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We evaluate the fourth-order Hugenholtz diagrams from the Rayleigh-Schrodinger many-body per-
turbation series for a repulsive, square-well potential. We consider a system containing four different
equal-mass identically interacting particle species, similar to nuclear matter when only the repulsive core
is considered. We use the results of these calculations to extend the L expansion of the ground-state en-
ergy of a Fermi fluid by one more term. From this extension, we are able to provide accurate values of
the ground-state energy over a density range which includes that for infinite nuclear matter.

PACS number(s): 21.65.+f, 05.30.Fk, 67.40.Db, 67.57.—z

I. INTRODUCTION AND SUMMARY

A fundamental question that has long interested physi-
cists is the direct computation of the ground-state energy
of an interacting many-fermion system. In the case of the
ground state of infinite nuclear matter, the problem is
complicated by uncertainty concerning the internucleon
interaction potential or even the appropriateness of this
description of the problem. Leaving these uncertainties
aside, there is the simpler problem of the computation of
the ground-state energy of a many-body system with a
specified interparticle interaction. For potentials that are
approximately correct for nuclear matter and helium
three, there has been extensive study made [1-19] using
the method of quantum thermodynamic perturbation
theory. Reference [11] is hereinafter referred to as I. Sa-
tisfactory results are in hand for the case of neutron
matter [14], but for the case of nuclear matter [18] the sit-
uation still needs improvement. It has become increas-
ingly clear throughout the above-mentioned studies that

in order to obtain adequate accuracy in the quantum
thermodynamic perturbation, more input on the behavior
of the ground-state energy of the simple repulsive-core
problem is necessary. A beginning was made in this
direction through the introduction of the L expansion
[11] and it has been carried forward to a reasonable ex-
tent. The results were good for the case of two-particle
species (such as neutron matter or He’), but owing to
fewer results in the case of four-particle species (such as
nuclear matter) the results were less good.

It is the purpose of this paper to compute the series
coefficients necessary to add one more term to the L-
expansion of the ground-state energy of the hard-sphere,
quantum, fermion fluid for the case of four-particle
species. The necessary coefficients are the fourth-order
Hugenholtz diagrams from the Rayleigh-Schrédinger
perturbation series for the repulsive, square-well poten-
tial. A further purpose is to exploit these results to esti-
mate the ground-state energy, through the use of the de-
rived L expansion, for the hard-sphere Fermi fluid.

TABLE 1. Arguments of the potentials and the denominators for the diagrams of classes I and T A.

Diagram X2 X3 X4 X5 D, Ds
L1 lq-q la; - a2 %@ In-m-gq,| ;% + qy(m - n) ;% +q(m - n)
1.2 la-q,] |91 - qa] qz |n—m-—gq,| q,2 +q;{(m - n) 4,2~ % +(q; - qz)(m —n)
1344 |q2-qyl la-q.l q In-m-gq,| 9,% +q;{(m —n) 4’ - q,* +(q - q2)(m - n)
L6 la-q.l laz-ail Q [n-m-gq| 9’-q’+(@-q)(m-n)  ¢*-q*+(q-q,){m-n)
IA1  |n-m-q| la,—m| lar - asl In-q-gqq] Q> +q(q; -n) 9’ +q(q; - n)
1A.2 [n-m-q| lg2-a; -4l [n-q,-q| lg,—m-q]| 2¢° +q{(m+q;-n-gq,) Q>+ q(m - q,)
IA3  |n-m-q| [n—q;l lqz—m| la:-a; +ql q’ +q(m-qy) 9>+ (92— a1)
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FIG. 1. Class I, fourth-order perturbation theory diagrams.

Of the problems of interest in the case of two-particle
species, the dense cases such as He® are not yet adequate-
ly treated by this method. They have an estimated error
of the order of 109%. For the more dilute cases, such as
neutron matter, the error is a much more satisfactory es-
timated 1%. This feature has encouraged us to extend
the results for four-particle species, since nuclear matter
is a relatively dilute system, compared to close-packing
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FIG. 2. Class IA, fourth-order perturbation theory dia-
grams.

density.

