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This is the first of two papers in which the low-temperature properties of liquid He? are to be calculated
in the thermodynamically consistent “T-matrix” approximation. The set of coupled integral equations
which are to be solved is exhibited in Sec. I of this paper. Section II is devoted to a preliminary, zero-tempera-
ture calculation which employs the additional approximations of using separable potentials and a non-
interacting spectral function to define the interaction of two particles in the medium: the (T') approxima-
tion. In this approximation we obtain a spectral function for the quasiparticles which we expect to display
general features in common with those of the actual spectral function. Using this spectral function, we cal-
culate the thermodynamic properties of the system and find that they compare favorably with those obtained

in other calculations.

INTRODUCTION

HE application of field-theoretic techniques to
many-body problems has resulted in formalisms
which, in principle, allow the calculation of the equi-
librium thermodynamic properties of a system of par-
ticles in terms of the interaction between two free
particles. One variant of these formalisms is that of
Martin and Schwinger,! whose many-body Green’s-
function approach we use in this work. The Green’s-
function formalism yields an infinite set of coupled
integral equations which must be solved self-consist-
ently to obtain the properties of the system. However,
it is impossible in practice to solve this set of equations
exactly, and approximations must be made to obtain a
solution. Our choice of approximations is governed by
the nature of the interaction between the particles in the
system, and by the requirement that we obtain thermo-
dynamically consistent results.
This paper is devoted to calculating the properties of
a “normal” system of interacting fermions, namely,
liquid helium of isotopic mass three at zero tempera-
tures; we are aware of a number of calculations of the
properties of this system which start from the two-body
system.2—® The earliest and only published calculation
was by Brueckner and Gammel,® who employed a two-
body interaction potential of the Yntema-Schneider®
form. The Lennard-Jones 6-12 potential” has also been

* Supported in part by the U. S. Atomic Energy Commission.
T Based in part on a Ph.D. thesis (Ref. 2).
1P. C. Martin and J. Schwinger, Phys. Rev. 115, 1342 (1959);
this paper is referred to as MS.
2D. E. Beck, Lawrence Radiation Laboratory Report UCRL-
11679, 1964 (unpublished).
( 3?) A. Brueckner and J. L. Gammel, Phys. Rev. 109, 1040
1958).
4C. C. Sung, Ph.D. thesis, University of California, Berkeley,
1964 (unpublished).
8§ R. E. Mills, Ph.D. thesis, Ohio State University, 1963 (un-
published).
( 35].)L. Yntema and W. G. Schneider, J. Chem. Phys. 18, 641
1950).
7 J. de Boer, J. van Kranendonk, and K. Compaan, Physica 16,
545 (1950).
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used extensively to describe the interaction of helium
atoms; we have taken this potential to describe the
two-body interaction. The nature of these potentials is
a relatively short-range attraction combined with strong
repulsion at closer distances. The most successful ap-
proximation for treating this type of system has been
the “T-matrix” approximation®®° which—in general
terms—is an approximation that includes only effects
arising from the explicit correlation of two particles.?
Baym! has derived a criterion which any approximation
must satisfy if it is to give self-consistent thermo-
dynamics; he has shown that the “7-matrix” approxi-
mation satisfies the criterion.

This is the first of two papers concerning the solution
of the coupled integral equations of the thermody-
namically consistent 7-matrix (TCTM) approximation.
In the second paper of this series our program of

(1851§j A. Brueckner and J. L. Gammel, Phys. Rev. 109, 1023
958).

9R. D. Puff, Ann. Phys. (N. Y.) 13, 317 (1961).

10 Bethe [H. A. Bethe, Phys. Rev. 138, B804 (1965)] has found
that in nuclear matter three-body clusters produce important
effects, and, since the range of the potential is of the same size as
the interparticle spacing in nuclear matter and about twice the
interparticle spacing in liquid He3, we would expect these terms to
be even more important in He3. A crude estimate of the contribu-
tion can be obtained by leaving out all three-body effects (which
has been found to be the best way to proceed with a two-particle
correlation calculation in nuclear matter); that is, by using Go in
Eq. (47). We obtain an average energy per particle of ~—2°K at
an interparticle separation of 79<2.25A (compare Table I).
Certainly, quantitative agreement with experiment will require
that some attention be devoted to three-body cluster. Pitaevskii
EL. P. Pitaevskii, Zh. Eksperim. i Teor. Fiz. 37, 1794 (1959)

English transl.: Soviet Phys.—JETP 10, 1267 (1960)]; see also
L. P. Gorkov and L. P. Pitaevskii, Zh. Eksperim. i Teor. Fiz. 42,
600 (1962) [English transl.: Soviet Phys—JETP 15, 417 (1962)1}
has found a large shielding effect in liquid He? for high angular
momentum states. The binding energy is primarily determined,
however, by the low angular momentum states and we would
consequently expect that the shielding will not be an important
quantitative correction. For a “normal” system we may expect
that these corrections will have only a small effect on the general
features of the spectral function—which is the primary object of
study in this paper.

11 G. Baym, Phys. Rev. 127, 1391 (1962). See also G. Baym and
L. P. Kadanoff, ¢bid. 124, 287 (1961).

161



162

TasBLE I. Primary quantities, present calculation, other calcula-
tions, experiment (7'=0). The calculated values of the chemical
potential are the solution of Eq. (53). The common temperature
units with k=1 for energy are used; the conversion factor for the
units used in the figures is 1 A2=16.36 deg.

Inter-
Average particle Effec-
energy per Chemical separa- tive
particle,  potential, tion, mass,
Source (E/N) (°K) u (°K) ro (A) m*/m
Experimental —2.53» —2.53s 2.43b 2.15¢
Millsd 0.0 0.0 5.60
Sung® —28 ~2.7
Puff-Martin —0.043 —0.811 3.25 1.0
approximationf
Brueckner and —0.96 —3.61r 2.60 1.84
Gammel#
(T)o Calculation —1.16 —1.39 247

g Reference 3.
b Reference 28.

e Reference 4.
f Reference 2.

¢ Reference 13.
d Reference 5.

a Reference 26.
b Reference 12.

obtaining the low-temperature properties of liquid
He?® within the framework of this approximation is
accomplished.

Section I of this paper is devoted to exhibiting the
coupled integral equations of the TCTM approximation;
here a brief discussion of the temperature-dependent
Green’s-function formalism is also given. In Sec. IT of
this paper we make further approximations requisite for
the preliminary calculation, which forms the main body
of the paper. The coupled integral equations, defined in
Sec. I, are simplified and decoupled by replacing the
spectral functions in the 7" matrix by noninteracting
spectral functions. The resulting 7o matrix retains the
essential interaction features exhibited by a zero-tem-
perature system of interacting fermions; however, be-
cause of this decoupling our approximation is not
thermodynamically consistent. This undesirable feature
is a property shared by most other calculations to date
(see Sec. IIC1); however, this approximation has the
interesting property (not shared by the other ap-
proximations) of yielding a spectral function with a
width.

An additional approximation we make to obtain a
manageable set of equations is that we use a finite sum
of separable potentials to represent the interaction be-
tween two He® atoms. This approximation does not
affect the thermodynamic consistency, but it may be a
poor representation of the actual two-body interaction.

Section ITA is devoted to developing the two-body
interaction for particles in the medium; the Ty matrix.
In Sec. ITB we calculate the spectral function using this
interaction and, since the modification of the two-body
interaction due to statistics of the medium is well
represented, we expect that our spectral function dis-
plays general features in common with that of the actual
spectral function.

