

X... 1

n’t
nq.nq.

Furthermore, since the Boltzmann factor of 8§ is identi-
cal to the classical Boltzmann factor of &, the truncated
averages (6.22) are replaced by the usual classical position
correlations of .

Once the above operations have been applied to all the
nude field points and to all the sets of coincident dressed
field points, the diagrammatic expansion of
o (a;ry, .. .,a,r,) has the following structure. Each
diagram is made of n root points (r;, ..., r,), p nude field
points (X,,...,X,), and g dressed field-points
(y1Yp, - -5¥,Y,). A nude field point is connected to
one and only one dressed field point through one interac-
tion bond, while a dressed field point interacts with an ar-
bitrary number of field points (nude or dressed). Two in-
teracting dressed field points are connected by one or
more interaction bonds. An interaction bond reduces
symbolically to ALDy¢(X—Y) (n0), or to
k;}»;:D "D%.¢(Y—Y') (n,n'#0) where D% is an nth-
order differential operator with respect to Y. In fact, the
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1 nyn’ ! . n ’ RvZall !
ML [ ds[o(s) V] [@'(s) V'] $(X X)—nl!n'l! ;

18

FIG. 1. A typical diagram which contributes to the first per-
turbative representation of p§"(a 1, a,r,). The white circles are
root points. The black circles with the random lines are
filamentous field points & and &’. The wavy lines connecting
two black circles are interactions bonds (6.23). The bubbles are
correlated groups whose statistical weights have the general
form (6.22).

Consequently, the operation ffD(w)fdé’l -+ &, applied
to any set of (g+ 1) coincident dressed field points, trans-
forms Q*(6)Q*(6,)--- Q*(6,) into e? VN (yX) while
the corresponding product of the (g+1) interaction
bonds becomes

ny

n' 1 n ’ ' n ’
A ky;'fo ds,[w(s,) V] '[)(s)-V]"'¢(X—X)

n .n' 1 n B , an ,
Ay S ds,la(s,) V1" [w)(s,)-V, 16X~ X;) . (625

f

interaction bonds attached to Y are sums of products of
derivatives of the Coulomb potential, whose precise form
is determined from (6.25) by applying the standard rules
of calculation of the moments of a Gaussian measure
[see, for instance, (6.36) and (6.37)]; the sum of the
powers n,n,, ... in (6.25) is an even nonzero integer be-
cause the odd moments vanish (consequently the WK ex-
pansion only contains even powers of #). Each root or
field point belongs to one and only one correlated group
with a statistical weight proportional to the classical
correlation

< [];[N(alr,) ] [gN(le,)] HQ(x,)>T

nc Q"
(6.26)
[in (6.26), the contributions of coincident interacting field

points are excluded as in (6.22)]. If a correlated group
contains only one dressed field point, its statistical weight
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FIG. 2. Two diagrams which arise from the diagram shown
in Fig. 1 after integration over the Brownian variables. The
small black circles are nude field points X. The black circles
with white rings are dressed field points (yY). Each straight
line connecting two black circles with white rings is an interac-
tion bond AJA%D%D%.¢(Y —Y’). The straight line connecting a
black circle with a white ring to a small black circle is an in-
teraction bond A}D3¢(Y—X). The bubbles are correlated
groups whose statistical weight have the general form (6.26).

reduces to a mean particle density; if it contains one and
only one nude field point, the corresponding diagram
does not contribute because the mean charge density
{(Q(X)) vanishes by virtue of overall neutrality. Finally,
if a diagram contains more than one correlated group, its
topological structure satisfies the two properties (1) and
(2) (in other words, the topological structure of the
genuine diagrammatic representation is conserved
through the reduction operations). In Figs. 2(a) and 2(b),
we have drawn two diagrams which arise from the dia-
gram of Fig. 1 by the reduction process.

C. General qualitative analysis of the large-distance
behaviors of the correlations

In the above diagrammatic expansion, the contribution
of a given diagram of order #% to p¥™(ary, . . . ,@,1,), is
determined up to a numerical multiplicative factor,
whose evaluation becomes rapidly inextricable as p in-
creases because of combinatory problems (see Sec. VID
for explicit calculations at the order #*). Therefore we

ABSENCE OF EXPONENTIAL CLUSTERING IN QUANTUM ...

6503

restrict ourselves to a qualitative study of the large-
distance behavior of the term of order #% in the WK ex-
pansion of p§™(ar|,...,a,r,). More precisely, we for-
mulate an ensemble of necessary conditions which must
be fulfilled by the slow-decaying diagrams defined as
those giving algebraic contributions to this asymptotic
behavior. This allows us to estimate the minimal powers
involved in these contributions. In the analysis, we as-
sume that all the classical correlations of & decay fast,
i.e., faster than any inverse power. For the sake of sim-
plicity, we first consider the case of the two-point correla-
tions p§(a,r;,a,r,). The three-point and higher-order
correlations will be briefly examined at the end of this
subsection.

If in a given diagram, the two root points r; and r, be-
long to the same correlated group, this diagram obviously
decays fast when r|, =|r, —r,| goes to infinity. Thus, the
slow-decaying diagrams necessarily belong to the class
I'|, defined as follows. In a I'}, diagram, r; and r, belong
to two different correlated groups €@, and €, connected
by one or more chains made with interaction bonds and
correlated groups. In these chains, a connecting path L
is an ensemble of field points

(ZZ0Z)y ..., 20,2,y . .., Z,} (Z=X or Y)

such that
2,€C,, Z,€C,, Z,€C,, Z,EC,

and @, are intermediary correlated groups which are all
different, and

(Z,,2),(Z\,Z,), ..., (Z)_\,Z)) (Z},Z; ;)

and so on, are pairs of interacting field-points. A field
point belonging to a connecting path is called a connect-
ing field point. A connecting field point may belong to
various connecting paths. In Fig. 3, we have drawn a
typical I'|, diagram with several connecting paths.

FIG. 3. A typical I'}, diagram with three connecting paths L,
M, and N. The strips delimited by the dashed lines are connect-
ing paths. The small black circles and the black circles with
white rings inside the strips are connecting field points.
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It is important to stress that the slow-decaying dia-
grams constitute a subclass of I'j,, i.e., some I'}, dia-
grams still have a fast decay. A number of such cases are
given below in the simple situation where there exists a
single interaction bond which connects two field points
belonging to @, and €, respectively.

(i) If an interaction bond connects a nude field point X
belonging to @, (or @,) to a dressed field point (yY) be-
longing to @, (or €,), the contribution of the considered
diagram involves the integral

JdXDya(X—Y) QXN (
=D} fdx¢<x—Y><Q<X)N(a,r,)

alrl) vt >T
. (627

Since {Q(X)N(a;r;) - )7 decays fast when |X|— 0,
all the multipoles with respect to X of this truncated
charge density vanish.!* Thus the Coulomb potential

JdXoX=Y)(QXN(ayr)) -+ )y (6.28)

created at Y by the truncated charge density
(Q(X)N(ayry) -~ ), decays fast when |Y—r,|— .

So does the mtegral (6.27). Then, the considered diagram
decays fast when r, — o0, since one has the convolution
of (6.27) with the rapidly decreasing function
(N(yY)N(ayr,) - ).

(ii) If an interaction bond connects two dressed field
points (y,Y,) and (y,Y,) belonging to @, and €,, re-
spectively, and if (y,Y,) is singly connected (i.e., in-
teracts with one and only one field point), the former
bond reads

M MDY DAY, —Y,), (6.29)

with

(6.30)

——f ds [ Dio)e(s)-Vy ]"

Since the Gaussian measure D(w) is in;ariant under rota-
n .
(n, is even). Us-

tions, D;‘l is proportional to (V%ﬁ) :
ing also
V2¢(r)=0, (6.31)

J

r>o

n n
JdYdY,Dy DY ¢(Y

=Y, [d(P

(P} T1(B) [T (BN (7, YN (ayr,) - - -
1 2
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we find that the interaction bond (6.29) is short-ranged.
Therefore the corresponding diagram decays fast when
ri,— o because (Y,r) as well as (Y,,r,) belong to the
same correlated groups.

From the above examples, we infer that, in a slow-
decaying diagram, each of two-interacting field points
which belong to @, and €, are necessarily doubly con-
nected (a field point Y is doubly connected if there exist
at least two interaction bonds which connect Y to one or
more field points). When €, and €, are connected by
chains involving intermediary correlated groups, we find
by a straightforward inspection that a slow decay of the
considered diagram implies that, in each connecting path,
there exist at least two connecting field points Y’ and Y"'
which fulfill the following conditions. First they belong
to different correlated groups and both are doubly con-
nected. Furthermore, they are connected either directly
through one or more interaction bonds or indirectly
through the convolution

[dX'aX "Dy (Y —X'){Q(X)Q (X)),

DYL.e(Y'—X"), (6.32)
which is shown (see Appendix F) to behave, when
Y —Y"|— 0, as
B 'DY.DY.H(Y' —Y") (6.33)
apart from exponentially decaying terms. Such connect-
ing field points Y’ and Y are called algebraic field
points, while the pair (Y’,Y") is called an algebraic pair.
Let us emphasize that the previous conditions are neces-
sary, but not sufficient, for a slow decay of the considered
diagram. In other words, a diagram which fulfills these
conditions may still have a fast decay as illustrated below.
Now, we want to determine the minimal powers which
appear in the algebraic contributions of the slow-
decaying diagrams. We first consider the simplest dia-
gram which, a priori, gives an algebraic contribution. In
this diagram, @, and @, are connected by one and only
one interaction bond. The contribution of the former is
proportional to

)T<N(7/2Y2)N(a2r2 >TH< )T .