The basic idea of quantum thermodynamic perturba-
tion theory is similar to thermodynamic perturbation
theory and seemingly goes back to Van der Waals. It was
he who suggested that the description of fluids could be
best started by dividing the pair interactions into a repul-
sive and an attractive part. The second step is to develop
an accurate description of the fluid of particles with
repulsive cores. The final step is to add the attraction by
means of perturbation theory. This clever idea has re-
cently been vindicated when both classical and quantum-
mechanical computer simulations showed that the hard-
sphere pair distribution functions are qualitatively similar
[20] to those of a liguid whose particles interact via a
Lennard-Jones potential. It has also been observed [21]

TABLE I1. Arguments of the potentials and the denominators for the diagrams of classes II and IT A.

Diagram x) X2 X3 X4 X5 X6 Dy D3
L1 q le-al [n-m-gq-q| g n-q| |a:-qi-m| a,” +q;(m-n) 0.’ +qi(m-q,)
L4 q q In-m-q] lq-@l| |n-q-aql [9@-q-m| ¢*-q2+(@-q)}{m-n) o +q(m-q -a)+a(e;-m)
115 q Q@ [n-m-q,| la-al l@z-qi-m| [n-q-gq,| q,%+ q;(m - n) 9*+q/(qz-n}q,+q; (m-q,q)
ne @ la-dl |g-q-m| q [n-m-q| [n-q-q 9’ +q{q:-n) q*+q{a;-n}q,*+q,(m—q;-q)
1.7 q laral [n-m-g-q G laz:-9-m| |nq-q;—q;] q*+q{(m-n+q,}+q,>+q,{q;-n) 9{92-q-m)
1.9 q lg+q;| |n-m-q+qy q [n—q,| g2 +q;-m| g2+ q{m-n)+q,{q,—n) > -q,%+(q +q,){(m -n)
1L.10 q |q=qy| |a2-q-m| q [n-m-q| [g;+ai-n| q2+q(m-n)+q;(q,—m) a9z +q,-n)
mwi q  le-@l n-m-q-al g [n-q;|  [9z-q;-m| 9%+ qi{m - qz) q*+ q(m-n)-q,(q,-m)
IIA.1 q [n-m-q]| q In-q-q;-q;||[n-m-q-q;| In-q;-q,| ‘hz’f‘h'((h—") qz‘HI'(‘h*m—“)*’%2“11'((]1—“)
A2 q Im-m-dl qQ In-q-q;-q|[n-m-q-q;| |n-q,-q,] a’+q{m-n+q,) 9*+q(qy+m-n)+q,>+q,(q-n)
A3 q |In-m-gq| q; In-q,] |n-m-q+q| In-q-q;| ¢2+q{m-n)+q,{q,-n) q;{q, +q-n)
A5 |ay-qllgz-m-q| [n-m-q]| q [n-q,] q, q*+q(m-n-q,)-q;{m-n) q*+q-(m-q;-q.)}+q;{q,-m)
a6 |ai—alln-q+q;-q;| [n-m-q| q laz-q,-m| qQ @ +q(m-n-q)-q{m-n) (a-a:)f +(a-a}a:-n)
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TABLE I11. Arguments of the potentials and the denominators for the diagrams of class III.

Diagram X2 X3 D3
1111 a la:—q1-q-m| ¢®+q(m-n)+q,’+q;(q+m-q,)
1.2 In-q,| [n-q q*+q{m -n)+n’ - n{q; +qy) + 4,
11.7+8 Q |m —q, - q;| 4 - qy(m - qy)
111.9+10 lq+m-q,] Im+q-qq] (q+m)’ - (q+m){q; +q2) + arq:
msq,

ST

o ¥

II.1

-II .11
FIG. 3. Class II, fourth-order perturbation theory diagrams.

-II .12

that the pair distribution of an amorphous solid (such as
Ni-P metallic alloy glass) is remarkably similar to that
[22] of a classical random close-packing arrangement. By
way of contrast, the pair distribution function of the ideal
gas is quite different. Our efforts in this paper are
relevant to the second step described above.

