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A formalism appropriate for obtaining a self-consistent handling of the strongly coupled two-component
plasma problem is discussed. The divergence of the classical electron-ion pair correlation function is removed
with the aid of a phenomenological ‘“‘soft-core” potential. The important formal development is the
introduction of partial linear and nonlinear polarizabilities, their interrelations, and the linear and nonlinear
fluctuation-dissipation theorems satisfied by them. The formalism is used to generalize existing strongly
coupled one-component plasma theories for the two-component situations. Both the schemes based on the first
Bogoliubov-Born-Green-Kirkwood-Yvon (BBGKY) equation and the fluctuation-dissipation theorems, and the
scheme based on the second BBGKY equation and the decomposition of the triplet correlation function are
developed into self-consistent two-component equations. Algebraically, the equations appear as a set of three,
coupled, nonlinear integral equations for pair correlation functions or polarizabilities.

1. INTRODUCTION

The problem of strongly coupled electron plas-
mas has been attacked by various groups' - and
through different approaches with a considerable
success. The methods can be classified accord-
ing to whether they rely on the first Bogoliubov-
Born-Green-Kirkwood-Yvon (BBGKY) or on the
second BBGKY equation. The former can be char-
acterized as considering the dielectric functionas
the central object, deriving an expression for it
from the first BBGKY equation, and then guaran-
teeing self-consistency through the use of fluctua-
tion—dissipation-theorem (FDT) —type relations.
Hubbard,' Singwi, Tosi, Sjolander, and Land’
(STSL), and the present authors and Silevitch®
(GKS) followed this approach in different ways.

In the second BBGKY equation approach the cen-
tral object is the equilibrium pair correlation
function for which the equation is made self-con-
sistent by the introduction of a decomposition of
the triplet correlation function into clusters of the
pair correlation functions. Ichimaru® and Totjusi
and Ichimaru® (TI) have pursued this method; it
has, however, been shown by the present authors
and Datta’ that the fundamental equation of the
GKS approach can also be derived through the
second BBGKY equation without any further ap-
proximation.

All of the different approaches listed above have
achieved important results. The equilibrium pair
correlation function has been calculated by numeri-
cally solving integral equations which result from
the theory” *7'8; equations of state have been com-
puted*®; conditions for phase transition have been
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estimated*®; and the theories have been refined to
the point that original inconsistencies concerning
the satisfaction of sum-rule requirements can be
reduced or removed.*®®

In the light of the important progress made in
the field of one-component strongly coupled plas-
mas, the investigation of the equivalent two-com-
ponent plasma systems is much less developed
and our knowledge about their physical properties
is considerably more modest. Nevertheless,
many physical systems, in particular some which
have acquired importance recently, cannot be ap-
proximated as a one-component system. Laser-
compressed plasmas,® electron-hole liquids,'® and
high-Z stellar interiors'' are in this category.
Since for an ion gas the coupling parameter y (in-
verse number of particles in the Debye sphere)
is proportional to Z*?, in certain cases it can be
argued that the approximation which treats the
ion gas as strongly coupled and the electron gas
as a smeared-out background is reasonable. How-
cver, the electrons are certainly not dynamically
inert, and even if they were, it is not a priori
evident how a strongly coupled ion gas in a weakly
coupled electron background should be treated.

The purpose of the present paper is to develop
the formal theory of strongly coupled two-compo-
nent plasmas. We will adopt the ideas already ex-
isting for electron plasmas and adapt them to the
two-component situations. No attempt will be
made here to introduce new approximation
schemes or physical simplifications. The thrust
of the paper is to rewrite the three main electron
plasma approximation schemes, i.e., the Singwi,
GKS, and Ichimaru schemes, into their two-com-
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ponent equivalents. Attempts in this direction
have already been made by Vashishta, Bhatta-
caryya, and Singwi'? with regard to the Singwi
scheme; they have not, however, derived full
self-consistent relations. Rather, they used an
ad hoc assumption for the correlation functions.

The two-component system is obviously more
complex than the one-component one, indeed to a
substantial degree so, which already makes the
task of this paper more than trivial. In addition,
the two-component system is fraught with some
special difficulties. The foremost among them is
the divergence of the classical electron-ion pair
correlation functions. This is, of course, a de-
fect of the classical theory, and properly taking
into account the atomic bound states would re-
move it. However, in the framework of the clas-
sical description a modification of the interaction
is required. Such a new phenomenological inter-
action will be introduced and employed in this
work. A problem on a different level arises from
the fact that when the number of plasma species
is greater than one (say, K), the number of
physical polarizabilities is K, but the number of
pair correlation functions in the system is
s K(K +1). Thus even for K =2 the straightfor-
ward application of linear FDT’s becomes im-
possible. Instead of polarizabilities, however,
one can work in terms of density-density response
functions, or alternatively, follow Vashishta
et al.,'* who suggested the use of “partial” polar-
izabilities, describing the response of the system
to fictitious fields which act on the electrons or
on the ions only. This latter method will be
adopted in this paper and will be fully developed
and generalized.

