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A variational calculation of the ground-state energy of liquid *He is presented. The trial wave functions
investigated are correlated pairing functions. By including pairing, we are able to investigate the possibility
that the ground state of liquid *He is pair condensed. The correlation permits us to apply the theory to a
realistic model of the *He interactions, including the strong short-range repulsion. The energy of a normal-
state trial function is compared at several densities to the energy of singlet s-wave pair condensed state (BCS
pairing) and the isotropic triplet pair condensed state (Balian-Werthamer pairing). Within the approximations
used, the lowest-energy state from this class of trial functions is the normal state. We briefly discuss possible
reasons for the failure of this calculation to exhibit the experimentally observed superfluid state.

I. INTRODUCTION

In this paper we consider the ground state of
liquid *He with a view toward exhibiting the pair-
condensed (i.e., superfluid) nature of the ground
state. We begin with a Hamiltonian of the form

N hz N
H=2 ~5—Vi+) Viry,), (1)
i=1 2m i<ij

where V(r) is one of the phenomenological two-
body potentials obtained from gas-phase data.’

To be specific, the Lennard-Jones 6-12 potential
is chosen for V(r); we do not believe that another
choice from the list of phenomenological poten-
tials would affect the qualitative results presented
here, nor do we think that the inclusion of three-
body or higher-order potentials would significantly
alter the results.

Our method of calculation is to consider a class of
trial functions which have the possibility of either
the presence or the absence of off-diagonal long-
range order (ODLRO), then minimize the expecta-
tion value of the Hamiltonian in this class of func-
tions. We are faced with the familiar problem of
having to deal with the strong, short-range re-
pulsions between the helium atoms. While this
precludes the direct application of a weak-coupling,
BCS type of theory to the problem, that difficulty
can be overcome by introducing a factor into the
trial functions which takes care of the short-range
correlations in a systematic fashion (e.g., a
Jastrow function). This is a correlated pairing
theory, and was first introduced into condensed-
matter theory by Clark and Yang, who applied it
to the problem of superfluidity in neutron matter.?2
Here we adapt this approach to the superfluid 3He
problem. This requires developing a new approxi-
mation scheme, which is described below. For
reasons of simplicity, we limit our attention to
isotropic pairing, of which there are two possi-

bilities: singlet s-wave (ordinary BCS pairing)
and triplet p-wave pairing [ Balian-Werthamer
(BW) pairing]. The energies of these states are
compared to the energy of the normal state at sev-
eral densities with the same approximations
throughout. We find in every case that the normal
state is favored over the triplet state, which in
turn is favored over the singlet state. There are
several possible explanations for our failure to
obtain the experimentally observed superfluid
state. The most plausible reason isthat we have not
built into our trial functions the ability to adjust
the spin-density zero-point motion. We are pres-
ently investigating that possibility more carefully.
We continue this introductory section with a
brief review of previous efforts on the theories
of Fermi liquids relevant to our present discus-
sion. Section II contains the more important de-
tails of the formalism. Our comparison of the
energy of the superfluid and normal-fluid trial
states is given in Sec. III. Section IV contains
the results of our calculation of the energy versus
density for the normal system. The results of
Sec. IV differ quantitatively from previous calcu-
lations of the energy of the normal state primarily
because we have introduced a new approximation
scheme. We conclude in Sec. V with a brief dis-
cussion of the results and prospects for improved
calculations.

A. Pair-condensed Fermi systems

Following the success of the BCS theory of super-
conductivity, there were several attempts to apply
the theory to other Fermi systems whose ground
states might also be coherent paired states. The
first work on liquid 3He was done by several
groups at about the same time. Emery® and
Thouless* related the presence of a BCS-type
phase transition to the divergence of the Brueckner
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T matrix. Emery and Sessler® and Brueckner,
Soda, Anderson, and Morel® used T-matrix theory
to provide an “effective pairing interaction” at the
Fermi surface; they used weak-coupling BCS the-
ory to estimate the transition temperature and
shift in specific heat. Anderson and Morel’ and
Balian and Werthamer® generalized previous re-
sults to paired states consisting of spin triplets
with odd relative orbital angular momentum,

Throughout that work estimates of T, ranged
from below 0.2 to 1 K. In 1972 the second-order
phase transition to a superfluid state was actually
found at 2.5 mK, with a first-order transition to
another superfluid state at somewhat lower tem-
perature, depending on the pressure.® Those pro-
perties of the condensed phases that depend on the
qualitative physical microstructure (i.e., aniso-
tropic or isotropic triplet pairing in a relative or-
bital /=1 state) seem to be described by the work
of Anderson-Morel’ and Balian-Werthamer,® re-
spectively. But the actual transition temperature
and other thermodynamic properties of the system
have never been calculated from the known micro-
scopic properties of *He atoms, in part because
3He is a strongly interacting system, while the
best developed theoretical approach presently
available for studying the highly nonanalytical
pairing correlations is the phenomenological weak-
coupling generalized BCS formalism and strong-
coupling corrections to it.!* !* The only recent
microscopic theory is the sophisticated T-matrix
calculations of the Daresbury group!?; that theory
does not appear to be any more successful than
earlier work in obtaining the transition tempera-
ture or the Cooper-pair I value of the paired state
for 3He.

B. Correlated wave-function studies of Fermi systems

In the study of Bose systems, whose symmetric
wave functions are much easier to deal with, the
most successful calculations of the structure,
ground-state energy, sound velocity, etc., have
come from correlated wave-function theory, the
central feature of which is the expression of the
N-body wave function in the form?!3-15

Y=Y by - (2)

Here 3, is a symmetric N-body function that van-
ishes very rapidly as the particle “hard cores”
begin to overlap, and ¢, is a “model function”
containing special physical properties of the sys-
tem such as the symmetry, pairing correlations,
restriction of particles to lattice sites, etc.
Motivated by the early success of correlated
Bose-system calculations, and following the work
of Iwamoto and Yamada,'® Feenberg and Wu laid

the theoretical groundwork for application of cor-
related-basis-functions (CBF) techniques to Fermi
systems.!” Feenberg, Woo, and Tan have applied
this formalism to He and have obtained reason-
able agreement with the properties of *He in the
normal Fermi-liquid state,!®~2°

To consider the possibility that the ground state
of a Fermi liquid is pair condensed, Clark and
Yang enlarged the class of model functions ¢, to
include pair-condensed model functions ¢pcs. The
reference state for the normal phase is obtained
by letting ¢, be a Slater determinant ¢g,, and the
estimate of the condensation energy €. is given by

where

¥n=¥c Psp (4)
and

¥s =Y Ppcs - (5)

A positive-valued €, for some choice of BCS
parameters in ¢y indicates that y, is the lower-
energy state, which is interpreted as a sign that
the ground state is pair condensed.

Clark and Yang? consider the question of super-
fluidity in neutron matter and nuclear matter using
this method. They use a Jastrow function for i, :

N
do=I] e, (6)

i<i
where ¢/ approaches zero rapidly at the hard-
core radius of the nucleons. By restricting their
attention to low-density nuclear matter (i.e., the
hard cores are a small fraction of the total vol-
ume) they were able to use a cluster expansion of
the Jastrow function to evaluate the matrix ele-
ments of the Hamiltonian. The expectation value
has the same form as the usual BCS expectation
value except that the local potential V(r,,) is re-
placed by an effective local potential Wlr,,) given
by

Wiry,)=e“"2 v ,) +(15%/m)
X[(7,e" e+ H(e 7 1)

sz-y(riz; 712 )/T'(r{z; rlz)]'l'z =rp? (7)
where

71257 12) '_'GZ; re (7],0,,73,0,; 71,00,73,0,), (8)
172
where T'® is the two-body density matrix for the
model state ¢y Or ¢g,.
While this is an approximation which is not valid
in the density range appropriate for 3He, it illus-
trates several points which hold in general. The
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first is that the effective potential reduces to the
pair potential in the limit where the correlation
function is turned off, since then ¢"=1. Second,
this effective potential is density dependent through
the density dependence of ¢ and y. Finally, and
perhaps most importantly, the effective inter-
action is state dependent in that it depends on the
BCS parameters through the density matrix y.
This is a well-known feature of so-called “strong-
ly” interacting systems. A consequence of this is
that the gap equation which is generated by max-
imizing €, with respect to the BCS parameters
will have extra terms.

