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Featuring the modified hypernetted-chain (MHNC) scheme as a variational fitting procedure, we
demonstrate that the accuracy of the variational perturbation theory (VPT) and of the method based
on additivity of equations of state is determined by the excess entropy dependence of the bridge-
function parameters [i.e., 77(s) when the Percus-Yevick hard-sphere bridge functions are employed].
It is found that 7(s) is nearly universal for all soft (i.e., “physical”) potentials while it is distinctly
different for the hard spheres, providing a graphical display of the “jump” in pair-potential space
(with respect to accuracy of VPT) from “hard” to “soft” behavior. The universality of 7(s) pro-
vides a local criterion for the MHNC scheme that should be useful for inverting structure-factor
data in order to obtain the potential. An alternative local MHNC criterion due to Lado is rederived
and extended, and it is also analyzed in light of the plot of 7(s).

I. INTRODUCTION

The modified hypernetted-chain (MHNC) scheme was
originally proposed as a method for parametrizing com-
puter simulation data in terms of fitting bridge functions.!
It is based on the MHNC equations for the pair (radial)
distribution function g (x),

c(x)=h(x)—In[g (x)eP4>/P""] L B (x) (1)

and the Ornstein-Zernike (OZ) relation for the direct
correlation function ¢ (x),

ck)=h(k)/[1—h(k)], )

where h (x)=g(x)—1, h(k) is the Fourier transform, ¢(r)
is the pair potential, p is the number density, B=(kp 7)~!
is the inverse temperature, and we use the reduced length
x =rp'3. B(x)=B(x,(u;)) is a fitting or an approximat-
ing bridge function, with free parameters (u;), that serves
as input in Eq. (1).

The exact bridge function, B ex.c(x,8,p); is a function-
al of the exact pair function, g exact(x,B,p), given by the
sum of all elementary graphs with 4 (#) bonds that have at
least triply connected field points, and can be formally
written as

B¢,exact(x’B’P)='7[g¢,exact(xyﬁyp)] . 3)

If the evaluation of .#[g] could be managed, then starting
from B =0 (the HNC approximation), Egs. (1)—(3) would
provide a formal iteration scheme? by which the exact pair
function could be obtained. It has been argued and
demonstrated that By cxaci(x) should have roughly the
same functional form for all potentials! (“universality of
the bridge functions”). In fact, setting

B(x)=Bpy(x;7), (4)

where Bpy(x;n) is obtained from the Percus-Yevick (PY)
equation for hard spheres, (HS), and requiring thermo-
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dynamic consistency between the equation of state ob-
tained separately from the virial theorem and from the
compressibility, excellent agreement with the computer
simulation results has been obtained for a wide variety of
quite disparate potentials.">* For easy reference below,
we denote by UPY that particular MHNC scheme which
employs the PY bridge functions (4) as a universal input
with the “virial-compressibility” consistency criterion.
The practical importance of the UPY fit stems from the
fact that by way of construction it constitutes a well-
defined and very accurate approximation scheme for all
kinds of simple classical fluids.

As a framework for understanding basic properties of
simple classical fluids in terms of the pair potential, the
MHNC scheme is meant to make progress, systematically,
in several intimately related (and finally converging) direc-
tions:

(i) Fitting computer data via bridge functions in order
to study the nature of relation (3) and in order to obtain
information on the correct “closure” for the integral equa-
tion (diagramatic) approach to simple classical fluids. A
related problem is the extrapolation of the pair function
beyond the “simulation range.”

(ii) 4 priori calculations of the pair structure and ther-
modynamic properties for given pair potentials.

(iii) Obtaining the pair potential (or effective pair poten-
tial) from the given pair function (or from the experimen-
tal structure factor data). The UPY scheme answers to
some extent the first two of the above aims, and the
present work intends to make further progress along these
lines. As a fitting procedure the UPY scheme puts em-
phasis on satisfying the compressibility sum rule. We
must keep in mind, though, that a systematic fitting pro-
cedure must include parameters that measure deviations
from the data to be fitted, and that eventually corrections
to “universality” may be sought with trial bridge func-
tions of the type
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B(x;(u;))=Bpy(x;7)+BR(x;(&)) (5

with the number of parameters exceeding the number of
thermodynamic consistency conditions that may be im-
posed. Regarding the third aim above, namely, the possi-
bility of inverting experimental structure-factor data in or-
der to extract potentials, the UPY scheme as it stands can-
not be applied in view of the nonlocal condition that it im-
poses in order to determine the free parameter of the
bridge function. By nonlocal we mean that we must solve
the MHNC equation self-consistently for an entire iso-
chore even if we are interested in only a single thermo-
dynamic state.

In order to be useful for inverting the pair function data
(or experimental structure-factor data) to obtain the poten-
tial, the MHNC criteria that determine the free parame-
ters of the bridge function should be local and involve the
pair structure and the assumed bridge function, but should
not explicitly involve the pair potential. In principle (and
as will become clearéer later on), such a criterion can be
constructed only on the basis of some perturbation ap-
proximation. In order that the MHNC fitting procedure
will enable us to make systematic progress in all three
directions above, we have to study its characteristics with
regard to various perturbation theories. A fully developed
MHNC scheme should be accompanied by an appropriate
perturbation theory of comparable accuracy.

In particular, we shall demonstrate that the variational
first-order thermodynamic perturbation theory (VPT) is
an appropriate perturbation theory to supplement the
UPY scheme when applied to soft (i.e., “physical”) poten-
tials.

Thermodynamic perturbation methods’® should be
studied in their own right since, although somewhat less
accurate than the UPY scheme, they are considerably
simpler to apply and will be preferable for many practical
equation-of-state calculations. Perturbation theory finds
its widest range of applicability in the variational form
based on the Gibbs-Bogoliubov inequality, with the sys-
tem of hard spheres as the virtually unanimous choice for
the reference system. In recent work,® a large body of
computer simulation data for simple classical fluids was
analyzed in light of various types of applications of per-
turbation theory. It was realized that a single one-
parameter pair function could be employed in the VPT
description of the equation of state for a wide range of soft
potentials, and that by moving over from the hard spheres
to a yet-to-be specified soft reference, a substantial im-
provement in accuracy is achieved. Just by assuming the
existence of such a universal one-parameter description, a
new method for equation of state calculations was derived;
it is based on the idea of “additivity,” with the excess en-
tropy and the density serving as the independent variables.
This potentially powerful method’ requires a more careful
assessment before large scale applications are attempted.

