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Variational and parquet-diagram calculations for neutron matter: Structure and energetics
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We develop the variational/parquet diagram approach to the structure of nuclear systems with strongly
state-dependent interactions. For that purpose, we combine ideas of the general Jastrow-Feenberg variational
method and the local parquet-diagram theory for bosons with state-dependent interactions [R. A. Smith and
A. D. Jackson, Nucl. Phys. A 476, 448 (1988)]. The most tedious aspect of variational approaches, namely the
symmetrization of an operator dependent variational wave function, is thereby avoided. We carry out calculations
for neutron matter interacting via the Reid and Argonne vs models of the nucleon-nucleon interaction. While the
equation of state is a rather robust quantity that comes out reasonably well even in very simplistic approaches,
we show that effective interactions, which are the essential input for calculating dynamic properties, depend
sensitively on the quality of the treatment of the many-body problem.
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I. INTRODUCTION

Realistic nucleon-nucleon interactions depend on the rel-
ative spin, isospin, orientations, and angular momenta of the
nucleons involved. Popular phenomenological models [1-5]
represent the interaction in the form of a sum of local func-
tions, times correlation operators, i.e.,

0, j) = Y va(rij) Ouli, j),

a=1

(1.D

where r;; = |r; — ;| is the distance between particles i and
J» and the O, (i, j) are operators acting on the spin, isospin,
and possibly angular momentum variables of the individual
particles. According to the number of operators n, the poten-
tial model is referred to as a v, model potential. Semirealistic
models for nuclear matter keep at least 6 operators, but up to
28 operators have been included [5] in the sum (1.1).
The six base operators are

0.3, j;t;;) =0, =1,
03(i, j;f‘,‘j) = (0'[ . O'j),
Os(i, j; i) = S, ji¥ij) = 3(0; - Fj)(0; - Fij) — 0 - 0,

O2,(i, ji b)) = O2,1(, ji Bij)T1 - T2 (1.2)

where F;; =r;;/r;;. These operators are referred to as cen-
tral, spin, tensor, isospin, spin-isospin and tensor-isospin op-
erators, respectively. The arguments i, j and #;; of state-
dependent functions will be omitted for simplicity when no
ambiguity arises.

For simple, state-independent interactions as appropriate
for electrons or quantum fluids, the Jastrow-Feenberg ansatz
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[6] for the wave function

N
Wy = [ | £ o (13)
ij=1

and its logical generalization to multiparticle correlation func-
tions have been extremely successful. Here ®( is a model state
describing the statistics and, when appropriate, the geometry
of the system; for fermions it is normally taken as a Slater
determinant. One of the reasons for the success of this wave
function is that it provides a reasonable upper bound for the
ground state energy:

Ey = (‘V0|H|‘I’o)' (1.4)

(Wo|Wo)
It has therefore been applied in both semianalytic calcula-
tions [6] as well as early Monte Carlo calculations [7,8] and
is still being used as an importance sampling function for
diffusion and Green’s function Monte Carlo computations
[9,10]. Semianalytic methods employ diagram expansions
and integral equation methods—specifically the hypernetted-
chain (HNC) summations [11,12] or their fermion versions
(FHNC) [13,14]—for the calculation of physically interesting
quantities.
In particular, this approach permits an unconstrained opti-

mization of the assumed correlation functions,

SE,
8 fn

in which case the method is referred to as the (Fermi-)
hypernetted-chain Euler-Lagrange [(F)HNC-EL] procedure.
It has been a particularly important insight that the HNC-EL
method corresponds, for bosons, to a self-consistent summa-
tion of all ring and ladder diagrams of perturbation theory—
the so-called “parquet” diagrams [15-17]. To carry out these

(ry,...,1,) =0, (1.5)
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summations, specific local approximations are made, but the
upper-bound property for the energy makes sure that one has
achieved the best approximation for the computational price
one is willing to pay.

The Jastrow-Feenberg ansatz (1.3) is insufficient for deal-
ing with realistic nucleon-nucleon interactions of the form
(1.1). A logical generalization of the Jastrow-Feenberg wave
function (1.3) is the symmetrized operator product [18,19]

N

Wi =S| [ 7G )| @
i,j=1
i<j

(1.6)

where

£ ) =" falri)) Oaliy j) (1.7)

a=1

and S stands for symmetrization. Unfortunately, the need to
symmetrize the correlations results in serious complications.
Not surprisingly, only limited success has been achieved
[18-20]. In fact, it is not even clear how to choose the cor-
relation functions f;(r;;) because, due to the symmetrization,
components v, (r) of the interaction are multiplied, in the
energy expectation value (1.4), by products of correlation
functions fg(r)f, (r) with B # « and y # « [21]. This makes
the use of simplistic choices of the correlation functions
like the “low-order constrained variational (LOCV) method”
[22,23] highly problematic if the interactions in the different
operator channels are very different [21] and sufficiently
high-order commutators are included. Hence, only very sim-
ple implementations—the so-called “single operator chain
(SOC)” approximation [19]—have been carried out. More-
over, the complicated structure of commutator terms makes
the identification with Feynman diagrams nontransparent.

In view of this situation, Smith and Jackson [24] started
from the idea of localized parquet-diagram summations and
implemented the procedure for a fictive system of bosonic
nucleons interacting via a vg interaction. It turned out that the
equations derived were identical to those one would obtain
in a bosonic version of the summation method of Fantoni
and Rosati [18], which simply ignored the fact that the in-
dividual pair correlation operators f (i, j) do not commute. In
other words, the problem of the importance of commutator
diagrams does not go away, but the idea of parquet-diagram
summations promises a clearer procedure to deal with these
effects without having to go through the development of a full
variational procedure.

Therefore we adopt here the ideas of Smith and Jackson
and generalize them to Fermi systems. To that end, in the
next section we will first review how the connections between
the HNC-EL equations of the Jastrow-Feenberg theory and
parquet-diagram summations are established. We will then
show how specific equations from the FHNC-EL theory for
state-independent correlations can be derived from corre-
sponding sets of parquet diagrams. Specifically, we will focus
on ring diagrams and the Bethe-Goldstone equation. Once
the connections have been established, we can go on and
formulate the method for fermions with a vg interaction.

We will restrict ourselves to neutron matter in our appli-
cations for two reasons: First, we feel that the problem of
commutator diagrams which would, in the language of par-
quet theory, correspond to “twisted” ladder rungs, is solved.
Additionally, it has been pointed out [25] that the spin-orbit
force, which is omitted in the vg models, plays an important
role in nuclear matter calculations near isospin symmetry. We
will demonstrate the importance of both the state-dependence
of the correlations and the nonlocality introduced by the Pauli
principle. On the other hand, we do not attempt an exhaustive
comparison with previous neutron-matter calculations as car-
ried out in Ref. [25]. Rather, we concentrate on the technical
implementations of parquet theory and its connections to
FHNC.

II. VARIATIONAL AND PARQUET THEORY
A. Bosons in brief

In this subsection we review very briefly the optimized
variational method (“HNC-EL”) for bosons and the “local
parquet summations,” because these equations have a very
familiar structure and can be derived with minimal approx-
imations from various basic theories. Skipping the technical
details that can be found in original papers and pedagogical
expositions, we display the resulting equations.

The static structure function S(g) is expressed in terms of
a Bogoliubov equation

S(g) = 2.1

2Vpn(9)

I+ t(q)

in terms of a self-consistently determined “particle-hole”
interaction Vj,. The Bogoliubov equation (2.1) is derived
from a random-phase approximation (RPA) equation for the
density-density response function

xo0(g, ®)
s = — s 2.2
H@ D =T e, @ @2
*® dhw
S(q) = — / e i (g ). 23)
0 T

in terms of a local and energy-independent particle-hole inter-
action V,;(q). Here

2t(q)
(hw +in)* —12(g)’

x0(q, w) = 2.4)

with 7(g) = h;—:f:, is the particle-hole propagator of nonin-
teracting bosons. The pair distribution function g(r) is then
related to the static structure function S(g) by the usual
connection

( )—1+/ a’ TS(g) — 1] (2.5)
glr) = (2n)3pe q . .