Because of the approximations for the interaction we
would not expect the properties of liquid He® to be
predicted with great accuracy. Nevertheless, in Sec. IIC
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we calculate the ground-state properties and compare
them both with experiment and with other calculations.
The results of this comparison are summarized in Table
112,13 the quantitative agreement with experiment is not
impressive, but as good as that of other approxima-
tions, and we may expect improvement in this com-
parison from the complete calculation.

1. 7-MATRIX (TWO-BODY CORRELATION)
APPROXIMATION

A. Green’s-Function Formalism

In this section it is shown that the thermodynamic
properties of a system of interacting fermions may be
evaluated in terms of the average energy E and number
N. The formalism of Martin and Schwinger'?® is sum-
marized so as to clearly define the notation, and the
formulas for £ and &V are presented in terms of calculable
microscopic quantities.

1. Definition of the Problem; Thermodynamics

One assumes that the interaction in this system can be
described by an instantaneous two-body Hamiltonian,'

1
H()=— / VO )V () d
2m

1
5 / W (e (o (e— )
Xy (¢ 0 (el) dede, (1)

where ¢7(r,f) and ¢(rt) are the particle creation
and annihilation operators in the second-quantization
Heisenberg representation; in this and subsequent ex-
pressions the coordinate r contains the internal spin
variables. In the same representation, the number
operator is

N)= / P00 (n,) dr. )

The creation and annihilation operators satisfy the
anticommutation relations

{\ﬁ(l‘,t),l//(r',i)} =0 )
{ll/(l',t),t//f(l",t)} = 5(1‘— l") .

Puff® employs a modified Heisenberg representation
where the time development of an operator X (z) is given
by

3)

X(t)=ei5CtX(0)g—iJCt, (4)
with

KO=H{O)—pN®), ©)
and where p is the chemical potential.

2 E. C. Kerr, Phys. Rev. 96, 551 (1954).

1BYV. J. Emery, Ann. Phys. (N. Y.) 28, 1 (1964).

14 We use units throughout this paper in which m=#%=1; how-
ever, we generally include 7 explicitly.
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In order to describe the macroscopic behavior of the
system, one evaluates the expectation value of operators
over the grand-canonical ensemble.!® Thus for an opera-
tor X, MS defines

(X)wb=Z"1 tr[ e %X ], ©6)

where tr denotes the trace of the matrix is to be taken,
and Z is the grand-canonical partition function,

Z=tr[e#%]. ©)

The thermodynamic state of the system is defined by
u and B, the inverse temperature measured in energy
units; i.e., 6=1/«T, where  is Boltzman’s constant. It
is well known!® that all the equilibrium thermodynamic
properties can be obtained from the grand partition
function.
For a given u and B one can compute this function'’
if he knows
E=(H)*, ®
and
N=(N)**, ©)

as can be seen by the following argument: At zero
temperature the pressure P is, according toits definition,

(), )
— \ov/y \v/ av/o)\n/’
where U is the volume of the system. For a normal

system of fermions at zero temperature the Hugenholtz—
Van Hove theorem?!® states

(0E/dN)v=wu, (11)

which has the consequence, for a large system, that

“=§+<—g)a(1\f/=o)(f_v> '

The grand-canonical partition function is related to the
pressure by!6
(13)

Differentiating the logarithm of Z with respect to u at
fixed 8 and ‘U, one obtains a relation between dP/du and
(N/V)#817 and, similarly, differentiating the logarithm
with respect to 8 at fixed u and U, one obtains a relation
between 9P/dB and (H/U)*8. These relations can be

(10)

(12)

ZmB= 8PV,

15 Actually we should use the microcanonical average,
ZyNEE| X |NEE)
2{NE&|NEg) °

where |NE%) is an N particle state with total energy E and the
other constants of motion needed to specify the state are denoted
by ¢. However, Martin and Schwinger (Ref. 1) have shown that
Ehxs a.(\g)’,aage is approximately equal to the canonical average
Eq.
16T, D. Landau and E. M. Lifshitz, Statistical Physics
(Pergamon Press Ltd., London, 1958).
uT,. P. Kadanoff and G. Baym Quantum Statistical Mechanics
(W. A. Benjamin, Inc., New York, 1962).
18N. M. Hugenholtz and L. Van Hove, Physica 24, 363 (1958).

[NE|X|NE]=

PROPERTIES OF LIQUID He?

163

integrated to give P*8, and hence one can compute all
the properties of the system, if he'has £ and N [Egs. (8)
and (9)].

2. Microscopic Theory

Equations (8) and (9) may be evaluated from a
microscopic theory by using Green’s functions. The one-
particle Green’s function is'®

G(11)=—«T @' A4,
and the two-particle function is given by
G2(12;12)) = (—)XT @ (WP 21 (20 (1) );

in these functions 7 is the Wick time-ordering operator.
Using (4) to define G for complex values of its time
arguments, in the interval

0<iU<B,

(14)

and defining the time ordering in this interval by

T AN =y for i>ity,
=—ytA W) for n<it/,

one can use the cyclic property of the trace to obtain the
boundary condition

G(1) | ymo=—G(11) | (y—ss. (15)

The Hamiltonian, Eq. (1), is translationally invariant
in space and time (we assume an infinite system so there
are no boundary effects), and consequently

G(11)=G(r,t),
where

r=r—ry, t=t1—ty.

Introducing a “spectral function” 4 (pw) for G, and
performing Fourier integral transforms with respect to
the space components of G, and a Fourier-series analysis
with respect to the time component, MS obtain

dow A( ,w)
G(p,2,)= / ?

2 Z,—w

where z,=mv/(—18). Define the analytic function

dew A (pw
G(p2)= / @)

2r 3—w

(16)

for all nonreal z, by analytically continuing from the
points z,. The unique continuation has been shown by
Baym and Mermin® to be that which has no essential
singularity at |z| = «. Thus G(p,2) is a function which
is analytic in the whole complex z plane with the excep-
tion of the real axis, while 4 (p,w)—a real positive

19 We make use of the standard abbreviation

D)= (b)), @)=(r't), etc.
® G. Baym and N. D. Mermin, J. Math. Phys. 2, 232 (1961).
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function—is given by the discontinuity of G across the
real axis,

4 (p)w) = i[G(p; w+1€)_G(p7 w—ie)] .

Using the anticommutation relation (3) one can
easily obtain the sum rule

+0 Joy
/ -Z—A (p,w) =1.

™

)

(18)

For a given approximation the anticommutation rela-
tion may not exist or may not be in a convenient form to
obtain this sum rule for 4 (p,»). In this case we need to
know the properties that must be satisfied by G to
ensure the sum rule. Using the fact that G*(z)=G(3%),
Eq. (17) gives us A(w)=—2ImG(w+ie) and the
Herglotz theorem? (of the theory of analytic functions)
gives the necessary and sufficient conditions on G(p,3):
If G(p,2) is analytic in the upper half-plane, Imz>0, and
if in this half-plane ImG'< 0 and lim),5x2G(2)=1, then
the sum rule (18) holds.

In Sec. IA1 it was shown that one needs the two
quantities £ and N, [Eqs. (8) and (9)], in order to
obtain the equilibrium thermodynamic properties of the
system. These quantities can be expressed in terms of
the spectral function 4 (p,w). The number density
operator for the system is (2),

n(r,t) =‘//T(r,t)‘l/(r:t) )
so that, from (15) and (16),

dw dp
. f = / SoABI),

where
f@)=[e+11

is the usual fermion statistical factor. Since the system
is isotropic, {(n(r,t)) is independent of r and ¢ and it
follows that

<%>M=/ (zi:/ (Zi)aA(p’w)f );

for our system /V and O go to infinity in a manner such
that the ratio (/U) remains finite. Similarly, the
energy density is given by

Qﬁ / Z / (j:)a wﬂz/;m_“A (0) /(@) (20)

21 J. A. Shohat and J. D. Tamarkin, Tke Problem of Moments
(American Mathematical Society, New York, 1943). This theorem
is Lemma 2.2 on p. 24. (The authors wish to thank Dr. R. L.
Omnes for a discussion concerning this theorem and for bringing
this proof to their attention.)