C. ODLRO in correlated theories

The main result of the work reported in this pa-
per is the extension of the correlated pairing
theory to include the types of triplet pairing
thought to exist in superfluid *He, and the develop-
ment of an approximation scheme more suitable
for the ®He than that used by Clark and Yang. Be-
fore getting on with that, there are several as-
sumptions already made which need to be stated
clearly and discussed. The most crucial assump-
tion concerns the nature of the ordering in the
trial states y, and y,. The premise is that the
central feature of the state of a fluid which gives
it the coherence which is characteristic of super-
fluid is the existence of ODLRO, most likely
ODLRO in the lowest possible density matrix (the
two-body density matrix for a fermion system).
Implicit in the procedure of Clark and Yang is the
assumption that the presence (or absence) of
ODLRO in the model function ¢, implies the pres-
ence (or absence) of ODLRO in 3, i.e., the pres-
ence of the correlating factor y, does not affect
the order qualitatively. This assumption restricts
the choice of y.. A counter example serves to il-
lustrate the point: consider an uncorrelated BCS
wave function ¢y Written as a correlated Slater
determinent

] =¢BCS=¢SD Ye

where

%= bpcs/Psp -

Then clearly § is more highly ordered than ¢g,.
We speculate that this increase in the order of ¥
is due to off-diagonal long-range divergences in
the density matrices of this particular choice of
correlating function ..

In this paper we restrict our attention to y.’s
which could serve as reasonably good trial func-
tions for the boson ground state of the Hamil-
tonian under consideration in this problem. An
example is the Jastrow function [Eq. (6)] used by

Clark and Yang. These correlating functions,
taken by themselves, have a Bose condensate and
ODLRO in the higher-density matrices as well.?!
Since they have no off-diagonal long-range di-
vergences, however, we do not expect the corre-
sponding ¥, for a Fermi system [see Eq. (4)] to
have ODLRO in any of its density matrices.

This supposition is given further support by the
recent calculations of the single-body density ma-
trix for y,. Although the single-body density ma-
trix does not have ODLRO in a Fermi system, its
detailed structure reflects the presence or ab-
sence of BCS-type ODLRO in the two-body density
matrix. In particular, the single-particle occupa-
tion number », is the Fourier transform of the
single-body density matrix, In a normal Fermi
liquid, », has a discontinuity at the Fermi sur-
face; when BCS ODLRO is present this discontin-
uity disappears. Thus it is important to note that
recent calculations of n, for correlated Slater-
determinant trial functions for the ground state of
liquid *He show that there is a discontinuity in »,
at the Fermi surface.??’?® This is a strong indica-
tion that a Slater-Jastrow §, does not have ODLRO
in the two-body density matrix, and should there-
fore be a reasonable reference state for the nor-
mal phase in the correlated pairing theory. We
do not at present have any calculation showing that
the discontinuity in #, is absent in a correlated-
pairing function of the form yg [Eq. (5)], nor do we
have any direct information about the two-body
density matrix for either y, or ys.

In summary, we are motivated to assume that
¥, has no ODLRO while ys has ODLRO in the two-
body density matrix. We attempt to enforce the
assumption about y, by restricting the correlating
function ), to be a function without off-diagonal
long-range divergences.

II. CORRELATED PAIRING FORMALISM
A. Energy of a correlated Fermi system

We start by deriving an expression for the quan-
tity

E=Cy[H|9)/ <9,

when the wave function is of the form y=y,f, with

fd-rf*f=l, fdrzp:zpc:l, 9

and we write dr=d3,...,d%y, and include spin
sums in the first integral. In (1), ¢,=f is the
totally antisymmetric fermion model function,
either a ground-state Slater determinant (SD) or

a pair-condensed BCS state. y. is a completely
symmetric function of all the particle coordinates,
that can be chosen to be positive definite, and thus
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written in the form

1/2
¢c=e°"”%(fe°d‘r) .

Using a Hamiltonian in the form of Eq. (1), the
energy expectation value is

(10)
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<¢1V(ru)l¢)
(€217

Q= (r2/2m)V3 |9)
1P :E:

>

i=1
=T+V.

Using the Jackson- Feenberg transformation the
kinetic energy becomes

=_8_ﬁ%,=, { (f;p*vfwh)-z (fv, P* . V‘zpd'r) + ( f (V3 w*)zpdr)]/<f¢*¢dr ) . (11)
Application of the chain rule to p=y,f and use of (9) gives after some algebra,
[fdrwc( *fZ V"‘I’+f*2 v=f+fﬁ:v /% =29, 91 ) w]/ [vssoar, (12)
so that, regrouping the terms
E= (J'wc [f*f( )y -:—vzm“;j Very,) ) ] Y dr)/(fzpcf*fzpcdr)
[ Saru (s 2-—Vf+fZ f*+—ZV‘f*V‘f) o]/ [brrvar. (13)
The first term in (13) can be dealt with using a generating function developed for Bose systems.™
Deﬁz;:e(a)s vee*"2/[1. @), (14)
where
V= Ril V(ru)—— Z V2o
and
L.@)= [szetar.
We can now define
E,= (f‘cch:ﬁc dr)/fng d‘r=;—aln1,_.(a)|a=o, (15)

where E,, is the expectation value of the Hamiltonian (1) in the symmetric state Peo

can then be written

E= (furrvvar)/fusvar

d
=Zaln <Ic () leac (@) *f . (a)d7>
Using the identity
Vif* Vi f=5[VE () = fHVEf = fVEf ]

the second term in (13) can be written

[fdrzpc(f*z: -—-v3f+f2——— sz*+—ZV2(f*f)> ]/fwcf*f!ﬁc dr.

Combining (16) and (17), we find
E=E,+E,=E,+E; +E,+Ey=E,+E,

o=0=E¢ +% lnfwc(a)f*fwc (a)dr

The first term in (13)

(16)

a=0-°

am

(17’)
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where E, is defined in Eq. (15),

. {f;pg[f*:: (—— v f) fZ (——v=f*) ]dr}/fwc f*fye dr, (18)

E= (£ [arv @y @

and

S oot ar) [ farvr o

o (3f0. 2o

The first term in the energy E. is the boson ex-
pectation value of the Hamiltonian and as such con-
tains most of the energy due to short range corre-
lations. The second term, E;, contains most of
the energy shift due to statistics. Indeed, if f is
the Slater determinant, E, is just the energy of
the Fermi sea. The remaining terms in the en-
ergy, E,+E,, are due to cross correlations be-
tween f and y.. The reason for choosing this de-
composition of the remaining terms is to take ad-
vantage of the fact that E, vanishes for special
choices of §,, independent of the choice of f.*>25

In particular, it vanishes if . is the boson ground-
state wave function of the Hamiltonian of the
problem. It also vanishes if i, is the optimum
Jastrow trial function for the boson ground state
and the approximations introduced in Sec. IID be-
low are used.

In summary, by decomposing the energy in a
particular way we have isolated the primary de-
pendence upon the model function f in two terms,
E; and E,. The term E, does not depend upon f un-
less we allow §, to change as a function of f. For
simplicity we will fix y. to eliminate E,. With this
choice, E, is no longer directly relevant to the
pairing equation. We discuss the implications of
this choice further below.

Having made this decomposition, we have the
further advantage that E, can be calculated using
any one of many successful techniques for handling
symmetric many-body wave functions. The re-
maining terms find the differential operator V3
operating only on the Fermi function f, leading to
expressions easier to deal with than the straight-
forward form VZy. This will be shown in more de-
tail later.

B. Fermi-model functions |f)

The Fermi-model functions are most easily des-
cribed in the language of second quantization. We
use generalized BCS-type states

o] (Jamnroo.)
-(fo 2 iv% (Frwear)/ [arsoru.

