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Abstract. Bethe has proposed two model N-N interactions, one containing a central
plus 0,.4, spin dependence and the other containing in addition a tensor force, to study
the convergence of various many-body techniques for calculating the bulk properties
of many fermion fluids. Following the success of our constrained variational calculations
in describing the behaviour of the original Bethe homework problem involving a purely
central interaction, we now present our results in neutron matter and nuclear matter
for the new spin-dependent potentials.

Four years ago Bethe proposed that the repulsive part of the !S, Reid soft-core
potential (Reid 1968) acting in all relative partial waves should be used as a model
interaction in calculating the bulk properties of a Boltzmann gas of ‘neutrons’ as
a homework problem for the comparison of various many-body techniques. We car-
ried out such calculations using a lowest-order constrained variational procedure
(Owen et al 1976a) and obtained excellent agreement with the results of Chakravarty
et al (1974) and Shen and Woo (1974), both of which involved explicit calculation
of many-body terms in a cluster series. The homework problem has been extended
to include neutron matter and nuclear matter calculations with full allowance for
Fermi statistics. Other model central potentials have also been investigated, e.g. the
full 'S, Reid soft-core potential, the central part of the 3S;—3D; Reid soft-core poten-
tial, the Iwamoto—Yamada (1957) interaction and the Ohmura-Morita—Yamada
(1956) potential. These interactions have been used in calculations on both neutron
matter and nuclear matter with a considerable measure of agreement between hyper-
netted chain (HNc) and Monte-Carlo (Mc) results. Our lowest-order variational
calculations with a normalisation constraint (Owen et al 1976b) are in satisfactory
agreement with the HNC and Mc results.

At the Workshop on Dense Matter organised by Pandharipande at the University
of Illinois at the beginning of May 1977, Bethe announced that he considered the
homework problem and its extension to fermion systems with the model central
potentials as being solved. There was still considerable debate, however, about the
results for spin-dependent potentials and particularly with regard to the tensor force.
To help clarify this debate Bethe proposed two new model potentials

Vi = Ve + Vs564.0, (1)
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and
Veo=Vs+ 1151, (2)
where
Ve = (=9163 e~ % + 6484 ¢~ 7%)/x (3)
Vs = (3-488 7% + 263:55e™*%)/x 4)
and
Ve = —10463 [(1 + 3/x + 3/x%)e™* — (3/x? + 12/x)e”*+*]/x
+ (35177 €% — 16735 ¢~ %%)/x (5)

in MeV and the separation distance x is in pionic units of 0-7fm. The proposal
was that V5 should act in all channels and that V; should act in all triplet states.

Table 1. Calculated contributions to the energy per particle in MeV for neutron matter
using the potential V5.

ke (fm™)
-5 17 19 2-1
1S, —1720 —2063 —2371 —26:36
P, 0-31 0-54 091 1-55
P, 092 161 274 4:66
P, 1:56 2:69 4-58 7-80
°F, 0-16 024 0-31 0-36
D, —2:95 —522 -850 —13-07
Two-body energy —17-20 —20:77 —23:66 —25-06
Kinetic energy 2797 3593 44-88 54-83
Total energy 1077 1516 2122 2977

Table 2. Calculated contributions to the energy per particle in MeV for nuclear matter
using the potential Vj.

ke (fm 1)
1-2 1-4 1:6 1-8 2:0 22
1S, —1510 —20-49 —2593 —3090 —34:58 - 3576
Py 0-21 039 072 1:34 2:48 4:42
'p, -2:31 —4:09 —6-58 —-985 —13-89 — 1866
38, 525 8-84 14-48 2332 36-87 5683
D, 0-07 0-10 012 013 012 011
’p, 0-63 1:16 2:15 4-03 745 13-26
'D, —1-60 —324 - 590 -993 - 1566 —2348
°D, 0-08 011 014 015 0-16 019
P, 1-07 1-97 366 682 12:56 2230
5F, 010 019 0-30 0-41 0-50 0-55
Two-body energy —11-61 — 1505 —16-85 —14-47 —399 1976
Kinetic energy 17-91 24-37 31-85 40-31 49-76 60-22

Total energy 630 9:32 1500 25-84 4577 7998
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Table 3. Calculated contributions to the energy per particle in MeV for neutron matter
using the potential V.

ke(fm™")
1-6 1-8 20 22
S, — 1895 —2222 —2507 -27-14
3P, 0-40 0-73 1:32 227
P, —3389 —48-69 —66-52 —87:37
’p, 1-27 2:29 4-55 9:02
°F, 325 542 839 12:36
D, -3:96 —672 —10-61 —15-88
Two-body energy —51-89 —69:19 —87:94 —106:74
Kinetic energy 31-83 40-28 4973 60-17
Total energy —20:06 —2891 —3821 —46:57

Table 4. Calculated contributions to the energy per particle in MeV for nuclear matter
using the potential V.

ke(fm =)
12 14 1-6 18 20 22
S, —151 —2047 —2583 —3066 —34-22 —3543
3P, 022 041 077 143 257 449
'p, —2:31 —409 —658 —9-84 —13-88 — 1865
38, } —804 —972 —10-13 - 839 —336 633
3D, 097 192 337 543 817 1171
3p, — 1818 -3076 — 4764 —69-05 -9507 —12571
D, — 160 —324 —590 -992 — 1566 —23-48
D, —187 —362 — 625 —-993 —14-83 —21-08
P, 179 363 700 12:71 21-84 3576
°F, 129 2:74 506 846 1311 19-23
Two-body energy —42:84 -6319 —86:12 —-109:78 —131-34 —14885
Kinetic energy 1791 24.37 3185 40-31 49-76 60-22
Total energy —2493 —3882 — 5427 —69-47 —81-58 — 8863

It was proposed that calculations on both neutron matter and nuclear matter should
be performed.

Using the techniques of lowest-order constrained variational calculations de-
scribed by Owen et al (1976b, 1977), we have carried out such calculations. In table 1
we present a partial-wave analysis of the contributions from the interaction V; to
neutron matter and in table 2 the corresponding results for nuclear matter. In table 3
we present our neutron matter results for the interaction V,. We note the complete
lack of saturation in this case. Closer examination of table 3 shows that this is
due almost entirely to the strongly attractive *P; contribution and it becomes clear
from a comparison of table 3 with table 1 that this is due almost entirely to the
diagonal tensor matrix element. Usually phenomenological nucleon—nucleon poten-
tials fitted to the scattering phase-shifts would put no tensor force in this channel
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Figure 1. Calculated internal energies for neutron matter using (A) potential V3, (B) poten-
tial ¥, and (C) potential V; in all channels except *P,—°F, where V, is taken to act.
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Figure 2. As figure 1, but for nuclear matter.
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This result is given support in table 4, where we present our nuclear matter results
for the potential V. In this case we do find saturation, but only at very high density
and with extremely large binding energies. The overbinding is again attributable to
the tensor force in the *P; and 3D, channels. To investigate this further, we have
considered the model potential V; acting in all channels with V, only acting in the
tensor coupled channels, ie. *P,~3F, in neutron matter and 3S,-*D,; and 3P,-°F,
in nuclear matter. Our results are presented in figures 1 and 2.

We await with interest the results of HNC and Mc calculations with which these
results may be compared.

We would like to thank John Owen for his assistance with many aspects of this
work and one of us (CH) wishes to acknowledge the award of an SRC Research
Studentship during the course of this work.
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