The results of any of the three schemes appear
in the form of a sef of nonlinear integral equations
which can be formulated either in terms of polar-
izabilities or pair correlation functions. The
STLS and TI schemes are fully self-consistent,
but the GKS theory, as presented here, is not,
since it requires a further specified approxima-
tion for the quadratic polarizabilities. Although
such an approximation scheme is fairly straight-
forward, its discussion will be relegated to a sub-
sequent publication, together with the similar
problem for the one-component system.

The plan of the paper now can be sketched as
follows: In Sec. II we introduce the partial lin-
ear and nonlinear polarizabilities, their relations
to the physical full polarizabilities, and connec-
tions between external (responding to an external
field) and total (responding to a total field) polar-
izabilities. Linear and nonlinear FDT’s connect-
ing pair and triplet correlation functions with the
partial polarizabilities are established. At the

same time the phenomenological interactions ac-
counting for quantum effects and eliminating the
electron-ion divergence are introduced. In Sec.
III the derivations of the STLS and GKS schemes
from the first BBGKY equations are presented.
The GKS expressions that can also be derived
from the second BBGKY equation are exact, and
exhibit a structure for the partial linear polariz-
abilities in terms of the full physical linear quad-
ratic polarizabilities which represent the first
establishment of such exact relations. In Sec. III
the TI scheme is developed from the second
BBGKY equation.

As we have already emphasized, the results of
this work are formal. Solution or approximations
of the equations derived will be the objective of later
works.

II. ELECTRODYNAMIC AND FLUCTUATION-
DISSIPATION RELATIONS

In this section we summarize and display rela-
tions which play a key role in the development
of the formalism for a two-component system.
These relations are partly connections between
“partial” and “full,” or “external” and “total,”
response functions (both linear and quadratic),
and partly FDT-type relations.

First, as was noted in the Introduction, a physi-
cal problem which does not arise in the one-com-
ponent theory relates to the negatively divergent
interaction energy of an electron-ion pair at a
small separation distance. As a consequence, the
pair and higher-order correlation functions di-
verge as the separation distance » -=0. Such a di-
vergence is not only unphysical, but, in an approxi-
mation scheme such as the present one, where the
pair correlation function is ultimately determined
through an integral equation, it also renders the
consistent solution of the integral equation impos-
sible. On the other hand, it is well known that
this divergence difficulty, which also manifests
itself in the divergence of the classical plasma
partition function, is the defect of the classical
theory, and properly taking into account the atom-
ic bound states removes it. A simple phenomeno-
logical treatment of the problem has been sug-
gested by Dunn and Broyles.'* It consists of “soft-
ening” the interaction potential by multiplying it
by factor 1 —e™", where u ! is of the order of
the Bohr radius ¢. As pointed out by Gombert and
Deutsch'* a similar modification of the interaction
potential between like particles, where u ! is of
the order of the de Broglie wavelength A, fairly
well describes quantum-diffraction effects. Thus
in this vein we introduce the effective interaction
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potentials ¢ ,5(k) between particles of species A
and B as

Yap(R)=B4p(k)pap(k),

baB (R)=2,Zp dne® /R,

(1)
Bp(k)= #ia/(ﬂ-ia +E?),

Z,==1, Z;=2.

Although the three characteristic distances u3.,
wit, and pg} are physically certainly different
(order of A,, A; and a, respectively), not much
harm is done by setting u ) =u;} =, since under
normal conditions the effect of quantum correc-
tions on the particle interaction is small. Such a
simplification leads to a very substantial enhance-
ment of the transparency of the otherwise fairly
cumbersome formalism, and it will be followed
throughout our derivations, although final results
will be displayed for the general B, (k)# B;;(k)

# B,i(k) case.

Linear and quadratic (longitudinal) external
polarizabilities ;@ ,= &, ,d&, are defined, as usual,
as the coefficients of the expansion of the plasma
field § 4 due to species A (=e, i) in terms of an
applied external field E.

In a further publication we shall further employ
the so-called partial external polarizabilities &5
defined by contemplating a perturbation caused by
a partial field £® which acts on species B only.'?
They are useful, however, in the equal-B case
only, when®®

EW(Rw)== Y a8(Kw)£?(Kw), (2a)
B

@ 4(Kw) = a ,(kw)/e(kw)

1+ ap(q+D, p + )]0 (A, D) — a, (A+D, b +v),as(du, Bv)

8¢ (kw)

C(qu, PY)E® ()

-

~=1~<J
<

BC
XEC(pV)Gﬁ F6(w=p=v).

(2b)
To deal with the case where the B(k) functions
are unequal it is useful to introduce partial ex-
ternal charge-density response functions 35,

P (Kw) = - Z

PP (Kw)

(Kw)EB (kw), (3a)

X EC(B)og 550w —p—v).
(3b)

We note that only the projections symmetric under
the interchange of the superscripts and of the argu-
ments of ,85¢, ,85¢ are physically meaningful.