The L-expansion method, which we use to estimate the
ground-state energy of hard-sphere Fermi fluids, differs
from the well-known K-matrix expansion [23] in the fol-
lowing way. In the K-matrix expansion, the Rayleigh-
Schrodinger perturbation series is rearranged. Infinite
sums of diagrams replace the interaction vertices, and the
class of diagrams to be considered is correspondingly re-
duced. In the L expansion, instead, the K-matrix energy
itself is expanded in powers of the interaction potential
and so too is the complete ground-state energy [11]. The
K-matrix energy or “ladder approximation” series is re-

FIG. 4. Class IT A, fourth-order perturbation theory dia-
grams.
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verted to give an expansion of the interaction strength in
terms of the ladder energy. This series is then substituted
back into the series for the complete energy, and there
then results an expansion for the complete, Fermi-fluid,
ground-state energy in terms of the ladder energy. This
procedure has several advantages. First of all the ladder
energy remains finite in the limit of an infinite (finite-
ranged) repulsive core. Second, the ladder energy can be
computed [24] reasonably well by the solution of an in-
tegral equation. Third, the ladder energy is exact in the
low density limit. The kinetic energy in this limit is of
the order of (kpc)?, the ladder energy is of the order of
(kgc)’, and the deviation of the complete energy is of the
order of (kpc)®, where kg is the Fermi momentum and ¢
is the hard-core radius. The addition of further terms in
the L expansion beyond the first reduces the order of the
error in the low density limit or, expressed otherwise, in-
creases the range of density over which this method gives
good, accurate results.

In the second section, we detail the necessary fourth-
order Hugenholtz diagrams. We tell how the corre-
sponding integrals were obtained, which give the values
of the diagrams, and how we coded them for a computer.
We give, in tabular form, the results that we have ob-
tained. Finally, we describe the checks that we have
made to ensure their accuracy. In the course of perform-
ing these checks, we have discovered a single error in
some previous work. We point out which previous re-
sults need to be replaced and, indeed, do so, except for
the R-matrix computations.

In the third section we extend the L expansion and an-
alyze some of the consequences. We find that the addi-
tional term has, in fact, improved the estimate of accura-
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cy of this expansion, and we now feel that we have ob-
tained good accuracy for the ground-state energy of a
four-particle species, hard-sphere, Fermi fluid from low
densities up through a range of densities, which includes
that of nuclear matter.

II. FOURTH-ORDER HUGENHOLTZ DIAGRAMS

As in I, v will be used to denote the number of particle
species in the Fermi fluid under discussion: v=4 Fermi
fluid means a Fermi fluid involving four-particle species
(as in nuclear matter).

It is not difficult to generalize the expressions for the
fourth-order Hugenholtz diagrams presented for the v=2
case in Sec. II of Ref. [25]. (We shall follow the notation
established by those authors.) In the diagrams below
“particle lines” carry leftward arrows, while “hole lines”
carry rightward ones. The expressions for the fourth-
order diagrams for arbitrary v are presented below. They
all involve the function

47[sin(gkpc)—q (kgc) cos(gkgc)]
o(q)= 7 )

which is the Fourier transform of the central repulsive
factor

(2.1)

1, 0=<r=c
O(r)= 0, ¢c<r (2.2)
in the pair potential ¥V (r) for hard spheres, where,
2
Vir= 5 |[v®(r) with v— oo . (2.3)
Mc

The diagrams belonging to class I (illustrated in Fig. 1)
correspond to contributions of the form

&(q)d(x,5)p(x3)[Pp(xy)—(1/v)h(x5)]

—3v
mqudqldqzdmdn

while class I A diagrams (shown in Fig. 2) stand for

—3v I dqdq,dq;dmdn
2147 83(kpe)® ¥ [g*+q-(m—n)]D,D,

1 1
X 1 |#(q) V¢(x2) o(q) 1/(15()c3)

1 1
X |é(q) V¢(x4) #(q) ;dz(xs)

[¢>+q(m—n)]D,D;

, (2.4)

$(x)(x3)(x 4 )b(x5) 2.5)

1 1
VA

The x’s and D’s belonging to these two classes are listed in Table I. The integrals for all diagrams range over all the mo-
menta allowed by the Pauli exclusion principle. Our momenta are normalized to the Fermi momentum kj, and so
hole-line momenta (such as |m| in all diagrams) are restricted to be less than one, while particle-line momenta (such as
|q+m| in all diagrams) are greater than 1. As in the v=2 case, diagrams 1.2 and 1.5 give rise to identical contributions.