Having defined a dimensionless Fourier transform by in-
cluding a density factor p, i.e.,

f@=p / d’re'v £ (r), 2.6)
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this effective interaction takes the specific form

h2
Von(r) = gnlv(r) + AVe(n] + — |V g

+ [g(r) — Hwi(r), 2.7
0 = —t 1 LY S ! 2.8
wi(g) = — (CI)[ - %} [ (4)+§i|- (2.3)

In the language of Jastrow-Feenberg theory, the term AV, (r)
accounts for the contribution from “elementary diagrams” and
multiparticle correlations [26], whereas in terms of parquet-
diagram theory it is the contribution of diagrams that are both
particle-particle and particle-hole irreducible [27].

A few algebraic manipulations show that the pair distribu-
tion function satisfies the coordinate-space equation [28]

2

h
ZVZ\/g(r) = [v(r) + AV,(r) + wi(r)]/g(r).

Equation (2.9) is recognized as the boson Bethe-Goldstone
equation in terms of the interaction v(r) + AV, (r) + wi(r).
This observation led Sim, Woo, and Buchler [29] to the
conclusion that “it appears that the optimized Jastrow function
is capable of summing all rings and ladders, and partially all
other diagrams, to infinite order.” In fact, the form of the equa-
tions can be obtained by demanding that the pair distribution
function g(r) satisfies both the Bogoliubov equation (2.1) and
the Bethe-Goldstone equation (2.9) [30]; the only quantity
undetermined by that requirement is AV, (7).

Since we will heavily rely on the derivations and local-
ization procedures of parquet-diagram theory, let us briefly
review the relevant steps. First, Eq. (2.3) defines an energy
dependent effective interaction

2.9)

W(g, w) = Yon(4) (2.10)

1= Vo @xo(g, ®)

An energy independent effective interaction VT/(q) is then
defined such that it leads to the same S(g), i.e.,

/OO dhw
— Im
0 T

*® dhw 2 T
= ‘/o 2 im [0(0. @) + 13, )W (g )]

Xo0(q, w)
1 = Vpn(@)x0(q, )

S(q)

!

! * dhiw , N
N _fo — 0@ o) + x5 oW @] 21D

where the last line defines W(q). Carrying out the integration
leads to

W(g) = —1(g)(S(g) — 1). (2.12)
The particle-hole reducible part
W1(q) = W(g) — Von(q) (2.13)

of VT/(q) so defined is then exactly the induced interaction
(2.8). This local w;(r) then supplements the bare interaction
in the Bethe-Goldstone equation.

It is relatively straightforward to generalize the procedure
to interactions with spin and tensor components that are
needed for nuclear systems [24].

B. Fermions with state-independent interactions

We discuss here the simplest implementation of the FHNC
theory that is compatible with the variational problem, called
the FHNC//0 approximation. This version has quantitative
deficiencies, in particular at high densities, but it permits the
clearest connection to the summation of ring and ladder dia-
grams of parquet theory. The implementation and relevance of
higher order exchange corrections will be discussed below in
Sec. IIID.

In the FHNC//O approximation, the generalization of
Eq. (2.1)is

S
S(q) = ;((q)) — (2.14)
\/ 1 + 2 lF(qq) Vp—h(q)
where
39 _ g
Se(q) = | # T 9= ke, 2.15)
1, q = 2kg

is the static structure function of the noninteracting Fermi gas.

In this approximation, the effective interaction Vp_h(q) is
approximated by the “direct” part of the particle-hole interac-
tion: V,1(q) ~ Via(q) in the language of the FHNC summa-
tions [31,32]. This quantity is structurally identical to that for

bosons, i.e.,
Vo (r) = Vew (r) 4 Taa (MDwi(r). (2.16)

Here

h2
Vew(r) = [1 4 Faa(r)]v(r) + EIV\/I +Ta()f? (2.17)

is the “Clark-Westhaus” effective interaction [31], [g4q(r) is
the so-called direct correlation function, and wy(r) is the
“induced interaction”

W1(q) = —Von(q) — te()Taa(q)
1 7°T S(q) 1]
= — — -1, 2.18
I(Q)[SF@ s<q>] [SF<q>+2 @19
where we have abbreviated
t(q)
= — 2.19
tr(q) Se(q) (2.19)

for future reference. In the FHNC//0 approximation, the static
structure function S(g) and the direct correlation function
I"4a(q) are related by

S(q) = Se(q)[1 + Taa(@)Se(9)].

The Bose limit is obtained by setting Sp(q) — 1. Note that
the Fourier transform of Eq. (2.20) does not give a useful
expression for the pair distribution function because g(r)
should be proportional to [1 + I'gq(r)]. On the other hand,
S(g) «x g for g — 0+. This feature, its cause, and how to
overcome it have been discussed in many places; see, for
example, Refs. [32] and the discussion below Eq. (3.18) in
[33].

To derive the equation determining the short-ranged struc-
ture of the correlations, we begin with Eq. (2.18) which, using

(2.20)
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Egs. (2.16) and (2.17), can be written as
Vou(r) + wi(r) = [1 + Taa(N][v(r) + wi(r)]
2
FIY T Tl

= —[tr(@)Taa()” (1)

(cf. Eq. (2.62) of Ref. [34]). This expression can in turn be
rewritten in coordinate space as

h2
VI1i+ Fdd(r)[—ﬂvz +u(r) + wl(")}\/ 1+ Taa(r)

= [tr(q)(Sr(g) — DT aa(@1” (1),
1

221

(2.22)

where [- stands for the Fourier transform (2.6).

The right-hand side of Eq. (2.22) is evidently zero for
bosons, and the Euler equation is a simple zero-energy
Schrodinger equation where the bare interaction is supple-
mented by the induced potential. For fermions, the right-hand
side alters [35] the short-ranged behavior of the correlation
function T'4q(7), and hence the short-ranged behavior of the
pair distribution function g(r).

C. Connections between FHNC and parquet diagrams
1. Rings

The expression (2.14) reduces to the Bogoliubov equation
for the case of bosons, with Sg(q) = 1. For fermions, we must
identify yo(q, w) with the Lindhard function

2~ n(a(h + gDlr(h + ) — 1(A)]
X0 @)=+ — >
(hw +in)* — [t(lh + q]) —1(h)]

(2.23)
where n(q) = 0(kg — g) is the Fermi distribution and 71(q) =
1 — n(q). Consistent with the convention (2.6) [for which
Vp_h(q) has the dimension of an energy], we have defined
the density-density response function slightly differently than
usual [36], namely such that it has the dimension of an inverse
energy.

The energy integration can no longer be carried out analyt-
ically. Nevertheless, we anticipate that Eq. (2.14) can also be
derived for fermions from the random-phase approximation
(2.3) for the dynamic structure function. Given any function
f(p, h) depending on a “hole momentum” |h| < k¢ and a
“particle momentum” p = h + q with |p| > kg, we may de-
fine its Fermi-sea average by

2ni(lh +gDn(h)f(h + g, h)
>_n Ath + qDn(h)

h

{(f(p. h))(q) =

1 d’h _
= / oAb+ abaif (h + g, b,

(2.24)

Sk

where Vg is the volume of the Fermi sphere. In particular, we
find

b+ ) — 1)@ = =2 — (g,

2.25
Sr(q) (22

which justifies our identification of #z(q) as an “average”
kinetic energy of the noninteracting Fermi system.

Equation (2.14) can then be obtained by approximating
the particle-hole energies #(Jh 4 q|) —#(h) in the Lindhard
function (2.23) by the “average” kinetic energy fr(g), leading
to a “collective” Lindhard function,

2t(q)
(hw + in)? —t2(q)

This approximation is occasionally also referred to as a “one-
pole approximation” or “mean spherical approximation.” Al-
ternative rationalizations of the collective approximation for
the Lindhard function may be found in Ref. [33]. The fre-
quency integration (2.3) can then be carried out analytically
and leads to Eq. (2.14).

xMg, 0) = (2.26)

2. Ladder Rungs

The analysis leading to the identification of a local, energy-
independent induced interaction @w;(g) based on an energy-
dependent interaction of the form (2.10) is exactly the same
for fermions and for bosons. Following Refs. [15,16], we de-
fine a local effective interaction through the condition (2.11),

~ > dhw 2
S(q) = Se(q) — W(@) / L i, @) 227)
0

For further reference, let

> dhw 5 S
/O — ImXy(g. @) = D), (2.28)
we then have
- S(g) =S
W(g) = —m(q)x(q)@Tq)F(q) (2.29)
F

The frequency integral in Eq. (2.28) can be carried out an-
alytically [36]. In the “collective approximation” (2.26) for
Xo(q, w), we obtain A(g) =1 and we recover the induced
interaction wy(q) from Eq. (2.18).