The analysis in the present work shows how the MHNC
scheme provides a natural parametric description for the
pair structure and the equation of state. We determine
conditions for the bridge functions from which follow a
universal one-parameter description of the equation of
state and additivity of equations of state. Moreover, we
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shall demonstrate that, to the extent that the “soft” VPT
is accurate, the UPY consistency condition may be re-
placed by a local condition thus realizing the basic aims of
the MHNC scheme as listed above.

This paper is organized as follows: In Sec. II the
MHNC scheme is featured as a variational fitting pro-
cedure and it is shown that any local MHNC condition is
equivalent to an approximate local evaluation of the ex-
cess entropy. Variational perturbation theory (VPT)
within the MHNC scheme is considered in Sec. ITI, where
it is also investigated under what conditions it may serve
as a local MHNC condition. In Sec. IV we display UPY
results in the form 7(s), i.e., the excess-entropy depen-
dence of the bridge parameter, and interpret the picture in
light of the VPT results. A modified VPT (MVPT) is
proposed in Sec. V, as an interpretation of the plot 7(s),
which provides an explanation for the higher accuracy ob-
tained by employing (in the VPT) the PY-hard-sphere re-
sults instead of the “exact” hard-sphere computer data. A
local MHNC criterion, originally due to Lado,© is
rederived and extended in Sec. VI, so that it may be useful
for fitting simulation data to obtain the bridge function,
and for inverting structure factor data in order to obtain
potentials. A brief summary of the results and some of
their implications are presented in Sec. VIII. The Appen-
dix is devoted to estimating the relative position, in the
plot n(s), of the lines representing the hard-sphere poten-
tial and the PY approximation for the same potential.

II. MHNC SCHEME AS A VARIATIONAL
FITTING PROCEDURE

A complete MHNC scheme result for a given pair po-
tential ¢(r) is characterized by a bridge function
B(x;(u;)) with parameters (u;) and specific conditions
(denoted by a superscript c, e.g., ¢ =UPY) that determine
the value of each parameter as a function of temperature
and density, uf 4(B,p). A solution to Egs. (1) and (2) for
prescribed values for the parameters (u;) will be denoted
by g4(x;B,p,(1;)). For a complete MHNC scheme result,
if the functions p§¢(B,p) are single valued functions of S3,
they may be used to eliminate the explicit B dependence of
8, and for each isochore the values of p and the u; 4(8,p)
completely specify the pair function

83 (x;p,[1ig(B,p)]) .

In this sense, any MHNC scheme result for a given bridge
function but with different ¢ or ¢ defines a different
parametric set of pair functions g§(x;p,(1;)).

For inverse power potentials ¢, =7 " the density and
temperature combine into a single independent variable
Y»=PB"p, and for these potentials the parametric sets of
pair functions are g (x;(u;)) corresponding to [,uf,¢n )]
In particular, the UPY scheme defines a one-parameter set
of functions g *¥(x;n) for each inverse power potential.
If the bridge function employed is the exact bridge func-
tion for some general potential, ¢(r;€,0,(A;)), typically
containing the energy and distance scales € and o, as well
as other parameters (A;), then the set (u;) of the MHNC
scheme may consist of any subset of [3*,p*,(A;)], where
B*=Pe and p*=po> are the reduced quantities. Such
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bridge functions are denoted by By exact(X;(1;)). For ex-
ample, By exact(X;y,) may be employed in a MHNC
scheme for a potential ¢ to yield the set g5 (x;p,y,), or for
another inverse power potential ¢, to yield a set
g; (x;y,) which represents another one-parameter set

different from g4 exact(X;¥n)-

Central to the development of the present work is the
MHNC excess free energy as obtained via the “energy”
equation of state. At any value of p, starting from the ex-
pression for the potential energy per particle,

U/N=% [ dX g(x)¢(x/p'7?) (6)

and integrating the relation

U/N =3/3B(BFE/N)

while using Egs. (1) and (2), the excess entropy per particle
via the energy equation of state, SE/Nky, is obtained
from the relation

nonlocal____fd f dﬁ’ (x )dBl(.gx)

oui ¢(B',p) dB(x;(1;))
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BFE/N=f=U/N +s , (7
where s = —S£/Nkp >0 is given by!!
=—% [ dX[3h%x)+h(x)—g(x)Ing (x)]
{In[1+h(k)]—h(k
f(m3 n[14+h(k)]—h(k)}
dB(x)

B
—3 [d%gx)Bx)+5 [d% [ dBg(x) T

(8)

We use the short notations

g(x)=gg(x;p,(u;)), B(x)=B(x;(u;)),
4 _3 O 3
dB "~ 9B B ou;

Specifically, in fuller notation, the last (and nonlocal) term
in Eq. (8) reads as follows:

—1fax [ dBExipluiglBp)]) 3

a9’

, 9)
ou; ()=[nf4(B.p)]

where we also defined s =s'°°+ 5" (loc is local and nonloc is nonlocal) As for the pair function, for each isochore
the function s given by (8) is completely specified by p and the u{ 4(B;p), i.e., s =s§(p,[1] 4(B,p)]), and, similarly to the
pair functions, this relation defines a parametrlc set of functlons sg(p, (1))

Using the parametric sets of functions g¢ Hxsp, () s¢1(p,(,u, )) as obtained by a particular MHNC scheme for some
general potential ¢, we define the following energy and free energy parametric expressions (functionals) for any general

potential ¢,, by
ug o =1 [ dX gy (xip, bl /p17)
F4 B () =By (o, () +55 (py (1))

We define
73 (B.p)=ul(p, (i 4B ,
53(B.p)=s53(p,[pig(Bp)]) ,
Fo B =13 Bl o(Bp)]D -
By definition [Egs. (6)—(9)] we also have

df$°(B,p)
dp

By (B,p)= { =Bul*(p,

P

so that the MHNC equation of state has the form of a
variational fitting procedure (as discussed in Ref. 8):