(19)
(20)
If>=n;‘II (1 + koo cf, 15O, (21.2)

oo’
where |0) is the vacuum and
1/2
=11 (1+Z |gtoc |2+ |hﬂ“> (21.b)
Rx >0 oo

is the normalizing factor, with At =gtp gt

- g%¥H g% H. Note that by definition, g g4’
==g%s’c- In practice, it is sometimes easier to
work with (21) written

If)= ’7/ IH(“ioo’*‘vfoa’ci C-Fo’”o) ’
k>0
go’

g'ﬁoo’Ev.ﬂao'/u'l:oo’, (22)

where ij;' is the appropriate normalizing expres-
sion, As is well known, the choice

Ufg0r =0, vioc'zoo,-o', k<kgp,

u'-l:ac'=60.-c" V%oo'=0, k>kg,

(23)

gives the ground-state Slater determinant for the
noninteracting Fermi gas. The special cases of
BCS, AM, and BW pairing are specified by choos-
ing appropriate forms of uf ,,s, vfoo’; OT al-
ternatively, of g4

These forms are chosen as follows. The “order
parameter” in coordinate space is defined as

X(TU Sy %y sz) E(f |¢51(71)¢32(72) 'f) ’ (24)

where @, (v) is the destruction operator for a par-
ticle at » with Z component of the spin s. For a
uniform system it has Fourier transform

Xsoo* =(f'cﬂcc-ia'l lf)- (25)
The “pair wave function” is defined as
VP 0r, 5,7 $)=(01Y, r U, 0)IF),  (26)

and it has Fourier transform

$oar=(0lcggC g lf). (27)
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Both (25) and (27) are in general matrices in spin
space. For a state with either BW (isotropic
triplet) or BCS (isotropic singlet) pairing, the
matrices (25) and (27) are proportional to one
another. The AM state is more complicated be-
cause of the anisotropy. For simplicity we limit
our attentionrin this paper to BCS and BW pairing.
The coefficients g,,,+ are chosen in these two
cases to be proportional to the weak-coupling gap
A as obtained by BCS and BW, respectively.

The state (21) is not an eigenstate of the particle
number operator N. Since the correlation func-
tion y, is conveniently expressed only in coordi-
nate space, we must formally consider the com-
ponent | N) of the state |f) which is an eigenfunc-
tion of N with eigenvalue N ({f | N|f)=N):

n;vllN>En;l<Z'gfco’c%aczﬁo'>ﬂlzlo>, (28)
)

where n3! is the normalizing expression ny

= ((N|N))2. It can be shown that the energy cal-

culated from (21) differs from that found using

(28) by O(N?®), i.e., Ey=E;[1+0(N®)], where

1 1
-3<06< -3,

so that in the thermodynamic limit (27) gives the
same result as (28).26

C. Correlating function

The purpose of the correlation factor ¢, in the
many-body wave function is to take care of the
strongly repulsive cores of the 3He particles.
Thus 3, is chosen to vanish rapidly for interpar-
ticle distances smaller than the hard-core dia-
meter. The two forms of §, used in most pre-
vious work are’®~!%: (a) A Jastrow function of the
form of Eq. (6), with # chosen variationally to
minimize either E, or the total energy of the
fermion system; and (b) the exact N-body boson
ground-state wave function of the Hamiltonian (1).

Aswe pointed out in Sec. II A, the simplest choice
is (b), so that a major component of the energy
(E,) vanishes. Having made this choice we are
still faced with the practical task of the evaluation
of integrals involving ., which means we need to
know some of the distribution functions for y,.
While we cannot solve the boson problem exactly,
we can rely on much previous theory developed
for the ground state of liquid *He to obtain approx-
imate information about the necessary distribution
functions. We choose to approximate i, by the
optimum Jastrow function for the hypothetical
mass-3 boson system. The procedure we use for
determining this Jastrow function, the paired-
phonon analysis, is precisely the procedure which
has been used for the “He ground-state problem,

described in Ref. (27). The He-He potential we use
is the Lennard-Jones 6-12 potential

V) =4el(o/r)2 = (0/r)], (29)
using the deBoer-Michels parameters

€=10.22 °K
and

0=2.556 A.

It should be noted, however, that explicit reference
to the potential used appears only in the energy in
the term E.. The potential affects the remaining
terms in the energy only through the distribution
functions of y,. In particular, in the approximation
used in this paper (described in Sec. III) we only
need the liquid structure function S (k) defined by

S K) = | prp il o) NG | e (30)

where

is the density-fluctuation operator. Thus, the po-
tential energy enters the problem only through its
boson liquid-structure function, which is a much
better behaved function.

D. Approximation for the energy

We turn now to a simplification of expression (17)
for the energy. Similar expressions have been
dealt with before in *He in the special case that f
is a Slater determinant.!®!®* The procedure then
was to cluster expand the Slater determinant, pro-
ducing an approximation for the energy in terms
of low-order distribution functions for y,. We can-
not avail ourselves of that approximation scheme
in the present context because of the more general
form of f of interest here. On the other hand, while
Clark and Yang included the BCS form for f in their
correlated pairing theory of nuclear matter, their
approximation scheme was to cluster expand the
correlation function y, for which they used a Jas-
trow function.? That is a valid procedure in low-
density nuclear matter, since the hard cores take
up only a small fraction of the total volume. The
*He core takes up a large fraction of the liquid-°He
volume so that cluster expanding i, is not appro-
priate.

The approximation scheme we adopt in the pres-
ent work is based upon the observation that all of
the terms in Egs. (17)-(20) can be written in the
general form

I= ch(r,, e WPy, ) dry e dry,
E(P,:'P’) ’
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where P, and P, are both symmetric functions of
their arguments. In all cases P, is just |y, |? but
P, is a product of f *, f and a symmetric operator

in the several possible orders, with spins summed.

A complete set of symmetric functions can now be
introduced into I:

1= (P, nyul Py) . (31)

Our choice for the complete set of states |n) is the

—

32 Fo(k)F,(k %2
E-E, Zh’k ¢ (K)F (k) +2Re 3 (]

50 2m 1 —F (k)F, (k) koo 2m
OG
ﬁZkZ
+2Re
k;o 2m SFoo’ ag*
where
Fo(k)=S(k)~1, Fp(k)=Sp(k)-1,
where

Se®) =flpzpl N/NCFLSY -

oy, Skoo’ ag..

set of free-particle boson eigenstates (i.e., sym-
metrized N-body plane waves). A cumulant anal-
ysis of the functions (P, |n) and (n| P,) leads to a
natural approximation scheme for I in terms of the
distribution functions for P, and P;. Retaining the
lowest nontrivial cumulants in such an approxima-
tion leads to an infinite‘partial summation of (31).
A complete description of the analysis will be giv-
en elsewhere.?® It is shown in Appendix A that the
resulting approximation for the energy is given by

lnlr;,,.l2

(sz” H ———FF—:W—(ED (32)

The normalization integral n, and the generalized BCS parameters g, . are defined in Eq. (21). Expres-
sions for F, (k) for all model functions considered in this paper are given in Appendix B.

The variational equation for the BCS parameters is obtained by minimizing Eq. (32) with respect to
8roo’- This produces the gap equation of the present work. For simplicity, we illustrate the procedure by
considering isotropic singlet (i.e., BCS) pairing. Toward that end we define | Slpcss the BCS model function

in second quantization, by

H (1 8% -oC

Iz>0

where normalization is now taken care of by requiring

Iui(.o‘ol2+| v‘l:o-olz=1 *

_(,)|°>/H (L +l g1+l 1* +lgmn 1*Lgmn 1)V = T oo +070-00f eI IO, (39)
kx>0 g0
[o]

(34)

In (33) up, ., and vy, _, can both be chosen real. If we now include the chemical potential explicitly (to per-
mit the use of the second quantized form with indeterminate particle number for f), expression (32) be-

comes
1 Fc(l-ﬁ_-ﬁll)
B =N =B+ D6 =)= 32 minin (- TR 5 0r, (5= (60 =) +eb (=) = 1<ty ]
PA pp'A
F.(5-91)
ZZ(N 1-F.(5-3DF.(5- pI)>[€%(1°2"3*)+€:’v(1'2”?*)'6?5'?']“’“'”"”"’ (35)

where 73, =v;x, and e;sﬁzpz/zm. To get from (32) to (35) the expression for F,(k) from Appendix B is

used.

For the normal system described by (23), (35) becomes

F(p p)€lpl|

ﬁz
kN = Zan< om
N

)*‘Z"P*" ’*<N 1=F (b-D)Fs(p- p’)) (@)

and it is tempting to identify a quasiparticle energy (measured from the Fermi level) as

Z ( F(D-D)els 3 >
= ny > = > =
p P\1-F (b -DP)F(5-P)

(37
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[Note that F, =0 when y, is a constant (i.e., no correlation) so that g% takes on its usual noninteracting val-

ue in the uncorrelated theory.] Then

Ba)L -
Fc(p-p)fp-p'

- ; 1 '_1—< )
Br WV =03 2 W \T-R. G50 (5-7))
128 P

(38)

which is similar to the usual Hartree-Fock, or mean-field, expression. Extending this to the pair-con-

densed (BCS) state energy, we identify

F«:(i3 --ﬁ')ﬂﬁx

e%-F’Fc(_f) —-f)’)

2m

s B2 (1 oy L

1
PR N % T-F, (- DIF(6-5)

(39)

The effective pairing interaction is identified as the coefficient of u,v,u,.v,. in Eq. (34):

1 Fo(B=P)Nep(1=2n5) +ed (1-2n3,) = €i5_31]

S T-F.(b-P)F£(5-P)

(40)

A similar formal identification can be made with the energy of the AM and BW states, except that V,,, in
those two cases contains angular factors not present in (40). This effective interaction is state dependent
through the function n,, and also through the dependence of F(k) on the BCS parameters. This state de-

pendence complicates the Euler-Lagrange equation (i.e., “gap” equation), obtained by minimizing the en-

ergy with respect to g, ..