(19)
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The equation of motion for G is

9 V2
(z—+—+n)c(11'>
oty

2m
iy / drs o(ri—1)Ga(12; 129 | n=0(1—17), (21)

where (2+)=(re, 1,10%). One sees that this equation
involves Gy, and the equation of motion for G, would
involve Gn—y and Gny1. Therefore, one has to solve an
infinite set of coupled differential-integral equations in
order to obtain G.

It is useful to introduce—following MS—the “self-
energy’’ operator 2 which is defined so that

a Vg
(i —+u)oaar)
61 2m
B
—[ dAzADGAY)=6(1—1). (22)

One can show!” that = satisfies the same boundary con-
ditions as G. One defines a “‘spectral function” for =,

P(pxw) ='L[E(p; w+7/€)'—'2(p) w_ie)] ) (23)

and consequently

+ dos T'(p,w)
5 (p,)= / e,

T 2—W

where Zo(p) is a real-valued function of p only. Here
allowance is made for the possibility? that im0 = Zo.
2(p,2) has such a finite limit if the two-body interaction
is not too singular; we shall always choose our inter-
action so that = has a finite limit.

When a Fourier integral transform is performed on
the coordinate variables and a Fourier-series analysis of
the time variable, (22) becomes

[z—2*/2m+u—2(p,2) ]G(p,2) =1, (24)
which, combined with (17) and (23), yields
4 (p,z) = I‘(p,w) [ (w - Pz/zm-l_”_ Rez (p:w> )2
+iT(pw)* T (25)

B. The Thermodynamically Consistent
T-Matrix Approximation

1. Motivation and Specification of the A pproximation

In Sec. TA we discussed the infinite set of coupled
integro-differential equations [ the first of which is given
by (21)], which need to be solved to obtain G. One
cannot hope to solve this set of coupled equations
exactly ; some approximations must be made.

For short-range forces with strong repulsion a useful

approximation which has been widely employed is the

2 J. M. Luttinger, Phys. Rev. 121, 942 (1961).
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T-matrix approximation.®#® This is an approximation

for G which neglects the correlation of a single particle
with a highly correlated pair. Formally, one takes®

G3(123;172'3") =G (13")G»(23; 1'2")
+G(11)G2(23; 23" —G(12))G2(23; 1'3")

which gives

G:(12; 12)=[G(11)G(22) -G (12")G (21")]

A
+% / AD[E(DGR)+6(11)6(22)]

XV(I-2)Gy(12;12"), (26)
where G° is the solution of (21) without the interaction
term, and

V(l - 2) = 7)(1‘1* 1'2)5 (f1* tz) .

An important further consideration in making ap-
proximations is thermodynamic consistency. If the
approximations do not satisfy certain consistency re-
quirements, one has no guarantee that the thermo-
dynamic quantities obtained are consistent. At zero
temperature if the results are such that the Hugenholtz-
Van Hove theorem (11) is not satisfied then one does not
know how to determine the pressure uniquely. The
situation is just as serious at a temperature because the
pressure P#8 obtained by two different integration
paths—using the relations between .P/du and (V/U)#8,
and 9P/3B and (H/V)*#, as discussed at the end of Sec.
TAl—may not be unique. Still a third result for the
pressure might be found by integrating the expectation
value of the potential energy with respect to the
coupling constant.!

As might be expected, the demand that an approxi-
mation lead to a single-particle Green’s function such
that the thermodynamic results are consistent places
strong restrictions on the possible class of approxima-
tions. Baym!! has used functional derivative techniques
to derive a criterion for approximating the single-
particle Green’s function and has proven that approxi-
mations which satisfy this criterion produce a consistent
picture. His criterion is that there must exist a “closed”
functional ® of G and the potential ¥ such that

Z(11")=80/6G(11"), 27
where the self-energy Z is to be considered as a func-
tional of G and V. Here a “closed” functional means one
in which all internal variables are integrated, or, in
terms of diagrams, no particle lines enter or leave the
diagram. In terms of diagrams, the differentiation of
Eq. (27), means plucking out one of the particle lines, as
is detailed in Fig. 1.

The approximation (26) does not satisfy Baym’s
criterion; however, Baym! has shown that the ap-

PROPERTIES OF LIQUID He3

Fic. 1. Diagrams for ¢
and . The solid lines

represent G and the dotted (a) (b)
lines V. (a) & in the
Hartree-Fock approxima-
tion; (b) = in the Hartree-
Fock approximation; (c) a
term in ® for the TCTM
approximation; (d) the
term in 2 corresponding to
the term illustrated in (c).

proximation

G»(12;1'2)=[G(11)G(22) - G(12)G(21")]

—18
i / d1d3 GUDGEHV(I—2)Ga(12;:12)  (28)

0

does satisfy his criterion.

2. Formal Development of the TCTM A pproximation

We take Eq. (28) as the basic equation of our
thermodynamically consistent 7-matrix (TCTM) ap-
proximation. If we define the T matrix by the integral
equation

(12| T|12"y=V (1—2)s(1—1")5(2—2")

—if
+i / di @2 (12| T|1D)G (110G 22V (1'—2"), (29)

0

the approximation (28) becomes

—ig
V(1—2)G:(12; 12 = [ dld2(12|T|12)

X[G(A1)G(22)—G(21)G(12)],
and from (21) and (22) we have

(30)

—ig
2(11’)=—if d2 d3 [(12|T|12) ;
’ —(12|T|31YIG(E2Y). (1)

Examining the structure of (| T'|), one sees that it

satisfies the same boundary condition as G(#—#v)
XG(h—'h'):

T(ti—tv)| ymo=T (h—tv)| y=—is-

One can express 7'(#1—¢r) as a Fourier series with
coefficients T'(3,), where z,=7»/(—i8) and » runs over
all even integers. Analytically continuing to all 2z, and
performing Fourier integral transformations with re-
spect to the center-of-mass and relative coordinates (see
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Chap. 13 of Kadanoff and Baym!”), one obtains
(p|T(P,2)[p")=v(p—p")

+ / —<p| T(P,2) | pyA (Bypo2)o(po—p'),  (32)

where
ddelP-i-,AlP-—,
A(P,p,z) / w G p, w)A G p, w’)

—w— o’

XA=fl@)=f)] (33)

and P is the center-of-mass momentum.
T () is analytic in the upper and lower halves of the
complex z plane, and

T*(z)=T(z*).

Watson® has shown that if 9() is finite everywhere,
T(2) is bounded by a constant as z—c. After per-
forming the time integrations in (31)—by means of the §
functions—and transforming with respect to the coordi-
nate variables, one can use the analytic properties of
G(2) and T'(2) to determine the Fourier coefficients of
the self-energy =(z,). Analytically continuing these
coefficients, one has®?

2= | (j_:) / j—:[A () /(@)

’

d >—iG(p', )

)

(34)

p—p P
><<-——| T(p+p', 0+3)]

x<_—l T(p+p ) w+1/5) T(p+p ) _15) ,
— [exchange terms],

folw)=[efo—11"

is the boson statistical factor. For a homogeneous,
isotropic, unbounded system 4 (p,w) depends only on
the magnitude of the momentum, p=|p|, and further-
more Z(p,z) does not depend on the orientation of p.