Fe¢Bp)=f $’°(B,p,[p,~,¢(/3,p)]) (13)
with the parameters uj4(B,p) satisfying the variation
equations,

,C
f"’ (Bop, () =0, i=1,2, ... (14)

(10)

(1D

aqu’c(B,P,(,ui ))

o, (12)

B.p

([Ll- )=[I‘£¢(ﬁ;ﬂ)]

Going backwards it becomes clear that any MHNC
scheme for a given potential is fully determined by speci-
fying the bridge function B(x;(u;)) and the entropy func-
tion s(p,(,u,,)) In other words, the set of conditions ¢
leading to uj4(B,p) is equivalent to spec1fymg the func-
tions s3(p,(u;)). If the function s}(p,(u;)) is specified,
the calculation of the pair structure and, of course, of the
ui4(B,p), may be carried out as follows: For any p start
from B—0 and solve Egs. (1) and (2) for each S, varying
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the parameters (u;) of B until the expression (8) satisfies

s(B,p)=s4(p,(11;))

with g(x) at these B,p being evaluated with the same set
{p:}. Such a procedure to obtain uj4(B,p) [and thus to
obtain g§(x;p,[uf4+(B,p)])] is manifestly nonlocal, in the
general case, in view of the last term in Eq. (8).

Any attempt to fit a given pair function from simula-
tions by a MHNC scheme with conditions specified by
s4(p,(1;)) calls for some approximation that enables a lo-
cal evaluation of the excess entropy. In the final analysis,
a determination or an approximation of the excess entropy
just from a given pair function of a given potential may be
carried out only by comparison with another pair function
for which the excess entropy is known.

III. VARIATIONAL PERTURBATION THEORY
(VPT) WITHIN THE MHNC SCHEME:
CHARACTERISTICS OF THE VPT CLASSES

Suppose that the structure and equation of state for a
pair potential @, are fitted to a high accuracy by a MHNC

scheme that employs B(x ;(u;)) and s;‘(’)(p,(u,-)), and sup-

pose we also know g¢0(x ;0,(u;)). Consider the free-

energy functions f ¢° (ﬁ,p,(,u,)) as defined in Egs. (10)
and (11), for various potentials ¢;, and impose the varia-
tional conditions

afdoco

J .
Pr\Mi =0, =1,2,... 15
u; (B,p,(u;)) i (15)
which determir;e the parameters as functions of 8 and p
for each ¢;: /,L,-,(;],co(B,p). This defines the VPT result for

¢; using the MHNC result ¢, for ¢, as the reference. In
the special case when

C
g4,‘(’)(x 3P (1)) =8 g exact (% 5(;))
so that

c
S¢?,(,D, ([.L,' )):s(ﬁo,exact(/-l'i ) ’

it represents the exact VPT results for the potentials ¢;
using ¢ as the reference potential. The equations of state
are given by the excess free energy

—#o.C
7o, Bp)=3B [ dxg¢0(x,p,[u.¢1°(ﬁ,p)])
><¢-(x/p’/3)
+S¢O(p,[/.t, “°B,p)1) , (16)

where, in view of (14), this also holds for ¢; =@, where

ui% B =i (Bp) -

Consider now the MHNC scheme C; for some potential
¢; using the above B(x ;(u;)) and the conditions

54,(p, () =5 20p, ) . (17
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By the definitions above we may characterize the result by
FE 9B ) =F 5 Boprair))
+BL g (o, ) =g (p, ()]
(18)

with the variational conditions

af g
T
doC,

f "0

= o, +B—[u¢

In the special case when the solution to Egs. (15) (which is
assumed to be known) also satisfies

(p,(u,))-—u¢° (o, (uN] . (19)

u:j'cj (p,(u; ))=u$?’c° (p (i) (20)
the result is then

C.
,U'x,j:ﬁj(B»P) ul ¢ O(B,P)
and the VPT and ¢;-MHNC results are identical:

f¢’ 9(B,0) f¢° “Bp) . @1

Since the (cg,09)-MHNC result is assumed to be available,
then, in such a special case as above, the given functions

ufgjo(ﬂ,p) provide a local criterion for the ¢;-MHNC

scheme. The local conditions may also be applied via (20);
namely, at any given [3,p vary the parameters (x;) until

[ dx gy, (x;Bp,(u))
—g 2030 (i )]gy(x /p =0 . (22)
All MHNC scheme results for potentials ¢; that employ

the same B(x;(u;)), and that obey (17) and (20), are said

to belong to the same (B,s;Z)-VPT class generated by the

potential ¢o. The main class property is that the VPT re-
sult for any ¢; of the class provides a local criterion via
Eq. (20) and fully determines the equation of state by (21).

Two special types of generating potentials should be
especially noted: (1) @ is an inverse power potential, and
(2) ¢y is the potential for which the employed bridge func-
tions is the exact one, i.e.,

B(x ,([L, ))‘:deo,exact(‘x 7(/-"1 ).

In both of the above cases there is no explicit density
[4 [4
dependence in gy, or s4, and the VPT functional for any
potential ¢ takes the form

SR B =1B [ d% g0 0xsud(x /p)
5 (i) - (23)

In view of the variational property
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¢0y¢'0

ofy
o,

we find that the pressure for any potential of the class is

:O’

given by the virial expression with g;‘(’):

boo

BP | _ |4 _
p “dp s
af¢000
T JBwnT

B0

afy
B o,

P00

fy
ap B

X

S| e

— ‘¢'

B [ 12o%,.
=—¢ Jdxgsxiu))

Introduce the variable s by the equation
s =5¢2(p, (1)) (25)

and use this equation to replace one of the parameters y;,
for example uy, by s. Denote the set {u; [i =2,3,...} by