An issue that needs to be addressed when moving from the
Jastrow-Feenberg description to parquet diagrams concerns
the definition of [gq(g). In FHNC//0 we can obtain this
quantity from S(q) via Eq. (2.20). To construct the equivalent
of this relationship in parquet theory, we go back to Eq. (2.27).
There we should identify

_ ) ~ * dhw )
Fdd(q)SF(q)=—W(q)/ TIm X0 (g, ©)=5(q) — Sr(q).
0

(2.30)
Accordingly, the relationship between ['qq(g) and S(g) is
always given by Eq. (2.20).

3. Ladders

The final objective is to identify the coordinate-space
equation with a local approximation of the Bethe-Goldstone
equation, whose exact form still needs to be determined. We
begin with the Bethe-Goldstone equation as formulated in
Egs. (2.1), (2.2) of Ref. [37]. It is understood that p, p’ are
particle states and h, h’ are hole states. Vectors k, k' can
be either particle or hole states. Following Ref. [37], we
introduce the pair wave function ¥ in a coordinate frame
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centered at the origin of the Fermi sea, given by the integral
equation
(k,K'|{/[h, h') = (k,k'|h, h')
k, kK h i
(k) +1(k') —t(h) —t(h")
(2.31)

In making the connection to FHNC-EL, we should assume
that the pair wave function is a function of the relative
coordinate (or momentum), i.e.,

1.
k,K'|v|h, h) = —
(k, K'|¢|h, ') Nl/f(q),
and set

Y(r) =14 Ta(r).

Similarly, for local interactions, we should have

(2.32)

/ / 1
(k. Koy b, b) = Sy ()1 (@).
To ensure this, the energy denominator coefficient
(k, K'[vy|h, B')
t(k)y +tk') —t(h) —t(h)

must somehow be approximated by a function of momentum
transfer ¢. This can be achieved by the averaging procedure
(2.24) applied to the above energy denominator coefficient, to
yield

2(@OMPIY () — 8] = =[P (] (g).

Alternatively, and more in the spirit of Bethe and Goldstone,
we write Eq. (2.31) as

a(k)n(k")

(2.33)

[t(k) + (k") — t(h) — t(W)][(k, K'[[h, h') — (k, K'|h, h')]
= —a(k)ak' )k, K'|vy|h, h'). (2.34)

The approximation

t(th+q)) —t(h) = (t(th + q|) —1(h))(q) = tr(q). (2.35)

now gives Eq. (2.33) without the factor A(q) or, in coordinate
space, we have

hz
[——v2 - v(r)]llf(r)
m

= [2tr(9)[Sr(q) — 11[¥(q) — (11T (r). (2.36)

Equation (2.36) is similar to, but not identical with, (2.22),
which is obtained by the further assumption ¥2(r) — 1 < 1.
It therefore makes sense to assert ¥ (r) ~ /1 + ['qq(r). More
importantly, the bare interaction of the Bethe-Goldstone equa-
tion is supplemented by the induced interaction. The iden-
tification between the two expressions (2.36) and (2.22) is
not as precise as in the case of the ring diagrams, but note
that FHNC-EL//0O contains more than just particle-particle
ladders, also including particle-hole and hole-hole ladders
[38].

D. Propagator corrections

Our analysis has so far addressed the question, what does
it take to obtain a specific set of FHNC-EL diagrams from
a corresponding set of Feynman diagrams? The analysis can
be carried farther to other sets of diagrams. For example, the
“cyclic chain” diagrams of the FHNC-EL method can be de-
rived from the self-energy diagrams by the same localization
procedure described above.

Once the approximations have been identified, it is also
clear how to improve upon them: There is no reason to use the
“collective approximation” (2.26) in both the frequency inte-
grals (2.3) and the definition of the local effective interaction
(2.11).

A second issue is then the generalization of the kinetic
energy term |V/1 + Fdd(r)|2. To this end, we begin with the
localized Bethe-Goldstone equation (2.33), where we supple-
ment the bare interaction v(r) by the induced interaction wy(r)
and identify the pair wave function ¥ (r) with /1 + [gq(r).
We then have two equations, namely (2.29), which can be
written as

W(q) = Von(q) + B1(q) = —tr(@)M(@)Taa(q).  (2.37)
along with the Bethe-Goldstone equation (2.33)
2tr(OM@IY1 + Taa(r) = 117 (@1 (1)
= —(@r)+wi(r)y1+ Laa(r). (2.38)

Multiplying the latter equation with /1 + I'g4q(r) and com-
bining it with the former yields the expression

Vo (r) = [1 + Taa(M]v(#) + Caa(r)wri(7)
— e @OMDTaa( @1 () + 2¢/T + Taa(r)

x [te(@M@)[y/1 + Caa(r) — 117 (17 ().
(2.39)

Note that if we have tg(q) =t(q) and A(g) = 1, the terms

on the second line combine to %W«/l + Fdd(r)|2. Since
Sp(q) =1 for g > 2kg and A(g) — 1 for large ¢, and
never differs from 1 by more than 20 percent, the use of

fn—2|V~/1 + 1"dd(r)|2 seems to be justified.

III. STATE-DEPENDENT CORRELATIONS
A. Operator structure

In this paper we focus on interactions of the so-called vg
form, which in neutron matter involves only the first three
operators spelled out in Eq. (1.2), i.e.,

0(r) = ve(r)1 + v (r)oy - 02 + vs(r)Sia(F). (3.D
An alternative choice of the interaction operators is [24,39]

0(r) = ve(r)L + v (NLE) + vr (NT (#) (3.2)
where

L#)= (o1 -#)02-F), T{E)=01 02— (01 -F)(02-F)

(3.3)
are the “longitudinal” and “transverse” operators. These op-
erators are amenable to summations of RPA-type diagrams
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because they have the features

Try, 0i(1,3)0;(3,2) = 20,(1,2)8;;, 0:i(1,2) € {1,L, T}.

A third useful set of operators are the projectors o
P =311 —-o0;-0y),
P =1B140 02+ 5@,
P = 5B1+01 02— 2Sn@)]. (3.5

These satisfy the relations P,(12)P;(12) = P;(12)8;; and P, +
P+ P; =1, and are therefore appropriate for solving the
coordinate-space equations. The three sets of operators are
related through

1 1 0 0\/1
o0 | = 0 1 1 i
Sia(#) 0 2 - T
11 1\ (B
=1-3 1 L 2.].
0 2 —4J\p_
1 (3 0 0 1
L =—-10 1 1 g1 07
7 3\o 2 —1) \sp@)
11 P
= _1 1 - pf+ )
-2 B
P, (1 -1 —1\[1
Pl =-12 2 o]l|L
i 4 N
P 1 -1 1)\7
(3 3 0 1
=—|6 210102 3.6)
2\ 1 2] \sp@)

B. Momentum space equation

Particle-hole matrix elements are best calculated in the op-
erator basis {1, o1 - 02, S12(F)}, where for O (1, 2) to O4(1, 2)
we have

(h+q,h" —qlv.(1,2)0,(1, 2)|h, )

= Iﬁ\,/d3rva(r)jo(qr)0a(1, 2) Isa<4), @B
whereas we have for tensor components we have
(h+q,h" —ql.(1,2)0,(1, 2, #12)|h, i)

--£ / Proa (N jp@r0e(1,2,§) <o <6). (3.8)

Since there is no ambiguity, we will refer to both the j, Fourier
transform and the — j, Fourier transform by the tilde symbol
defined in Eq. (2.6).