Equations (25), (32), and (34) are, explicitly, the set
of coupled integral equations which must be solved in
the TCTM approximation.

The theory could have been developed for a non-
local potential by using a potential® of the form
{ri—rz|v| rs—rs), corresponding to the local potential
8(|ri—r2| — | r3—1r4|)v(| r1i—r2|). If one had carried out
the development for this potential, the v(p—p’) in T
would be replaced by (p|v|p’y; we assume that the
potential in (32) has this form.

Because of the complexity of this set of equations we
must make a further approximation to facilitate their
solution. We wish to make a partial-wave expansion of
T'; hence we perform a Brueckner-Gammel®% type of

28 K. M. Watson, Phys. Rev. 103, 489 (1956).

where
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averaging rather than actually performing the angular
integrations in (32). This means we set

|§P=£p| > pr= (pHEP*EpP /N2 (39)

in A(P,p,2), which decouples the partial waves. This
approximation can cause our solution to violate Baym’s
criterion, but we hope this violation is minor enough so
that it does not affect the thermodynamic results. (A
point to be confirmed at the completion of the
calculation.)

A partial-wave expansion of 7" and v is made, and the
partial-wave components T'; of T are given by

n_ , podpo [ dwde’
<P|TZ(P’Z)IP>_<P[ l[?)"’/ (2n)? 27r 27r
A (potw)A (po—y0)[1—f(w)—f ('
X1 TP 2 po L) (PZ_:_EWI f@)—)]
X(polv:|p).  (36)

For liquid He? we need to consider a system of
particles with spin %, interacting via a spin-independent
interaction. The only complication introduced by spin
is that the momentum and coordinate integrations con-
tain an implicit sum over spin states. The direct part of
2 is multiplied by 2 as a result of this summation, and,
since we have no spin-flip mechanism in our interaction,
the exchange part is unaffected. Making the partial-
wave expansion and using the summation relation for
the spherical harmonics, we have, for the direct and
exchange contributions to Z,

2p|T(P,3) | p)—(p| T (P,2)| —p)
w 241
= E}T[2—(—1)‘]<PIT1(P,Z)I;/>>-

The spin sum contributes a factor of 2 to the expres-
sion for (/) and (3¢/0) [Egs. (19) and (20)]. One can
perform the angular integrations in the expressions for
these quantities to obtain, finally,

N\ #8 r*dw
A |
and
Jey #b ® dw
& L

% [ f’; : (w+—~#)A (p)f@. (9)

pdp
w w 7
. A(p)fl@)  (37)

II. THE (T), APPROXIMATION WITH A
SEPARABLE POTENTIAL (ZERO
TEMPERATURE)

The remainder of this paper is devoted to a zero-
temperature calculation of the properties of liquid He?
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in an approximation to the TCTM approximation of
Sec. I. This approximation, which we call the ()¢ ap-
proximation, retains the essential features of the TCTM
approximation and should be considered as a first step
toward the complete calculation. The approximation
involves the use of noninteracting spectral functions in
the T matrix and a separable potential to describe the
interaction of two free helium atoms; statistics, however,
are treated correctly. A closed expression is obtained for
the interaction of two atoms in the medium, with
consequent simplification of the calculation.

In the (7)o approximation the interaction between
quasiparticles depends on momentum, density, and
energy ; and, furthermore, includes finite lifetime effects.
All of these features will be present in the TCTM ap-
proximation, as well as in an even more complete
theory. We are encouraged, therefore, to confront the
results of the (T"), approximation with the experimen-
tally determined properties of liquid He?, which com-
parison may be found in Sec. IIC.

The calculation was performed on the Lawrence
Radiation Laboratory’s IBM 7094 computer and the
University of California at San Diego’s CDC 3600
computer.

A. Two-Body Interaction in the Medium

We obtain the (7)o approximation by replacing the
spectral function in the equation for (T"), (33), by

Ao(pyw)=2m8w— (p*—p)/2m].

Our approximation now is no longer thermodynamically
consistent. The w integrations in the equation for (T') are
trivial, and we have the equation for (7) in the (T,
approximation

(p|T(P,2)|p")o=(p|v|p)

/ dpo (p|T(P,2)|po)eS (ps*,pi-)po o] p') )
@r)  a—pl/mtpp/m—Pfam
where pP—pA\ (7D
N - _ —Ps
Sere)=1 f( 2m ) f( m )

In the zero-temperature limit,

S(ptp)=—1 for pt, p~<p; (hole-hole),
=0 for p~<p;<p* (particle-hole),
=1 for pt, p—>ps (particle-particle). (40)

This approximation for (7) retains the essential
features of the fermion system (it involves no ap-
proximations with regard to statistics) in contrast with
the approximations which have been used to date. The
Brueckner-Gammel® calculation neglects the hole-hole
term; the calculations of Mills® and Puff-Martin® are
formulated so that they have none of the features
present in (40) (this is discussed in more detail in
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Sec. IIC); Sung* makes a correction for the statistics,
but his correction is a very poor approximation to the
result obtained by solving with the statistical factors
included.

It is well known?? that v; can always be expressed in a
separable form

1 »
(ploul)=— SN0 (o ().
m =

We assume that we can represent v; by only a few terms
of the series. For =0, 1, 2, 3 we retain two terms of the
series, for /=4, 5, 6 only the first term; T;(P,3) is
negligible for larger /. This particular approximation
does not affect Baym’s criterion for thermodynamic
consistency, but the (T';) we obtain may not represent
the liquid He? system accurately. We have of course lost
self-consistency by our first approximation—as in-
corporated in (39).

We choose a form for the »,(?’s and solve the scat-
tering matrix for two free He® atoms. The coupling
constants and parameters in our potentials are adjusted
to match the phase shift calculated from potentials in
coordinate space for He’. The coordinate-space po-
tentials are local potentials whose parameters are ad-
justed by means of the virial expansion to fit the
experimental data for gaseous He3.%” The forms we
choose for our separable potential and the determination
of the parameters are discussed in Appendix A.

The separable potential allows us to write (T'}), in
closed form:

@y
(P17 P {[vz‘”(p),vz<2)(1>)]Mz(P,Z)
2,0 (p") .
X[ gy e PAT, 1)
where
gz2"1122(P,Z) Il12 (P,Z)
Ml yR) = )
(P2) [ 12(P,5) gﬂ—I;”(P,z):l
gif = 2m) /A
and

1 21D (P)0D (P)S (p+,p~
Iﬁf(P,z)=-—-/ #ip @2 DS@h) @)
mJo 2—p*/m—+p 2 /m— P/ dm
We need (T:(z))o only for z=w-tie and define the
integrals (42) by introducing a physical cut from
wo=P*/4dm—p2/m to + .
If po is defined by

p/m=w—P2/dm-+p #/m (43)

and the I;(w-+7¢)’s examined for <0, we see that the
I/’s are real, and consequently (T is real. We have in

% F. Riesz and B. Sz-Nagy, Functional Analysis (Frederick
Ungar, New York, 1955); see Sec. 69.
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this case

P1 ) (p)-vl(i) (p)
1P, wtie)= / pap—
l ) 0 | po| 2+

o 2D (p)0,4? ()
[t g,
J P2

| pol2+p?
where p; and p; are solutions of

P+(P:P1)=Pf,
and

P_(P’P2)=Pf-

If we had a potential which consisted of a single
repulsive term, then (41) would become

(27)* 0@ (p)v D (p')
m [gi—IM(P2)]’

where g;! is positive; for I; given by (44) it would be
possible for the denominator of (45) to be zero, and
hence we would get a pole in (7). For the potentials we
employ and when /=0, we get this type of pole in (T,
when P<p; and when p¢ is negative and very small
(e.g., Figs. 2 and 3, where the small imaginary part at
the pole in Fig. 3 is due to the angular integration which
has been performed). We know that I'(p,w) should not
be zero in this region, and if it is nonzero the imaginary
part of (T) will not be zero in this region, and hence we
would not have a pole. The integration of the real part of
(T), through the pole will behave like a principal-value
integral, and consequently we have simply removed the
singularity by smoothing the real part of (T, as
depicted by the dotted lines for negative w in Fig. 2.