Introducing the BCS angles through the usual definitions

2

2
USyor = Viyor =COS267,51
2U Ty o0 Vg =SIN207, 4

the BCS “gap” equation is
F (k) [& =Ry, F (k)

. 1
2(e% - sm2030 + FZ
K

1 F.(k)

] . '
[1=F, (DF (D] [(1-cos26;,; ) sin203, +(cos203,)(-sin263, )]

- e% 7 >, T=F(OF. (0 [(1-cos26; 3,)(2sin2603, c0s263,) +(cos®265, — sin®263 ) (~sin265 1 )]

-

k

: F.(k
_iz ———;E)—,—eﬂ - [cos26;,
N = 1-F (K)Fo(k) P+
where
es = 1%k2%/2m
and
N .
R = FZ —{sin26r, [sin2(6;.7, ) +61,)
g
- sin263,]} . (42)

We discuss our attempts to solve this cumbersome
set of equations in Sec. III.

III. VARIATIONAL CALCULATIONS

The goal of the work described here is a com-
parison of the energy of a reference normal state
with several possible pair-condensed model states,
keeping everything else fixed. It is useful to have
an order-of-magnitude estimate of the expected en-
ergy difference between the normal state and the

P

-C08203. , 8in267 ;) +sin26;3 , (sin®205 - )] =0, (41)

superfluid state, i.e., the condensation energy.
Toward that end, recall that the condensation en-
ergy in weak-coupling BCS theory is roughly
N(0)Aa%, where N(0) is the density of states at the
Fermi level and A is the gap. In superconductors,
T.,~ A, and assuming the same to hold.for *He, the
condensation energy is of order 10 K per particle.
Consequently we must resolve amongst different
model states energy differences as small as 10°° K.
A calculation of the absolute energy to that ac-
curacy for a comparison with experiment is of
course meaningless; the uncertainties in the bare
two-body potential are of the order of 1 K, as are
the uncertainities in our ability to calculate the en-
ergy from a given potential. All is not lost, how-
ever, since we can compare the energies of two
states to a much higher precision, adequate for
determining energy differences of order 10-¢ K.
The sensitivity to the interaction potential is at a
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TABLE I. Fermi-model structure functions for the
Slater determinant, and for BCS and BW states charac-

terized by T*=0.1 K.

k S (k) SESS (k) Sg” (k)

0 0 0.047 106 797 0.046 893 976
0.1 0.095291137 0.110351614 0.109691697
0.2 0.189810014 0.197 154 982 0.196 428 692
0.3 0.282 784 371 0.287514 831 0.286 775 564
04 0.373441948 0.376 864 997 0.376121185
0.5 0.461010483 0.463 649086 0.462903 170
0.6 0.544 7171718 0.546 833 356 0.546 086 297
0.7 0.623 791392 0.625 533483 0.624 785735
0.8 0.697459245 0.698 921176 0.698172 981
0.9 0.764 949017 0.766 193 046 0.765444 544
1.0 0.8254884417 0.826 558 154 0.825809433
1.1 0.878 305276 0.879 232 356 0.8784834173
1.2 0.922627242 0.923435467 0.922686 461
1.3 0.957682087 0.958 389 740 0.957640639
14 0.982697 550 0.983 318 837 0.982 569 826
1.5 0.996 901371 0.997427083 0.996 699 289
1.6 1 1.000 128 808 0.999992 368
1.7 1 1.000 000 522 1.000000079
1.8 1 1.000 000 001 1.000 000 005
1.9 1 1.000 000 000 1.000000 000
2.0 1 1.000 000 000 1.000000 000
2.1 1 1.000 000 000 1.000000 000
23 1 1.000 000 000 1.000 000 000
2.3 1 1.000 000 000 1.000000 000
24 1 1.000 000 000 1.000 000 000
2.5 1 1.000 000 000 1.000 000 000

comparable level, i.e., if the energy difference be-
tween two states is of order 10" K based upon the
Lennard-Jones potential of Eq. (29), changing the
potential to another of the phenomenological He-He
potentials will change the energy difference by an
amount of order 107 K.

Calculations for isotropic pairing are much sim-
pler than for anisotropic pairing, so we focus our
attention on BCS and BW pairing. The pairing par-
ameters g,,, for these two cases are best ex-
pressed as a matrix 2, in spin space:

2:=B, (‘1’ (1)) (BCS) 43)

J

e sy ([ ommeni (52 ) [

a=kl

TP 2m

c0sOg

. —sinBze~t*t
&=B, ( t

) (BW),  (44)

cos@;  sin6pe'’t

where B, depends only on the magnitude of % and
the angles ¢z, 6 are the polar angles of the vector
K. With this notation, the expectation value of g,
the fermion number operator in the uncorrelated
model function, is given by

ng=(0u |c} 5, | du)/(Du |6u)=B3/(1+B})  (45)

for both BCS and BW pairing. Note also that the or-
der-parameter matrix for the uncorrelated model
state has the same form in spin space as g,:

Kot = Gu Ot iz |00/ (B B2 = (14 B '%; ..

(46)
Our attempts to solve the “gap” equation for the
optimum B, met with failure presumably for want of
a good starting place in the iteration scheme. To
find a good starting place we parametrized our
model function in terms of two parameters, g* and
U, as follows:

ny= 1+ eB*(hzhz/hn-u))-l. (47)

Here B* is an “effective inverse temperature” that
allows us to vary the amount of smearing out of the
Fermi surface, hence the amount of pairing. This
form reproduces the general shape of the Fermi
sea expected for a pair-condensed ground state.
The parameter @ is chosen so that

Zn,:N,

ko

where N is the number of particles in the system.
With 1 determined in this fashion, B* is the single
variational parameter of the calculation.

In the remainder of this section we give the for-
mal results obtained using Eq. (46) for the singlet-
pairing (BCS) case only. The BW case is treated
the same way, the only changes being small modi-
fications of one term in F3¥(k) and one in the en-
ergy.

The BCS structure factor (minus one) is given by

] 272
ldlsech%B*(ﬁl - >

2m

_ f:qdq [1 -tanh%B*(Z:'gz— p.)] f:m“ ldl [l—tanh%B* ( ZZZ - u)]) ) (48)
-

The fact that the innermost integral in this ex-
pression can be done analytically allows us to make
our very accurate comparison between the normal-
state energy and that of the different condensed
states. Since most of the energy difference comes

r

from a narrow region of 2 space about k., and be-
cause the integrands are varying rapidly there for
large 8*, high accuracy is difficult with a purely
numerical evaluation of the integrals. This same
fact presents difficulties in solving the variational
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FIG. 1. Single-particle occupation number 7, as a k(A"

function of # for T*=0.1 K. Here kz=0.786 A"L.

equation itself numerically.

Table I lists the values of S§P (k),S2(%), and
SB¥(k) at T*=0.1 K for purpose of comparison.
Viewed as a numerical evaluation of (48), the num-
bers in Table I are accurate to at least 10*°, and
illustrate the small differences we are dealing with
even in the extreme situation (T*=0.1 K) illus-
trated by Fig. 1. Figure 2 is a plot of S5’ (k) and
SB®(k) as functions of k. (It should be kept in mind
that the entire paper deals with 3He at 7=0°K, and

FIG. 2. Fermi-model function structure factor Sr(k)
for the Slater determinant (solid line) and for a BCS-
type condensed state characterized by T*=0.1 K
(dashed line). On this scale the difference between Sy(k)
for BCS and BW states is not visible.

that T* is a parameter used to change the size of
the region in k& space over which the pairing effects
are important.)