{:}'. The free-energy functional f ¢°’c° takes the form

by ;
f v O B,P’S,{lli} )
=18 f dX g4(x3p,s, (i} ) (x /p ) +-s
_Bu¢ %(p,s, {pi}') +s (26)
while the variational conditions (15) take the form
b0 €, b€
af o0 af 00
= =0, i=2,3,... 27
ds T Ouy 0, 27)
or, in other notation,
B doc -
B=— 135 o “(p,s, 1)) =Bylpss, {mi}’)  (28)
8 ¢0’ ,
Hfuil)=0, i=2,3,.... 29
a”l °(p,s, {1i}") I (29)

Equations (29) determine the pi‘,},’co(p,s) for i =2,3,...
that, when inserted in (28), yield

B=Bylp,5, [1e “(p,5) ) =Biy(p>s) - (30)

The pressure is obtained from

BP a ¢0,c0

——1= ( S i )

P pt P i) s {1}
Eng(P’s’{ﬂi},) > GD

so that the excess pressure is given by

P==PE(p,s, [t (p,s Y ) =P5(p,s) . (32)
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Combining Egs. (30) and (32) we obtain the equation of
state P*(B,p). If the potentials ¢;,¢, and a linear com-
bination of the two, a;¢;+a,p, all belong to the same
VPT-class, as above, then by definition

¢0r

¢ ’
ualp|+a2¢2(p’s'{lu'i}’)= o(p’s’ {pi}")

*(pss, (1)) - (33)

b0
a1u¢°

+a2u¢2

U¢sing Egs. (26)—(32) we see that, as long as the
C . .
y,& °(p,s), i=2,3,... are independent of ¢, the equation
of state with p and s as the independent variables is given
in terms of these for ¢, and ¢, by a linear combination:

B g, +a8,(Pr8) =1B, (p,8) +aaB, (pss) (34)
P 4 v, p8)=aiP§, (p,5) + 2Py (p,s) . (35)

In the general case we cannot expect the ,uf‘,}co(p,s) to be
independent of ¢, so that the class property of “additivity
of equations of state” [Egs. (34) and (35)] may be associat-
ed with VPT classes for one-parameter bridge functions.
We have described above several strong class properties
of VPT classes. Yet, in the strict formal sense, a VPT
class generated by a potential ¢, with MHNC conditions
given by s;%(p, {:}) may consist of only the potential ¢,
itself. We may enlarge, however, the number of members
(i.e., potentials) in the class by allowing the following ap-
proximation [instead of (17)]:
C. [4
54, (p: {1i}) =540 (ps {mi}) | < | As | (36)
with the number and types of potentials in the class de-
pending on ¢y and |As |. Indeed, the main point to be
demonstrated in Sec. IV is that with | As | being the sta-
tistical error of present day simulation results, a large
body of “physical” potentials are in the same VPT class,
appropriate to soft potentials, which may be generated by
any member of the class, while the hard spheres are dis-
tinctly different in this sense. Bearing in mind the class
properties described above, the results of Sec. IV provide
the needed Jocal conditions mentioned in the introduction.

IV. UPY RESULTS AND VPT CLASSES

As already stated in the Introduction, the UPY approxi-
mation provides a very accurate description of the pair
structure and thermodynamic properties for a wide class
of simple potentials by employing a universal one-
parameter bridge function Bpy(x;n). The UPY results
are within the statistical error of the simulations. Follow-
ing the discussion of the preceding section, we would like
to find out whether the excess-entropy dependence of the
UPY parameter for different potentials, namely, 14(p>S),
does indeed divide the space of potentials into VPT
classes. Present day computer simulation accuracy is gen-
erally characterized by

IA’I’]¢| /7]¢52% . (37)

Analysis of various applications of perturbation theory® as
well as direct VPT calculations!? for various potentials
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employing different reference potentials, demonstrated
that a single one-parameter set of pair functions, go(x;s),
may provide by (26) an extremely accurate equation of
state for a wide class of relatively soft potentials. In fact,
for dense fluids one may employ the pair functions
8n,exact(X;8) of the inverse power potentials with results
that are nearly mdependent of n<12. Thus, from the
equation-of-state point of view, the set of pair functions
for the soft potentials g4(x ;p,s) is nearly independent of p
and ¢ and may be represented by a single “effective” pair
function, for example, g;(x;s). We emphasize that the
hard spheres and similarly harsh potentials are not includ-
ed in that VPT class. Our calculations do indicate that all
soft inverse power potentials (n <12) as well as Lennard-
Jones states outside the two-phase (liquid-gas) region, be-
long to the same VPT class that may be generated by each
member of the class. Conclusions similar to those for the
Lennard-Jones potential are reached for the exp—6 poten-
tial de ~% —Br—%. This variety of potentials found to be
in the same VPT class provide a strong indication that,
except for a possible two-phase region, the add1t1v1ty
method as demonstrated for the Lennard-Jones system®
is of general validity.

In Fig. 1 we plot the results of UPY calculatlons
14(s) for the followmg potentials: 7! (Coulomb)

r~12 (soft spheres), »~® (hard spheres), and r ~'?—r
(Lennard Jones). We see clearly on this plot the universal-
ity of n4(s) for soft potentials and the “jump” in potential
space from the soft line 7y (s) to the hard-sphere line
n ¢=r_°°(S) in complete agreement with the picture above
regarding the VPT classes. The functions 74(s) do indeed
divide the space of potentials into VPT classes.

It is a remarkable property of simple classical fluids
that the equation of state and the pair structure for such a
variety of potentials finally condenses into a universal line:

,3,4

—6

os} L
g rl2-r6Tt274 o005
a 2.6 1015 e
oaf o
’ X —40.4
o
I
0.3 —10.3
n Nus
0.2t Ssoft (M) Ho.2
—~ SRoss{)
- spY,viriai(")
ot T Scs'n) Ho.1
.......... SpY,Comp(M
—— sCs(rle)
1 1 1. 1 1
% | 2 3 4 50
S
FIG. 1. Percus-Yevick bridge function parameters 7 as a

function of the excess entropy s as obtained by the UPY scheme
for different potentials. The scale on the right, nys, is defined
by Eq. (45) such that scs(nus) reproduces the line 7(s) for hard
spheres. For the meaning of the different lines see the text.
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7)¢(P,S) = nsoft(s) (38)
corresponding to a universal bridge function
By (x;p,s)=Bpy(X;75t(s)) - (39)

We may summarize these findings by the statement that
the approximation

By(x;p,s)=By (x,p,s) , (40)

where ¢ is a reference soft potential, yields essentially the
VPT equation of state with ¢, as reference; when em-
ployed in the MHNC scheme as a local criterion it also
yields a very accurate pair function that satisfies to a good
accuracy the compressibility sum rule.