We note the simple relation between partial and
full (physical) polarizabilities,

G,= . 6% &= aa, (4a)
A

B

5 = ~BC s _ <

204 = Z 2047, 205 ; 2%y - (4b)
BC

Total (linear and quadratic) polarizabilities ,a ,
=@ ,,,a, are the expansion coefficients of the
plasma field in terms of the total (plasma plus
external) field, and are related to the external
polarizabilities by

(5a)

Z&A(?l#,ﬁlf) =

e(kw)=1+a(kw).

Relations similar to (4a) and (4b) exist between
the partial and full total polarizabilities, and thus
in view of (5b) the well-known relation

,@(Gu, pv)
€(qu)e(dpr)e(q+p, u +v)

,@(Ap, pv) = (6)
is satisfied.

Next we list static (w =0) fluctuation-dissipation
theorems which will be used in Sec. III. These

e(qu)e(Pr)e(q+p, . +v) ’

B#A, (5b)

are relations between pair and triplet correlation
functions [ g ,5(K) and h,5.(dP)] on the one hand
and the previously defined external polarizabilit-
ies on the other hand.

The equilibrium pair and triplet correlation
functions g 45, h4pc Will be used in the usual way.
With F,, G,p5, and H,p. being the full one-, two-,
and three-particle distribution functions, they are
introduced through the relations
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GYE, ¥, %,7,) = FQ(V)) FY(V,)[1 +£,45(12)],

HQo(X,V,,%,7,,X,V,) = FOU(T,) FO(T,) FRY(V,) [1+g45(12) +240(13) +£5¢(23) +h,50(123)],
. (7
g48(12)=g,45(%, -X%,/),

hABC(123) = hABc(lil _izly li]_ _igl ) )

and g,5(k) and %, ¢ (D) are the Fourier transforms'® of g,5(12) and %4 50(123), respectively.
For the case where B, (k)=B,;(k)=B;;(k)=B(k), the linear'® and nonlinear'®'!” static FDT’s are

‘iﬁ(i) = aAo(E)[éAB +(Z 4Zp/\ Z 4 Zs| )nAgAB(E)] , (8a)
z‘iéﬂ( ap =20co( APNZAZ3/ Z% )6 4c08c +M40nc& ac(Q) +1504c€nc(D) +1 40 45 g ac( D +Q) +n4nghc 45(AD)],
(8b)

where

o oK) = 2% 4npn,e?B(k)/K?, ,aco(aD)=— 123 218°n.e2B(k)/qp|q +Dl,
- - (9)
Z,==-1, Z;=2, a(k)=a(k,w=0), etc.,
are the linear and quadratic Vlasov polarizabilities of the plasma fluid with the effects of the “soft core”
included. We note that evidently &5 = &4, and that in (8b) ,&4° is the unsymmetrized external polarizabil-
ity. We further observe that in view of the relations (4a) and (4b) the following fofal FDT’s are formed
from (8a) and (8b):

dA(E) :aAO(E)[l +nAgAA(E) —"AgAB(E)] , B#A, (10a)

zde(aﬁ)zzaeo(aﬁ) (1+ne Z gee(r)_negei(-c.l)_”egei(§)+znegei(a+§)

=355

+n§[h eee(a.ﬁ) _heei(a-ﬁ) -heie(aﬁ) +heii(a§)] > ) (IOb)
P > - - n; - -
2ai(qp):2aio((1p)<l+ni Z gii(r)-nigie(Q)—nigie(p)+'Z—lgei(q+p)
T-3.5.5+4%

+”%[hiii(§5) —h.-.-e(ﬁfa) —hiei(aﬁ)"‘hiee(ﬁﬁ)] ) .

For the case of the three B(k) functions being unequal, the @’s are supplanted by the §’s, and the more
generalized FDT relations now read

RA(K) = (BnaZ,2e*/ k)6 45 +(Z4Z5/\ Z4Z35)) a8 45 (R)], (11a)
223‘3(&5) =Z4ZpZo(Bnce’/2ap)[64cdpc +1 a0pc & ac Q) +np04c&pc(D) +140 488 ac(D+d) +nanphcan(dD)] .
(11b)
The expressions for the partial polarizabilities III. FIRST BBGKY APPROACH: STSL AND GKS SCHEMES
in terms of the full polarizabilities are not obvious
and are model dependent. A set of such relations In this section we present the derivations of the
has been derived by Vashishta et al.!? In spite of relations for the partial polarizabilities in both
its appealing simplicity and transparent structure, the STSL and GKS schemes. In conjunction with
it suffers from the general shortcomings of the the linear FDT relations, the (approximate) STSL
Singwi approximation scheme. In contrast, in relations provide a full self-consistent set of equa-
Sec. III we derive a general relation from the GKS tions for the equilibrium pair correlation functions.

approximation scheme which is exact. In contrast, the GKS relations, which are exact,
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still contain the triplet correlation functions which
can be traded, with the aid of the nonlinear FDT
relations, for nonlinear polarizabilities. In order
to achieve self-consistency, however, further
hypotheses eliminating the latter would be needed—
quite analogously to the situation in the one-com-
ponent system.