(6.34)

n (6.34), Y, and Y, are doubly connected, {#,} and {?,} are two disconnected ensembles of field points, [[,(:B) and
[1.(:B) are the products of the interaction bonds connecting the field points of {Y,?,} and {Y,,P,}, respectively, and
I1¢ ) 1 is the product of statistical weights associated with correlated groups made with parts of {P,} or parts of {P,}.
The precise forms of the interaction bonds which appear in (6.34) are determined according to the general rules de-
scribed in Sec. VIB. Taking into account the rotation invariance of the Gaussian measure D(@) and of the reference
classical system, we find that the contribution (6.34) can be rewritten as a sum of terms of the form

[dY,dY,G,(]Y,—1,)G,(1Y,—r,))P, (Y, =11)Vy V3 )P, (Y,—1,)Vy V3 )e(Y,—Y,) (6.35)
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where G,(r) and G,(r) are fast-decaying functions of r,
while P,,I(a,b) and P,,z(a,b) are polynomials in the two

variables a and b. The asymptotic behavior of (6.35)
when r, — o0, is given, apart from exponentially decay-
ing terms, by the expansion of

P, (Y;—1;)Vy V3 )P, ((Y,—1,)-Vy V3 )6(Y,—Y;)
around

Pnl((Yl_rl)'vr"V\%l )Pnz((YZ—rZ)'Vrz’V32)¢(rl_r2)

with respect to (Y,—r,) and (Y,—r,). Since G, and G,
are spherically symmetric functions, the resulting mul-
tipolar expansion of (6.35) only involves terms propor-
tional to

(v2)"1(92)2¢(r,—1,)

with /, and [, strictly positive integers (the differential
operators appearing in P,,] and P,,2 are of order n; >0

and n, >0, respectively). Because of (6.31), all these
terms vanish, and we finally conclude that the considered
diagram decays fast when 7, — .

We turn now to the general case of a diagram which
fulfills the set of necessary algebraic conditions described
above. In such a diagram, €, and €, are connected by
one or more chains (a chain may reduce to one or more
interaction bonds without any intermediary correlated
groups). In each connecting path L, there exist p(L)
algebraic pairs

{(Y'L,l’YII:,l )’ ] ( YI:,p(LVYILI,p(L))}
with p(L)>1. Note that two successive pairs in a given
connecting path may have one common field point (i.e.,
one may have Y;,;=Y} ,,,), while an algebraic point
may belong to various connecting paths [for fixing ideas,
see the diagram shown in Fig. 4(a), which is of the gen-
eral type considered here]. In order to estimate the
large-r;, behavior of the present diagram, we first per-
form the integrations over the nonalgebraic field points.
The eventual algebraic terms in this behavior then arise
from a convolution of fast-decaying functions ¥, whose
arguments are subsets of {r,r,; Y} ;, Y} ;; L=connecting
paths}, and of two-point slow-decaying functions @,
whose arguments are algebraic pairs. The fast decay of
Y. is a consequence of (6.33), of the fast decay of the
classical correlations, and of the harmonicity of the
Coulomb potential [for similar reasons as those explained
above in the detailed study of the particular diagrams dis-
cussed in (i) and (iD)]. @gow(Yz » Y7 ;) is nothing but the
product of one or more interaction bonds connecting
Y., and Y7, [as a consequence of (6.33)]. The actual
convolution can be represented by a diagram, where all
the field points are algebraic field points while the weights
associated with the correlation clouds are functions ¥,
[which may reduce to classical correlations (6.26)]. In
Fig. 4(b), we have drawn the corresponding diagram
which arises from the diagram shown in Fig. 4(a) after in-
tegration over the nonalgebraic field points. The
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FIG. 4. (a) A typical diagram with four connecting paths L,
M, N, and P, which fulfills the set of necessary algebraic condi-
tions. The algebraic field points Y’ and Y are explicitly indi-
cated on the figure. (b) The diagram which arises from the dia-
gram shown in (a) after integration over the nonalgebraic field
points. The hatched bubbles represent functions r,,.

configurations of the algebraic field points which may
give algebraic contributions to the large-r;, behavior of
the previous convolution, are such that there exist g;
pairs (Y;;,Y)) (i=1,2;1=1,...,q;) with |Y],—r]
finite (of the order of the mean-interparticle distance) and
|Y;;—Y;| large (of the order of r ;). If for i=1ori=2,
one has ¢; =1 and ¢, (Y} ;, Y} ;) reduces to a single in-
teraction bond, the considered configuration does not
give, in fact, any algebraic contribution, for similar
reasons as those exposed in detail for the simplest a priori
slow-decaying diagram. Thus the algebraic contributions
are given by configurations where, for ;=1 and 2, one has
g;=2, or ¢;=1 and @y, (Y} ;,Y{;) is the product of at
least two-interaction bonds. Since all the interaction
bonds involved in the functions ¢, decay at least like
1/r3 at large distances , we finally conclude that the
leading term of the large-r{, expansion of the slow-
decaying diagrams, is at least of order 1/r$,. Some of
these diagrams decay exactly as 1/7$, when 7, — © (see
below and Sec. VI D), while others decay faster. For in-
stance, the diagram shown in Fig. 4(a) decays at least as
(r1,) " '2, as can be easily seen from Fig. 4(b). Because of
rotation invariance, the pure 1/r3%1/r3 convolutions
take the form
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JaY3[VYiDy 6(Y,—Y))]-[Vy Dy 6(Y;—Y,)] .

These convolutions do behave as 1/]Y,—Y,|* for
|Y,—Y,| large, and do not involve

(In]Y, =Y, /Y, —Y,}

terms as can be checked through integrations by parts
and by using (6.31).

The above analysis shows that all the terms of the WK
expansion of p§™(a,ry,a,r,) decay at least like 1/7¢, when
ri,— . The #* term decays faster and the #* term
behaves exactly as 1/r%,, as can be checked through ex-
plicit calculations (see Sec. VID). At any order #",
n =3, one has the slow-decaying diagram shown in Fig.
5, which does behave as 1/r$, when r;, — «, as can be
checked through a multipolar expansion of the two in-
teraction bonds which connect @, and @,. At this order,
there are other slow-decaying diagrams which have a
similar large-r,, behavior. As illustrated bv the explicit
calculations at the order #*, the 1/r$, contributions of all
these diagrams should not cancel out in general, and con-
sequently should be the leading terms at the order #>",
n=2. This suggests that p§"(ar;,a,r,) should decay
like 1/ r?,_ for sufficiently high temperatures and low den-
sities (under these conditions, the quantum effects are
small and it is reasonable to treat them perturbatively).
Of course, a rigorous proof of the latter statement would
require a detailed control of all the terms of the WK ex-
pansion (see Sec. VII for an exact resummation of this ex-
pansion in a particular limit).

The above analysis can be also applied to the particle-

A. ALASTUEY AND PH. A. MARTIN

18

FIG. 5. A diagram of order #*", n >3, which gives 1/r° tails
to the large-distance behavior of p$™(a,r,a,r,). The notation
p<>q (p and q integers) over (or below) a straight line connecting
two black circles means that the corresponding interaction bond
involves products of differential operators of orders p and g ap-
plied to the Coulomb potential. Here, one has n'=n —2.

charge correlations (N (a;r;)Q(r,))% and to the
charge-charge correlation S9(r;,)=(Q(r,)Q (r,))™.
The large-distance behavior of the corresponding slow-
decaying diagrams is determined through multipolar ex-
pansions of the interaction bonds connecting the algebra-
ic field points. Using the translation invariance of the
reference classical system, as well as the classical charge
and dipole sum rules, we find that (N(a,r,)Q(r,))%™"
should decay like 1/r%, when r,— o, while S9™(r,,)
should decay like 1/7}9 (under the same assumptions as

TABLE I. Large-distance behaviors of the quantum correlations predicted by the Wigner-Kirkwood

expansion.
Asymptotic Asymptotic
Correlations configurations behaviors
(N (a;1)N(ar,)) Fi,=r— o 1/r®
<N(a1r,)Q(r2)>3-m rip=r— o 1/r8
(Q(r)Q(ry))9™ Fla=r—o 1/r'
(N (a;r))N (a,r;)N (asr;) Y r;, fixed 1/r®
ri3=r—o
Fia=F, Fi3=ar, ryy=br 1/r°
r—o; a and b fixed
(N (a;r))N(a,r;)N (a;r;)N(a,r,) )™ ry, and r,; fixed 1/r®
Fi4=r—
1, and ry, fixed 1/r’
r3=r—o®
ry;, a and b fixed 1/r°
ry=r, rig=ar,
ry=br, r—
rp=r, riz=ar, riu=br 1/r'?

ra3=cr, rys=dr

r—o; a, b, ¢, and d fixed




I&

—
f—e®
—
o
(4)