This result also offers a better understanding of the
difference between the application of the MHNC scheme
and the RHNC method originally proposed by Lado.!! In
RHNC one would separate ¢(r)=¢o(r)+¢(r) and the (as-
sumed known) bridge function of the reference system will
be employed in Egs. (1) and (2) at the same f3,p:

x;B,p) (41)

which differs from (40) in complete analogy to the differ-
ence between ordinary first-order perturbation theory and
variational (i.e., optimized) first-order perturbation theory.

Another interesting feature that follows directly from
Fig. 1 is the “bridge” freezing criterion:'*

ngeezing(s)=0.47 +2% , (42)

which holds for both the hard spheres and the soft poten-
tials. For hard spheres $freeing=~5 while for soft potentials
Streezing=~4. It is very interesting that the criterion (42)
does apply over 25% changes in excess entropy at freez-
ing.

By runc(x;8,p) =By (

V. MODIFIED VPT AND THE CHOICE
OF THE ENTROPY FUNCTIONAL

From the analysis of preceding sections it should be
clear that the energy functional

4, UPY
ug” " (pm=7 [ dxgyr¥ (x;p,me(x /p'7)

is rather insensitive to ¢, with the insensitivity being
measured by the differences in the corresponding func-
tions 74 (s). Let ¢ be a soft potential and let ¢, be any po-

tential. Consider a modified-VPT (MVPT) approximation
with the free-energy functional

., UPY ¢, UPY
Somver=PBug (psn)+smver(n) , (43)
where instead of sEPY("q) we may now use any entropy
function syypr(7). If our interpretation of the lines 74(s)
is correct, we then expect, in general, that the MVPT ap-
proximation gives better results the closer s¢ Y(n) is to
UPY(Q) and, independently, the closer syypr(7m) is
tosg (7). The following results clearly favor this inter-
pretatlon
The “canonical” VPT calculations in the literature
employ Eq. (43), using the PY pair functions, gpy(x;7)
and the Carnahan-Starling (CS) expression for the entropy

14
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49— 31,13 locally only to within the VPT accuracy for ¢ using ¢, as
scs(n)= . (44) reference, which is a high accuracy if both are soft poten-

(1—m)?
Note that throughout this paper 7 is the parameter name

for the UPY bridge parameter. As shown in the Appen-
dix,

gy (x;1) =g pyn(x3m) , scs(m)=spyn(n)

so that the canonical VPT calculations above essentially
represent VPT calculations with a “PY” reference system.
These results generally improve upon VPT calculations
that employ scs(§) with gyg(x;$), namely, the hard
spheres of packing fraction £ =(I1/6)pd? as the reference.
This result is in agreement with our MVPT interpretation
of the hierarchy

Nsoft(8) > Nes($) > 1, o (s) -

Note that the UPY results for hard sphere as obtained by
Tsai* yield

M,—w(s)

) =[0.982913—0.022 7158 +0.024 497L']3 .
Cs

(45)

Moreover, one finds that, in practice, using gpy(x;7n) in
(43) together with the “virial” expression for the entropy,

1

—— 1

7 +21n(1—7) (46)

Syirial () =6

one improves'> 16

ment with

upon the results using scg(n7) in agree-

Nsoft(S) = Myiriat($) > Ncs(s) .

Finally, Ross® has fitted the Monte Carlo data for the
r~'2 potential by a VPT functional that employs gpy(x,7)

together with

4
sRoss(n)ZSCS(n)_ g_+n2+%— (47)

and, using (47) and gpy(x,7) in (43), he also obtained ex-
cellent results for other soft potentials. Again, in agree-
ment with our MVPT interpretation of Fig. 1, we see that
Sross(n) fits s (7) to within the simulation accuracy.
In view of the Appendix we may thus interpret the
bootstraping approach of Ross as the optimized MVPT
with the “PY” potential as reference.

VI. A LOCAL MHNC CRITERION BASED
ON “VIRIAL-ENERGY” CONSISTENCY

So far we considered rather general characteristics of
the MHNC scheme, and discussed in particular the UPY
results. The UPY criterion (i.e., virial-compressibility
consistency) is nonlocal, but the demonstrated relation be-
tween the universality of 7(s) and the VPT classes enables
us to use a Jocal criterion once the UPY results for one
soft potential are available. The VPT local criterion,
namely, Eq. (22), is based on comparison of “energy” in-
tegrals. By this method the entropy functional is obtained

tials. In view of (24) and since in most cases both ¢(r)
and r¢’(r) are in the same VPT class, we expect the
virial-energy consistency to be obeyed for MHNC calcula-
tions with the VPT local criterion.

It is possible, however, to obtain local MHNC criteria,
by imposing the virial-energy consistency, that allow a lo-
cal evaluation of the entropy function without further ap-
proximations.

Consider again the general MHNC free-energy func-
tional [Egs. (6)—(9)]. The variation of f due to general
variations of the structural properties g and B is given by

8f=7 [ dX[$(x/p""*)—h(x)+Ing (x)]5g (x)

_ap Ak AR g

5+ [ dXB(x)8
(2 14h(k) : [ axB ez

- f dX g(x)8B(x)
dB(x) 8dB(x)

+4 Jyap [ a% o0 25 oo Sl

Using Eq. (2) and Parcival’s theorem, the second term in
(48) becomes

—3 [dZc0dg(x),

dg (x) . (48)

so that in view of Eq. (1) the sum of the first three terms
in (48) vanishes, to yield
dB ddB

=7 fdi’ foﬂdﬁ' SgdB' T

Integrating by parts the second term in the square
parentheses in (49) we obtain

—g 6B (49)

dg
dﬁ, 6BdB,

The pressure as obtained from f by the usual thermo-
dynamic relation,

BP _
p

which is the MHNC energy equation of state, reads [from
(N]