The derivation is based on the introduction of a

small perturbation in the first BBGKY equation.
The two approaches differ from each other in the
handling of the perturbed part of the correlation
function; however, no explicit-use of the second
BBGKY equation is made—hence the distinction
indicated by the titles of this and the next sections.

The first BBGKY equation for type-A plasma
particles is

It is the structures of the respective I' ;3’s which
distinguish the two approximation schemes from
each other.

A. STSL scheme

The main feature of the approach of STSL con-
sists of approximating the nonequilibrium equi-
valent of the pair correlation function,
£48(X,Y,,%,7,, ¢), by the equilibrium pair cor-
relation g,5(12), so that to all orders in E
GAB(ilvl’iz-‘;w t) :FA(§1-‘71; t)FB(;(zvzy t)[l +gAB(12)] .

(13)

T,z in Eq. (12) then becomes

P,EESL(HH,E‘U;D):[V(% +€ 48(D)] np(T+5, 1)

XBFA(k"q-_P;w‘[JqV). (133.)
ov

In this paper only static perturbations will be con-
templated; thus frequency arguments are set equal
to zero and subsequently dropped.

The perturbing electric field can now be special-
ized to drive type-C plasma particles only, and
the responding distribution function F$®(k,7)
and density n5®*’ can be calculated to first order
in the perturbing E€.

For the case where the three B(k)’s are as-
sumed to be equal, this yields, with the applica-
tion of the linear electrodynamic and FDT rela-
tionships (5a) and (8a), the following external
polarizability expressions:

GYR)=A" a1 +a;,+ui(K)], (14a)

? & = 1, T Rl i N
Vo, 5% %: quAB(Q) fd% Gas(k-4, GV, 7" w)
q
i 1 - = e >
SV Zp Was(@) " Tan (s ko; B) - (12)
qu

LK) = - A [ @y + 1 i(K))

== A7 a0y + u§(K)]

=ai(k), (14b)
QLK) = A a1+, +ul(K)]. (14c)

Also, the full electron and ion polarizabilities
appear as

a,(k)=as(k) +ai(k)

= A g [1+ub(K) - ul(k)], (15a)

-

=A" ay[1+ us(K) - ué(K)], (15b)
where
A=[1+a,,+ul(R)][1+a;,+ul(k)]
— Qeolip — ug(K)uf(K) - [aeouf(l?) +aio“:(E)] ’

(16)

> ZaZp Ky 1 k-§ B(k-9
uB(K) = Zaln_Ka Z qu(q) aA(k q)
q

T Z4Zgl B? ngV q @ 40(

K%=4mpn 2% e*

and for brevity of notation we have dropped the k
argument in the Vlasov polarizabilities, a,,
= a 4( k).

Alternately, the results can be cast into the
form of a set of coupled integral equations for
the unknown pair correlation functions:
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NoBoelK)= A" 1 +a; +ul(k)] -1, (18a)
(e +n;)goi(K) = A" ay+ul(K)+ui(K)], (18b)
nigi(R) =" 1+a,,+ul(k)]-1, (18¢)

with a,=a.+a;, and

- K31 k-4
uﬁ(k):?‘; v Z q

B(@)gss(k-0). (19)
q

For Z=0 (r;—~«, electron plasma in smeared out

infinitely heavy ion background), one readily re-

covers the one-component results of STSL,? viz.,

_ l Kze[1+uSTSL(E)]
geel k)= - n, kZ+K§[1+uSTSL(E)] ’

(20)

For the more general case when the three B(k)’s
are unequal, application of the linear electrody-
namic and FDT relations (3a) and (11a) leads to

Re(K) = (k2/4mkA) 1 +afd) + ui(K)], (21a)

RIK) =RUK) = - (k2/4mkA) ol + ui(K)],  (21b)

Ri(K) = (3/4nka)1 + @) + us(K)], (21c)
where now

aﬁt%)zaAoBaa(k),
Xao=(1/4m)K%/k .

Equation (19), however, remains unchanged.

B. GKS scheme

The GKS approach® to strongly coupled plasmas
relates the linear and quadratic polarizabilities
through self-consistency requirements. The

FOO(E, )=

V)/o7 <iEZAe
k

PR 1
c
EC(K)d 40+ &,

ingredients of the scheme are (i) replacement of
the G 45’s on the right-hand side of (12) by their
velocity averages, (ii) establishment of the re-
lationships between the nonequilibrium two-point
functions and equilibrium three-point functions
by use of statistical mechanical perturbation the-
ory and (iii) linking the three-point functions
through the nonlinear FDT’s with the quadratic
polarizabilities.