1

FIG. 6. The diagram A{* of order #* which gives an algebra-
ic contribution to the large-distance behavior of p§™(a,r,a,r,).

above relative to the convergence of the WK expansion).
A similar analysis shows that the three-point correlations
pI(a,r,,@,T,,a;r3) should decay at least as 1/r° for any
large separation of its arguments, while the four-point
correlations p$™(a,r,,a,r;,a;r;3,a,414) have a slower decay
for the following asymptotic configurations. When
Ir,—r3)— o, |r,—r,/ and |r;—r,| being kept fixed,
pI(a Ty, @,T,, a5, a,1,) indeed decays like 1/r3;. This
1/r3; term arises in part from the contributions of the
simplest slow-decaying diagrams, where (r;,r,) and
(r;,14), respectively, belong to correlated groups ¢, and
@, which are connected by one and only one interaction
bond of the form Dy Dy ¢(Y;—Y,): in the multipolar

expansion of this bond with respect to (Y,—r,;) and
(Y,—r,), the zeroth-order term does not vanish in gen-
eral because the statistical weights associated with €,
and €, are no longer invariant under rotations for
nonzero fixed vectors r), and ry,. Physically, the 1/r°
tails can be related to the dipole-dipole interaction be-
tween polarization clouds surrounding groups of two or
more charges. These 1/r3 tails appear in any correlations
(particle or charge) between two groups of two or more
points separated by a large distance ». We have summa-
rized the asymptotic behavior of the various correlations,
suggested by the WK expansion, in Table I. Note that
the faster decay of the two-point charge correlations, as
well as the slower decay of the four-point and higher-
order correlations, are compatible with the nonperturba-
tive analysis of the hierarchy equations (see Sec. V).

D. Explicit calculations at the orders #* and #*

According to the general rules derived in Sec. VI C, we
exhibit all the slow-decaying diagrams at the orders #°
and #*, and we explicitly compute their algebraic contri-
butions to the large-distance behavior of the correlations.
This allows us to recover the results found in Sec. V by a
different method. We consider only the two-point corre-
lations.

In any slow-decaying diagram, there are at least two
algebraic field points. Since each of these field points is at
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2

FIG. 7. Same as Fig. 6 but for A%".

least doubly connected, any such diagram is at least of or-
der #*. Therefore there are no slow-decaying diagrams of
order #°, and the corresponding quantum corrections to
the classical correlations decay fast, as already noticed in
Sec. V. At the order #*, one has three slow-decaying dia-
grams A{Y, ASY, and A" which are shown in Figs. 6, 7,
and 8, respectively. For calculating the contribution of
each of these diagrams, one has to determine the follow-
ing.

® The order p of the term in the representation (6.20)
from which the diagram arises.

® The symmetry factor associated with all the ways of
labeling the field points and of generating the dressed
field points Y through the collapse of one or more field
points &.

® The precise form of the interaction bonds coming
from Taylor’s series (6.14) and the functional integrations
over the Brownian variables.

For A%, p=2, the symmetry factor is 4, and the product
of the two-bonds connecting Y, and Y, is

FIG. 8. Same as Fig. 6 but for A{".
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2 42 1 1 1
Aylth dsfo dtf:zxwl):D(wz)—lm[wl(s)-vyl][wzm-vyz]qswl Y,)—— m, [@,(1)Vy lloy(1)-Vy 16(Y,~Y,)
(6.36)
which reduces to
1 v
% xilxizz [VEV'$(Y,—Y,)] (6.37)
by use of the covariance formula (6.3). The contribution of A{* then becomes
(_1)2 2 v
Wz/f“;; [dYdYsel (NN Y))rel (N(ar)N (7,Y,) p kA2 A2 zv[v#v S(Y,— Y,
12 H,
4 2 2
Y
= /’;;’:’) > m" = delde(N a, r IN(y, Y ) 1A N (a0, )N(7,Y )+ f Y, =Y, ,  (6.38)
YiY2 Yi

where we recall that f(r)=73,, [V"V"d}(r)]z. Similarly, we find that the contributions of A5* and AY{* are, respective-
ly,

(_1)333
W%yzy deldedxldxzeil<N<a,r,)N(lel))Teiz<N(a2r2)N<y2Y2)>T<Q(xl)Q(XmT
1°72
1 1 1 1 1
xxglxng ds fo dt fo du f@(a)l):D(a)2)W[wl(s)-vyl][a)z(s)-VYZ]qﬁ(Y]—YZ)T!—[a)l(t%Vyl]
XY X) [Lox(u)-Vy 16(Y,
_ —p# ey,
"0 2 JdYdY,dX dX, (N (a,r )N(y, Y ) (N (@,r,)N (7,Y,)) 1{Q(X)Q (X,)) 1
Yp?Ya Y12
X S IVAVG(Y | — Y ) V(Y — XDV (Y,—X,)] (6.39)
and
CUB 19y 5 [aydYdX,dX,dXdX el (NN Y) el (N (anN(y:Y) 1 (0 (X0 (X,)
24541 ~ 18 Y20 210 R, A3a A48 1T Yi¥i)/rey, a)N (YY) 10 Q(X)NQ (X)) )
rr2
X(Qx)Q(x)) 723 A3, [ Yds [ at [ du [ v [ D 1Dy 3[01(5)- Ty 1Y, =X )
1
X[01(0)-Vy, 14(Y F[a»zw>-vY21¢(Y2—X2>%[wz<v>~vYz]¢<Y
2 )2
Bﬁﬁ4
= ax ~ flededXIdXZdX3dX4<N(alrl)N(leI))T(N(azrz)N(yzYz)>T<Q(x])Q(x2))T

m
YpYa Vi "2

X<Q X3 > [V¢ X])'V¢(Y]—X3)][V¢(Y2_X2)'V¢(Y2_X4)] . (6.40)

In (6.39) and (6.40), the convolution integrals of the type (6.32) over the pairs of nude field points (X, X,) and (X;,X,)
can be performed in terms of (6.33) plus exponentially decaying terms when r;, — . Therefore the algebraic contribu-
tions of A" and A} can be rewritten as

— B e72/1e72/2
o 2 JdY dY (N (a;rp)N(y,Y ) 1{N (ayr))N(7,Y) of (1Y, = Y,)) (6.41)
YpvYa myl 1#)
and
2 .2
’ﬁ4 e e,
”;8 S 2 [, dY AN @DV Y ) N (@ary) N Y) £ (Y = Ya)) (6.42)

YYs Y12
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respectively. The total algebraic contribution of A{*, A", and A", given by the sum of (6.38), (6.41), and (6.42), then
does reduce to the expression (5.11), as it should. Consequently, the leading terms in the large-distance behaviors of
pPar,,a,r,) and S'¥(r,,) are proportional to 1/r$, and 1/r13, respectively (see Sec. V).

Although the present diagrammatic analysis is more powerful than the method of Sec. V for evaluating the algebraic
contributions at a given order in #, the explicit calculations at the order #° remain rather tedious, since one has 40
slow-decaying diagrams at this order.

VII. A MODEL: THE HYDROGEN ATOM IN A CLASSICAL PLASMA

It is of pedagogical value to study a simplified model in which all particles but two are classical. In this model, the
effects of the intrinsic quantum fluctuations on screening can be more clearly displayed and discussed in a nonperturba-
tive way. Two quantum-mechanical particles of charges e,,e, and masses m,m, (e.g., an electron —e and a proton e)
are imbedded in a classical plasma and in thermal equilibrium with it. It is not important here to specify the detailed
composition of the classical gas (an OCP or a multicomponent system) provided that it possesses all the strong screen-
ing properties of a classical plasma phase. The Hamiltonian of the two quantum particles in the presence of a
configuration C of the classical gas in volume A is

o |p1|2 + |p2|2

H(C)=
(© 2m, 2m,

+e1e2¢(r1—r2)+e1fAdrd)(rl—r)Q(r,C)+e2fAdr¢(r2—r)Q(r,C) , (7.1)

where Q (r,C) is the microscopic charge density of the classical gas corresponding to this configuration.
We consider the equilibrium distribution of the two quantum charges at r; and r,

J dC(xy,rslexpl —BH (O)]Iry,r;)exp[ —BU,(C)]
J dCexp[—BU,(C)]

where Uy(C) is the Coulomb energy of the classical gas and (r,r,|exp[ —BH (C)]|r,,r,) is the diagonal configurational
kernel of exp[ —BH (C)]. According to the Feynman-Kac formula and the Brownian-bridge representation, this kernel
is given by the functional integral [see (6.2)]

pAlr,T,)= , (7.2)

(rrlexpl —BH (C)]Ir, 1) = ———— [D&) [ DEy)expl —BE (11,2626 C)] (7.3)
(27TA,1)\.2)
with
E(rl’gl;rz,gz;c)zelezfolds¢(r1—r2+)\1§l(s)-—k2§2(s))+ s fAdrfo‘ds¢(r,+x,.gi(s)—r)Q(r,c>. (7.4)
i=1,2

As discussed in Sec. VI, one can think of the quantum particles as random charged filaments at r; and r, with charge
densities

e,.n,.(r)=e,.f0‘ds 8(r;+AE(s)—r1), i=1,2. (7.5)
It is of interest to compare the quantum energy (7.4) for fixed &,,&, with the corresponding classical interaction electro-
static energy of the two filamentous charges (7.5) in the configuration C, i.e.,

E (1,619,685, C)=e e, fAdran'r’nl(r)dJ(r—r')nz(r’)-!— ié} e; fAdrfAdr’ni(r)d)(r—r’)Q(r',C) . (7.6)
The self energy of the filaments is not included in (7.6). The comparison of (7.4) and (7.6) gives

E(r,&515,65CO)=Ey(1,,8;;12,65,C) t W(r,§51,6,) (7.7)
with

Wir, € =cie; [ ds; [ ds,[8(s;—s:) 1105 —r+ M) = Aok (52)) - 7.8)

For fixed £,,£,, we note that Uy(C)+E(r,€;1,,E,;C)=U(C) is precisely the total electrostatic energy of the
configuration C of the classical gas in the presence of the two additional charges (7.5). So inserting the representation
(7.3) with the decomposition (7.7) into (7.2), we can write

1
PA(fprz):mfﬂ(ﬁ?l)fi)(gz)exp[—BW(rl,El;rz,§z)]

Z\(r,E1513,83)

7.9
z, ) (7.9)



6510

where Z ,= [, dC exp[ —BU,(C)
tion of the classical gas and

= J dC exp{ —BLUG(O)+ E(r), 65512, 65OV

is the partition function of the same gas in the presence of
the two additional external charges (7.5).