8f=+ [dx de’ (50)

af
dp |g

o[ o) ds (5] [
dp 8¢ B.gB dp g B.4,B dp
+ L | (51)
Bsg | 2P
Using (50) we finally get
BP B X
7_1= 6 fdxg(x) p1/3 ¢ p1/3 +8P,k
(52)

where the first term on the right-hand side of (52) is the
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virial expression for the pressure, and 8P, i represents the
deviations from the virial-energy consistency, given by

g |9 dB _dB dg
0Py =7 f ap [ dx dp dB' ~ dp dp’
The exact bridge function is a functional of the exact pair
function [Eq. (3)] so that
dg 6B, dg 8B dg dB

—&8g = =8g—— 54
dp &g dB’ 8 ap dﬁ’ 54
and the integrands in the expressions for ¢f and 6P, g
vanish identically:

(6f)¢’exa(>t=o ’ (SPU,E )¢,exact=0 . (55)

Ultimately, if we push the MHNC parametrization effort
to such an extent that we are close to the exact result, then
we expect that relation (3) will be closely obeyed in the
sense

B(x;{u)=F[g(x;p,{p:}P], (56)

and one possible way to take this relation into considera-
tion is by imposing §f =0, 8P, =0 for variations in g
and B caused by changes in the values of the fitting pa-
rameters {u;} in B. Expression (49) with B(x,{u;}) and
with g replaced by any functional of B, G[B(x,{u;})],
vanishes identically [e.g., (55)]. Thus, we may rewrite the
variation of f due to variations in the u;, 8§f (n,)> in the

form

8wy =1 f dp'd

(53)

6B—=

[ ax(g— G)dﬁ

—3 [d%(g—G)8B . (57)

The corresponding result for (8P, ), u,) Teads:

B | 3glx;p{mi}) dB(x;{u;})
8Py =7 [, 4B ap w dB
8flm} (58)
dp g

If G is a functional of B, with no explicit density depen-
dence, then the general criterion for (57) and (58) to vanish

is

J d%(g4(x;B,p, (1)) — G B (x;{p;DDBB (x5 {1 })=0
(59)
or equivalently
[ dx(ey(x;B,p, (1))
—G[B<x;{u,-}>1)3’3(—’g;—§”"—”=o,
j=123,.... (60)

In particular, G may be any MHNC scheme result for an
inverse power potential, G =gy (x,{u;}), or the exact pair
function corresponding to the given bridge function,
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G =g¢0,exact(-x; {.u'i } ) ’

where B =B¢O,exact(x) {.u‘i } ).

Since no exact 2D or 3D bridge function is available at
present for any potential, a special role is played in this
context by the UPY results for the inverse power poten-
tials and the “PY” system (as defined in the Appendix):

dBpy(x;7)
f[g.,s(x;B,p,n)—g}{ff(x;n)]——P;;—

Obviously, the more similar ¢ is to ¢, the better will be
the results obtained by the conditions (61), since then
g¢ o Y(x,m) provides a better choice of a “bias” function.

The criterion (61) may be applied in fitting simulation
data and (in a perturbative context) as a local criterion in
the MHNC scheme.

For example, if the UPY result for a given inverse
power potential is available, g F¥(x, 7), then when em-
ploying Bpy(x,n) for a potential ¢ we use (61) with

dX=0. (61)

g¢ref(x’7])=grypy(xa7]) .

Note, however, that in view of (61) the last (and local)
term in (8) [given in (9)] takes the form

, . 0Bpy(x;7m)
Lyt apS fdxg,,s(x;pn7>_~——mg17

0Bpy(x;7)
_;_f dﬁ'“l fdi’gUPY(X )_—P‘a{n—n
0Bpy(x;7’)
=%f fdi»gUPY(x, )__"%;7,_77_,
that is,
S;onlocal(p,n):s;JPY(n)_S'PPY’ local(,r]) . (62)

In other words, once we use (61) to obtain 714(B,p), we
may obtain the excess entropy for this type of MHNC
scheme by a local calculation. For a many-parameter
bridge function the analogues of (61) and (62) are
OB (x;{u;})
N]———""—0,
i}l o,

i=12,3,... (63)

J dxley(x.Bp, (11:}) —gi(x;

ol
nonlocal( ocal( {

3 (64)

P (i) =ss({p;}) —sy

When fitting a given pair function obtained by a simula-
tion, g¢ sm(x,B,p), this same function provides a self-
consistent choice for a bias function, and the local condi-
tion (61) takes the form

Ji= [ dx[gys(x;B,p, (1))~ prsim (X3B,0)]

dB(x; i)
y x;{pi}

=0, i=12,.... (65)
o

Equation (65) may also be derived from the following con-
siderations. Applying the Gibbs-Bogoliubov inequality to
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two MHNC solutions for a given potential, the following
approximate inequality is obtained:

0< [ dxlgg (x;pi5(B,p)
—g:f (x ;p,ufj;(B,p))]
X[BGx;u;3(B,p))—B(x suiy(Bp)] . (66)

Taking the view that g4 qm is well represented by
B(x,{u;}) we expect our fit to give, at its worst, only
slightly displaced values of the “correct” fitting parame-

ters. Thus, we replace giz in (66) by g4 m,» While the
difference in the bridge functions is expanded to first or-

der:
]

oB

Su; . (67
o; i 7

Kig

B(x;{ui3})—B(x; (i)~

The criterion (65) just minimizes the right-hand side of
(66) for these first-order variations in the u;.

The criterion (61) has been originally derived by Lado'®
in a purely perturbative context, which in our notations
proceeds as follows. Assume that a reference system is
known exactly, that is, for ¢, we have both
g¢0,exact(x;{.u'i}) and B%,exact(x){,u'i})a and thus also

S 4, exact( {i:}). Assume next that
B¢0,exact(xa {,LL,' ] )=B¢0,exact(x, {,LL,- } )

(i.e., universality of the bridge functions'), and thus em-
ploy By exact(x {;}) in a MHNC scheme for the potential

¢. Consider the MHNC free-energy functional (7) [using
(6) and (8)], and make the second approximation so that
the last (nonlocal) term in (8) may be replaced by the cor-
responding term for ¢, i.e.,

nonlocal — nonlocal ( 68)

5S¢ 54,

[which should be compared with (64)]. Minimizing the
functional with respect to the u;’s, taking into account
(68), Lado obtains Eq. (68) with 8¢y exact (X, {1 }) replacing

our g¢,ref(x’ [.u'i ] ).