The momentum-space equation (2.3) is best solved in
the basis {1, L, T'}, where we simply get the response func-
tion and the static structure function in the above operator

channels, i.e.,

xo0(q, ®)
X (q, @) = = ) (3.9
TV @ @)
*® dw
Su(q) = —/ — Im (g, w), (3.10)
0 T

with o = 1, 3, 5. These equations are identical to those of
Ref. [24] for bosons when the bosonic particle-hole propaga-
tor (2.4) is inserted, whereas they give Eq. (2.14) in the above
three channels if the “collective” Lindhard function (2.26)
is used. For the full Lindhard function, the integral must be
carried out numerically. Likewise, both the energy-dependent
and the energy-independent effective interactions W@ (g, w)
and W@(q), as well as the induced interaction (2.18), are
obtained in this way, using Eq. (2.27). Of course, the tensor
operator introduces an angular dependence.

C. Coordinate space equation

Owing to the projection property 13,<(12)Pj(12) = }3,-(12)8,7-,
the coordinate-space equations are best formulated in the
projector basis {Ps, P,1, P,_}. The only new aspect is that we
must keep the angular dependence of the tensor correlations in
the kinetic energy term |V./1 + Fdd(r)|2. For its evaluation,
let
3 . 3 2 3
> (1+THM)E = [Z f,-(r)P,-:| =Y fF(nh. (3.11)
i=1 i=1 i=1
Then

2 3

=2

i=1

dfi(r)
dr

2 2
A fS (r) )
P IE Lsnr

3
VY KB
i=1

where fs(r) = (fi+(r) — fi—(r))/6 is the component of f(r)
in the tensor channel. The last term is simplified using

ILS1(B)* = L[L2S],(#) — Sio(®)(L2S 12 (1))

— (L2S12()S12 ()] (3.12)
Next, we invoke L2S1» () = 6/*S),(+) and
Sh(#) = 2Py —4P,_)* = 4P, + 16P._, (3.13)
leading to
ILS1(B)]* = —6/°S1a () — 67°ST,(F)
= —36h°P, — T21*P,_. (3.14)
We arrive at
> ? 3 dfi(r 2
v;ﬁ(rm = ; % P,

36 . 72 .
+r—2f§(r)a+ + r—2f§<r>ﬂ_. (3.15)

Thereby, we have determined the structure of the particle-hole
interaction in the three projector channels. We can now go
back to the {1, L, f} basis and in momentum space and solve
the equations iteratively.
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%

(a) (b) (©)

FIG. 1. The figure shows the diagrammatic representation of
the lowest order exchange corrections Ve.(r) and X..(r). For the
interaction correction V.. (r), the red wavy line is to be interpreted as
the effective interaction W (r;;). In the correlation correction X (r),
the wavy red line represents the function [y ().

D. Exchange corrections

Exchange diagrams have important consequences for the
effective interactions, particularly in nucleonic systems. They
must be included even at low densities to achieve consistency
between the energetics and the quasiparticle interaction [33].
The simplest version of the FHNC hierarchy that corrects for
this deficiency is FHNC//1, which includes the sum of the
three exchange diagrams shown in Fig. 1.

The relevant modification from the full FHNC-EL equa-
tions as formulated in Ref. [32] involves keeping only the
exchange term V.. (k). The Euler equation becomes

SF (q) + Xee (Q)

S(q) = T , (3.16)
Y, 1+ t{q;] Vp-h(q)
where the particle-hole interaction is modified by
~ ~ ~ -~ _ Vee(q)
Von(@) = Von(@) +Vex (@), Vex(q) = 3 (3.17)
Se(g)

and where Xe.(r12) and Ve.(712) are given by the sum of the
three diagrams shown in Fig. 1.

We have shown in Ref. [33] that naive addition of exchange
diagrams is problematic because it leads to an incorrect
low-density limit of the pair correlations. We have rectified
this situation by a slight modification of the Euler equation,
namely

282(9) v
1+ 2229, (q)

282(q) v ’
1+ ZED7 ()

S(q) = Sr(q) (3.18)

The square-root term in the numerator may be identified with
a “collective RPA” expression for the exchange contribution to
the static structure function (for state-independent interactions
this is equal to the spin-structure function),

Sr(q)

252(q) 17 ’
1+ 22V (q)

Sex(q) = (3.19)

The expression (3.16) is then obtained by expanding Sex(g) to
first order in the interactions and identifying

S¥q)
V.e(q).
Q) (@)

Xee(Q) N =

We have commented above on the fact that, with the
qualification that the Jastrow-Feenberg wave function is not
exact, the positivity of the term under the square root in the
denominator is related to the stability against density fluctu-
ations. Likewise, the positivity of the numerator is connected
with the stability against spin-density fluctuations.

In time-dependent Hartree-Fock theory [40], the diagrams
shown in Fig. 1 correspond to the particle-hole ladder di-
agrams, driven by the exchange term of the particle-hole
interaction,

Wex(h, h';q) = Q(h + q,h" — q|W[h'", h). (3.20)

This nonlocal term supplements the RPA sum by the RPA-
exchange (or particle-hole ladder) summation. The connection
to the (local) FHNC expression (3.17) is made by realizing
that this expression is obtained from the exact expression
(3.20) by exactly the same hole-state averaging process as was
introduced in Eq. (2.24):

Vee(q)

= (Wex (b, I'; .
S2q) {(Wex (h, s q)) ()

Vex (CI) =

(3.21)

For state-dependent correlations and interactions, we can sim-
ply go back to the definition (3.20) and interpret the interac-
tion W(r) as an operator of the form (3.1). The calculation
for the central and spin components go exactly as before.
The tensor component needs special treatment which will be
outlined in the Appendix.

E. Energy

In calculating the energy, we can again simply follow the
analysis of Smith and Jackson, inserting exchange corrections
where appropriate. We must keep in mind that there is no
finite truncation scheme of the FHNC equations such that
acceptable expressions for the pair distribution function and
the static structure function are the Fourier transforms of each
other. That is, having obtained an optimized static structure
function S(g), one must construct the pair distribution func-
tion g(r) by appropriate combination of correlation diagrams
and exchanges. In the case of state-independent correlations,
the simplest expression for g(r) is

g(r) = [1 + Taa(M]lgr(r) + C(r)], (3.22)
C(q) = [SE(q@) — 1]Taa(@) + (AXee)(q).  (3.23)
where gp(r) =1 — %Ez(rkp), with £(x) = 3j;(x)/x the pair

distribution function of noninteracting fermions. In the
FHNC//1 approximation, Sgr(q) is replaced by Sg(q) +
X..(q), and (Af(ee)(q), which is represented by the sum of
diagrams (b) and (c) shown in Fig. 1, is added to C'(q).

065804-7



E. KROTSCHECK AND J. WANG

PHYSICAL REVIEW C 101, 065804 (2020)

Summarizing, we obtain

E_ T E, Eo
NoNTN TR
Er P 3
=t [drieo +c<r)][[1 + P e(r)
2

+ %lV\/l - Fdd(r)|2i|a (3.24)
E 1 d’q -
-2 S 1S S@ - 1], 629

where Tr is the kinetic energy of the noninteracting Fermi gas.
In the state-dependent case, g(r) becomes an operator in spin
space,

8r) = [1+ T8 M]IL + Cy(r) — C(rke)B
H[1+TEPO0 + Gy () + Crke)1 By
H[1+ T O + G () + Crke)1B-
= g,(NP + g+ (NP (r) + &-(NP_, (3.26)
with which we obtain the potential energy

(1‘\//_> =2 [ dro(nr)

-2 f vy (Mg (F) + 20 (P ()

+ v (r)gi—(r)]

The kinetic energy term in Eq. (3.24) is generalized to
state-dependent correlations in the same way, without the
[1+ Fc(&) (r)] factors. Note, of course, that we need to keep the
kinetic-energy correction spelled out in Eq. (3.15). Finally, the
term Eq is generalized to

EQ _ 1 d3q
N 4] @n)p

()Y (B8 @[S2@)/Salq) — 1]

xTr02(1,2), 0O, €e{l,L,T}. (3.27)

IV. RESULTS

In applying the EL-FHNC procedures established in pre-
ceding sections, we have chosen as inputs the vg truncation
of the Reid interaction as formulated in Ref. [3] and the
Argonne vy interaction [4]. For each of these interactions,
we have performed a sequence of computations: in terms of
correlation operators Fé‘; (r), (i) keeping only central com-
ponents, (ii) including both central and spin operators, and
(iii) supplementing the latter with tensor operators, in each
case omitting or keeping the exchange diagrams described
in Sec. IIID. Additionally, we have used the ‘“collective
approximation” (2.26) as well as the exact Lindhard function
in both the calculation of S(g) by means of Eq. (2.3) and the
calculation of the effective interaction through Eq. (2.27). As
is usual in FHNC notation, we designate the level at which
exchange diagrams are included by //n, e.g., //0 means no
exchanges are included, while //1 means that we keep the
one-line diagrams X(r) and V,{(r). Calculations using the

Reid v¢
25
central correlations only —
20 | central and spin correlations ——
central, spin, and tensor —
> 15| Argonne v¢ @
=
Z 10
m
5 L
0 .
0.0 0.5 1.0 1.5 2.0

kg (fm)

FIG. 2. The neutron-matter equation of state for the Reid vg
potential is plotted versus Fermi wave number kg in three approx-
imations: (i) accounting only for central correlations (black line),
(ii) including both spin and central correlations (blue line), and (iii)
further introducing tensor correlations (magenta line). Also shown,
for the third case of central, spin, and tensor correlations, are results
for the Argonne v potential (boxes).