In the same way, we define the one-point distribution
functions

] is the partition func-

fAdC(r,- lexp[ —BH,(C)]Ir,)exp[ —BU,(C)]
f dC exp[ —BU,(C)]

palr)=

(7.10)
with

Ip,|?

H{(C)=— -

e f dr¢(r,—1)Q(r,C) ,

=12 (7.1

corresponding to the immersion of a single quantum par-
ticle in the classical gas. They have a representation
analogous to (7.9),

A(rl’gl

plr;))= fz) £)—2 (7.12)
A

\/ZA

where Z \(r;,&;) is the partition function of the classical
gas in the presence of a single external filamentous charge
(7.5).

We introduce finally the excess free energies (con-
sidered from now on in the infinite volume limit)

r,—15§,8)

A. ALASTUEY AND PH. A. MARTIN 40

and the effective classical potential (the energy needed to
separate the charged filaments at r, and r, to infinity in
the gas)

Per(T1—12,81,8,)=F(r,—1,,8,,6,) —F(§))—F(§,)

(7.15)

With (7.9), (7.12), and these definitions, the dimensionless
truncated correlation of the quantum charges

. PAlT 1)
—1,)= 1 LA :
g(r,—r,) |A\121°o TS (7.16)
takes the simple form
g()= [D(&) [ D& ) expl —Bleair, £1,E>)
+W (58,611~ 1) .
(7.17)

In (7.17), D(E;) are non-Gaussian measures renormalized
by the one particle excess free energy (7.14),

exp[ —BF(£,)]
J D& expl —BF (£)]

The quantities F(&;) and ¢.4(r,&,,&,) pertain to the
purely classical system, which is assumed to be in a per-
fectly screening exponentially clustering plasma phase.
Thus for fixed &, and &, and |r,—r,| large, the filamen-
tous charges are localized in the neighborhood of r; and
r,, respectively, and their effective potential
de{r;—r,5,€,€,)  decays  exponentially fast as
Ir,—r,| — . To make the model completely definite let

DE)= DIE,) . (7.18)

=— lim —ln M (7.13) us write down the expressions of F(&;) and ¢4(1,&},&,),
Al—w B Z ’ when the classical plasma is treated in the Debye-Hiickel
approximation. This approximation is legitimate when
F(E)=— lim -l—l Z(r;,8) i=12 (7.14) the dimensionless coupling parameter I' of the plasma is
! Al>w B Z ’ ’ ) small. One finds (see Appendix G)
J
2
el 1 1, expl —xA;&i(s))—&i(sy)]1—1
DH g y— i d , (7.19)
F (gl) 2 deSIfO sz )\,i|§[(51)_§,‘(52)|
oH _ ) 1 exp[—x|r+ A& (s))— A, (s,)]] (7.20)
¢eff (r,§1’§2) elezf() dSIfo dsz |r+l1§1(sl)—7»2§2(52)| ’ '

where x is the inverse Debye length of the classical plasma.

The potential W (r,&,,&,) has a purely quantum-mechanical origin and is easily seen from (7.8) to be dipolar [the

terms of order |r| ™! and |r| 2

912

Wi(r,§,6,)~ f dslf ds,[8(s,—s,

—1]{[*8,(sy)

vanish because f(l)ds [6(r —s)—1]=0]

(7.21)

[r|— o0 .

—A,85(s5)] V} | i

Since ¢ 4{r,£,&,) is exponential, it is precisely this quantum-mechanical part W (r,&,,§,) which governs the asymptotic

behavior of g(r)
i1, &1, &,) and expanding exp[ —BW (r,&,§,)] in (7.17),

ot s
g(r)— ﬁfi)(gl)f@(é'z)W(r,fbng' 2

IDE) [DENW (6,60 + -+

as |r|— . We can thus generate the inverse power asymptotic development of g (r) by neglecting

(7.22)
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The first term in the rhs of (7.22) has no algebraic term.
Indeed, using the formula
_ - (aV)
dlr+a)= 3 oy

n=0

o(r) (7.23)

the nth-order term of its multipole expansion involves the
quantity

fﬁ(é‘l)ff(é){[k]gl(sl)—7»252(52)]~V}"¢(r) . (7.24)

It is clear from the definition (6.3) of the Brownian-bridge
process and from (7.14) that the measure D(£;) is invari-
ant under the spatial inversion and rotations of the path
&;. Hence the integral of any odd product of &;(s;) van-
ishes and the integral of an even product

S D& (s VP

il

2 = = 1 1 1
B =%(el)“lez}"?.)zfﬂ(gl)f'@(§2) fo dslfo d32[5(51_52)_1][§1(Sl)‘V][gz(sz)'v]m

The coefficient B (the integral of a positive function) is
obviously different from zero, and thus (7.25) represents
the exact asymptotic behavior of the correlation between
the two quantum particles in the classical gas. An ex-
pression of B in terms of the physical constants would re-
quire us to perform explicitly the functional integral
(7.26) with the non-Gaussian measures I(&;) involving
the one-particle excess free energy (7.14). It can be noted
from (7.14) that B is not a polynomial function of the
Planck constant so there are |r| ~® contributions at arbi-
trary high orders in #. Since the prefactor (AA,)? in
(7.26) is already of order #*, to obtain B at this order it
suffices to replace F(&;) by its classical value F’, which is
independent of &;, and then, according to (7.18), D(E;) by
the Brownian-bridge measures 2(§;) [in the Debye-
Hiickel approximation (7.19), F{,= —xe?/2]. Using the
rules for Gaussian moments and the covariance (6.3) one
finds as in Sec. VID

2 2
Bt el e 4
=P L2 L.

B h240 T, o(#)

(7.27)

The special model studied in this section can be viewed
as a particular limit of the general quantum multicom-
ponent system described in Secs. V and VI. In this limit
the densities p; and p, of the species 1 and 2 go to zero,
while the masses m,, a=3, ..., M, of the other species
go to infinity. We have checked that the expression (7.27)
of the coefficient B at the order #* is indeed recovered
from the general expression (5.12) by taking the limit of
par,a,0)/pp, when p;,p,—0 and m,— o,
a=3,...,M (the other parameters being kept fixed). In
this verification, we have used (i=1,2)
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is necessarily proportional to (V2)™. Since the functional
F(§;) (7.14) is bounded and D(&;) is Gaussian, all mo-
ments of D(&;) exist. Thus the expression (7.24) vanishes
for n 22 and r#0 because of the harmonicity of the
Coulomb potential [there is obviously no monopole con-
tribution in (7.8)].

The slowest asymptotic term of g(r) comes from the
second term of the development (7.22), when W(r,£,&,)
is taken at the dipolar order (7.21). Using again the fact
that certain terms vanish for the same symmetry reasons
as (7.24) and f(l)ds[é(s —t)—1]=0 one finds after some
algebra that

2
= = B
ﬁ?f:D(gl)f'ﬂ(gz)[W(f’fbfz)]z“‘W >
with
2
] . (7.26)
[rl=1
s
. [(N(a,r)N(a,O))T~p,5(r)] _
) lim . 3 =h;(r),
P2 Pi
. (N(alr)N(a20)>T
lim zhlz(r) Iy (7.28)
pppy—0 PPz
(N (a;0)N (ar))
lim z VT hi(r), a=3,....M
PPy —0 pi

‘where hj;, hy,, and h;,, a=3,...,M, are well-behaved
classical Ursell functions, whose fast decay is governed by
finite correlation lengths (in the present limit, the classi-
cal screening of the charges of the infinitely dilute species
1 and 2, is ensured by the charges of the other species
which have nonzero fixed densities). Furthermore, the
nonperturbative calculation of the present section shows
that, in the above limit, the findings relative to the resum-
mation of the large-distance behavior of the #>" terms of
the WK expansion are indeed satisfied (see Sec. VI).