Once we have the structure factor S?ﬁs(k) we can
find the energy. Eq. (35) in this case becomes

F (R)FE%(k) ]

1 n® r~
Em=Ec+Egcs=Ec+—8?z—;l—fo k“dk[Z[l-tanhy(k)]— l—Fc(kFF (k

kdkF (k)

- f°
167°p° J
_f ldl

0

where y(x) =4 8*(%2x2/2m - ). All numerical inte-
grations were done with Simpson’s rule: step size
was decreased until a finer mesh changed the re-
sults by 10-° or less. Interpolation of tabulated

h—zl 1+k
5 sechzy(l)f gdq[1 - tanh y(d)]) )
m 1 1<kl

© ﬁzllz I+k
l_Fc(k)FLm_p ® (fo ldi S sech y(7) ta.nhy(l)f“_"l q dg sechy(q)

(49)

functions was linear. We believe that the resulting
energy shifts AE/N accurately represent the pre-
dictions of our mathematical model.

Table II displays the results of this calculation

TABLE II. Fermi-sea contribution to the energy/particle at p=0.0164 73, & F=0.786 A-1. T* measures the width of
the region about u in which pairing is important. We compare singlet (BCS) and isotropic triplet (BW) states with the
normal (SD) state energy at T=0. E. must be added to get the total energy: EBS =g +EBS, FB¥=F +EB¥  where

E./N=~2.96°K at this density.

SD BCS A EBCS EBY AEB /BCS
T <£;;s> CK) (5113—) K (—-1{—) B =B (—NL CO st A7) (Aﬁ, )m
0 1.947666424  1.947666424 0 1.947 666 424 0 0.016 400 105 cee
0.0001 1.947788319  0.000121895 1.947788312  0.000121888  0.016 400 105
0.0002 e 1.947910256  0.000243832  1.947910226  0.000243802  0.016 400 105 e
0.0004 .o 1948154230  0.000487805 1.948154110 0.000487686  0.016 400 106 cee
0.001 oo 1.948886968 0.001220544  1.948886219 0.001219795 0.016400106  0.000 000 067
0.002 oo 1.950111027  0.002444603  1.950 108033  0.002441609  0.016 400 109 e
0.004 e 1.952569629  0.004903205 1.952557690  0.004891266  0.016 400 118 oo
0.01 . 1.960028 534  0.012336211 1.959954612 0.012288188  0.016 400 187
0.1 . 2.085490392  0.137823968  2.078983492 0.131317068  0.016408292  0.000 006 662
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TABLE III. Condensed-state energy as a function of T* for p=0.0153 .&‘3, kp=0.768 A1,
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Add E, to get the total energy: E./N=-3.00°K.

EYS/N

EBY/N

(EPY_ESPyN

(EBCS__EBW)/N

0
0.000095
0.000 190
0.000 382
0.000 955
0.001910
0.003819
0.009548
0.095477

1.891281673
1.891 393 983
1.891 506 333
1.891731126
1.892 406 269
1.893 534154
1.895 799 740
1.902 674 326
2.018 565270

1.891 281 673
1.891 393976
1.891 506 305
1.891731014
1.892 405572
1.893 531 370
1.895788 636
1.902 605 559
2.012 502197

0
0.000 112303
0.000 224 632
0.000449 341
0.001 123 899
0.002 249697
0.004 506 963
0.011323 886
0.121 220 524

0
0.000 000007
0.000 000 028
0.000000112
0.000 000697
0.000 002 783
0.000 011104
0.000 068667
0.006 887941

TABLE IV. Condensed-state energy as a function of T* for p=0.0189 -3, k,=0.824 A71,
Add E, to get the total energy: E/N=-2.62°K.

T* EBS/N ERY/N EPV_ESD/N (EBCS_EB%/N

0 2.066107 402 2.066107 402 0 0
0.000109 2.066 250 633 2.066 250 624 0.000 143 222 0.000 000 009
0.000 220 2.066 393912 2.066 393877 0.000 286 475 0.000 000035
0.000440 2.066 680 585 2.066 680 445 0.000 573 043 0.000 000 140
0.001099 2.067 541 538 2.067 540 668 0.001433 266 0.000 000870
0.002198 2.068 979 698 2.068 976 221 0.002 868 819 0.000 003477
0.004 397 2.071868012 2.071854148 0.005 746 746 0.000 013 864
0.010 992 2.080 627 938 2.080542125 0.014 434 723 0.000 085813
0.109920 2.227434131 2.219 895249 0.153 787 847 0.007 538 882

TABLE V. Condensed-state energy as a function of T* for p=0.0214 A3, k,=0.858 -1,
Add E, to get the total energy: E,/N=-1.77°K.

T* E%@/N EFW/N (EBW—ESD]/N (EBCS—-.EBW)/N

0 2.174 650 223 2.174 650 223 0 0
0.000119 2.174814160 2.174814150 0.000 163 927 0.000000010
0.000 239 2.174978151 2.174978112 0.000 327 889 0.000 000 039
0.000478 2.175306 263 2.175306104 0.000 655881 0.000 000 159
0.001194 2.176291 650 2.176290 658 0.001640435 0.000 000 992
0.002 388 2.177 937 601 2.177933 637 0.003 283414 0.000 003 964
0.004 776 2.181 242 987 2.181227180 0.006 576 957 0.000015807
0.011941 2.191 265832 2.191168 007 0.016 517 784 0.000 097825
0.119411 2.358826778 2.350238 035 0.175587 812 0.008 588 743




TABLE VI. Condensed-state energy as a function of T* for p=0.0239 33, £ ,=0.891 A1,

E, to get the total energy: E,/N=-0.35°K.

CORRELATED PAIRING THEORY OF LIQUID 3*He

T* EBCS/N EBY/N (EBY_ESPYN (EBCS_EBYy/N

0 2.274 882 890 2.274 882 890 0 0
0.000129 2.275 067 035 2.275 067 024 0.000 184 134 0.000 000011
0.000 257 2.275251 240 2.275251195  0.000 368 305 0.000 000 045
0.000514 2.275 619792 2.275 619 613 0.000 736 723 0.000 000179
0.001285 2.276726 616 2.276725 500 0.00184261 0.000 001116
0.002571 2.278 575 360 2.278 570 901 0.003 688 011 0.000 004 459
0.005 142 2.282 287 801 2.282270024  0.007387134 0.000 017 777
0.012854 2.293 543 392 2.293 433 381 0.018 550 491 0.000 110011
0.128 539 2.481392779 2.471 733 401 0.196 850 511 0.009 659378
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for a range of values of T* at the saturated vapor
pressure density p=0.0164 A™ (k,=0.786 A™'). In
that table we have used the definitions

AE™ /N =(E™ - ESP)/N (50)
and
AEBCS /N = (EBCS _ ESD)/N, (51)

where ESP is the reference normal-state energy.
With these definitions, pair condensation would be
signalled by a negative value of AE.
The chemical potential used in these calculations
is
b=po=H2k2/2m, (52)

which introduces a small error, as can be seen by
the calculated density p° given in Table II:

1
A P (53)

where @ is the volume of the system. We de-
termined the effect of this approximation for p by
including the leading correction:

B2 o[l - o 7 (B T*/UoR].

This produces an additional small shift in the en-
ergy given as AE’/N in Table II. We see that even
with the variational parameter T* as large as

0.01 K, the additional shift AE’/N is much smaller
than AE®®/N and AEB¥/N.

A convenient procedure for scaling some of the
Fermi quantities to other densities is given in Ap-
pendix C. Then the main results of this paper,
AEP®S and AEB¥ as a function of the variational
parameter T* and density, are given in Tables II-
VI.
Itis convenient to think of T* as the half width of
the region about E, in which pairing effects are im-
portant, i.e., where 0<n,<1. Within the ap-
proximations we have made, we find no phase tran-
sition to either singlet or triplet pair-condensed
state: the normal state characterized by a cor-
related Slater determinant is always the state of

lowest energy. This is illustrated for p =0.0164 in
Fig. 3. However, at all densities considered, the
triplet-paired state has lower energy than the sin-
glet paired state, which is a good sign that with a
bit more sophisticated model function (say, the in-
clusion of spin-density fluctuations if possible) or
perhaps a smaller number of approximations, we
may soon see the condensed phases of bulk liquid
SHe appear as a result of the atomic properties of
%He atoms. On the other hand, if the approxima-
tions we have made are good ones, our results
might indicate that, over and beyond stabilizing the
AM phase with respect to the BW phase as is now
believed!!'?® the paramagnon fluctuations may be es
sential for any pairing at all to occur. We should
emphasize again, however, that we have not con-
sidered anisotropic pairing. In particular we have
not considered singlet d-wave pairing, where con-

1120

-E/N (°K)
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1130

0001 001 01
T (°k)

FIG. 3. Energy per particle as a function of T* at the
saturated vapor pressure density p =0.0164 A3 (solid
line). The dashed line is located at the normal state
(Slater determinant) energy for reference.
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FIG. 4. Energy per particle in the normal state as a
function of density. Solid circles are results of this
calculation. Solid line is the experimental curve.

densation was predicted by the early {-matrix cal-
culations.>® While an extension of our calculation to
d-wave pairing might produce a paired state of
lower energy than the reference normal state, the
effort required for such a calculation is not merited
by this possibility.