“collective approximation” will be referred to as “FHNC”
and those containing the exact particle-hole propagator as
“parquet.”

A. Energetics

We shall refrain here from showing the large array of
results obtained in the FHNC and parquet versions of the
theory and focus on the most telling implementations. Our
calculations have been extended to much lower densities than
what is usually done [25], since the regime of very low density
has been of recent interest due to the expectation there is some
fundamental similarity between low-density neutron matter
and the unitary gas. Among other significant features, the
superfluid gap at low densities is close to 0.5 times the Fermi
energy [41-43]. However, we did not go quite as low in
density as in our previous work, since good resolution in both
coordinate and momentum space would require a much larger
mesh.

The first quantity of interest is, of course, the energy per
particle, with results exhibited in Fig. 2. Shown there are only
the calculations containing exchange diagrams and the full
particle-hole propagator, the plots for other calculations being
omitted for clarity.

We observe that the equations of state begin to differ
visibly beyond kg = 1 fm~!, we note, of course, that at that
density the FHNC//0 and FHNC//1 approximations deviate
from a full FHNC-EL calculation by about the same amount;
see Fig. 3, and Fig. 1 of Ref. [43]. In fact, in view of
the difference in the correlation functions found in different
approximations to be discussed below, we find the agreement
between different calculations rather remarkable. We also
direct the reader’s attention to the fact that the results for
the Argonne potential are rather close to those of the Reid
interaction.
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Argonne
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AFDMC [44] = BHF[25] - *
AV, — FHNC-EL .
15t AV, — FHNC//0 x l
AV — parquet/1 *
S
Q
2 10} ]
<
m
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FIG. 3. The figure shows a comparison of neutron matter equa-
tion of state for the Argonne v} and v interactions for the state-
independent FHNC-EL and FHNC//0 calculations of Ref. [43], the
present work, as well as from the auxiliary-field diffusion Monte
Carlo (AFDMC) method [44] for the Argonne v;g interaction and
from a Brueckner-Hartree-Fock calculation [25] for the Argonne v}
potential.

As stated above, we keep the comparison with earlier
calculations to a minimum because extensive work is avali-
able [25]. Figure 3 gives an update for two versions of
the Argonne potential [4] including the calculations of this
work, the state-independent full FHNC-EL calculations of
Ref. [43], the Brueckner-Hartree-Fock calculations of Baldo
et al., and the auxiliary-field diffusion Monte Carlo (AFDMC)
method [44].

The close similarity of the energetics exhibited in Fig. 2
for the three quite different calculations is, however, by no
means an indication that central correlations are sufficient for
a description of this system, as was demonstrated in another
sequence of calculations. Figure 4 shows the bare interactions
in the three projector channels P, 13,+, and P _, along with the
dynamic correlation functions 1 + Fé‘(’;)(r) in these channels.
Obviously the interactions are very different; for example,
recall that the S-wave interaction has a scattering length of
ayp ~ —18.7 fm [45]; i.e., it is close to developing a bound
state. Correspondingly, the correlation develops a strong peak
roughly at the location of the interaction minimum. The two
triplet channels are much less attractive; in fact the 4 chan-
nels is repulsive, hence the particles tend to be pushed apart.

We conclude this section with a brief comparison with
other many-body approaches; a very extensive comparison of
numerical data from different approaches may be found in
Ref. [25].

Variational and perturbative calculations are often referred
to as complementary approaches. We feel that this view is
somewhat oversimplified: It was already observed by Sim
et al. [29], and reiterated by Jackson et al. [15-17] that the
boson Bethe-Goldstone equation is indeed a proper subset
of the calculation within the optimized HNC scheme. We
have clarified above and in Ref. [33] to what extent the same

150 2.5
100 | 2.0
50 15 =
C) e3
R =
0r 1.0 —
50 + 0.5
-100 ‘ ‘ ‘ ‘ ‘ ‘ 0.0
00 05 1.0 1.5 20 25 3.0 35 40
r (fm)

FIG. 4. Plots, versus radial separation r, of the components of
the Reid vg interaction in spin-triplet states and of the corresponding
projectors PS, 13,+, and P_ (magenta, blue, and black), together
with the dynamic correlation functions 1 + I‘fﬁ)(r) in these channels
(same colors, lines with “+” markers), all at Fermi wave number
ke =1 fm~'. Also shown is the correlation function 1 4 'yq(r) for

state-independent correlations (yellow circles).

is true for fermions. We have come to the conclusion that
the only additional postulate is that the pair wave function
is a function of the interparticle distance; see Sec. IIC 3. In
other words, for fermions the Brueckner-Hartree-Fock (BHF)
theory is also a proper subset of FHNC-EL. The essential
difference is that in conventional (BHF), ad hoc constraints
must be introduced to prevent the pair wave function from
becoming unphysically long ranged [46]. Exactly the same is
true when a variational theory is truncated at low order: The
Euler-equation in two-body approximation has unphysically
long-ranged solutions that must be somehow tamed; this is
done, for example, by the so-called “low-order constrained
variational (LOCV) method.” In the FHNC-EL scheme, the
“induced interaction” wy(r) makes sure that the long-range
behavior of the correlations is physically reasonable; artifi-
cially imposed constraints are therefore unnecessary.

B. Correlation and distribution functions

Two questions are addressed in this subsection: The first is
what it takes to have a reliable prediction for the distribution
and structure functions, and the second, once that is deter-
mined, how physical quantities of interest depend on density
and specific features of the interaction.

We have partly addressed the first issue already in the
preceding subsection, where we have shown that simple state-
independent correlations can reproduce the energetics with
reasonable accuracy, but they give no reliable prediction for
the dynamic correlations. The other question is concerned
with the importance of exchange diagrams and propagator
corrections. We address this question partly in Figs. 5 and 6,
where we show the dynamic correlation function and the pair
distribution function in the singlet channel in four different
approximations: without and with the exchange contribution
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3.0 ‘
FHNC//0 ——
FHNC/1 ——
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FIG. 5. Plots, at Fermi wave number kg = 1 fm ™', of the spin-

singlet dynamic correlation function 1 4 F;fj)(r) versus radius r, as
obtained in the four different approximations explained in the text.

and propagator corrections (labeled FHNC//0 and FHNC//1),
as well as with propagator corrections (labeled parquet//0
and parquet//1). Evidently, all of these corrections have little
consequence for the direct dynamic correlations.

The situation changes remarkably for the pair distribution
function (Fig. 6), where we see that exchanges have a rather
drastic effect. We hasten to explain that this is exclusively
due to the term (A)?ee)(q) spelled out in Eq. (3.23); the
replacement Sg(q) — Sr(q) + (AXee)(q) has a negligible ef-
fect. It was observed a long time ago that the sum of the
three diagrams shown in Fig. 1 is much smaller than the three
individual terms [47]; the fact that the individual terms are
quite large is peculiar to the present situation. These terms are
relatively small in *He and low-density gases.