For po>>0 the form of our potentials is such that if we
neglect g;* we obtain

(p|T (P, wtie)|p)
~—[v®(p) Ppo[ tan (por.—37 (I4-1))+1],

which clearly has the property that the real part of (T,
is highly singular for large po. Our numerical procedures
do not adequately handle these singularities and we
have had to smooth (T)y for large values of p,. The
procedure we employ is motivated by the following

reasoning : The angular integrations
p—p ’ >
2

/_1 ld(cosﬁp')< lT,(lp+p : ,w-l—ie)

2
must be performed, or, considering only the real part,

- f d(Cosop:)rcpo[tan(poh—g(l+ 1))]
2]

@ITUP2)| )= (45)

p—p
2
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where
p=w—t (B0 —3pp costytp .

Changing variables—and ignoring constants—we obtain
terms like

+1
M= —Z/ds s tan,:s——wjl R
2

where s=por.. For I odd we integrate from nwr—m/2 to
nw+n/2, and for ! even from nr to (n+1)r. Conse-
quently

M 1=4n7*0.693] lodd,

Mi=4(n+3)r’[0.693] for Ieven,

for

or
M (nm)=4n7?[0.6937;

hence we make the replacement
7epo tan{per.— 3w (+1)]— 1.386,

when p, is large. The effect of this smoothing is dis-
cussed, along with the numerical results, in Sec. ITB.
The separable potentials, fitted to the de Boer” phase-
shift data (see Appendix A), are numerically integrated
by using a Gaussian quadrature formula2’ to obtain the
I,% integrals. The angular integration in (34) is inde-
pendent of both G and 4, so we find it useful to evaluate

R(lb’ PI7 w+i5)
Qi+1)
4

=21r/ d(cosf,) ﬁ @2—(=1)*

/

p—p
2

)

0

><<Ip_2p,l 'Tz(lp+p’| , w-de)

which is symmetric in p and p’. R is the complex two-
body interaction, defined so that

R (?; P,y w+i5) =ReR (P;P/:"") —i ImR (P;P,aw) ’

F1c. 2. The real part of R [Eq. (46)] for representative values
of momentum ({T)s approximation). Dashed lines are at poles in
(T)o and dotted lines are smooth values of R used in calculation.

* Z. Kopal, Numerical Analysis (John Wiley & Sons, Inc., New
York, 1961).
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F16. 3. The imaginary part of R [Eq. (46)] for representative
values of momentum ({7")o approximation).

which is used to compute Z(p,w). In Figs. 2 and 3 we
have plotted the real and imaginary parts of R, re-
spectively, for a typical value of p; and several values
of p.

B. The Spectral Function (Self-Energy)

Inserting this complex two-body interaction (46),
into (34) and writing

G(P: w+7:e)= %[B (Py‘*’)”‘iA (P7w)] ’

and
Z (P; w+ie) =ReZ (P)w) —%d‘ (P’w) )
we obtain
=y (0 do
Rex()= [ T [ TAG )RR, 0+
[t} (27)3 —0 21['
+B(, o'—w) ImR(p,p' )] (47a)
and o g3y
rpu=2[ 2
o (2m)3

’

0
X f —A Q) TR(p, 0 +),

™

(47b)

where the zero-temperature forms of f(w’) and f;(w’)
have been used to define the limits for the w’ integra-
tions. These equations, and (24)

G(p, wtie)=[w—e(pw)+3T (pw) ],
where
e(p,w)=1*/2m—p+ReZ(pw), (49)

form the set of equations which we need to solve self-
consistently.

The spectral function 4 (pw), Eq. (25), is sharply
peaked at the single-particle energy, which we define as
the solution of

e(p)—e(p,e(p))=0;
the w integrations involving 4 (p,») in the interval

d=[e(p)—10.075¢(p) |, e(p)+]0.075¢(p)| ]
are performed by replacing 4 (p,w) by a & function,

A (py)=w(p)d(w—e(p)),

(48)

(50)
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in this interval. 4(p,w) is well behaved outside the
interval d, and the integrations outside this interval are
performed by Gaussian quadrature. The sum rule (18)
can be employed to determine w(p):

e(p)—d/2 0 dw
wip)=1-| f + ]—A (bs).
—o e(p)+d/212m

The integration of B(p,w) over the interval d is
obtained by letting
p(D)w—e()]

[o—e(@) P+Iv(D)F

and expanding the imaginary part of R in a Taylor’s
series about w= (). Retaining only the first two terms
in this expansion, we have

(1)

B(pw)=2

/ do’ B(P/;w,) ImR(P; P’y w+w,)
a

d ImR(p,p’ ")
=4p(p)————— (52)
()

@' =wi-e(p’)

0.075] e(p")
X[0.075 le(@) | —v(®") tan‘l——-ﬁ—-[—] .

v(#)
The Fermi momentum p; is defined as the solution of
p7/2m—p+Re2(p1,0)=¢(p1,0)=0. (33)

However, the behavior of the statistical factors and the
form of the interaction make it easier to carry out the
calculation for a fixed p; and use (53) to determine p.

The calculation thus proceeds as follows: For a given
ps we calculate R(p, p’, w+ie), (46); we then choose a
trial solution G(p, w+ie) for (48) and use this trial
solution in (47) to generate a new trial solution. This
process is repeated until the trial solution reproduces
itself; when the solution has converged we use the
resulting spectral function (25), in (37) and (38) to
calculate (V/U) and (3¢/0).

The convergence of this procedure is rapid, as may be
seen in Fig. 4, where e(p) is plotted for a number of
iterations in which the initial choice of a spectral func-

HO T T T 77T

Fi1c. 4. Iterations 2 .
of the single-particle P
energy [Eq. (50)] -~ Y T
for (T)o approxima- =<
tion. The zeroth ap- =
proximation is the %
kinetic energy minus
p72/2m, and the
dotted line is the - 3 B
ninth iteration.
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Fi1c. 5. e(p,w) [Eq.
(49)] for a repre-
sentative value of py
and p near p;. The
dotted line is e=w,
whose  intersection
with e(p,w) gives (p)
[Eq. (50)1.

Fi16. 6. The single-
particle energy, e(p).
The solid line is the
(T)o approximation
and the dotted line is
e(p) = *—ps))/2m.

P/

tion was
Ao(pyw)=2m8[w— (p*—p)/2m].

For p>>p; the convergence is even more rapid, since the
single-particle energy is dominated by the kinetic term.

In Fig. 5 we have plotted e(p,w), (49), for a typical
value of p, and some values of p near p,. We have also
drawn the line e=w whose intersection with e(p,w) gives
€(p), (50). In Fig. 6 we have plotted the values of (p)
versus p for the same value of p;. One sees that because
of the behavior of ¢(p,w), when w is near zero and p is
in the neighborhood of p, there is a sharp break in e(p)
near p;. Since there is only a single intersection of the
line e=w with e(p,w), there is no gap in €(p) and we have
a “normal” fermion system.