In order to be able to express the right-hand
side of (12) in terms of nonequilibrium two-point
functions —binary correlations of microscopic
charge densities, (pf p%)(w)—it is necessary to
invoke the so-called veEiocity average approxima-
tion (VAA),

GAB(ilvuiz-{’z;t)
1/, -+ -y >
= E(./A(xlvl;l) fdaU’GAB(lel,yxzv2;[)

Ca(E70) [d016 aa(%F, 50 )

Fa(XV; )= F (XV;8)/ny (X5 0) . (23)

This is the main assumption of the GKS scheme.
Upon applying (23) to (12) and taking note of the
fact that in terms of Fourier transforms

—ngK=-B,w=1)b,p, (24)
one obtains Eq. (12) with

= GKS

o - 9 = ,’
TUap =(Z,Zge?) 1<p_‘£_a_;p§>(w_y) 8fa(Br, V)

v
(25)
This result is valid to all orders in E.
Contemplating now a static perturbation induced

by a weak external field £€ acting only on C-type
plasma particles, one finds

> 3 69@)BalaXef_102)) (26)

=
B 9

Statistical mechanical perturbation calculations provide the link between the nonequilibrium two-point func-

tion and the equilibrium three-point function:

A B\C(1) _(_ 4 AC(TTY oA B C \(0)
<pi_apa> (-iB/VR)E (k)<p;_apap-§> .

(27

Upon combining (26) and (27) and integrating the result over velocity space, one readily obtains the partial

density response

- - 1 ke i —"—k
nSM(E) = _k’_BEC(k) (ZAenAéAc _Bo(k) ;Z
q

e*V?

k.
q

B4a(AKpy p? p{_a>‘°’> : (28)
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We next expand the ternary correlation function as follows:

(0)= (0)
(pCppfog_NV=(wSppteg g 21 v,

+V(neZce( ng‘:q'>(o)la =0 %+ngZBe ( P‘ET( p€>(0)l % =0 6&

+n4Z e p‘fa pg)("’lﬁ Ge00L_zt VznAancZAZBZCeC‘Oa 6¢).  (29)

The right-hand-side correlations in (29) are, in turn, related to the equilibrium pair and triplet correla-

tion functions as follows:

(o} B _A (0)l
Pgpe g Xl n 5 30

= ZAZBZCeanV[éAE6BC+n85ABgBC(E) +1p0acgpc()

->

+"A5Bchc(§‘a) +"E"AhcsA(ﬁ,E-a)], (30)

<P£P€1;>|T(#O= Z,Zpen, V(645 +15848(K)].

(31)

From (28)-(31) we then have for the partial density responses

neV(K) = (iBen,/k) E° (k {1 = @l +n,g..(K)] +ald) n,g.:(K) +vi(K)}, (32a)
(K = (i Beny/k) BHE) @) n,goi(K) = f[L +n,g,4(K)] + 04}, (32b)
nsM(K) = = (iBZen;/k) Ee(k){a,o 180 (K) = al[1 +1,g.0(K)] +03(K)}, (32¢)
i () = - (ipZeny/R) EX(B) {1 - af[1 +2,2:i(R)] + 0 nigei(B) + (B}, (32d)

where the strong-coupling effects are now introduced through the v B(K) functions, which, in terms of the

pair and triplet correlation functions, are

> 2 1 E‘-’ > > - > >
Ui(k)=—%"7 Z q—;l[Bee(q)gee(k_q)+Bee( )n heee(q k q) B ( )n hew(q,k_q)]’ (333)
a >
i % 1 k'ﬁ T - > - >
Ue(k):"k—z v Z 7 [Boi(@)gei(k =) +Bei(@) nihise (8, K = Q) = Beoe(q) 7 hicel 4,k-9)], (33b)
E -
erir Kz 1 k‘a > > > >
vi(k)=‘? V z q2 [ ( )get(k )+Bel(q)” heel( 1k )_Bii(Q)neheii(ka—q)]a (330)
a -
i, K2,~ 1 k‘a > - - - .
Ui(k):—;f 7 Z e [Bi:(@)g::i(K = @) +Bii(@) nihii (4, K = 4) = Bes@) mihioi(§, K -] . (33d)
q

When the B(k)’s are equal, application of the linear
electrodynamic and FDT relations (5a) and (8a) to
Eq. (33) readily gives

GE(K) = agg[1 — @ (K) +v5(K)]
=[ag/€(R)][1 +a;(K) +7(K)], (34a)

[a:z( E)]: - aeo[&i(i) - Ueie( E)J

=~ [ago/e(B)][ay(K) - ri(K)], (34b)
[@5(K)]= = aipl @e(K) - v§(K)]
- [ai/e(R)][ae(K) = 7§(K)], (34c)
&i(E) = aio[l - di(i) +U§(E)]
=[ai/€(B)][1 + a (k) +7ri(K)]. (34d)

where the »2(K) functions are related to the
v4(K)’s by
vi(K) =r§(K)/e(k); (35)

they are the generalizations of the function »(k)
used in Ref. 5. Note that if one eliminates the

r

a&(K)’s in (34a) and (34d) in favor of the correla-
tion functions by use of the linear FDT’s (8a) and
takes account of the symmetry conditions,

hCBA(a:E“a)=hAcB(Ey -9, (36)

one recovers precisely the equilibrium second
BBGKY equations (52a) and (52¢) for g,.(k) and
gi:(E) (to be considered in Sec. IV). However, as
to (34b) and (34c), it is clear that these relations
do not satisfy the linear FDT interchange symme-
try requirement that & (k) &%(k). {Hence the
notation [@X(K)], [@%(K)].} This defect is apparent-
ly due to the VAA, although it does not arise in
the case of a one-component plasma. A clue to
its rectification is provided by the second BBGKY
equation (52b) for g;, in Sec. IV. If we symmet-
rize &' (and &%),