VIII. CONCLUSION

In this paper we have given strong evidences that there
is no exponential clustering for the equilibrium correla-
tions of quantum charged fluids. These evidences rely on
the perturbative Wigner-Kirkwood expansion (Secs. IV
and VI), the imaginary-time evolution equations (Secs. II
and V), and the model of two quantum charges immersed
in a classical charged fluid (Sec. VII). Each term of the
WK expansion of the correlations decays algebraically at
large distances. This expansion then provides algebraic
lower bounds (under assumptions relative to the conver-
gence of the former). The analysis of the large-distance
structure of the imaginary-time evolution equations pro-
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vides upper bounds which are compatible with the per-
turbative results. The model allows an exact calculation
of the asymptotic behavior of the correlations of the
quantum charges, which is found to be algebraic (like
1/|r|%) and to satisfy the above bounds. Thus, from this
ensemble of confluent arguments, we infer that the Debye
screening does not exist, strictly speaking, in real matter.

Of course, the absence of exponential clustering does
not mean that there is no screening at all. The equilibri-
um equations of Sec. II are formulated in terms of the
bare Coulomb potential, and at first sight, particle corre-
lations could decay as slow as |r| ~%. The analysis of Sec.
IT precisely shows that the slowest decaying terms do not
occur for fundamental reasons (KMS, locality). The
same remark applies to the diagrammatic analysis of Sec.
VI where the longest-range contributions are also exclud-
ed by general rules. As a result, the charge sum rule,
which states that the total net charge vanishes, still holds
as in the classical case (as well as the dipole sum rule for
the OCP). But the higher multipole sum rules no longer
hold in general, as shown in Secs. III-V. Furthermore,
the screening of external classical charges should be
better than the screening of the quantum charges of the
medium. In particular, the response functions should de-
cay faster than the internal correlations of the system.

The basic mechanism which induces the algebraic tails
in the quantum correlations is linked to the intrinsic
quantum fluctuations. In the functional integration for-
malism, these fluctuations can be represented by filamen-
tous charge distributions. The interaction potential be-
tween the quantum charges involves multipolelike in-
teractions, arising from the “ghost” multipoles associated
with the filamentous distributions. As illustrated by the
perturbative analysis of Sec. VI, or by the exact calcula-
tion of Sec. VII, it is precisely these multipolelike interac-
tions which are responsible for the algebraic tails (this
mechanism is similar to the pollution scenario conjec-
tured by Brydges and Seiler!3). Since the above mecha-
nism is an intrinsic feature of quantum mechanics, the
algebraic decay of the correlations should occur at any
value of the thermodynamic parameters. We have
checked that the same effects occur in a classical system
when all the ions have an internal structure giving rise to
permanent dipoles. In this case also, this internal degree
of freedom prevents the screening clouds from being per-
fectly organized, and exponential decay is lost. However,
the correlations of structureless charges in a dipolar sol-
vent are expected to decay exponentially fast.>! Another
analogy, more natural, can be made between quantum
statics and classical dynamics of point charges. In both
cases, velocity and positional distributions cannot be
disentangled. In the classical dynamical evolution, any
perfect arrangement of the clouds is broken by the col-
lision processes, and the system cannot instantaneously
restore such an arrangement because of inertia effects. In
the quantum static case, the quantum fluctuations them-
selves are the disturbing factor.

We now comment on the role played by Fermi statis-
tics. We have given the explicit forms of the correspond-
ing algebraic tails for several models, in the semiclassical
regime (high temperatures and low densities) and in the
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framework of Maxwell-Boltzmann statistics. For the
OCP, these statistics can be used without modifying the
bare Coulomb potential, because all the mobile charges
repel themselves. In the classical limit, the exchange
effects arising from Fermi statistics are expected to be ex-
ponentially small with #.32 Therefore the expressions
computed in Sec. IV are indeed the dominant terms in
the semiclassical regime for an OCP described by Fermi
statistics. For a multicomponent system, with positive
and negative mobile charges, the use of Maxwell-
Boltzmann statistics implies a regularization of the
Coulomb potential at short distances, in order to prevent
the collapse between oppositely charged particles. For a
real system described by Fermi statistics (such as mixture
of protons and electrons), this regularization procedure is
introduced on semiheuristic grounds®* with the help of an
effective #i-dependent potential. Thus the expressions de-
rived in Secs. V and VI cannot be viewed as the leading
terms of a systematic expansion for the real system.

Furthermore, in a system of nuclei and electrons,
atoms or molecules can be formed with the familiar van
der Waals forces between them. Notice that these forces
are usually computed in vacuum.?* Our results show
that the van der Waals forces cannot be exponentially
screened by free quantum charges that are always present
in a nonzero density state. Therefore, in the presence of
atoms or molecules, there are two different mechanisms
providing algebraic tails. The first one, described in this
paper, exists intrinsically and independently of any bind-
ing process, while the second one (the van der Waals
forces) is due to the polarizability of quantum bound
states. The determination, starting from first principles,
of the precise form of the total algebraic tails induced by
the combination of the intrinsic and van der Waals mech-
anisms is a difficult problem, even in the semiclassical re-
gime.

Our techniques obviously do not apply to the ground
state. At zero temperature, it is well known?® that the
discontinuity of the Fermi distribution induces algebraic
Friedel oscillations (like 1/|7|?) in the correlations. As
far as the screening mechanisms are concerned, we expect
that the intrinsic quantum fluctuations should certainly
be not less disturbing than at finite temperatures, induc-
ing also algebraic tails in addition to the Friedel term.
This is supported by the observation that the coefficients
of the algebraic tails computed in Secs. IV and VI diverge
at T=0.

It is important to stress again that the usual mean-field
theories such as RPA or Thomas-Fermi do not take into
account properly the intrinsic quantum fluctuations since
they predict an exponential clustering (see Appendix H).
The situation is similar in classical dynamics where the
Vlasov approximation®> does not reproduce the spatial
algebraic decay of time-dependent correlations.'”!® This
is because the Vlasov dynamics reduces to a one-body
motion in a mean-field potential and consequently does
not include the collision process. A better understanding
of the failure of the RPA approximation, as well as how
it should be improved to incorporate the effects discussed
in this paper, is an open problem.

We finally discuss the possible observable implications
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of our findings. Since our explicit calculations pertain to
the semiclassical regime, we only consider real systems
under conditions such that the quantum effects are small.
The first one is a sodium chloride electrolyte at room
temperature, and the second one is the interior of some
white dwarf made of >C nuclei embedded in a nonpolar-
izable degenerate electron gas. In both cases, we deter-
mine the crossover distance r, above which quantum
algebraic tails dominate the classical behavior, equating
the expression (4.4) to the usual exponential law, i.e.,

4mg? ro 1672 | m | plo- '
In (8.1), & is the screening length, and the classical ex-

ponential is normalized in order to obey the charge sum
rule. This normalization as well as the use of (4.4) for a
two-component system give correctly the order of magni-
tude ry. Setting x,=r, /&, the crossover equation can be
rewritten in the form (up to a dimensionless multiplica-
tive numerical constant)

7
ap

a

Aap

a

xge , (8.2)

a
£
where a~p is the mean interparticle distance,
I'=Be?/a is the coupling constant, ap=#*/me? is the
Bohr radius, and Ayg~ [S’fiz/m)”2 is the de Broglie
thermal wavelength. In a semiclassical regime, the two
last factors in the rhs of (8.2) are obviously small, imply-
ing ry large compared to £ [£ is of the order of few inter-
particle distances and the classical factor (a/£)7/T is of
order IJ For instance, for the first system, T= 300 K,
a~16 A (for a decimolar solution), £~a, I'~1 (e? must
be divided by the dielectric coonstant of water which is
close to 80), az ~0.76 X103 A (here m is taken equal to
the average of the atomic masses of Na and Cl) and
Agg~0.073 A. Then (8.2) gives x,~60. For the second
system, T=10% K, a~360 F (p~10® g/cm?), £~a,

~16, ag~0.066 F (e? must be multiplied by Z2 with
Z 6 for 2C, and m is the atomic mass of 2¢), and

-1/3

M(r'])

Ir]"? f drF( r—r’) l<f_m —r|2 <
<
Similarly we find in D (%)
n M(|r—r'|)
[r|™? mdrF(r—r )g (r,1') (<f_m ——_—[r—r’lz
2 2—e€
< | ==
= |l fmz\rﬂ'y
2
= d ’
Ir] f
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Aqg~200 F. Then, (8.2) gives x,~40. In both cases, the
quantum effects on the clustering turn out to be very
small, and consequently the use of exponentially screened
effective potentials is legitimate from a quantitative point
of view. However, if we apply crudely (8.2) for the elec-
trons in a metal (replacing £ by the Thomas-Fermi
screening length Ay ), all lengths occurring in (8.2) have
the same order of magnitude and r, is of the order A.
This indicates that the use of an exponential effective po-
tential might be less reliable in this case.
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APPENDIX A: PROOF OF LEMMA 1

We split the r’ integral over the two regions
D.={r|lr—r'|<[r|/2} and its complement D,.
In D, one has |r|>]r|/2, and by (2.27),
lIr|"'g(r—r)| <M(|r—r'|). This shows that for

Ir'| > |r] /2, |r|"'|F(r')g(r,r+1')| is bounded uniformly
with respect to r by the function |F(r’)|M (|r’|), which is
integrable when (2.28) holds. Hence it follows by dom-
inated convergence that