The peculiar behavior of e(p,w) near the Fermi surface
comes about owing to the presence of the second
integral on the right-hand side of Eq. (47a). This
integral involves ImR () for w<0, which is precisely the
region where we have the least confidence in our
interaction because of the presence of the pole—which
is treated only approximately. Also, there is essentially
a principal-value integral which has to be evaluated
when p is near p,, with consequent difficulty in ob-
taining reliable results from the numerical evaluations.
This integral was evaluated in a number of ways to
determine if this behavior was due to the numerical
methods used ; we found that the behavior was real and
not a result of the numerical integration. The approxi-
mations involved in obtaining the interaction preclude
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any prediction that this behavior is a characteristic of
the real physical system, and possibly it will not be
present in the TCTM approximation discussed in
Sec. I of this paper. Indeed, we see in Fig. 7, where we
have plotted e(p,w) for a larger range of w and p values—
and not amplified the region near w=0—that e(p,w) is a
reasonably well-behaved function of w and p.

If one examines the behavior of (T), near the pole
(see Fig. 2), it has the form

(T@Fid)m——+1(),

w—wot1e

where wg and s are negative and {(w) is a smooth func-
tion. Consequently, inclusion of the pole would give an
additional negative contribution to ImR(w) for w<O0.
However, most of the contribution to e(p,w) from ImR
is proportional to d ImR/dw, (52), and this analysis
gives no information concerning the resulting effect
on e(p,w).

For p; less than 0.80 A-! the intersection of the line
e=w with e(p,») occurs in a region where e(p,w) has a
positive slope (e.g., Fig. 4) for momentum points near
ps. When this happens, the iteration procedure becomes
unstable and we are not able to obtain a solution to the
equations.

In Fig. 8 we plot I'(p,w) for the same value of p; as
employed in the above-mentioned graphs. Luttinger?
has proven that to arbitrary order in perturbation
theory, at zero temperature,

T'(w) — cu?,
w—0

where ¢ is a positive constant. It can be seen that the
solution satisfies this criterion. The behavior of I'(p,w)
for w>0 is determined by the behavior of Im(7 ()}, for
w>0. For small relative momentum, and &> 0, Im(7'(w))o
is dominated by the hard shell. Consequently, for p<p;
and w>0, this aspect of the two-body potential domi-
nates the behavior of T'(p,w).

10
25 100 8 6 40 2 0 2 40 60 8 100 125
P(=.800

F1c. 7. e(p,w) [Eq. (49)] for representative values of momentum.
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This effect of the hard shell is clearly seen in the
momentum-density distribution function

0

n(p)= (4

dw
—A (? ,O)) )

—cp 4T

which is plotted in Fig. 9. For an ideal Fermi gas the
momentum density is unity for p<p; and zero for
p>py; for this calculation n(p)<1 for p<py, since
T'(p,w)>0 for w>0.

In Sec. ITA it was asserted that a pole in (7)) would
not be present if a more reasonable 4 (p,w) were em-
ployed than the one used to obtain (T"),. In Fig. 8(a) one
can see that I'(p,0) has a value comparable to e(p) for

B TR
1.0
& P=.09
= N
3 5k P=.80. -
=
|
S0 =5 0 5 10
ok
Fic. 8. T'(pw) [Eq. 15 () ! T T T
(47b)], the imagi- S
nary part of the self- <7 kY
energy for representa- bLS)
tive values of mo- R
mentum. (a) « near 1ok =
zero [T'(pw) — 0 as .
w— —o ], (b) 0>0. o
=
=
=
51— -
1.28
P;=.800
1 ! ] ]
0 20 40 60 80 100 120

. ot

small values of p and w<0, and from the analysis above
and Eq. (47b) one sees that the inclusion of the pole in
the interaction would make I'(p,w) larger for w<0. A
step toward obtaining the TCTM approximation would
be to use the output spectral function in (T’) to obtain a
new interaction, and in that approximation (7") would
be a smooth function for w<0. A larger I'(p,w) would
tend to further smooth (T); hence the approximation of
eliminating the pole is reasonable.

The error that results from the smoothing of Re(T),
for large values of po, (48), reflects in the behavior of
e(p,w) for values of w>>e(p). Since A (p,w) is sharply
peaked near e(p), an error in this region should not
affect its shape, but such an error can clearly alter the
value of w(p), (51). Because 4 (p,w) is such a peaked
function it is not very instructive to plot it; we have
thus plotted w(p), which is a measure of the amount of
A (p,w) contained in the peak in Fig. 10.
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C. Thermodynamic Quantities and Comparison
with other Theories

The spectral functions calculated in the (T), ap-
proximation and the two-body interaction cannot be
expected to give accurate quantitative agreement with
the experimentally determined thermodynamic proper-
ties of liquid He?. However, the spectral functions have a
reasonable form, and so we are stimulated to go ahead
and evaluate the thermodynamic properties, which we
then compare both with experiment and with other
calculations.

The experimental curves in the figures are obtained
by extrapolating the P-V-T data of Sherman and
Edeskuty?® to zero degrees and integrating to obtain
(E/N). We determine p by substituting (10) into (12).

The ground-state properties, for various calculations
now to be discussed, are compared with the experimental
values in Table I.

1. Mills Approximation

Mills® has used separable potentials very similar to
those in Appendix A, fitted to the de Boer data, and a
simple extension of the Hartree-Fock approximation!?
which consists of replacing the potential by the two-
body scattering matrix

dpo (p|S(Q)|poXpo]v|p’)
(2m)?
where Q= (P?/4)+ p*—2u, and_he has used_the station-

’

(plS(ﬂ)lp’)=<p|vlp’>+P/ O pe

F16. 10. The width
function [Eq. (51)] Z L o
(the curve approaches ~
unity for large mo-
mentum). A= .

Pg=.800R

2 I 1 | 1

10 20 30 40 50 60
P/

(1;66}){)' H. Sherman and F. J. Edeskuty, Ann. Phys. (N. Y.) 9, 522
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ary boundary condition to obtain a real S. For the self-
energy, he has

2(0.54)- o ® [ Zawase
L))
Apa)=2m3—e(p)),

e(p)=p*/2m—p+Z(p, 3p*—n).

Baym! has shown that the Hartree-Fock approximation
is a thermodynamically consistent approximation (see
Fig. 1) and Mills’s results satisfy the Hugenholtz-Van
Hove theorem (11). However, Mills has described a
physically unrealizable system with negative pressure.

with

and

2. Sung’s Approximation

Another calculation of ground-state properties, start-
ing from aftwo-body interaction, was performed by
Sung.* He calculated the phase shift from Schrodinger’s
equation for the Yntema-Schneider and 6-12 potentials
with an effective mass m* and replaced (T') in = by the
real part of the free-particle scattering matrix

2
sindy(p)esd |
»

2 (Ar
(?|Sl(%+%>l?>= - -

less a term to partially account for the statistical
factors; also 4 is taken to be

A (pyw)=2m8[w— (p*—p/)/2m*].
The effective mass is adjusted until the output value

1 o)

m
o)

is the same as the input value, and this value of m™* is
used to calculate the ground-state energy. He performed

BECK AND A. M.

SESSLER 146

calculations only for p,/3n* equal to the experimental
density, and made no attempt to find the minimum in
the energy-versus-density curve.