IV. NORMAL-STATE RESULTS

While the focus of our calculation has been the
question of superfluidity in liquid *He, we have in
the process produced a new approximate expression
for the normal-state energy as a function of density
given by Eq. (36). This expression differs from
that given by Wu and Feenberg!” by the appearance
of the denominator in the last term of (36).

The results of this calculation are shown in Fig.
4. Note that the experimental and theoretical re-
sults differ by a fairly constant energy (=1.5 °K) as
a function of density, although the calculated equi-
librium lies at a lower density than experiment.

V. DISCUSSION

The method of calculation we have introduced here
gives results for the normal-state energy of *He in
reasonable agreement with experiment in view of
the fact that the total energy involves large cancel-
lations between the potential energy and the kinetic
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energy. We arenotyet able to show the experi-
mentally observed transition to a pair-condensed
state. We hope to make refinements in the general
approach described in this paper which will enable
us to describe the pair-condensed ground state of
liquid %He.

There are several refinements which bear men-
tioning here, any one of which might produce the
desired result. Perhaps the first which comes to
mind is to change the bare He-He interaction V(r)
which appears in Eq. (1). This would affect our
calculations here by changing 3, which would pro-
duce a change in S (k). This certainly would pro-
duce quantitative changes in our results. We be-
lieve, however, that the essential features of the
3He system are well-represented by the Lennard-
Jones 6-12 potential used here, namely, a strong,
short-range repulsion followed by a weak attraction
which goes asymptotically into the Van der Waals
attraction. This potential, or any of the other phe-
nomenological helium potentials, should produce a
pair-condensed triplet phase qualitatively similar
to that seen experimentally. We think the wisest
course for our calculation is to stick with a single,
reasonable potential and refine the many-body the-
ory. The quantitative effects of changing the pot-
ential can be investigated after the many-body the-
ory has been adequately developed.

There are two types of refinements of our for-
malism which should be considered. The first has
to do with the form of the correlated pairing theory,
while the second one has to do with the approx-
imations used here. The question of the adequacy
of the approximations is particularly difficult,
since liquid helium seems to be a system for which
there is no natural small parameter in which to ex-
pand. While we give a rationale in Appendix A for
expecting the higher-order terms in our cumulant
analysis to be of less import than the terms we
have retained, we know of no simple way to place
an estimate on these contributions.

Probably the most fertile area for modifications
in the theory presented here is in the class of trial
functions used in the correlated pairing theory, Eq.
(2). It should be noted that all of the variations per-
mitted in our calculation have been in the model
function ¢,. The function y_ has been fixed at the
value determined by the 3He boson problem of the
same density, and ¢, is only permitted to sample
the generalized BCS functions. Thus our reference
normal state (with ¢, a Slater determinant) has no
variational latitude at all. We would certainly ex-
pect some improvement in our calculated normal-
state energy if we allow y_ to vary (being careful to
let it vary only over those functions for which
=y.psp does not have ODLRO). One straightforward
approach to this problem is to consider a mod-
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ification to ¥,:

be=ts]Je s, (54)
[2¢]
where ¥ 5 is the boson ground state used in this
paper and e*/? is a Jastrow function which can be
varied to remove the over correlations due to the
presence of the Slater determinant. That is, u is
chosen to satisfy

(6/6u) W |H|p)/ @|p)=0. (55)

With this Jastrow factor present in ¢, the term E,
[Eq. (19)] in the energy no longer vanishes, but it
may be calculated using similar approximations to
those discussed in Appendix A. The results of this
calculation are reported elsewhere,® where it is
noted that the resultant shift in the ground state en-
ergy per particle is rather small, (0.03 K at equi-
librium density). These corrections come from
throughout the Fermi sea. The significant func-
tion in the pairing question S (k) also undergoes
small changes in the range 0=k =2k,, with the lar-
gest changes occuring at long wavelengths.

When the pairing model functions are used for ¢,,
Eq. (55) should be solved for each choice of BCS
parameters. However since the difference in en-
ergy between the normal and pair condensed states
is the primary interest here, and since the change
in # has accurredfor both the normal and condensed
trial function, we expect the condensation energy to
be changed by only a few percent. This point
should be investigated further, however.

As we have pointed out several times above, the
most significant omission in our calculation is a
careful treatment of spin correlations (or, more
suggestively, spin-density fluctuations). This is
seen most clearly in the reference normal-state

—

trial function, where the spin coordinates enter
only through the Slater determinant. It could be
said that they are only treated in a mean-field fash-
ion. The inadequacy of this trial function for spin
correlations is demonstrated by the fact that the
calculated magnetic susceptibility of this system is
an order of magnitude larger than the experimental
value 3!(the state is too highly paramagnetic). This
problem is rectified to some extent by introducing
a linear combination of excited state Slater deter-
minants for ¢, with coefficient determined by sec-
ond order perturbation theory.!®»?° The result is an
improvement in the ground state energy by -0.4 K
per particle and a magnetic susceptibility which is
within 20% of the experimental value.

Thus we feel that the most promising extension of
our theory is the development of a procedure for in-
cluding spin density fluctuations in the formalism.
We hope to make some progress in that direction
in the near future.

APPENDIX A

To obtain Eq. (32) from (18) and (20) we express
the integrands as generalized Fourier series in
(ryy«--,7y). The general procedure for doing this
will be given elsewhere.?® To summarize it, we
note first that y2 and f *f are functions totally sym-
metric in the valuables (r,,...,7,) so that a good
set of basis functions for a Fourier expansion is

p("l)(§1’ ... ’Em) = e‘(51.".“1‘52';{2*'"‘5’"'5‘";) .
fyFighecctiy,
(A1)

These functions are orthogonal but not normalized.
The normalized versions of (A1) are

1/2 /2 / 1/2 p r ) .
qlny,...,n)= [(N-ﬁn,)!] /Q" (1) Z(Hn{l) PEEL™ @y, Bibay e vy Doy eeesPprerry D),

where N is the number of particles in the system
and § is the system’s volume; the argument P :
appears », times in the set (5,,...,p,). The p™
can be thought of as generalized density fluctuation
operators, since they can be expressed as poly-
nomials in the ordinary density fluctuation opera-
tors p,=27,e'¥i; i.e.,

J

(A2)

pu)(ﬁl) =pi,»
(A3)
p(z)(kv kz) - ‘Zﬁ:e!klor‘eﬂz-r,= pil piz -p;l‘;z , etc.

To use these functions in the energy expression,
we assume that §_ is the boson ground state wave
function so that E, defined by (18) vanishes. Then

E=Ec+[f¢c<f*g -5v3f+f }: —;ﬁ;z—vﬁf*ﬂcdf}/(f¢cf*f¢cd7>

+2(f¢c%‘}§ W) /[ b.rrvdr.

(A4)
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Since the second term in (A4) contains V% operating
on f or f* separately, it can be evaluated only
when a specific form for f has been chosen. On
the other hand, the last term can be evaluated out-
right, and we use it to show how the density-fluc-
tuation expansion lends itself to a simple approxi-
mation. We now evaluate

<2f¢s%ﬁ vzf(f*f)‘pcd"')/fwcf"fflbcd‘r.

(a) Denominator. First expand

[orr0e=(TL X ) Clond) [ atinshoar

7% =(T] Z)etubatincd, (a5)
where P

Clnd) = [ a*Cnsh) 1 ar

and (H;Z;,,i) means the sum over all distinct
choices (z,,...,n,) such that

2 n;<N.

i=l

Then the denominator is

() [(+- S/ o) 1 o)) viotor). o

Now define
[1*0*tn ar=Gitudd),

where
m= Z ng, (A7)
F
and likewise

[ vzolmdrar =65 dnd)

These functions have cumulant expansions® defined
by

G,k)=F,(,),
G, &, k,) =F (& )F, (&) +F,[&,,k,),
G4k, ,k,,k,) = F, &)F,(&,)F, &,)
+F, (&)F,(k,, k) + F, (K, )F . (k,, k,)

'*'Fl(r{a)Fz&uEz)"'Fs En Ezsﬁs) ’

(A8)
ete.
Since the F,({nz}) have the translational proper-

ties of the system, we have for a uniform system

Fnh=0 it 3 k=0,
Fmh=00) if 3~ k=0.