GHE) == 3{aio @e(K) + agodi(K)
- [Uleovi(k)+aiovi(k)]}
== 3[1/e(k){aeoai(K) + @i00e(K)
~laei(B) +aird®I, (37
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agreement with the second BBGKY equation result
is achieved. The full electron and ion polarizabil-
ities can then also be obtained as

@.(K) =[ae/e(K)|[1 +7,(K)],

@;(k) =[a/e(K)][1 +7(K)],
where the evaluation of » A(E) yields the expression
7 4(K) =[1/(2+ ap) [{(2 + a4 r4(K)

+(1+ aAo)[ri( E) + (aao/aAo)Tg(E)]

(38a)
(38b)

Equations (34a), (34d), (37), (38a), and (38b)
should be compared with the corresponding (ap-
proximate) Singwi results, Egs. (14) and (15).
The difference in the structure, especially 7 4(K)
#>,575(K), should be noted. Nevertheless, it is
easily demonstrated that the relationship

G(K) =[1/(K){aeq+[1 +78(K) +7i(K)]
+a; [l +7i(R) +r4B)]} (39b)

still holds.
Equation (34) now can be rewritten in terms of

P
+asor3(K)}, (392) linear and nonlinear polarizabilities. By first ex-
for A#B. plicitly solving Egs. (34a)-(34d), one finds
J
G5(K) = Ze0 <1+a b0 oK)+ —2i0%e0 (] 4, ) 08(K) + (1 + ) vH(E)]
e €0 10 1 aeo e (1 +aeo)(2 +a0) 10 e eo 1
1+a; - .
- 2—+—a—'f~ [a;05(K) +ae(,v:,(k)]> , (40a)
§i(E) = - Leio [1, (1+aiove(B) + (v aguilB) _ (1 +ag)l + ) <”?(E’+ ve(K) ﬂ =as(k), (40b)
€ L 2+a, 2+aq, Qeo [ TH
5i(F) = o €o 183 QigQeo V(i i
ai(k) <) <1 +0eo+ ] oL vi(K) + a +a¢0)(2+a0)[(1 + ) 08K) + (1 +a)vi(k)]
1+a, e s >
- 2+a0 [aiOLi(k) +aeo1‘e(k)] . (4OC)
The full electron and ion polarizabilities are now
& ()~ Qeo Py, @0 [my e vi(K)  vi(K)
@ (k) <, {1 +0,(K) + 3+a, {L’e(k) l;(k)+€o< o ) (41a)
~ (i7) = Yio (i Qg (DY (T Ue. )_ 'Ue;(E))l 41
d;(k)= . {1+v,(k)+ Tra, [’b,(k) ‘Le(k)+60< o e s (41b)

where the v5(k) functions are then expressed with
the aid of the nonlinear FDT relation (8b):

»... ~BC/(i &
B(E)-- ol Lsn 5o KT g 107K g)),

R ny V & T a 2@ a0(K, =@
(42)
va(K)= Z v5(K)
B
K1 1 K-q a,(k, -q)
S — = B T
kz nA Vv Z q2 (q) 2aeo(k)_Q)

3
The formulations of the linear external polarizabil-
ities in Egs. (41a) and (41b) in terms of the quad-
ratic polarizabilities become all the more concise
by noting that
k-3 a(k, -q)

B 2 S
qz (q) zaeo( k) ‘Q)

(43)

- > K2 1
Ve(k) = vi(K) == 7 E
e -
q

r

From (41) and (42) we further note that, similar
to (39b),

()= (1/€) {@u1 +vo(B)]+ s 1 +v,(R)] } .
(44)

As we have already emphasized, the GKS re-
sults are exact, but require further specifications
of the nonlinear polarizabilities. No such state-
ment can be made for the results of the STSL
scheme which, however, is self-contained. We
adhere to the philosophy that the GKS method pro-
ceeds not from the second BBGKY equation, but
rather from the first.® This is important inas-
much as a self-consistent set of relations among
the linear and quadratic polarizabilities can, in
principle, be guaranteed by calculating quadratic
polarizabilities from appropriately symmetrized
second-order perturbation expansions of Egs. (12)
and (25).
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It is immediately obvious that in the weak-cou-

pling limit (| 5|« 1) both STSL and GKS theories

functions reduce to the well-known Debye-Hiickel
results
go over into the Vlasov theory, i.e

GY(K) = (ap/€)1 +ayp)

B K 2 /n,
gee(k) K2 ’
e K%/n

‘iii(E):(aio/eo)(l + Q) é’ei(k)— PR (46)

- - (45) 2 /12

GU(E) = = agoig/€,= @5(K), ()= =Lk

N i1 k2 2
( ) aeo/eoa &i(k):aio/ﬁo- e

It is seen that in this limit the pair correlation

In the Z=0 limit, the GKS strongly coupled elec-
tron plasma results® are recovered, i.e