3. Puff-Martin Approximation

Figure 11 shows (E/N) and u versus density, for
liquid He?, calculated using the Puff-Martin approxima-
tion.? This calculation was performed? with the po-
tentials in Appendix A. It involves using

GO(P;Z) = [Z*Pz/zm—*_“]_l )
with p<0 in the 7 matrix (32). The resulting
(| T(R2) [p)pa=(plo[p")
+ / dpo {p| T'(P,2)|po)pae(po| 0| )
2w z—P2/dm— po/m~+2u

is real for z— w+-ie, where w<0. From Eqs. (47) one
sees that Z(p,w) is real for w<0, and, examining (50)
and (53), one sees that for p<p; and w<0 the spectral
function (25) is

A (pyw)=2mp(p)o(w—e(p)),

65(?;“") :I_l
w=€(p) .

dw
Using this spectral function in (37) and (38), one sees
clearly that only e(p) is needed for p<p,; hence one
need only solve

e(p)=1"/2m—p+ReZ (p,e(p))

where

p(p) =!—1—

and

ReZ(pw)=

p—p\ |P'—p
{5 kvl
2 2

and the expression for p(p) self-consistently for e(p)<O0.
In the nuclear-matter calculation, Puff® determined the
ground-state Fermi momentum p; by the criterion that
the Hugenholtz—Van Hove theorem (11) was satisfied.
Falk and Wilet? pointed out that Puff’s ground-state
solution did not have zero pressure as determined by
Eq. (10); they used this last criterion to determine the
ground-state solution.

The curve for this approximation in Fig. 11 was
obtained by using the potential fitted to the de Boer
data. The potentials with these parameters just managed
to produce a solution which satisfies

a(z\f/m(%)zo’

o (2m)?
pp

(w+e(p)+ie)

(53)

but was not able to produce a solution that satisfies (11)

2 D. S. Falk and L. Wilets, Phys. Rev. 124, 1887 (1961).
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with the constraint x<0. The calculation was also
performed with the potential parameters adjusted to
reproduce the phase shift from the Yntema-Schneider
potential ; no solution was found in this case.

4. Brueckner-Gammel A pproximation

The Brueckner-Gammel® calculation was not formu-
lated by use of thermodynamic Green’s functions; it is
difficult to describe in these terms. The essential fea-
tures are included if we take

A(pyw)=2m0(w—e(p)) for p<py,

A (pw)=2w6(w—e(p,2)) for p>py,

in (T), (32), and Z, (34). Here Q is to be determined
from a supplementary condition. Brueckner and Gammel
argue that the “hole-hole” term can be neglected and
hence the integration in (7") for the momentum is re-
stricted to pt and p—>p,. Also the interaction matrix
is real for all €(p,2), since they calculate (T off the
“energy shell” for these values. Their results® do not

and
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s | ]
wl
=
z
- 120k .
- l 1 l 1 I 1
160756 018 1020 022
DENSITY (A7)

Fic. 12. Average energy per particle [Eq. (57)] and chemical
potential [Eq. (53)] versus density [Eq. (56)]. Here er,and ur,
are obtained from the (7)o approximation, and ez and ug from the
experimental values obtained by extrapolating the data of Ref. 26
to zero degrees.

%8 Brueckner and Goldman [K. A. Brueckner and D. T.
Goldman, Phys. Rev. 117, 207 (1960)] discuss the modification of
the single-particle energy necessary to maintain the Hugenholtz—
Van Hove theorem in this calculation. Brueckner, Gammel, and
Kubis [K. A. Brueckner, J. L. Gammel, and J. T. Kubis, Phys.
Rev. 118, 1438 (1960)] have redone the nuclear-matter calculation
of Brueckner and Gammel, using a modified single-particle energy,
and they find that the Hugenholtz—Van Hove theorem is almost
satisfied in this calculation. Masterson and Sawada [K. S.
Masterson, Jr., and K. Sawada, Phys. Rev. 133, A1234 (1964)]
state that the Hugenholtz—Van Hove theorem is not applicable to
reaction matrix calculations.
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satisfy the Hugenholtz—-Van Hove theorem, as was
pointed out in the original paper.!®

5. (T Approximation

The spectral functions, which are calculated for
different p,’s, when used in Egs. (37) and (38) allow us
to calculate (N/U)*=. Substituting (54) into (37)
yields, for the density,

(Y[

using (5) and (38) yields, for the average energy per
particle,

<E>"'°° 1 = p%dp
. N —n/; w?

0 dwl P ;
X| —- —+u )Ad(pw). (5
/_w 2 2<w+2m+'u) @r). G

(56)

In Fig. 12 we display e and u versus #. The results
for 4 are not as accurate as those for e, since u is obtained
using Eq. (53), which, as we see in Fig. 4, involves the
intersection of two curves with comparable slope, while
e is obtained by integration of Eq. (57). In Fig. 13 we
plot # versus p,;, and for comparison we also plot
#54/3n%, which is the density of an ideal Fermi gas
corresponding to the momentum p,. From Figs. 12 and
13 we see that the density at which (55) is satisfied
corresponds to a Fermi momentum less than 0.80 A—.
As was explained in Sec. IIB, the iteration procedure
becomes unstable for values of p; below this value.
However, the minimum appears to be close to p;
=0.80 A, and we have extrapolated the calculated
values to determine the minimum.
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Fi1G. 14. Pressure versus density ({(T) approximation). Curve 1 is
obtained by using Eq. (10), and curve 2 by using Eq. (12). The
experimental curve (dotted) is an extrapolation of the data of
Ref. 26.

One can see, in Fig. 12, that the Hugenholtz—Van
Hove theorem, Eq. (11), is not satisfied for this ap-
proximation (as we would expect, since this is not a
thermodynamically consistent approximation), but the
discrepancy is smaller in this calculation than in the
other theoretical studies®® (except that of Mills). In
Fig. 14, P is plotted versus # from the experimental data
and also from Egs. (10) and (12). These two expressions
give different values for the pressure because our ap-
proximation is not thermodynamically consistent.

In view of the behavior of the single-particle energy,
for p near ps, we cannot obtain a meaningful value of
m* from the (T), calculation.

The use of the single-particle energy in (T) is an
important feature of the Brueckner-Gammel calculation
and presumably would be a desirable improvement in
the calculation reported here. We have not performed
this improved calculation (which would involve ex-
tensive computational time), but have moved directly
to the more extensive computation reported in Paper IT
of this series (where only the approximations described
in Sec. I are made).
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APPENDIX A: A SEPARABLE
POTENTIAL FOR He?

In Sec. ITA we introduced separable potentials which
were employed to evaluate the 7o matrix; this appendix
is devoted to explaining our choice of potentials, and the
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method employed to determine the potential parameters
so that these potentials can be considered to approxi-
mate the He® two-body interaction.

The choice of functional form for the potentials is
rather arbitrary. The primary criterion is convenience;
namely, a form which allows a maximum amount of
analytic computation. The parameters are adjusted so
that the phase shift resulting from the potentials ap-
proximates the phase shifts computed using the
Lennard-Jones 6-12 and the Yntema-Schneider po-
tentials.

The Lennard-Jones potential is

o-{()-0))

(eo/x)=40.88°K, ¢=2.564;

with

7 is in angstroms, and « is Boltzman’s constant. This
potential was fitted by de Boer ef al.” to the low-
temperature virial coefficients. The Yntema-Schneider
potential® is

124 1.89
o(r)= 60[12006—’/0'212——-————] ,

78 78

with (eo/k)=7250°K; it was fitted by these authors to
the virial coefficients up to 1000°K. The phase shifts
were computed by de Boer et al.” for the Lennard-Jones
potential and by Sung?®? for the Yntema-Schneider
potential.