Lado considered only exact bridge functions, and did
not mention at all the application of (61) in the fitting
context (namely, for inverting structure factor data to ob-
tain potentials). Indeed, his application of the method to
the Coulomb potential is made using gpy(x,7) and
Bpy(x,m) which should be properly interpreted in the con-
text of our derivation of Eq. (61). Lado’s results for the
Coulomb potential, using essentially the UPY result for
the “PY” potential as reference, represents a special type
of a variational perturbation theory, and the expected ac-
curacy of the results for other systems may be inferred
from our Fig. 1 and Sec. V. In view of the accurate re-
sults that Lado obtained with the “PY” reference, we may
expect the corresponding results with gLt Y(x,n), n <12,
to yield essentially the exact UPY result for any soft (i.e.,
“realistic”) potential.
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VII. SUMMARY AND IMPLICATIONS
OF THE PRESENT WORK

Featuring the MHNC scheme as a variational fitting
procedure we considered the characteristics of the VPT
classes. We observed that to within the accuracy of
present day simulation studies, all soft (i.e., “physical”)
potentials and, in particular, the relatively soft inverse
power potentials are in the same class, a picture that
agrees with the universality of the line 5(s) as found for
the UPY MHNC results. “Additivity of equations of
state” and accurate local evaluation of the excess entropies
[i.e., local evaluation of 7 in view of the universality of
71(s)] then follow as class properties. An alternative local
condition for the MHNC scheme, originally due to
Lado,!® has been rederived and extended and, when con-
sidered in view of the MVPT and Fig. 1, is expected to
provide an accurate local MHNC condition especially if
UPY results for a soft potential are employed as reference.
The jump in potential space from “hard” to “soft”
behavior is graphically demonstrated by the lines
Ng—,—=(5) and Ngeg(s) in Fig. 1.

The existence of accurate local MHNC conditions as
described above enables us to solve the “inverse” problem
(namely, of obtaining the pair potential from the given
pair function) with the same accuracy as obtained for the
“direct” problem (namely, of obtaining the pair structure
from the given pair potential), both under the assumption
of universality of the bridge functions. In principle, the
procedure is as follows: Let g, () be the pair function at
given B,p for the (yet unknown) pair potential ¢eyy(r). (i)
Use Egs. (1) and (2) to obtain the sum

¢HNC(x) =¢expt(-x ) +BPY(x’ 770) ’

where now 779 becomes the required quantity. (ii) Calcu-
late the moments

(x =% [ gopmlxx ~ld%,

and for each / use the known equation of state for the cor-
responding inverse power potential to solve for s the equa-
tions

f [8expt(X) —g1(x,5)]x ~/d%X =0 .

(iii) Choose the maximum value for s thus obtained,
s =S, corresponding to / =m. It is expected that s will be
nearly independent of /. (iv) At this stage there are two
possibilities of comparable accuracy to obtain 7¢: (a) Use
the line 745(s) of Fig. 1 to calculate 1o="5(s,,). (b)
Use the UPY representation for the potential » ~™ and
find 74 as the solution to the equation
aBPY(x’")di,_

[ [expi(x)—gm(x =g ——dx=0. (69)

The practical application of these procedures which en-
counters the usual difficulty of having geyy(7) (in the case
of simulation study) or sy (k) (in the case of experimen-
tal structure factor data) only over a limited region in r or
in k, thus involving the problem of the tail »>rg,, or
k > kax, and the small k region, will be discussed else-
where.
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In analogy to the MVPT approach of Sec. V one may
wish to use the analytic PY hard-sphere results and in-
stead of (62) make the approximation

dBpy(x,m')
f dn' degPY(X,ﬂ )‘Lx‘n‘—

s Eonlocal ( 0,7

+ [ Atar, (70)

where the function A(7) is analogous to the Ross’ correc-
tion. The variational condition now becomes

dBpy(x;n)

+ [ [84(x;B.0,m) —gpy(x;m)] an X HAM

=0, (71

where A(7) is universal for the soft potentials and a choice
that fits well the UPY results is given by

BP BP

comp p

[see (A8) and (A9)]. The details of the analysis leading to
this result will be given separately. In the context of the
“inverse” problem above it leads to a simple alternative to

(69), namely,

soft

Appy(n)= >0 (72)

virial

dBpy(x;m)

7 f [8expt(X)—gpy(x;7)] an dX+Aypy(n)=0

(73)
with a small jump from the soft [Eq. (72)] to the hard-
sphere (HS) behavior, given by
Br il
p p
Use of the Verlet-Weis!” and Henderson-Grundke*®
parametrizations for the hard-sphere structure functions
with a MHNC criterion

>0. (74)

Alpy(m)=n

Cs virial

dBys(x;7m)

o7
is essentially equivalent to the use of (71) with A given by
(74). Tt thus improves'® upon results!® based on (71) with
A=0, by “going” part of the way along (71) and (72).
Systematic UPY calculations for a reasonably wide
“basis” set of pair potentials, needed for constructing
equations of state for real materials, will provide the basic
set of data needed in order to take full advantage of the
methods discussed in this paper, and, at the same time, by
comparing the functions 14(s), direct assessment of their
accuracy will be further possible.