Let us finally turn to the density dependence of the corre-
lations, shown in Fig. Record Info Table 2: 133432. We have
already pointed out that the s channel is close to forming a

3.0 ‘
FHNC//0 ——
FHNC/1 —
25t parquet/0 —— A
parquet/1 ———
20t 1
)
= 157 1
o)
1.0
05 1
0.0
0 1 2 3 4 5

r (fm)

FIG. 6. This figure shows, at kg = 1 fm™!, the spin-singlet pair
distribution function in the four different approximations as ex-
plained in the text.

bound state; accordingly, we find that the s projection of the
correlation function develops a strong nearest-neighbor peak
as the density decreases. With increasing density, this peak
is suppressed, evidently by both the Pauli principle and the
induced interaction wi(r).

C. Effective interactions

Effective interactions are perhaps more relevant than
ground state properties because they determine quantities like
the response [48] and pairing properties [49] that are directly
observable. Effective interactions have also been extensively
used in the calculations of the neutrino mean free path
[50-52]. Especially the work of Ref. [51] comes closest to
our strategy; of course we are using full parquet summations
whereas that work is restricted to the three-body order.

We address here again the same two questions that we have
posed above: What is an acceptable computational procedure
to determine these interactions, and how do they depend on
external parameters like the density ?

The most important input for linear response theory and,
hence, for the calculation of the dynamic structure function, is
the particle-hole interaction. The long-wavelength limit of the
particle-hole interaction is related to the hydrodynamic speed
of sound by

, d ,dE
= _,0 —_—
dp dpN

In a Fermi fluid, we also have Pauli repulsion, reflected in the
relation

me 4.1

me? = mcl’é2 + Von(0+) = mc;iz(l + FOS), 4.2)
where ¢ = 4/ %}Z_ﬁi« is the speed of sound of the noninteracting
Fermi gas with the effective mass m*, and Fy is Landau’s
Fermi liquid parameter. Requiring a positive compressibility
leads to Landau’s stability condition Fyj > —1.

The relationships (4.1) and (4.2) normally give identical
predictions only in an exact theory [53,54]; good agreement is
typically reached only at very low densities. The reason for
that is the very simple fact that the convergence of cluster
expansions for the Fermi-Liquid parameters is intrinsically
worse than that for the energy [53]: The contribution to any
n-body diagram to the energy is multiplied by roughly a factor
n* in an equivalent expansion of the incompressibility from
Eq. (4.1). Even in the much simpler system “He, where four-
and five-body elementary diagrams and three-body correla-
tions are routinely included, the two expressions (4.1) and
(4.2) can differ by up to a factor of 2 [55].

The situation is even more complicated in Fermi systems
due to the multitude of exchange diagrams, of which we kept
only the simplest. Hence, one can expect good agreement only
at very low densities [33], but not at the densities considered
here.

Figure 8 compares the results from Eqgs. (4.1) and (4.2) for
the Reid vg interaction and the parquet//1 calculation includ-
ing tensor correlations, shown as the magenta curve in Fig. 2.
The derivative (4.1) was calculated by finite differences; to
eliminate numerical noise mc? has been fitted by a third-order
polynomial.
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FIG. 7. The figure shows the density dependence of the dynamic
correlation functions 1 + Fé‘é)(r) in the three spin-projector channels

s (top), t+ (middle), and #— (bottom).

To connect microscopic and hydrodynamic speeds of
sound we have used an effective mass ratio m*/m = 1, which
seems to be justified by our results from Ref. [33]. A number
of conclusions can be drawn from Fig. 8. The “direct” part is
somewhat improved compared with the calculation based on
state-independent interactions, where the F;j’ came out positive
(cf. Fig. 9 of Ref. [33]). One would have expected that Fy
goes to zero linearly as kg — 0; this appears to happen only
at much lower densities. The underlying cause seems to be the
strong density dependence of the singlet correlation functions
shown in Fig. 7 (top). The state-independent calculation of
Ref. [33] does not have this feature: linear behavior can
be observed up to kg $ 0.4 fm~'. We also find that the
contribution from exchange diagrams is quite substantial.
We attribute the remaining difference partly to higher-order

0.0
-02 b
04 | .
‘;o
-0.6 | e 1
S’dd(oﬂ
P V5 (0+) ]
E/N fit
-1.0
0.2 04 06 0.8 1.0 1.2 1.4 1.6 1.8

ke (fm)

FIG. 8. This figure shows the density dependence of the Fermi
liquid parameter Fj, as obtained from the speed of sound via the
derivative (4.1) (magenta line) and from the long-wavelength limit
(4.2) of the microscopic particle-hole interaction. The black curve
contains only the “direct” part (2.16), while the blue line contains
both direct and exchange parts. The solid lines show parquet//1
results, whereas the dashed lines show results from FHNC//1.

exchange diagrams, but also to the omission of “elementary”
diagrams.

In Fig. 9 we turn to the reliability of the derived particle-
hole interaction in successive approximations, i.e., using cen-
tral correlations, both central and spin-dependent correlations,
and finally adding tensor correlations. Evidently, central cor-
relations cannot give a valid prediction of the particle-hole
interaction. Important corrections come from the contribution
from exchange diagrams, V., (k). This is to be expected and is
consistent with our findings from Fig. 8 and Ref. [33]. Tensor
correlations introduce some attraction at long wavelengths,

10

‘ ‘ ‘ ‘

central correlations only ——
central and spin correlations
spin and tensor correlations

V(@ (MeV)

~

_10 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14

q (fm™)

FIG. 9. For kg = 1 fm™!, this figure depicts the central chan-
nel of the particle-hole interaction Vp_h(q) [Eq. (3.17)], based on
(i) state-independent correlation functions (solid black line), (ii)
spin-dependent correlations (blue line), and (iii) spin and tensor
correlations (magenta line). Also shown is the direct part, given by
Eq. (2.16), in the three approximations (4 symbols, same colors).

065804-11



E. KROTSCHECK AND J. WANG

PHYSICAL REVIEW C 101, 065804 (2020)

c-channel

55
2
G
35.
=
L-channel
59
L
=
2
<=
=
T-channel
1.0
. 0.8
206
= 04
S, 02
[ 0.0
02
- 10
0(.)24()4 8
0.6 6
08 1.0 4 1
kg (fm) 161870

FIG. 10. This figure demonstrates the density dependence of the
particle-hole interaction Vp(f’}‘.) (q) in the three operator channels o =
¢ (top), L (middle), and T (bottom). Note that we show Vp(_f,)(q) in
units of the Fermi energy of the free Fermi gas in order to make the

low-density behavior visible.

but have minimal impact on the effective interaction in the
central channel.

An overview of the density dependence of the effective
interactions in the three channels {1, L, T} is provided in
Figs. 10. We emphasize, as discussed above, that only the
central channel is attractive, whereas both the longitudinal and
transverse channel interactions are repulsive.

Generally, we have not found a significant change of our
results caused by propagator corrections. Approximating the
response function by a “collective” version can be expected
to be a good approximation only if the system has a strong
collective mode. This is the case for both the transverse and
the longitudinal channels, where the interactions are repulsive.
The most likely case where a correction could be found would
be the central channel because there we have a negative Fy,
which means that the zero-sound mode is Landau damped. We

central correlations only
central, spin, and tensor correlations

7
.

_
.

W q)ep

FIG. 11. This figure depicts the spin-singlet channel of the effec-
tive interaction W (g) [Eq. (2.29)], based on (i) state-independent
correlation functions (solid black line) and (ii) spin- and tensor-
dependent correlations (red lines) as a function of g/kr for a se-
quence of densities 0.2 < kg < 1.8 fm~!.

found, nevertheless, that the collective approximation (2.26)
in the RPA expression (2.3) is very good, being most impor-
tant when the system approaches the stability limit Fj — —1.

The particle-hole interactions are necessary input for the
calculation of excitations, whereas the other effective inter-
actions, W, (r), are necessary for the calculation of pairing
properties [33,56,57]. The latter differ from the particle-
hole interactions only by the induced interaction wy(r); see
Eq. (2.12). In the present cases, we found that these correc-
tions are rather small. On the other hand, the inclusion of
state-dependent correlations has, as shown in Fig. 11 a rather
dramatic effect, in particular at low densities. Recalling the
nonanalytic dependence of the superfluid gap on the pairing
interaction at the Fermi surface [36], one should consider pre-
vious work [33,43,58,59] only qualitative. We have refrained
at this juncture from pursuing the matter any farther because
one expects [21] that the inclusion of commutator diagrams—
which would be equivalent to nonparquet corrections to the
Bethe-Goldstone equation—Ileads to further massive change
of the effective interactions. This problem needs to be solved
first.