AUEK) = (ae/€)[1 +v%K)] = (aeo/€(R)[1 +74K)] =a.(K)=a(k)

a;(K)=0=ai(K), (47)
We now display the general case where the three B’s are different. It can be shown from Equations (3),
(11), (32), and (33) that
RUK) _ 1+0%K) aldal®
Yoo 17all*

1+l +al) +a(;‘) —-afdall]

X (1 L (L+afd)og(R) + (1 +af)oi(K) -

(L +af +a D) oot (R) +x ;005K
2+a(e)+asi - [)(eo ( ) Xio ‘( )]/Xeoaxo > ) (488.)
1 xs(K)
[TV
2 Xeo@ig +X:oae:))
_ 1
1+a®)1+af))) - al@Dal)
o (1, (Lrafe(B) + (1 +alvi(K) = 2(1 +afe) (1 + a{)[xeovi(K) + X it {(K)] /(oo E) +x.oaeo‘)
2+ald)+aly)
(48b)

xi(K) _1+oi(k) aigaly

X 1+al) T (@+aMA+af)d+a)) - aldaly

X(l+(1+a.o‘)ve<k)+<1+a<e’)v( ) = (L +a{)( + afo)XetelK) +x:003(K)/xig0réc) (48¢)
2+af9+alD ¢
The expressions for the full response functions are
Re(K) _ 1+af) -afp ve(K)
Xeo (1 +ald)(1 +a(”) a(e) 53 1+a(e)
_ ’-Y(e)(l +a(e) Oté(')))[(l +a$é))v (E (1 +a£g)) ‘(k)— (1 +a(e))<1 +a%))(Xeovi+Xxove)/Xeoalo ] (493)
A+af)2+ald+al1+al)d +afl)) - afPal™] ’

Ri(K) _ L+aly)-al) vi(K)

Xio (T+al)1 +d( )) ala

1+al)

_ ol +afd - af®) [(1+ afD)ed(B) + (1 + al)vi(K) -

(1+afe)(1 +a(’))[xeol‘ (K) +Xi005(K) /X ig2ts ]
A+af2+afd+alNA+al)A +afd)) - alPall]

’

(49p)



and finally

R(k) =R.(K) +%:(K)
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X0+Xeo(aso —aig])+>&xo(ago -Ol(“) XeoVe (k) Xiol’i(l\t)
T+l +af))-afalD 1+afd) " 1+
2-ald/(1+af) = al®/(1+all)
T @l al A+ el +al)) - aldaly
X{ Xeoam +X|0as(3tt)))[(1+a$:)))vi(k)+( Jaég)) l( l_(1+ae )(1+a“‘[Xeov;(k.)+xml‘€(§)l}' (50)

The 1i(§) functions now are given as

87 kg .
ﬁn eV Z kq [Bee(q)z)(Ze(k:

§) +B,(q),3¢ (k. -Q)], (51a)
q -
i, 877 k'a N - - - -
velB)= 25 20 7 [Be@af (K, 0 + Ba),24(R. - )], (51b)
q -
> =87 k:q ceisis =
R = gy 2 T [Besl@RE(R, ~ )+ Bu(@)R1'(K, - 3], (51c)
q
- 87 E ﬁ ~ - -
vi(k) = eV Z 7 [Bii(@).21'(K, = @) + Bo;(4),0 (K, - @) (51d)
q r
IV. SECOND BBGKY APPROACH: TI SCHEME A rafmigi(B) = aln;go(K) == all +0i(K),
The STSL''? and GKS® approaches to strongly (52c¢)

coupled plasmas involve perturbation (in E) ex-
pansions of the first BBGKY kinetic equations
coupled with fluctuation-dissipation theorems to
guarantee self-consistency. While only static
(w=0) results were presented in Sec. III, it is
clear that these schemes are amenable to pertur-~
bation expansions of the dynamical first BBGKY
equations coupled to dynamical fluctuation-dissipa-
tion theorems. Such is not the case for the ap-
proach of TI,*** which proceeds from the equili-
brium second BBGKY equation linking the static
pair and triplet correlation functions. The prin-
cipal approximation in the scheme is that the trip-
let correlation has a Debye-like structure and can
be approximated by an expansion of Mayer pair-
correlation clusters. Fluctuation-dissipation
theorems have no place in the TI scheme, except
if one wishes to change from pair correlation
language to linear partial polarizability language.

In this section, we extend the electron liquid
scheme of TI*'* to the case of ion-electron plas-
mas. We start with the following equilibrium sec-
ond BBGKY equations for g.., £.;, and g;;:

- 02(‘5‘4'7 (E))
(52a)

¢! +a£g))negee(ﬁ) aeo ’2ege|(l:) -

) ) . . ) .
(1 + h_%ﬂ_) gei(k) - %[QSO gee(k) +a£5)g‘-,-(k)]

-

-%(i’fi 9‘&)__<1’e(k v k)>, (52b)

+
ny R, 2\ n, n;

where the strong-coupling v5(K) functions are de-
fined in terms of the pair and triplet correlation
functions ¢(k) and #(qP) by Eq. (33) subject to
the symmetry condition (36).