Jim x| "l dr'F(r—rg (r,r')
= lim " f T Fg (rr )
rl— oo ir| <

(A1)

We divide again D, =D "’ UD '? into the two regions

DV={r|lr—r|=]r|/2,Ir'|<|r—T1]},
_ (A2)
D¥={r|lr—r|>]r|/2,Ir'| 2 |r—r1'|} .
InD (r we have, when (2.28) holds,
2—e€
2 I ,Mr'])
Ir] vl <lr—r| r—r'|€
2 M(r'|) _ 1
~_ (A3)
Ir| fdr Ir'le llrlz‘f ] '
S M(r—r'])
r—r'|€
. (A4)
|r|2 € ]

The combination of (A1), (A3), and (A4) gives the result of the lemma.
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APPENDIX B: TERM (4.40b)

Using the property (4.34), the first term in the right-hand side of (4.40b) is expressed with the help of the two-point
classical correlations

(Q(r)Q () (V)2 =(Vi+ Vi) p(r,,1,)=(Vi+V3)pr(r,1,) . (B1)

This quantity is rapidly decaying as |r,—r,] — .
To treat the second term (4.40b) in compact form, it is useful to introduce the operators

DH¥r)= 3 d(r—r;)V¥, (B2)

i=1

D*¥(r)= 8(r—r,)VV} . (B3)
i=1

Singling out the contribution of coincident particles

n n

3
22| 2t 2
papv | ij=1 ij=1

i#j [ =j

and taking (4.41) into account, the second term in (4.40b) can be written as

3 [{Q(rNQ(r,)(V,V, NV, V) —(Q(r)Q(r,)){(V,V,V)V,V,)]

p»q

3
=—e> 3 fdr3fdr4¢’“’(r3—r4)

nv=1

X{€Q (r))Q (r)[D¥(r)D¥(ry)]pe) —{Q (rQ (r;)) {[DH(r3)D*(ry)]yc )} (B4a)

&3 [ dry [ drgg* (5, —r){{Q(r)Q (1,)[Q (r))DH(r)],.) —{ @ (r)Q (1)) {[Q (1) D™ (1)],.)} - (B4b)

u,v=1

The decomposition of (B4a) in fully truncated correlations is easily done with (4.48). Since (Q(r))=(D*(r))=0 by
neutrality and translation invariance, only the partitions [4] and [2,2] contribute. The partition [4] involves the fully
truncated correlation {Q (r,)Q (r,)[D(r;)D"(ry)],.) + Which is rapidly decreasing as |r;—r,|— c. The contribution
of the partitions [2,2] to (B4a) is equal to

3
> fdr3fdr4¢§”(r3—r4)(Q(rI)D“(r3))T(Q(rz)DV(r4))T

u,v=1

=—2 fdrsfdr‘:‘ﬁ” 13— 1) Vipr(r, 1) Vipr(ry,14) 2e4fdr3fdr4[(V2)2¢,](r;—r4)pT(r1,r3)pT(r2,r4) .
y v=1
(B5)

The second line results from the definition (B2) and from the property (4.34), and the third line from integration by
parts. The Coulomb potentlal ¢(r)=¢,(r)+¢,(r) has been decomposed into a long-range ¢,(r) regularized at the origin
and a short-range part ¢,(r). In (B5), only the long-range part has been considered (contributions due to the short-
range part have a fast decay; see Appendix C). Then the function (V?)?¢,(r) has a fast decay as well as
pr(r,r,)=p(r,,r,)—p% This implies that (B5) is rapidly decreasing as |r;—r,| — .

The term (B4b) is similar. The fully truncated correlation {Q (r;)Q (r,)[Q(r;)D*¥(r,)],.) 1 is rapidly decreasing as
| r2| — . The partitions [2,2] give the following contribution to (B4b):

3
22 > fdr;fdr4¢§“’(r3—r4)<Q(r1)Q(r3))T<Q(r2)D”V(r4)>T

m,v=1

=2 fdr3fdr4¢’” — )8 (1, —13)VEVipr(ry1,) =262 [dry [ dr,[(V2P,](r;—1)S (1, —13)pr(15014)
uv-

(B6)
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which is short range for the same reasons as for (BS5).

APPENDIX C: CONTRIBUTIONS
FROM THE SHORT-RANGE PART
OF THE POTENTIAL

In any expression, the short-range singular part at
r;=r; of ¢{*(r;—r;) or f,(r;—r;) occurs always in con-
junction with a correlation function which vanishes at
1, =1, so that integrals are locally convergent. When ex-
amining the asymptotic behavior of quantities involving
#¥(r;—r1;) or f,(r;—r;) by truncating the correlation
functions, it suffices to omit the truncations involving the
arguments r; —r; occurring in the potential. Then, the
integrals over these variables are also convergent at
infinity because of the short range of the potential itself.
As an example, we treat the singular short-range function
f(r) in (4.44a).

For this, we truncate (4.45) without splitting the prod-
uct P(r;,r,)=[N(r;)N(ry)],. and obtain the contribu-
tion

fdr4¢§“'(r3-r4)(Q(rl)Q(rz)[N(r3)|Q(r4)Q(r5)]nc>= fdr4¢’s“'(r3—r4)(Q(rl)Q(rz)[N(r3)|N(r4)Q(r5)]nc) .
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Jdry [dr f(r){Q(r)Q (1P (13 +141) 1 .

The function (Q(r,)Q(r,)P(r;+r1,1,))r vanishes at
r;=0 and tends to zero rapidly as the points r;, r,, and r,
are separated. Thus the integral (C1) is convergent and
has a fast decay as (r;—r,)— . Similar arguments ap-
ply to all contributions due to the short-range part of the

potential which have been left over in Appendixes B and
D.

(C1)

APPENDIX D: STUDY OF THE TERM (4.44b)

Let us show first that the integrals are well defined lo-
cally. We decompose ¢(r)=¢,(r)+¢,(r) with ¢,(r) regu-
lar at the origin and ¢,(r) integrable, and note that the

short-range part does not contribute to
pviv” [dr'g (r—1)=0. (D1)

This implies, for instance, that

(D2)

This integral is well defined at r,=r; since the distribution function in (D2) vanishes there. The same argument applies
to all short-range parts ¢*"(r) occurring in (4.44b). Integrability at infinity will be ensured by the cluster properties.

From now on, we consider only the long-range part of the dipole potential. ) .
We  decompose (4.46) into  fully truncated correlations with  the  abbreviated notation

(Q(r))Q(r,)[N (1) Q(r)Q(rs)], )= (12345). Since (m)=(Q(r,,))=0for m=1,2,4,5 and (3)=(N(r3)) =p, only
the partitions [5],[1,4],[2,3],[1,2,2] contribute:

K,(12345)=(12345) ;+(3)(1245) ; (D3a)
+(13),€245) +(23) ;(145) (D3b)
+{14) (235) 1 +(24) £ (135) 1 +(15) ;1 (234) 1 +(25) ;(134) ; (D3c)
+(34) (125, +(35) p(124) 1 (D3d)
+(45) (123) (D3e)
+(3)(14) (25, +(3)(15) p(24) 1 . (D3f)

In (D3a), the arguments r; and r, occur in fully truncated functions, thus these terms have a fast decay [note that the
integral on r, in the second term (D3a) is convergent since ¢*(r;—r,)¢t*(r;—rs)~1/|15%, [r3] > 0 ].

Using translation invariance the contribution of the terms (D3b) to (4.44b) is of the form (up to a constant factor, and
with I ,=r,— rz)

3
S [dnSr,—ry) [fdr4fdr5¢‘,”(r3—r4)¢‘,”(r3-—r5)(Q(O)Q(r4)Q(r5))T (D4)

w,v=1
Since the charge clouds labeled by r, and rs in (Q(0)Q (r,)Q (r5)) s have no multipoles [the classical multipole sum
rules (3.2)], the expression in large parentheses in (D4) decreases faster that any inverse power of r;. Therefore the ex-
pression (D4), which is the convolution of two functions with rapid decrease, has also a fast decay as |r;,| — .
The contributions of the terms (D3c) are of the form

3
s> [dr, [fdr4¢§‘v(r,2—r3—r4)S(r4)] [fdr5¢7‘"(r3—r5)(Q(O)[N(r3)N(r5)]nc>T (D5)

m,v=1
Both expressions in large parentheses have a fast decay as |r;] — oo, the first one because .S (r) has no multipoles and the
second one because r; occurs as the argument of a fully truncated function. Thus the convolution (DS5) is rapidly de-
creasing as |ry,| — .
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The contribution of the terms (D3d) can be written as

3
S [drd(c)S(xy) [dry [ drsgh(r;=r)(Q (r))Q (r)Q (r5)) 7

u,v=1

- l%fdr4(v2¢1)(r4)5(r4)

[fdr3V2¢,(r3)]fdr5(Q(r1)Q(r2)Q(r5))T (D6)

since fdrV“V%,(r)S(r)=8W%fdr(V2¢, )(r)S (r) by spherical symmetry. The function (V2¢,)(r) is integrable and the
contribution (D6) vanishes because of the charge sum rule.
The term (D3e) can be written as