V. SUMMARY

In this paper, we have taken up work by Smith and Jackson
[24] and generalized it to Fermi systems. In doing so, we
have relied heavily on what is known from the optimized
variational (F)HNC method and made use of the fact that
the parquet equations of Ref. [24] could also be obtained
from the bosonic version of the (F)HNC equations of Fantoni
and Rosati [18]. In that way, and also by comparison with
the state-independent Jastrow-Feenberg case [33], we have
been able to identify the localization procedures leading from
the general parquet equations to the “local” ones. In the
boson case, there was just one such procedure, namely the
approximation of the generally energy-dependent induced in-
teraction by an energy-independent form (2.11), which holds
for both bosons and fermions. This was already recognized
in Ref. [60]. In the case of fermions, there is an additional
localization procedure, which leads to correlation functions
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depending only on the interparticle distance [see Eq. (2.24)],
which turns the pair wave function of the Bethe-Goldstone
equation into a function of the interparticle distance.

Our procedure goes beyond the so-called FHNC-SOC
(single-operator-chain) approximation in the following sense.
The SOC approximation calculates only the operator-
dependent chain diagrams, the correlation functions in these
channels commonly being obtained by the LOCV procedure.
In that sense, the SOC approximation may be understood as
an RPA with an effective interaction [61]. We also sum these
chain diagrams, but our correlation functions are determined,
in all operator channels, by the localized Bethe-Goldstone
equation. Moreover, the “induced interactions” also have the
full operator structure.

The present implementation of the parquet theory does
not solve the notorious problem of the commutator diagrams.
Model studies for a fictitious system of bosons with spins
[21] have indicated that they can be very important if the
interactions in spin-singlet and spin-triplet cases are very
different, which is indeed the case here, as indicated in Figs. 7.
However, comparison with parquet theory should offer a much
more elegant solution of the problem of commutators than car-
rying out the symmetrization operators for a variational wave
function of the form (1.6). The next step in implementing the
parquet strategy is to generalize the Bethe-Goldstone equation
to include all time-orderings of the induced interaction wy(r)
in the summation of ladder diagrams, thereby superseding
the Bethe-Goldstone equation. Work in this direction is in
progress.

Another very promising aspect is that the view of parquet-
diagram theory allows for a relatively straightforward inclu-
sion of spin-orbit interactions. These interactions are included
routinely in Brueckner Bethe-Goldstone and coupled cluster
calculations; the literature on the subject matter is vast and we
cite only a few either historically relevant or recent examples
[3,5,25,52,62-64]. On the other hand, practically no serious
progress has been made implementing spin-orbit forces varia-
tional calculations that have the diagrammatic richness of the
HNC summations. Work in this direction is in progress.
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APPENDIX: CALCULATION OF EXCHANGE DIAGRAMS

The easiest way to calculate the exchange corrections is to
begin with Eq. (3.20):

Vex(q) = (Wex (b, ', @)). (AD)

The input is normally a coordinate-space representation of
W (1, 2); in other words the effective interaction has the form

W(1,2) = Wo(r)Ps + W (r)Py + W_(r)P,_. (A2)

The calculation of the central has been outlined in Ref. [47];
spin correlations are dealt with in exactly the same way. The
matrix elements of the tensor operator must be calculated in-
dependently. A working formula for these exchange diagrams
is

Vel = =2 / & rWEE (ke jo(rk)
Ik 1) + T (k: 1)) + (ks D) (ks ).
(A3)

Here I(k;r) is conveniently calculated by an expansion in
spherical harmonics,

Ik;r) = / &K e Tk Hn(k — K'|)

4nké
=) QL+ Di'Pi(cos(k - ))cy (k. 1) (A4)
4

with

3 kg 1
colk,r) = — / dpp*je(rp) / dxP(x),  (AS5)
0 XL

kg
where
1 if |p — k| > kg,
X = -1 if p+k < kg, (A6)
p2+k2—k2 .
= otherwise.
p

For central forces this procedure gives
Vee (k) = —p / d3rW(r)[zz(rkF)jo<rk> — 26(rke)co(ks r)

+ ) @+ 1)c§(k;r)i|. (A7)

=0

We have verified in Ref. [47] that keeping co(k, r) and ¢ (k, r)
is generally sufficient.
For the tensor force, we obtain

VS,ij(k) =—-p / d’r WS(V)(:;)%[)%/‘ — 8,‘j)[£2(rkl:)eik'r
—L(rkp)[I(K; 1) + I*(k; v)] + I(K; 0)I*(k; 1)].

The first term is just the j, Fourier transform. The other two
terms can be calculated by expansion in spherical harmonics.
The contributions from the cy(k, r) terms are zero due to
the angle integration. The only term that survives is the ¢
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contribution from the last term, which reads

-9 f d>rWs(r)ci(k, r)Z(Sfcifcj — 8i))7%0i0;

ij

If we keep only cy(k, r) and c;(k, ) we arrive at

- 6
Vex[Ws1 = p / d3rws<r>[ez(rkF)jz(kr) - gcﬁk, r)]

6 .
2 / BrWs(r)E Kk, S k).

18 5 )
——p | & rWs(r)ci(k, ;’)(2010Z — 0,0, — oyo),)
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(A8)
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[1] R. V. Reid, Jr., Ann. Phys. (NY) 50, 411 (1968).

[2] H. A. Bethe and M. B. Johnson, Nucl. Phys. A 230, 1 (1974).

[3] B. D. Day, Phys. Rev. C 24, 1203 (1981).

[4] R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Phys. Rev. C
51, 38 (1995).

[5] R. B. Wiringa, R. A. Smith, and T. L. Ainsworth, Phys. Rev. C
29, 1207 (1984).

[6] E. Feenberg, Theory of Quantum Fluids (Academic Press,
New York, 1969).

[7] M. Kalos, D. Levesque, and L. Verlet, Phys. Rev. A 9, 2178
(1974).

[8] D. M. Ceperley, Phys. Rev. B 18, 3126 (1978).

[9] D. M. Ceperley, Rev. Mod. Phys. 67, 279 (1995).

[10] J. Boronat, in Microscopic Approaches to Quantum Liquids in
Confined Geometries, edited by E. Krotscheck and J. Navarro
(World Scientific, Singapore, 2002), pp. 21-90.

[11] T. Morita, Prog. Theor. Phys. 20, 920 (1958).

[12] J. M. J. van Leeuwen, J. Groeneveld, and J. D. Boer, Physica
25,792 (1959).

[13] E. Krotscheck and M. L. Ristig, Phys. Lett. A 48, 17 (1974).

[14] S. Fantoni and S. Rosati, Nuovo Cimento 25A, 593 (1975).

[15] A. D. Jackson, A. Lande, and R. A. Smith, Phys. Rep. 86, 55
(1982).

[16] A. D. Jackson, A. Lande, and R. A. Smith, Phys. Rev. Lett. 54,
1469 (1985).

[17] E. Krotscheck, R. A. Smith, and A. D. Jackson, Phys. Rev. A
33, 3535 (1986).

[18] S. Fantoni and S. Rosati, Nuovo Cimento 43A, 413 (1977).

[19] V. R. Pandharipande and R. B. Wiringa, Rev. Mod. Phys. 51,
821 (1979).

[20] R. B. Wiringa and V. R. Pandharipande, Nucl. Phys. A 299, 1
(1978).

[21] E. Krotscheck, Nucl. Phys. A 482, 617 (1988).

[22] B. L. Scott and S. A. Moszkowski, Nucl. Phys. 29, 665 (1962).

[23] V. R. Pandharipande and H. A. Bethe, Phys. Rev. C 7, 1312
(1973).

[24] R. A. Smith and A. D. Jackson, Nucl. Phys. A 476, 448 (1988).

[25] M. Baldo, A. Polls, A. Rios, H.-J. Schulze, and 1. Vidana,
Phys. Rev. C 86, 064001 (2012).

[26] E. Krotscheck, Phys. Rev. B 33, 3158 (1986).

[27] A. D. Jackson, A. Lande, R. W. Guitink, and R. A. Smith,
Phys. Rev. B 31, 403 (1985).