Solving these equations without any further ap-
proximations one obtains the symmetrized GKS
expressions, relations (34a), (34d), and (37), de-
rived from the first BBKGY equation.

In order to obtain the Ichimaru approximate solu-
tion we next assume that the #’s can be expressed
in terms of g clusters. It is helpful to refer to a
graphical representation as given in Fig. 1 cor-
responding to the algebraic relation

c,3 c,3 c,3 c,3
A /
/ N\ = / + + \
L/ \ \
Al 8,2 A, B,2 Al B,2 A, B,2
0:3 c,3
|
e ke ke
Al B2 A 8,2

FIG. 1. Diagrammatic representation of the cluster
decomposition of the three-particle correlation function
h 45c(123) [cf. Eq. (53)].
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hapc(123) =g 45(12) g 4c(13) +54p(12)50(23) +2,4c(13)gpc(23) + Ljd %,8ap(1 50(24) gcp(34), (53)
with Fourier transform
hasc(GD) =8 an (@) gpc(D) +2an(A+D) g ac(D) +qac(A+D)gpe (@) + (@) gen(D) - (54)

Z npgap{A+D)gsp
D

Bonds between vertices, say (A, 1) and (B, 2) are associated with g,,(12)=g,5(1%, =%, ]).
Upon eliminating the 42’s in (52) in favor of the g clusters by use of (54), we ultimately obtain

GoolK) == A~V in; }

2 2
e K K5
g.ei(k>:A e Ny 57 2/._ \“ ei ie T /,z, Wie ™ }:%“’ei) ’
R ¢

9 ; B R 2
> - K K K
slk)==A""un, ; —Sw <1+ A_: we(.> (1+ F"zwe(

The newly introduced w5(K) screening functions are

,Di

. S| K-
w5 =w 45(K) = Byn(K)+ v Z "1‘""\

2

K K3
A =ngnin (1+ =5 w,.+ 575w
e 2}22 ee 2,‘71 it

~—

In general (i.e., for Z#1), w,;#w;, .
One can easily verify that when Z =0 (electron
plasma), B=1, Eq. (55) and (56) become

1 k-q P
Wee=1+ v Z 2q[14” el )lgee(k—‘Q)

=~ q
q
=l+uyg , (58)
. 1 1+ )k
goB)= - L ol

n, B+ +u)ed

i.e., the one-component Ichimaru® results are re-
covered. The correct Debye pair correlations
(46) are also recovered for the two-component
plasma in the weak-coupling limit.

V. CONCLUSIONS

The purpose of the present paper has been two-
fold: first, to present a formalism appropriate
for the handling of the two-component strongly-
coupled plasma problem; second, to generalize
the existing formal one-component results for the
case of a two-component system. The first ob-
jective has been achieved by introducing partial

Ki LTS (e ki, VU
2,’; wii | — PTE Wi ‘L“ ei TWie tW g }j‘fu/ee"' s Wii ! i

/ 2 e
Ko K
(1) (123

\ 2 2 2 .2 -2 -2 1
K / ) / K K K5 K2 [ K K3 1
w, 1+ — /v-- Pl B Wt 5 Wi | =5 Wie | Wei+ Wit Wei | 75 Woe+ Wi | 10,
! ;‘ ce ) \ 2]8_, e 1,2 it 2/34 te L et te et /e.a ee k,_ ti J s

{55c)

11“‘",18',;,4 Q)J —Bac(ﬁ)mg',;c(ﬁ)} .%"AB(E‘a), A+C, (56)

\

wii) - A;«; wvxwu] . (57)

r

linear and nonlinear polarizabilities and the fluc-
tuation-dissipation theorems (again, linear and
nonlinear) they satisfy, and finally by connecting
the partial polarizabilities with their full physical
counterparts.

The second objective has been accomplished by
the formulations of Eqs. (14), (16), (17) and (21),
(22), which represent the two-component STSL
theory, of Egqs. (55)—(57), representing the two-
component TI theory, and by the formulation of
Eqgs. (40), (42) and (48), (51), which yield the two-
component version of the GKS scheme originally de-
rived for a one-component plasma. All of these
relations appear as nonlinear integral equations
for either the three pair correlations functions or
partial linear polarizabilities. In addition, the
GKS scheme still contains the unknown quadratic
partial polarizabilities; how they are to be ex-
pressed in terms of the linear polarizabilities
hasn’t been specified in this paper.

The full physical polarizabilities are sums of
the partial polarizabilities, as shown in Eq. (4).
Conversely, however, in general there exists no
simple relation expressing the partial polarizabil-
ities in terms of the full physical polarizabilities.
It is one of the results of the present paper that
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an exact relationship, but one which is explicitly to a set of three nonlinear coupled integral equa-
dependent on the pair and triplet correlations tions which have to be solved by computer. Dis-
functions, does exist and has here been derived. cussion of such calculations have not been given
Algebraically, each of the three theories leads in this paper and will be presented in a later work.
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