3
S | [drgtry) [drei (e, —r)S(r5) | [drQ(r)Q(r)Q (1) 1 . (D7)
un,v=1
The integrals in the large parentheses are convergent and (D7) vanishes again by the charge sum rule.
The term (D3f),
3
2 S [dry | [drgt(c,—r,—r)S(x,) [fdr5¢‘,”(r3—~r5)5(r5) : (D8)
m,v=1
being the convolution of two rapidly decreasing function [S (r) has no multipoles], has a fast decay.
APPENDIX E: CALCULATION OF THE NUMBER 4 IN (4.56)
One writes the multipole expansion of the dipole potential as Ir|— o
Hiky — otigt 1 — n aVI"'aV"
(r—a)=V 'V?i——= (—1) ey (E1)
¢ |r_—a| n(ZZO) 7/#]“2 1 " |r|3+"
(summation on repeated indices) with the completely symmetric tensors
y o=TLygmghgn.gn L ) (E2)
i el s
Notice that the harmonicity of the Coulomb potential implies
3
> Yoy, - v =0. (E3)
n=1

Introducing (E1) into f(r—a)= 33 _,[¢*"(r—a)]’ one finds that the coefficients of the terms of order [r] 1% in the
development (4.52) are expressed by

(E4)

= +
rl‘lﬂzl‘3l‘4 E (yvlvzl‘lﬂzyvl"zﬂ3l‘4+27/"1"2F‘|7"1"2!‘2/‘3l‘4 2yv1V2YV1V2”|1‘2“3”4)
Vl V.
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Taking (E3) into account, the number A (4.56) is therefore given by
3
4=2 3 )’ - (ES)

Kyl v vy =1
One calculates v, ,, ., from (E2)

y“l”z"l"z 2 rﬂ‘lrl‘zr"lr"z 2 (r“lrl‘zs"l"z+r“er18#2V2+r1‘1rV28l‘z”1+r#2r"|6“|"2+r“2r"28”1"1+r"1r"26“1“2)

+2(8, , 8

K1k " VY2

+8, 8,0 +8, .8, (E6)

11 H2Y2 BV HYy

[

where T=r/|r| is a unit vector, and one finds 4=1260. when |Y'—Y"|— . Introducing the electrostatic po-
tential

APPENDIX F: DERIVATION OF THE ASYMPTOTIC

BEHAVIOR (6.33)

In this appendix, we study the asymptotic behavior of
the convolution integral

de'dX”qS(Y'—X')(Q(X’)Q(X"))¢(Y”—-X") (F1)

Ver Y| X)) = de”qS(X"-Y")( Q(XNQ(X"))  (F2)

created at Y” by the charge distribution (Q (X")Q (X"'))
centered at X', we can rewrite (F1) as

de’d)(Y’-—X’)VeE(Y"\X') . (F3)
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Since {Q(X")Q(X")) decays fast when |X'—X''| — oo
and does not carry any multipole, V (Y’ |X’) decays fast
when |Y”"—X'| — o0. Therefore the asymptotic behavior
of (F3) when |Y'—Y"'|— o can be obtained through the
expansion of ¢(Y'—X’) around ¢(Y'—Y"'), apart from
exponentially decaying terms. Taking into account that
Ve(Y"|X’) is spherically symmetric, i.e., only depends
on |Y"—X'|, we see that the resulting multipolar expan-
sion reduces to the monopole term

Y’ —Y") [dX'V 4(Y"|X) (F4)
Using the classical Carnie and Chan sum rule®*® which
states

[axX v (Y |X)=p" (FS5)
we finally find that (F1) behaves as 87 '¢(Y'—Y"') when
Y —Y"|— 0, apart from exponentially decaying terms.
This leads to the asymptotic behavior (6.33) because the
expression (6.32) is merely given by the application of the
operator D%.D%. to (F1).

|
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APPENDIX G: DERIVATION OF EXPRESSIONS (7.19)
AND (7.20)

In this appendix, we derive the expressions (7.19) and
(7.20) in the Debye-Hiickel approximation. The deriva-
tion is standard except for the fact that the energy is tem-
perature dependent through the densities (7.5) and the de
Broglie thermal lengths A;. We consider first the electro-
static energy of the classical gas in the presence of a sin-
gle external charge density n,(r) (7.5). We obtain the ex-
cess free energy F(§;) (7.19) from the formula

(G1)

»

BF = fOBdB’ {(a%,(b”U>>—< Upo

where ( ) and ( ), denote, respectively, the thermal
averages with respect to the perturbed and unperturbed
energies U and U,. In the Debye-Hickel approximation,
the correlations are neglected,

DH , , d , '
(SBv) (U= [dr [drste =K QueNPHQE N e, [dr [drSo(om (ratr—r (@),

and the induced charge density (Q(r
source e;n,(r) [notice that {Q (r)

—x(r r'

(G2)

)YPH is calculated from the linearized Poisson-Boltzmann equations with external
)o=0 in the uniform system] with the standard result

(Q(r )DHZ——f elnl(r) (G3)
=4me’pP . (G4)
% is the inverse Debye length. The quantity (G2) is easily calculated with the help of Fourier transforms
<—(/3U)> —(U)PH=1 [dk(Q(k))PH AT (o (—k))PH
3B k|
€ a DH
+— [ dk |—[Bn ( K))PH+ 2 [, ( (Q(k)) (G5)
3 [k | 5pbn(k 1‘“2 Q(— 35 ]lkiz 0k
and
(Q(k))PH o (k) (G6)
=—————¢en .
Q |k|2+’}{,2 e\n,
Substituting (G6) into (G5), and noting the relations
2
2
B— e, OB | 2¢ | x , (G7)
9B IkI2+o2 | (kP4 [ k[P
one finds after some algebra
2
DH — el a d 4w 4w
- - — kn,(k —k) | —— . (G8)
<aB(BU)> (Uo)8"=5"35 B[ dkn,(kn,(—k) TAERSERRRTE
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Hence it follows from (G1) that

2
€ 47 47
=_1 x| —=7 2T
F zfdknl(k)nl( l ATAEw R TT
dr r\ 1)

When the expression (7.5) of n,(r) is used, (G9) is identi-
cal to (7.19). The calculation of the effective potential ¢4
(7.15) proceeds along the same line. One evaluates (G1)
in the Debye-Hiickel approximation in the presence of
J

Py — 7 n(r)n(1r') .
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the external distribution n,(r)+n,(r) due to two fila-

ments, and this leads to (7.20).

APPENDIX H: DECAY RATE OF Sgp,(r)

In this appendix, we show that the quantum charge-
charge correlation of the OCP computed in the frame-
work of the RPA, Sypa(7), decays faster than any inverse
power at large distances 7, at finite temperature.

In the RPA, one first computes the wave-number- and
frequency-dependent dielectric constant egp,(k,®), as*

[f¥p(@)—feplqtk)]
expalk,0)=1— hkz o 3_[ LA A : : (H1)
[w_ LU i
m 2m
[
where frp(q) is the Fermi-Dirac distribution (z is the _ w P (E+m)
fugacity) Pr&)=P [ dp—"—, (H7)
e )
frpl@)= 1 ) (H2) respectively, with k a given un/i\t vector, q, a two-

[z lexp(B#q?/2m)+1]

The expression (H1) must be understood as a limit when
the small real positive number 8 goes to zero. This limit
is easily computed using the theory of analytical func-
tions, with the result

dimensional vector orthogonal to k and P the principal
part.

The quantum version of the fluctuation-dissipation
theorem links the dynamical structure factor S(k,) to
the dielectric constant €(k,) through

712
#ik I 1

= i Stk,w)= , (H8)
erpalk,0)=1+R (k,0)+il (k,0) , (H3) (k,0) 471 —expl —Bfi)] me(k,w)
where R and I are real functions given by where Im denotes the imaginary part. Replacing e(k,w)
2 by (H3) in (H8), one finds
R (k)= 4mrme mo k| ma)+-k_ y
#k3 ik 2 ik #k2
Sgplk,0)=—
I(k,w)
X ’ (H9)
and {[1+R (k) 2+ (k,0)]?}
_ 4m*me? [ mo k mo , k ) ) )
I(k,0)= PR l a2 — P hk + P The corresponding expression of the static structure fac-
tor
(H5) = [drexp(ik-T)S(r) (H10)
In (H4) and (H5), the functions P, and Py are defined by directly follows from
1 ~ o .
&)= [dafe(Ek+a) (H6) = [” doS(ko) (H11)
and with the result
J
2 oo
Sgrealk ﬁk f Hkw) (H12)

[l—exp(

For our purpose, it is sufficient to study the analytic
properties of Sgpa (k) on the real axis. It is immediately
seen from (H4)-(H7) and (H12) that Sgp, (k) is analytic
at any k>0. At k=0, we have to investigate the struc-
ture of the small-k expansion of (H12). The various
powers of k which appear in this expansion arise from the

—BH) | [1+R (k,0)*+[I (k,0) ]}

r

contributions in the integral [* dw - of the follow-
ing three regions: (i) o small, (ii) @ close to —w,, (iil) @
close to o,, where o, is the plasma frequency,
w,=(4me’p/m)'’?. The contribution of the region (i) is
easily obtained through the variable change w=vk and

the expansion of the integrant in (H12) in powers of k at
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fixed v. From the expansions