Except for an occasional minus sign, the diagrams of class II (shown in Fig. 3) and class IT A (shown in Fig. 4) corre-
spond to contributions of the form

— 32 f dqdq;dq,dmdn
2147 B3(kpe)® ¥ [q?+q-(m—n)]D,D;

), (2.6)

where for class I1
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1 1
#(x4)— ;‘i’(xs) H(x4)— ;¢(x6)

_1
)

=b(x,) [ l¢(x2)—%¢(x3)

< |

¢(x3)¢(x5)¢(x6)} 2.7)
and for class IT A
T (x)=¢*(x)[$%(x;3)+d(x4)d(x6) ]+ d(x,)d%(x3)b(x5)

“L{¢(xs)[¢2(x1 ) (x2)b(x5)1[$(x4) +d(x6)]+dlx )[d%(x3) +d(x4)b(x6) ][ $(x2)+(x5)])

5 (806180 0x;)+8x5) [x )+ 9lixg) 10U, )l x5 )] 2.8)

The x’s and D’s are supplied in Table II. The contribution of II.2 is identical with that of II.1, II.3 with I1.4, I1.7 with
II.12, I1.8 with I1.11, and IT A.4 with I A.2. It is very important to remark that equation (2.6) is off by the factor (—1)
for diagrams I1.7, I1.8, I1.11, I1.12, ITA.2, ITA.4,ITA.5, and IT A.6.

l (2.9)

For the diagrams of class III (see Fig. 5) one needs to write
with the appropriate x’s and D;’s given in Table III. The above expression needs to be corrected by a factor of (—1)
for diagrams II1.7, II1.8, II1.9, and II1.10. Note that diagrams III.3, II1.4, IIL.5, IIL.6, III.11, and III.12 give zero con-
tributions because they each involve a particle and hole line with the same momentum.

It seems least inconvenient to list the distinct contributions from class IV (Fig. 6) diagrams individually:
av.1)

—3v
25578k pe) f

— 32 dqdq,dq;dmdn
f d(x,)

2Y47B3(kpe)® Y [¢*+q-(m—n)]*D,

1 1
q) ;¢(|n m—q|) d(x,) V¢(x3)

dqdq,dq,dmdn
7 ¢(q)

1
[¢°+q:(m—n)] #a)= ¢(ln—m=qD)

X[#(lq+q,+m|)—¢(lq,+m|)+¢(|lq,+n—ql)—¢(|q,+n]|)]
X [¢(lqg+q,+m|)—(|q,+m[)+é(lq,+n—ql|)—¢(|lg,+n])], 2.10)
(IV.2, 1V.3)

dqdql qudmdn

+3v
2473 (k) f [¢2+q-(m—n)q> +q,-(m—n)] ¢(q)¢(la—q;])

X |#(g1)=~-¢(la,+m—nl) |[4(a+a,+m)—4(|g,+m)] 11

(Iv4,1V.5)

+ 342 dqdq,dq,dmdn
214 13 k C f

[¢*+q-(m—n)]*[¢g*+q-(m—q;)]

$la)—Lo(la+m—nl) | |4(a)= L o(la,—nl)

' 1 1
¢(q)*%¢(lq+m—q1|) — |, ~ o5 |#(latm—nDé(lq,—nl)g(lq+m—q,])
X[¢(lq+m~+q,|)—¢(Im~+q,|)+¢(In+q,—ql)—¢(In+q,)], 2.12)
(1V.6, IV.7)
+3v f dqdq,dq,dmdnd(q)d( Iq ‘I1|
2473%(kpe)® ¥ [g*+q-(m—n)]*[¢*—¢}+(q—q,)-(m—n)]

% |oq, )—%¢(IQx+m—n|) [6(lg+m+q,)) —é(lm+q,))] . (2.13)
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FIG. 5. Class III, fourth-order perturbation theory diagrams.

All of the preceding integrals were evaluated using
Monte Carlo methods. The uncertainties in the values of
the integral were successfully limited through a judicious
choice of the momenta for which their integrands were
sampled.

(i) The cube of the magnitude of hole-line momenta
used here was uniformly distributed between O and 1.

(i) The particle-line momentum magnitudes were
chosen through the rule r ~E, where the »’s were random
numbers uniformly distributed between O and 1, and E
was set so that the integrand approached a finite value as
r—0.

(iii) The azimuthal angles and the cosines of polar an-
gles associated with the momenta were assumed uniform-
ly distributed between O and 27 and between —1 and +1,
respectively.