The functions F, have some very useful proper-
ties for convergence of series expressions such as
(A6). The two factors on the right-hand side of
(A8) are G, functions, one G¢ and the other G/, By
the definitions (A8), the right-hand side of (A6) be-
comes a polynomial in the F, functions (F¢ and F¥).

(a9)

r

As observed in (A9), these F, functions either van-
ish or are of order N, depending on the momen-
tum sum. Thus the different terms in (A6) are of
different orders in N, and the order in N can be
determined by counting the number of F factors,
the number of free momentum sums, and taking
account of the combinatoric factors involving N.

Of course the series is not isotropic in N, but in-
stead must exponentiate:

(.[‘pcf*f‘pcd'f)//lpﬁd‘rff*fd7=eo(N).

Any approximation for this series must be chosen
to preserve this exponentiated dependence upon
the number of particles. One such approximation
scheme is to set F,=0 for » larger than some pre-
assigned value.

An approximation scheme where higher order
F’s are zero can be given further support by con-
sidering the values these functions take on for non-
interacting systems. For example, the F, all van-
ish in the noninteracting Bose ground state, which
follows from the fact that the p'™ are all orthogonal
to a constant. For the noninteracting Fermi gas
(i.e., the ground state Slater determinant) the F,
do not vanish but they do become increasingly less
important as » increases. To see this, recall the
well-known result that

B T
p<rp, fi»il‘kF

which is -2 times the covolume of two Fermi
spheres a distance  apart. Similarly, F3(1?1E2E3)
for the Slater determinant is —4 times the covol-



ume of three Fermi spheres centered at the corn-
ers oi the trlangle formed by the three momenta
kl, k2, and k3 This result generalizes so that
F!k,,...,K,) is a measure of the covolume of n
Fermi spheres centered at the vertlces of the poly-
hedron formed by the momenta k,, ces ,k Thus

F, for the ground state Slater determinant is an
increasingly short-ranged function of its argu-
ments as n increases, and can be reasonably ap-
proximated by zero beyond some value of n.

It should be clear from this discussion that one
systematic approximation scheme is to set F, to
zero beyond some value of n for both the Bose and
Fermi factors in the correlated wave function. In
this paper we have taken the simplest nontrivial
approximation, which is to set F,=0 for n= 3 for
both factors. In analogy with the analysis of prod-
ucts of density fluctuation operators,’* % this pro-
duces the approximate result

6 i) = I g 117, R0
%

k‘:>0

R
(A10)

m= Zn;' =even,

G, (n})=0, m=odd.

All these properties apply to both integrals

v 3o i)

"‘(H E)( - ﬁZkz "x> [(N- Z"I)‘/ Q'N! I_kIn;l]de f*fp*({n;})f dr?pnzd),
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Gedmb = f dar i pnz}),

and
Ghlm))= [ drf*f p*ims)) .

Putting them into (A6) we get

fll)cf*fzpcd'r:(g ;) [(N-— Zn;)!/ Q”N!]

x[FE(k, -RFs@, -0,  (A11)

The central assumption of all cluster expansion in
many-body theory is that the series converges after
a small number of terms. Thus in (A11) we set

(N - n;)l /N!=1/Nt%

and remove the restriction that m =En;<N, to get

fzpcf*flﬁcd‘r > .S%N(klxlo ;)(F{(E, -;Ez)Fg(k’ —k))";’

(A12)

1 1
’?z'”,go 1-FI &, -K)Fi&, -R/N?*
(A13)

(b) Numerator. Applying (A5) to the numerator,
we have

(A14)

where Eé means that a term characterized by {#;} is multiplied by E; (72k%/4mnz. Putting (A11) into the

right-hand side of (A14) leads to

_ﬁwg Z - xg (Fg(f, —2{‘;@, --f))nI [( go

k1, -1

1 n2e
T Taf Zo ; 2m "

Z) (‘Fg (&, -Eﬁz)Fg(E, _E))";]

"

(F{(l’ , —Tg H{ :1))"7 kI?Io (1 PR, _E)]i?g(k, —k)/Nz)

- -

k#1,-1
2

1 P, -Drg@ -T)/(
Q¥ & 2m N*

=-(f¢cf*f¢cdf><§

1 1
\t -FF (T, -T)Fs(, _1)/N2> .Ho (1_Fg(1z, -E)F;(k,-k)/N2>

1, -1

i “DFs @, -T)/N?
2m 1-FFQ, -DF@, -1)/N?/’

(A15)

using (A13) to get the last line. Now we put (A15) into (A14) to get, for the last term in (A4),

o[ S o

Vi) [ [0, ar=-23

8 2m g _FI(, -R)FR, -K)/N?

n%® FE(k, -K)Fs(k, -K)/N?

(A16)
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As mentioned, the other two terms in (A4) require an explicit expression for f. Before introducing one
we expand

h—z
2: ~af VS =( IkI %j) D(ngNalne)), (A17)
where
Dlneh) = f g*(nz}) ﬁ; ——f*V”f (A18)
In second quantization (A18)
_ ' R+t
D) ={f la*@neD) o ciaCialf) - (A19)
ta
Now, the state corresponding to (21) but having a fixed number N of particles is
N/2
|f> (Z gpaa'cpu -po') |0> ’ (AZO)
poa’
py>0

where N, is a normalizing factor that will drop out at the end of the calculation. Inserting (A20) into (A19),
we find with some algebra that

N/2 3 k N/2=1
cku m(Zng'c C .) |0)=%N(QZ ‘4_"‘1" ngaa'c Iia')(Z gpaa'cnuc;c) l0>‘

p oo’ poo’
5550 k>0
n2R? N/2
2 o (2g*~a'agm,)(,;gm . ) [0). (a21)
k>0
So, treating the g3, as parameters distinct from gfm,, we have
]
<f|4({nk})*2'—47ﬁ'c; kalf) |N AL Z kua'aﬁ;[lel2<f'q({ni})‘fm:*' (A22)

where [ o+ means that gi“ml is formally held fixed.
So, putting (A23) into (A17) and using approximation (A10) gives

Jor (-2amw) fzp,,.dr/f 4o *fbodr
-(II%) 1[(N-}_‘, m)1 / 21 Thnat] Lot 40 <flp<{n,,}>'Z4—c,oc,.,|f>}
x(f wcf*f¢cd1)-l+c.c.
(II E) % [(v-5m) !/Q"Nz I]n;!] el ot} 19

le'ZZM gqu‘ |Nf| <f|p({nk})|f>]l:}<J‘lpcf*flpcd‘r>- +cC.C.

8go
] (»Z> '{[(N ) / RN 160 LFSE, -RIFLE, -k)]"-}
(X S i V(S versvearing o (1 Z5E i) [ (1012 f v o)

x{ (,,H }:) [(N -2 n;) ! / n"m] Snen_; [F3E, ~ROFE (&, -F)]"i}] +c.c., (A23)
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where the first factor in large square brackets on
the right-hand side cancels with [ ¢, f* f¥.dr. The
two terms in (A23) are logarithmic derivatives,
and we have

[/ w*(—Zilg\?%)fwcdf] /f boS* Fbdr
%5

1n|N,|2

13 p"’
In
+1§>0 om gpcm' ag,
oo’

1
x<r>I° 1-F%,(k, —R)F{,) (%, —k)/N"’) . (A24)

This expression has been obtained from a state
with fixed numbers of particles. However, (A24)
depends on the Fermi-model function only through
derivatives of the normalization ]Nf |2, since it is
possible to express FF,(k, -k) in terms of quanti-
ties like (8/9g,) InIN,I2, (8/3g,)(8/8gg) IniN,|?,
etc.; and we can show that in the thermodynamic
limit we can replace

A | (IS PPENIND
Ry >0 oo’

without error. That is, expression (21) and (A20)
can be used interchangeably without error.

In the body of this paper we use the notation
FE(&, -k)/N=F(k), and F(k, -k)/N =F (k) for con-

FE (&, -k) = ZF2 (&, -K&)

P A

= Z { Z [[ o= (CDWhi 5285, 0] /<1 +Zﬂ; | 82goer |2+
o

FIG. 5. Spin quantization axes.

venience. Expression (21) for the energy follows
straightaway.