2 2n d2n+1P
R (k,vk)= 41rrr21e > k +R myv ,
#k2 S, 22"Q2n+1) dEFT | A
_ 2 2n d2n+lP
I (k,vk) 4?”2"? 25 : 2 +11 =
#i‘k n=0 2"(2n + 1) d&~" #
(H13)

1 —exp( — BAvk)=Brivk 2 (BAvk )"

+l)'

we infer the contribution of the region (i) takes the form

_ #kt
d s,(vk" (H14)
167 mpBe? 2 P
Taking into account the parity relations,
Pr(—myv/fi)=—Pg(mv/#) and Pi(—mv /%)

= —P;(mv /%), we find that s,(v) is an odd function of v
if n is odd, and an even function otherwise. Furthermore,
for any n, s, (v) is integrable everywhere and decays like a
Gaussian when |v| — o because so does P, (mv /#) in this
limit [Pg(mv /#) decays algebraically when |v|— 0 ].
J

(k))

1 I(k,>w,,
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Thus we can perform the integral f ¥ .dvin (H14) term
to term. The resulting expression is an entire series in k2,
with a first term proportional to k*. We turn now to the
contributions of the regions (ii) and (iii). For small values
of k, the integrant in (H12) has two plasmon peaks cen-
tered at o =*tw,,(k), with o,,(k) close to w, and such
that

1+R(k,0,,(k))=0 (H15)

The height of  these peaks diverges as
exp[Bmw?,(k)/2k?] when k —0, because for w finite and
k small, I(k,w) is Gaussianly small and behaves (apart
from a multiplicative power of k) as exp(—Bmw?/2k?).
Furthermore, the width of these peaks is proportional to

[I(k,0,,(k))/(3R /3w)(k,®,, (k)| ,

which is also Gaussianly small and behaves as
exp[ —Bmw? (k)/2k?]. Therefore the contributions of
the plasmon peaks to Sgp, (k) in the small-k limit, can be
computed, apart from exponentially small terms, by re-
placing the integrant of (H12) by the Lorentzians in
v=o0—[tw, (k)]

1 —exp[ ¥ Btiw,, (k)
{ P I [I(k,*w,, (k)]*+

OR (k,+w, (k)
dw

2 (H16)

‘VZ

for o close to tw,,(k), respectively. After a straightforward integration over v running from — o« to o, these contri-

butions become

#k? 1 T

4% | {1—exp[ —Bhw,, (k)]} Qﬁ(k,w

% m(K))

As can be checked from the definitions (H4), (H6), and
(H7), the small-k expansion of R (k,w) for o fixed and
finite reads

©

1+ 3 ro

n=1

2

W
R (k,w)=——1 V2
(]

(H18)

apart from exponentially small terms with k, where the
functions r,(w) are polynomials in 1/w? for deriving
(H18) we have used the parity of P;(£) and the identity

® 1
p=[" dePio=1 5 [dafmla),

which links the density to the fugacity for an ideal Fermi
gas. Inserting (H18) in (H15), we find that

(H19)

on(K)=w,+ 3 c,k*" (H20)

n=1
plus exponentially small terms with k. Replacing w,, (k)
by (H20) in (H17), and taking into account (H18), we see
that the contribution of the regions (ii) and (iii) to the

 (1—exp[Biw,, (k)]

R (k. (k)
W

_ #ik?® 1

coth
4 aR R (ko)

Ptiw,, (k)
5 .

[

small-k behavior of Sgpa (k) can be represented by an en-
tire series in k2, apart from exponentially small terms
with k. Thus the small-k expansion of Sgp,(k) has a
similar structure, and since Sgpa(k) is analytic at any
k>0, we finally conclude that Sgps(7) decays faster than
any inverse power of the distance » when r — .

Note that at zero temperature, the Fermi-Dirac distri-
bution becomes singular at the Fermi wave number. This
induces a singularity in Sgpa(k) at this wave number,
which leads to the well-known algebraic Friedel oscilla-
tions in Sgpa(r) at large distances. Furthermore, the k2
term of the small-k expansion of Syps(k) is entirely
determined by the contribution of the plasmon peaks. At
this order, we can replace, in (H17), w,,(k) by w, and
OR /dw(k,w,) by 2/w, according to the expressions
(H20) and (H18). This gives

2

~ k? fio,
SRPA(k) 4 2 coth

Jo7,10) »
2

, k—0 (H21)

which shows that the RPA preserves the sum rule (3.23).



6520

IP. Debye and E. Hiickel, Phys. Z. 9, 185 (1923).

2N. F. Mott, Proc. Camb. Phil. Soc. 32, 281 (1936); N. H.
March, in Theory of the Inhomogeneous Electron Gas, edited
by S. Lundqvist and N. H. March (Plenum, New York, 1983).

3D. Pines and Ph. Nozieres, The Theory of Quantum Liquids
(Benjamin, New York, 1986).

4D. Pines, Physica 26, S103 (1960), and references quoted
therein.

5D. Brydges and P. Federbush, Commun. Math. Phys. 73, 197
(1980).

6J. Imbrie, Commun. Math. Phys. 87, 515 (1983).

7W. Yang, J. Stat. Phys. 49, 1 (1987).

8B. Jancovici, Phys. Rev. Lett. 46, 386 (1981); A. Alastuey, in
Strongly Coupled Plasma Physics, Vol. 154 of NATO Ad-
vanced Study Institute, Series B: Physics, edited by F. J.
Rogers and H. E. DeWitt (Plenum, New York, 1986).

M. Gaudin, J. Phys. (Paris) 46, 1027 (1985); F. Cornu and B.
Jancovici, J. Stat. Phys. 49, 33 (1987); E. R. Smith, J. Stat.
Phys. 50, 813 (1988).

10J. L. Lebowitz and E. Lieb, Adv. Math. 9, 316 (1972).

113, Frohlich and Y. M. Park, Commun. Math. Phys. 59, 235
(1978); J. Frohlich and Y. M. Park, J. Stat. Phys. 23, 701
(1980).

12D, Brydges and P. Federbush, in Rigorous Atomic and Molec-
ular Physics, Vol. 74 of NATO Advanced Study Institute,
Series B: Physics, edited by G. Velo and A. S. Wightman (Ple-
num, New York, 1981).

13D. Brydges and E. Seiler, J. Stat. Phys. 42, 405 (1986).

141, Blum, Ch. Gruber, J. L. Lebowitz, and Ph. A. Martin,
Phys. Rev. Lett. 48, 1769 (1982); Ch. Gruber, J. L. Lebowitz,
and Ph. A. Martin, J. Chem. Phys. 75, 944 (1981).

I5ph. A. Martin and Ch. Gruber, Phys. Rev. A 30, 512 (1984).

16A . Alastuey and Ph. A. Martin, J. Stat. Phys. 39, 405 (1985).

17A. Alastuey and Ph. A. Martin, Europhys. Lett. 6, 385 (1988).

A. ALASTUEY AND PH. A. MARTIN 40

18ph. A. Martin, Rev. Mod. Phys. 60, 1075 (1988).

193 R. Fontaine and Ph. A. Martin, J. Stat. Phys. 36, 163 (1984).

20ph. A. Martin and Ch. Oguey, J. Phys. A 18, 1995 (1985).

21pPh. A. Martin and Ch. Oguey, Phys. Rev. A 33, 4191 (1986).

22B. Jancovici, Mol. Phys. 32, 1177 (1976).

23B. Jancovici, J. Stat. Phys. 34, 803 (1984); see also A. Alas-
tuey, Ann. Phys. (Paris) 11, 653 (1986).

24E. P. Wigner, Phys. Rev. 40, 749 (1932); J. G. Kirkwood, ibid.
44, 31 (1933); K. Imre, E. Ozizmir, M. Rosenbaum, and P. F.
Zweifel, J. Math. Phys. 8, 1097 (1967); L. D. Landau and E.
M. Lifshitz, Statistical Physics, Vol. 5 of Course of Theoretical
Physics (Pergamon, London, 1959).

25A. Alastuey and B. Jancovici, Physica 97A, 349 (1979).

26T, Kihara, Y. Midzuno, and T. Shizume, J. Phys. Soc. Jpn. 10,
249 (1955).

27F. H. Stillinger and R. Lovett, J. Chem. Phys. 49, 1991 (1968).

28A. Alastuey, J. Phys. (Paris) 49, 1507 (1988); M. Brajon and P.
Vieillefosse, J. Stat. Phys. (to be published).

29, Ginibre, in Statistical Mechanics and Quantum Field
Theory, 1971 Les Houches Lectures, edited by C. de Witt and
R. Stora (Gordon and Breach, New York, 1971).

30B. Simon, Functional Integration and Quantum Physics
(Academic, New York, 1979).

313, S. Hoye and G. Stell, J. Chem. Phys. 68, 4145 (1978).

32B. Jancovici, Physica 91A, 152 (1978).

33H. Minoo, M. M. Gombert, and C. Deutsch, Phys. Rev. A 23,
924 (1981), and references quoted therein.

34Gee, for instance, L. I. Schiff, Quantum Mechanics (McGraw-
Hill, New York, 1955).

358. Ichimaru, Basic Principles of Plasma Physics (Benjamin,
Reading, MA, 1973).

368, L. Carnie and D. Y. C. Chan, Chem. Phys. Lett. 77, 437
(1981).