[28] L. J. Lantto and P. J. Siemens, Phys. Lett. B 68, 308 (1977).

[29] H. K. Sim, C.-W. Woo, and J. R. Buchler, Phys. Rev. A 2, 2024
(1970).

[30] E. Krotscheck, Phys. Lett. A 190, 201 (1994).

[31]1 J. W. Clark, in Progress in Particle and Nuclear Physics,
edited by D. H. Wilkinson (Pergamon Press, Oxford, 1979),
Vol. 2, pp. 89-199.

[32] E. Krotscheck, J. Low Temp. Phys. 119, 103 (2000).

[33] H.-H. Fan and E. Krotscheck, Phys. Rep. 823, 1 (2019).

[34] E. Krotscheck and M. Saarela, Phys. Rep. 232, 1 (1993).

[35] J. C. Owen, Phys. Rev. B 23, 2169 (1981).

[36] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
Farticle Systems (McGraw-Hill, New York, 1971).

[37] H. A. Bethe and J. Goldstone, Proc. R. Soc. London, Ser. A 238,
551 (1957).

[38] G. Ripka, Nucl. Phys. A 314, 115 (1979).

[39] B. L. Friman, J. Niskanen, and E. M. Nyman, Nucl. Phys. A
383, 285 (1982).

[40] D.J. Thouless, The Quantum Mechanics of Many-Body Systems,
2nd ed. (Academic Press, New York, 1972).

[41] A. Gezerlis, C. J. Pethick, and A. Schwenk, in Novel Superflu-
ids, edited by K. H. Bennemann and J. B. Ketterson (Oxford
University Press, Oxford, 2014), Vol. 2, Chap. 22, pp. 580-615.

[42] A. Gezerlis and J. Carlson, Phys. Rev. C 77, 032801(R) (2008).

[43] H.-H. Fan, E. Krotscheck, and J. W. Clark, J. Low Temp. Phys.
189, 470 (2017).

[44] S. Gandolfi, A. Y. Illarionov, K. E. Schmidt, F. Pederiva, and S.
Fantoni, Phys. Rev. C 79, 054005 (2009).

[45] D. E. Gonzalez Trotter, F. Salinas, Q. Chen, A. S. Crowell,
W. Gléckle, C. R. Howell, C. D. Roper, D. Schmidt, I. Slaus,
H. Tang, W. Tornow, R. L. Walter, H. Witata, and Z. Zhou,
Phys. Rev. Lett. 83, 3788 (1999).

[46] H. A. Bethe, B. H. Brandow, and A. G. Petschek, Phys. Rev.
129, 225 (1963).

[47] E. Krotscheck, Nucl. Phys. A 293, 293 (1977).

[48] J. Wambach, T. Ainsworth, and D. Pines, Nucl. Phys. A 555,
128 (1993).

[49] A. Sedrakian and J. W. Clark, Eur. Phys. J. A 55, 167 (2019).

[50] O. Benhar and N. Farina, Phys. Lett. B 680, 305 (2009).

[51] A. Lovato, C. Losa, and O. Benhar, Nucl. Phys. A 901, 22
(2013).

[52] D. Lonardoni, I. Tews, S. Gandolfi, and J. Carlson, Phys. Rev.
Res. 2, 022033(R) (2020).

[53] E. Krotscheck, Phys. Rev. A 15, 397 (1977).

[54] A. D. Jackson and R. A. Smith, Phys. Rev. A 36, 2517 (1987).

[55] C.E. Campbell, R. Folk, and E. Krotscheck, J. Low Temp. Phys.
105, 13 (1996).

[56] E. Krotscheck and J. W. Clark, Nucl. Phys. A 333, 77 (1980).

[57] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108,
1175 (1957).

065804-14


https://doi.org/10.1016/0003-4916(68)90126-7
https://doi.org/10.1016/0375-9474(74)90528-4
https://doi.org/10.1103/PhysRevC.24.1203
https://doi.org/10.1103/PhysRevC.51.38
https://doi.org/10.1103/PhysRevC.29.1207
https://doi.org/10.1103/PhysRevA.9.2178
https://doi.org/10.1103/PhysRevB.18.3126
https://doi.org/10.1103/RevModPhys.67.279
https://doi.org/10.1143/PTP.20.920
https://doi.org/10.1016/0031-8914(59)90004-7
https://doi.org/10.1016/0375-9601(74)90207-2
https://doi.org/10.1007/BF02729302
https://doi.org/10.1016/0370-1573(82)90037-0
https://doi.org/10.1103/PhysRevLett.54.1469
https://doi.org/10.1103/PhysRevA.33.3535
https://doi.org/10.1007/BF02730439
https://doi.org/10.1103/RevModPhys.51.821
https://doi.org/10.1016/0375-9474(78)90206-3
https://doi.org/10.1016/0375-9474(88)90173-X
https://doi.org/10.1016/0029-5582(62)90216-X
https://doi.org/10.1103/PhysRevC.7.1312
https://doi.org/10.1016/0375-9474(88)90419-8
https://doi.org/10.1103/PhysRevC.86.064001
https://doi.org/10.1103/PhysRevB.33.3158
https://doi.org/10.1103/PhysRevB.31.403
https://doi.org/10.1016/0370-2693(77)90481-6
https://doi.org/10.1103/PhysRevA.2.2024
https://doi.org/10.1016/0375-9601(94)90079-5
https://doi.org/10.1023/A:1004664619961
https://doi.org/10.1016/j.physrep.2019.07.002
https://doi.org/10.1016/0370-1573(93)90004-W
https://doi.org/10.1103/PhysRevB.23.2169
https://doi.org/10.1098/rspa.1957.0017
https://doi.org/10.1016/0375-9474(79)90558-X
https://doi.org/10.1016/0375-9474(82)90453-5
https://doi.org/10.1103/PhysRevC.77.032801
https://doi.org/10.1007/s10909-017-1813-z
https://doi.org/10.1103/PhysRevC.79.054005
https://doi.org/10.1103/PhysRevLett.83.3788
https://doi.org/10.1103/PhysRev.129.225
https://doi.org/10.1016/0375-9474(77)90100-2
https://doi.org/10.1016/0375-9474(93)90317-Q
https://doi.org/10.1140/epja/i2019-12863-6
https://doi.org/10.1016/j.physletb.2009.08.071
https://doi.org/10.1016/j.nuclphysa.2013.01.029
https://doi.org/10.1103/PhysRevResearch.2.022033
https://doi.org/10.1103/PhysRevA.15.397
https://doi.org/10.1103/PhysRevA.36.2517
https://doi.org/10.1007/BF00754626
https://doi.org/10.1016/0375-9474(80)90017-2
https://doi.org/10.1103/PhysRev.108.1175

VARIATIONAL AND PARQUET-DIAGRAM CALCULATIONS ... PHYSICAL REVIEW C 101, 065804 (2020)

[58] G. E. Pavlou, E. Mavrommatis, C. Moustakidis, and J. W. Clark, [61] E. Krotscheck, Phys. Rev. A 26, 3536 (1982).

Eur. Phys. J. A 53, 96/1 (2017). [62] B. D. Day, Rev. Mod. Phys. 50, 495 (1978).

[59] O. Benhar, G. D. Rosi, and G. Salvi, J. Low Temp. Phys. 189, [63] H. Q. Song, M. Baldo, G. Giansiracusa, and U. Lombardo,
250 (2017). Phys. Rev. Lett. 81, 1584 (1998).

[60] E. Krotscheck, J. Paaso, M. Saarela, K. Schorkhuber, and R. [64] M. Piarulli, I. Bombaci, D. Logoteta, A. Lovato, and R. B.
Zillich, Phys. Rev. B 58, 12282 (1998). Wiringa, Phys. Rev. C 101, 045801 (2020).

065804-15


https://doi.org/10.1140/epja/i2017-12297-2
https://doi.org/10.1007/s10909-017-1823-x
https://doi.org/10.1103/PhysRevB.58.12282
https://doi.org/10.1103/PhysRevA.26.3536
https://doi.org/10.1103/RevModPhys.50.495
https://doi.org/10.1103/PhysRevLett.81.1584
https://doi.org/10.1103/PhysRevC.101.045801