Puff has developed the expression for the phase shift
in terms of the two-body scattering matrix for a
separable potential; we quote the relevant formulas
here. The scattering matrix is given by

@[S@]|p)=(p||p)
dpo (p|S(Q)|po)pov|p’)
+./ (2m)3

(A1
—pi/m )

and is related to the scattering amplitude by
m p02 .
fo)= -—(plS<—+ze)|po>-
47 m

Using the well-known relation® connecting the scat-
tering amplitude and the phase shift yields

(p|S1(p*/m—+ie) | p)
tand;= —— , (A2)
8x* [2— (ipm/8x)(p| S1(*/m+i€) | p)]

where (.S) has been expanded in partial waves. Choosing
the potential () in (A1) to be a sum of separable

# C. C. Sung, Lawrence Radiation Laboratory (private com-
munication).

O L. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com-
pany, Inc., New York, 1955).
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potentials,

1 2
(ol p)=—2 NP0 @ (p)v? (p),
m =1

one obtains a closed form for (S;) identical to Eq. (41)
with P=0, and the integrals 7%/ replaced by

2,9 ()0 P
7 i) = / w2 )

mQ— p?
One needs to evaluate (A2) for Q= (p?/m)+ie; this
value of © allows one to write (A3), when the symbolic
identity

(A3)

1
=P-Find(w)
wtie

is employed, in the form

2 oo @ (490D (!
J ”(g-—l—ie) =P / p’2dp'—————~—v @00 @)
m 0 ="

™
—pO (P (7

= jn(.?n_)__%jwm (p)vD (p). (A4)

Substituting for (S) in (A2), we have the explicit
formula

=100 o

m

x[:g g lﬂ} [detM ], (AS)
where
[ oy cotsiom)

and
gri=2mP/NO,

The Lennard-Jones 6-12 and the Yntema-Schneider
potentials are both strongly repulsive for small inter-
particle separations. To replicate this we choose a two-
term potential for /=0, 1, 2, 3, with one term giving the
short-range repulsion and the other term giving the
long-range attraction. For /=4, 5, 6 we use only an
attractive term, since the “angular momentum barrier”
shields the short-range repulsion.

The repulsive part of the potential is taken to be a
“hard shell,”

8(r—re) 8(r'—r.)

(r|vi| =020 ()0 ()=
4rrd

4ar
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TaBLE II. Parameters and deviations, Eq. (A6), for separable
potentials fitted to the Lennard-Jones and Yntema-Schneider
potentials.

Potential l 76 B 2@ 8 (Dev);
Lennard-Jones 0 1.872 1.505 —0.00805  0.019
1 1908 1.635 —0.00818  0.030

2 1.857 1421 —0.0713 0.042

3 173 0.0 —0.475 0.103

4 10 0.8285 —1.347 0.057

5 10 0.9573 —1.038 0.058

6 10 0.897 —1.686 0.034

Yntema-Schneider 0 2.048 1.023 —0.000947 0.014
1 2050 0.977 —0.00218 0.031

2 2.085 0.855 —0.0161 0.039

3 1997 0.0 —0.0518 0.221

4 10 0.621 —4.76 0.790

5 1.0 0.781 —2.25 0.185

6 10 1.014 —1.29 0.033

a gi(1) =~ —10~42:2),

which yields, after a spherical Hankel transform has
been performed,*

v ®(p)=741(0),

where p= pr.and the j;’s are spherical Bessel functions.®
For I=0, 1, 2 we use

0@ ()= = [0r—r.)/drr STt (i),

where 6(7) is the Heaviside unit function (defined as
zero for negative argument and unity for positive argu-
ment), and %;® is a spherical Hankel function of the
first kind.® Transforming this potential, one obtains

1@ (p)= [/ (0*+B%) J[187:1(0) 11 (iB)
—phi® (i8) j1-1(0) 1,

where B=ar, and 7. are two parameters yet to be
determined. For /=3 we use

29 () _0G—ro) (2 ) b |

drrd \r

whose transform is
2@ (p)=71-1(p)/p.

The attractive potentials employed for /=4, 5, 6 have no
simple coordinate space representation; in momentum
space they are

o® () =t/ [+,
3t The spherical Hankel transform of g(7) is given by
s =t [ 50 ).
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Evaluating the integrals J, one obtains tand;, and
then adjusts the various parameters to reproduce the
phase shifts computed from the 6-12 and Yntema-
Schneider potentials. The parameters which give the
best fit to the phase-shift data are tabulated in Table IT.
The phase shift for the 6-12 potential” was available for
20 equally spaced momentum values between 0.086 and
1.564 A~ and for the Yntema-Schneider potential®-2 for
25 momentum values between 0.086 and 1.954 A~ The
separable potentials were fitted to these values, and the
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deviation quoted in Table IT was computed by using

1 ~
(Dev)i={— 2 [(2I+1)
N n=l
1/2
X (6 ldeB or Y—S (%)—' BlSep (’ﬂ) )]2 , (A6)
where N=20 or 25. The coupling constants for the
repulsive core are taken as large, but finite, positive
numbers of the order of 10 to 10° times the magnitude

of the attractive coupling constants.
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A method of counting bound states is modified and applied to singular helium intermolecular potentials
to determine the conditions under which such potentials support a single bound state. Results are presented
for the “6-9’’ and “6-12” potentials and compared with the results of earlier variational calculations.

I. INTRODUCTION

HERE has been some discussion in the literature!—3
as to the existence of bound states in the various
intermolecular potentials proposed for helium.* This
matter is important since the bound states enter into
the calculation of virial coefficients and transport
properties of helium.? The earlier calculations of Refs.
1 and 2 were based on variational methods for determin-
ing the values of the potential parameters just sufficient
to bind a single s state; the results are of uncertain
accuracy and bound the correct values from one side
only. This situation is further aggravated by the fact
that, with the intermolecular potentials generally used
for helium, a bound state, if it exists, is bound very
weakly.

In the present work we give some results for the
critical potential parameters using a modification of a
method for counting the bound states in central
potentials,® the modification being required because of
the highly singular potentials with which we must deal.
This method characterizes the potential by a single
parameter w, such that increasing « results in an
everywhere-more-attractive potential. By direct in-

1T, Kihara, Y. Midzuno, and T. Shizume, J. Phys. Soc. Japan
10, 249 (1955).

2 J. E. Kilpatrick and M. F. Kilpatrick, J. Chem. Phys. 19,
930°(1951).

3 A. Pais and G. E. Uhlenbeck, Phys. Rev. 116, 250 (1959).

¢J. O. Hirschfelder, C. F. Curtis, and R. B. Bird, Molecular
Theory of Gases (John Wiley & Sons, Inc., New York, 1954).

5H. M. Schey and J. L. Schwartz, Phys. Rev. 139, B1428

(1965). The reader should consult this reference for details of the
calculational method.

tegration of the zero-energy Schridinger equation, one
determines the inverse scattering length &' of the
potential as a function of w. The potential that will just
bind a single state is then characterized by the critical
value of w, i.e., the smallest w for which ¢~'=0. This
method, with its modification as given below, is
straightforward, applicable to a wide class of singular
potentials, and not beset by the uncertainties associated
with variational methods.

II. METHOD OF CALCULATION

The zero-energy reduced radial Schrédinger s-wave
equation for a two-body system of reduced mass m
interacting through a potential V() is

7 d?
—— —+V (r)u(r)=0.
2m dr?

Standard intermolecular potentials have the Lennard-
Jones form

V (r)= (#/2mas’)[a(ao/r)"—B(ao/7)"]

with ao=7%%/me?, and « and B are dimensionless con-
stants. The dominant features of this potential are (1)
the attractive induced dipole-dipole interaction varying
as 1/7% and (2) the hard core which goes as 1/7. The
exponent # is generally chosen between 8 and 14. We
shall deal here with the two cases #=9 and n=12
(commonly called the 6-9 and 6-12 potentials). To
associate the parameter w with the attractive term in