The number of samplings ranged from 10° to 4 10°
for the different diagrams. The calculations of the
different diagrams converged differently, making it neces-
sary to use different numbers of samplings. All the
fourth-order Hugenholtz diagrams were evaluated for
v=4 at eight different densities (kpc), and the results are
presented in Table IV.

Before embarking on these computations, as a check
on our work, the above expressions were evaluated for
v=2 and kgc =1.50 for each of the diagrams, and the re-
sulting numbers were compared with Table III of Ref.
[26]. Through this check an error was discovered in con-
nection with diagram II A.5 as described in Ref. [27]. In
Table III of Ref. [27] an appropriate set of permutations
for the listed momentum transfers is (13)(12)(23) instead
of the set (13)(12)(13) given there. It was also found that

the values for 1.3+4 in Ref. [26] are incorrect for some
densities even though there is no error in the expression
(25) on which the original calculations were based.
Presumably the (2—3)X 10° Monte Carlo repetitions used
for the original evaluation were inadequate. The correct-
ed values for I A.5 and 1.3+4 (v=2) are presented in
Table V.

These changes necessitate other corrections also in pre-
vious work. In Table III of paper I both 34, the sum of
the contributions from all fourth-order diagrams, and A4,
which is 24 less the contribution from diagram 1.1, must
be corrected by referring to our Table V. Of course, the
errors just mentioned infect the p, coefficients of the L
expansion (Table V of paper I) as well as the results for
Q(Ly) (Table VII of paper I) for the v=2 Fermi fluid.
Corrections to these results also appear in Table V.
These corrections also take into account the correction to
the erroneously listed value of g, for kpc =1.25. The
correct value is 1.502 16. Relative to the quoted errors,
the changes in Q(Ly) (3.3) are not large and do not
change the conclusions of paper I. Note is made that the
quoted error in Q(Ly) for krpc =1.25 may be unrealisti-
cally small, as p, is changing sign in that vicinity.

III. EXTENSION OF THE ANALYSIS
FOR v=4 HARD-SPHERE FERMI FLUIDS

In paper I the L expansion for the ground-state energy
of a Fermi fluid is given as [Eq. (5.1)]

AEMc?

7 3.1)

=L +psL3+p,L*+ -+,
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FIG. 6. Class IV, fourth-order perturbation theory diagrams.

where

A4 A3B,
—e 3T
B B3

pPi= and p,= (3.2)

A3
B3

with the Ai representing the sum of all ith-order
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Hugenholtz diagrams less the ith-order ladder diagram,
and with B, and B, representing the only first- and
second-order diagrams. The results of Sec. II make possi-
ble the tabulation of the p,’s for the v=4 Fermi fluid,
and these are presented in Table VI. With these p,’s in
combination with the p;’s of paper I, it is possible to cal-
culate the energy of this Fermi fluid more accurately.

We have summed the available terms in the L expan-
sion using the method of Padé approximants and estimat-
ed the errors, which we consider to be a combination of
the statistical errors of Table IV and apparent errors of
approximation. These latter errors are estimated by the
method of Hunter and Baker [28]. Following paper I, we
have studied the behavior of

LN (kge)’#? |'?
O(L)=|———"—
LyAEMc
=d0 1—5’21L2—-’321L3+0(L4) , (3.3)

which, as pointed out in paper I, should approach zero
linearly as a function of kK near some quantum, random,
close-packing density [11]. Ly is the value of L corre-
sponding to a hard-core potential of radius ¢. Our results
for Q(Ly) are given in Table VI. The addition of the
term p, has not only given us more information about the
values, but has allowed us to give more realistic estimates
of the errors than was possible in paper I. Our current
results fall roughly midway between the two alternate
data summaries (based on the low-density expansion)
given in paper I. The errors are such that our current re-
sults are consistent with either summary over the range
we can check, and we conclude that this spread
represents well the uncertainty in current knowledge.

The addition to the perturbation series that we have
made clearly extends the density range over which our
knowledge of the hard-core, ground-state energy is reli-
able to higher densities than was previously possible. In
addition, we now have good information for the Fermion
fluid energy resulting from weak to moderately strong
repulsive square-well interactions over quite a wide range
of densities.
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