Finally, ideas and formalisms employed here may be
generalized to mixtures, e.g., in the spirit of the MVPT
one expects to obtain improved results for mixtures by
employing the PY palr functlons with the corresponding
virial excess entropy, spy viria, to first order the entropy
functional may be further corrected via

1 [ lgs(x;B.pm) —gus(x;m)] dx=0 (75

=Sg3i1):virial +SRoss(77)_SPY,virial(7’) ’

by adjusting to Sgees(7) in the one-component limit. The
mixture problem will be considered separately.
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APPENDIX A: MHNC INTERPRETATION
OF THE PERCUS-YEVICK APPROXIMATION
FOR HARD SPHERES

The MHNC equations [Eq. (1) and (2)] for the pair po-
tential ¢(r) are equivalent to the HNC equations for an ef-

fective potential

¢(r>+§3<x, () »

where B is the bridge function. The PY equation for hard
spheres is equivalent to the HNC equation for the poten-
tial

Srs)+ —é—pr(x,é’) ,
where
_Io s

is the packing fraction for hard spheres of diameters d at
density p. The solution to that equation is gpy(x,£), usu-
ally considered as a good approximation to the exact
hard-sphere pair function gy exact(X,§). The UPY ap-
proximation for the hard-sphere potential is obtained by
the solution of the HNC equation for the potential

L g xme),

)
dus(x)+ B

where*
N (€)/E=(0.982913—0.022 71£+0.024 49£%)* .

Regarding the solution to the PY equation for hard
spheres as the exact UPY. result for some potential (denot-
ed the “PY” potential) upy(r) with a corresponding bridge
function Bpy(x,n«py~(£)), we have the following equa-
tion:

upy(r)+ —I—pr(x spy(€E))=uys(r)+ %pr(x ;€), (Al

B

where 7py(£) is the bridge parameter for the PY potential.
Denoting

b(x;8)=Bpy(x;E)—Bpy(x;npy(£))

we see that the PY potential is explicitly a density and
temperature-dependent potential:

(A2)

py (x 36) = Uggs () + ébu £). (A3)
The PY excess free energy is given by
fey=spy+7 [ gov(x;6b (x;6)d% , (A4)



29 UNIVERSALITY OF BRIDGE FUNCTIONS AND ITS RELATION . ..

where spy is the excess entropy.
Using the Gibbs-Bogoliubov inequality we have

0<spy —sus(§)

S“;’f[gHs(x§§)—gpy(x;§)]b(x;§)di’. (AS)

Specifying the density, i.e., the parameter £ in b (x,£), the
pressure of the PY potential is given by the virial
J
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| _ler
P py P Jvirial
—% fgpy(x;§)xM)—di’. (A6)

dx

But the compressibility as obtained from the PY approxi-
mation for hard spheres via c¢(7) corresponds to the case
where the potential b(x,£) is density independent. The
UPY consistency thus takes the form

BP d |BP BP d |BP 1 ob(x;€) .
— +&— |— = |— +&—— |— —% (x;€) 22=d
p comp gaé— p comp p virial gag P virial ¢ ngY * § * ax ¥
9gpy(x;8)  3b(x;€)
1 ) 2
where {
4£—3&2
sus(€) =scs(£)=2=38 Al
8P _ 1426438 A8 ns(§)=scs(§ (1—¢) (A12)
P |virial (1-§7 we obtain from (AS5) the following:
and T J 8pv (%360 (x;36) <5 comp(E)—scs(€)
BP =1(_T%3éi , (A9) >+ [ guslx;Eb (x;6d% . (A13)
p comp -

Instead of exactly solving Eq. (17) we note that to a good
approximation the right-hand side of (17) is equal to

gl L .a[er

P |py § P
where (BP/p)py is the expression (A6). This approxima-
tion yields

b

PY

BP|_|BP (A10)
p P |comp
so that
Fov =Seomp(E)=> | —L1——1|—m(1—£) . (A11)
comp 2 (1_5)2

Representing the hard-sphere entropy by the Carnahan-
Starling expression,

Estimates of 7py(&) based on (A13) agree with those based
on (A7) and yield

E—mpy(8) <<§—n,(§) .
From (A13) and (A4) we also have

spy(§)=~scs(£) .

Thus, the VPT calculation employing gpy(x,£) and
scs(£), which is usually considered as representing an ap-
proximate VPT calculation with the hard spheres as refer-
ence, is in fact much closer to representing a “PY” poten-
tial as reference. In view of this, the reason for employing
Svirial(§) instead of scg(£) in order to improve the VPT re-
sults cannot be explained by consistency considerations,®
but may be interpreted by the MVPT (Sec. V), namely, by
the finding that

(A14)

Ssoft (1) <spy(n) <s, () .

Y. Rosenfeld and N. W. Aschroft, Phys. Rev. A 20, 1208
(1979).

2See, e.g., J. M. J. Van Leeuwen, J. Groenveld, and J. de Boer,
Physica (Utrecht) 25, 792 (1959).

3Y. Rosenfeld, J. Phys. (Paris) Colloq. 41, C-77 (1980).

4J. S. Tsai, Ph.D. Dissertation, North Carolina State University,
1980 (unpublished).

5M. Ross, J. Chem. Phys. 71, 1567 (1979). Note the errors in
column 6 of Table VI in that paper.

6G. I. Kerley, J. Chem. Phys. 73, 469 (1980); 73, 478 (1980); 73,
487 (1980).

7Y. Rosenfeld, J. Chem. Phys. 73, 5753 (1980); 73, 5760 (1980).

8Y. Rosenfeld, Phys. Rev. A 26, 3633 (1982).

9Y. Rosenfeld, J. Phys. C 15, L437 (1982).

10F, Lado, Phys. Lett. 89A, 196 (1982).

1F. Lado, Phys. Rev. A 8, 2548 (1973).

12y, Rosenfeld, Phys. Rev. A 28, 3063 (1983).

13Y. Rosenfeld, Phys. Rev. A 24, 2805 (1981).

14Gee, e.g., Refs. 6—8 above and the references cited therein.

ISH. E. DeWitt and Y. Rosenfeld, Phys. Lett. 75A, 79 (1981).

165, M. Foiles and N. W. Ashcroft, J. Chem. Phys. 75, 3594
(1981).

17L. Verlet and J. W. Weis, Phys. Rev. A 5, 939 (1972).

18D. Henderson and E. W. Grundke, J. Chem. Phys. 63, 601
(1975).

I9F. Lado, S. M. Foiles, and N. W. Ashcroft, Phys. Rev. A 28,

2374 (1983).