APPENDIX B

Here we give the general formulas for Ff(k, -&),
E, and the variational equation, and the forms ta-
ken by these quantities in the special cases where
the “pair wave function” has BCS, Anderson-
Morel (AM), or BW symmetry.

(a) Structure factor. In general

)]

ki

><[g;f*n,_(_l)%h'h?g;_)‘_y]/(l +Z’; Ig;uo.[2+|h;|2>

-5 (S lawanllisl?) /(14T L+l

)]

(gl l15l) / (15 g+ sl)

k4

-2 [(Zﬁ:g;&ar gfnié,-y) / ( + 25 | gior |+ 115 )]

(St m) [ (143 Ll sl @1

The symmetry is given to the parameters g;,.. by requiring that the pair wave function U300 [S€€ (26)] have

the appropriate physical properties. In general
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Pso0r = Z3q0 % function of [p]. (B2)

(i) BCS. In this case (0,0’)=(++) or (¥4) and the space part of the wave function is isotropic. Thus [see
(21)] we can choose uz,,., Vi, isotropic, the third term in (B1) vanishes, and we have

F i D)= Exrapr-a Eir-x _ | gl | g l? >
Fok, -k) z;,;((lﬂg;.;x-xlz) T+1g5a0D) A+l gpaal®) A +lgnal?d))’ (®3)

which reduces to
kP p

- -
Ffz)(k, -k)= Z (U7 5rrViiror Usr-rVirea — Ugdx-xvgx-x) =2 Z (ui.505.5 w305 — v3,509) . (B4)
2N »

(i4) AM. In this case (0,0’)=(44) or (¥¥), and (B1) simplifies to a formula like (B3) with the replacement
(-2 =2). In matrix notation, we now require that?

e LU vi(h) o " (B5)
&t & 0 Yi(p)

which leads to

2 2
- Qi - - Qi . - S Qin20- 2 - cin2pg- -
F‘("ﬁ(i; £)=2 < c; sinf; G .i Sind;.; i (05,505 c; sin 92, c,,; sin 92,‘, )
2 ’-'2: 2 cin20. 2 . qinlf- - - 2 gi - 2 . gj .o
= \l+c; sin®6; 1+c:,; sin’g; g 1+¢; sin®0; 1+c3,; sin'6;,5

e N 2 2
c; sind;  c;,; sind;,; cp sin®0;  c;,; sin6;,;
= ‘x ( P P+k P+ COS(¢;.; - ¢;) - ) ) P+k P+k , (BG)

. Sind- 2 . qin2h- - 7 ain20- 2 . .
1+c; sing; 1+c2,; sin6;,; L+cs sin®d; 1+c:,; sin’6;,;

since only the real part contributes. Here the coordinates with respect to the spin-quantization axis are
shown in Fig. 5. In (B6) ¢, is isotropic, a function of |p| only.
(iii) BW. In this case all combinations (o, 0 ’) appear, and we have®

[T YUD) ) -
poc’ - N . B7
’ YD) VZY(P)

After some algebra we find that the third term in (B1) still vanishes, and the remaining terms reduce to

FRXK-R)=23 [z 5 05 05051 = p - ) —f et (B8)
3

where u,,v, are functions of |p |only, satisfy |u,,|2 + |v,|2= 1, and can be chosen real, i.e., (B8) uses the
same notation as the second line of (B4).
(b) Energy. Ingeneral
(# -pNy=E - uN

=E,+Ep—pN

=2 Z (€9~ p)n, - Z € _[fﬁz)(i’ ‘E)/NJFF(‘z)(Er -k)/N

k>0 B> 0 1—[F‘iz)(i—i)/N]F&,(E—E)/N
[FS,,(K, —K)/N]N"!
* &, T, BN, /N

x (22 (1-np) QF5(E, -B+2 D (1-m e s Fra® -F) - § OL(R, _E)) +E,,  (B9)
3 all » v

where €)=7%p*/2m, n,=v2, and F§,(k, -K) is defined by (B1), and
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- - |h,|2n;,5 -
L;(k, -Kk)=4 1 +qu: 1300 12+ [hg] 2 M4y
+2 Re{ Z [ (g5 + (1) I3 Zhrcn ]/(1 +Z |g;,,, |2+ |h; '2)]
w oo’
X [[g’§+p _('-l)on'hk+pg‘i+p-x-)'] /(1 +E |g'iwoo'l + 'hl-bp | )]
For future reference define
Ry=23 [(1-m; € g+ (1 -n) QIFE (K, -K) _E €L (K - K). (B10)
»
To simplify (B9) we need only the manipulations that led to (B3), (B6), and (B8), along with a lot of pa-
tience while doing the algebra. The results are the following:
() BCS:
Fy s (B)F,(K
E_p.N-_-Ec+ZE n,(€3 - 1) - Z <g___£8()’_c()’
$ >0 1 —Fp o (K)F (k)
F (k) 2 2 : W -2 )] 1
+ - - E €QX[ vp#kl‘lvﬂ A n..l v;‘h‘lu; ’n'l l'x PA=A pl‘l m=x’1? (B )
ke >0 1 _Fc(k)FBCS (k) ;*
where Facs(k) F(z,(k, -Kk)/N for BCS symmetry. Using (B4), Eq. (B10) is easily put into the form of Eq
(24).
(i) AM:
F,,,gE)FggE)
E_-uN=E, +22 ny(€p — 1) - Z 6.1 F M(k)F ®
F.(K) sin%0. C2 sin®6- 1
— _.I.}l_.__’i_h _a‘,_rn. .
+20 1-F,(R)F, (&) Z { 1+C ;sin’f; ;. 1+Cjsin’d; 1 +C3 sin’6;
k>0 b 2%
Cs:,:sinfs = C: siné: 1- C sin®6-
_J_L_.I.gl_ )] —3
1+C ;565 5 14+ Cisin’6; 1+C's’ s, CoS(¢5a-9; ) (B12)
[see (B5) and (B6)].
(iii) BW:
Foy(K)F (k)
E_-uN=E, +2Z ny(€) — 1) - kZ):o €,,1 F w(k)F ®
q(k) 0 2 2 2 2 2 eb
1 F (k FBW(k ZZ 69[—22); 0;”;“;'*”5&“;0‘%“;0‘; —v;)(l -D 'k)]- (B13)
?

For definitions see (B4), (B7), and (B8)

(c) “Gap equation.” The general expression for the variational condition on the energy (B9) is

s (o)

Y ol ~[Fg,(k, ~k)/N]FE,(k, - k)/N

Bg.a.,'(zz A -n)GFi(E, k)+22 (1 -m )6 FEE, -K) - Z<§L;(E,-E)>

[Fé,(, - k) /NN .
2 W[ FLy(E, -D/N P&, - /8y BN =)

a - -,
g Fl®, -B)=0.

caa’
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APPENDIX C

Scaling Fermi quantities to other densities. In expression (47) consider two integrals characteristic of
the Fermi surface.

F2°%k) [see Eq. (46)],

CBCS(k) = f ldl—-l-— sechy(l) tanhy(?) J \qdq sechy(q)
11-xf
f ldl—— sechy(1) f qdq[1 - tanhy(q)]. (C1)
11kl
Define dimensionless variables
ZEl/kF’ ‘-IEq/kF, I-eEk/kF, B* =kEB*;
then (c2)

- - B* -2 - -
ylx) = %—- (’;2—:1 - IJ-> =y(x), €°k5h'2k2/2m;
and

q#

Fﬁcs(k|6*)— (f q dg sechy( q)f T disechy(l)

1=kl
- [ adan ~tanni(@)) [ a1 - tank(D))
0 13-k
EF%CS(HE*), (C3)
and

CBCS(k|p*) = k5< j ldl——l—— sechy(I) tanhy(I) f qdqsechy( P))
Il-kl

qd?l[l —tanhy(q)]) (C3’)
i

so that FBS(k|B*) and £3*CBCS(k|B*) are functions only of the dimensionless % and a density-scaled effective
temperature B*. Arrays of numbers can thus be computed for a range of 8* for a given density, then scaled
to other densities without repeating the entire calculation. If F (k) is also expressed as F (k) (a simple
scale change), the energy (47) takes the form

R FR)F (k) 9 - - FR)Cp(E) .
EPC3= E, 4 < fk“dkl tanhy(k)]-—f Bk FOF ) Okdkl_Fc(E)FF(;e)>

The same procedure is as easily applied to the BW energy expression: however, C F(I'e) and F,,.(I'e) take on
different forms in that case.
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