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Finite-Temperature Equation of State with Three-Body Force Correlations *
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The equation of state of asymmetric nuclear matter at finite temperature is studied in the framework of the
Brueckner—Hartree—Fock approximation which is extended to include three-body force correlations. Due to the
additional repulsion produced by three-body force contribution, the proton or neutron potential energy and
effective mass are correspondingly enhanced. The symmetry energy gradually becomes more sensitive to the
temperature with the increasing density compared with the result that only includes the two hole-line contribution.
The asymmetry parameter dependence of symmetry energy is also indicated. It is shown that there is the same
linear relation between symmetry energy and (3° as the zero temperature case with 3 being the asymmetry

parameter.
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With the development of heavy ion collision
physics, researchers have intensely investigated the
properties of strongly interacting hot and dense nu-
clear matter, and it is expected that new information
of the nuclear equation of state (EOS) at finite tem-
perature can be obtained at different densities. In
addition, a comparable interest in EOS also exists in
astrophysics, in which the dynamics of supernovae
explosions and the structure of neutron stars are
very sensitive to the properties of nuclear matter far
from the saturation point. Under astrophysical con-
ditions, mainly in the later stage of the supernovae
collapse, the temperature dependence of the nuclear
EOS is of great relevance anyhow, even if the tem-
peratures reached in the process are probably below
the critical temperature. Therefore, the properties
of hot nuclear matter has been studied with a vari-
ety of models. A semi-empirical method introduced
many years ago (! to derive the finite-temperature
EOS (FTEOS) is based on the application of the
so-called Skyrme force.?l The Skyrme forces (SF)
are phenomenological effective nucleon—nucleon (NN)
interactions, widely employed in nuclear structure cal-
culations. In addition, there have been microscopic
calculations reported.[—5!

In this Letter, based on the finite-temperature
Brueckner-Hartree—Fock (FTBHF) theory, we intro-
duce the microscopic temperature-dependent three-
body force (TBF). As far as the present understand-
ing of the microscopic structure of nuclei is concerned,
the NN potential originates from the exchange of
mesons. In the NN interaction by absorbing and
emitting the mesons, it should follow the correction
to the nuclear structure (such as the virtual excita-
tion of intermediate nuclei). In a nuclear medium,
due to Pauli blocking, the nuclear virtual excitation
is inevitably connected with the third degree of free-
dom. Thus, the three-body force is introduced by
considering this freedom degree. Many authors ¢!

have used three-body forces to implement the sat-
uration curve calculation of nuclear matter at zero
temperature and obtained a satisfactory result, which
improves the saturation point properties to the great
extent. Thus, it is necessary to introduce TBF into the
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Fig.1l. Some processes contributing to the three-body

force.
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FTBHF theory at finite temperature. The micro-
scopic three-body force adopted in the present calcula-
tions is constructed from the meson-exchange current
approach as described in Ref. [7]. In the one-boson ex-
change (OBE) approximation, four important mesons
7, p, o and w are considered.[8] They are schematically
depicted in Fig.1, as in Ref. [7].

On the basis of the difference between the Fermi
distributions at zero temperature and at finite tem-
perature, we extend the TBF at zero temperature to
the one at finite temperature and introduce it into
the FTBHF theory. At finite temperature the Fermi
distribution can be expressed by

£ kT k0, 8) = [1 4+ exp (S 0) 8

The formalism of the Brueckner-Bethe-Goldstone
(BBG) theory is described for the case of asymmet-
ric nuclear matter.[?19 The proton and neutron Fermi
momenta are k}. = [372p,]'/3 with 7 = p or 7 = n,
1 1 . .

5(1+,6’)p, Pp = 5(17ﬂ)p, and the isospin
asymmetry parameter is § = Pn — Pp by the defini-

where p,, =

p
tion. The basic ingredient of the BBG approach is
the reaction matrix G that satisfies the generalized
Bethe—Goldstone equation
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where v is the bare NN interaction, w is the start-
ing energy, and @, ., is the finite-temperature Pauli
operator,

Qrrr = Qrios (a b, T, p, B)
=[1— fr(ka, T, kL (p, B))]
[ Sk TRR (0B (3)
The single-particle energy is expressed by

hZ
e‘r(kaTa pvﬁ) = %k2 + UT(k7T7 P, ﬁ) + VBT(kaT7pa ﬂ):
(4)
where U, (k, T, p,3) is the two hole-line contribution
to the BBG expansion using continuous choice ! for
the single-particle potential, namely

Un(k, T, 6) = 5 S5 o (K TR ) 2 (8, T, K
k/

!

(kK'|Gr 7 (T, pye(k) + e(K'), B)|KE') 4,

(5)
and V7 (k,T,p, ) is the three-body contribution to
the potential energy at finite temperature at some

momentum value. We can sum up all contributions
depicted in Fig.1 in the momentum space and obtain

V3T (T7 Py ﬂ) :V3T72U (T’ P /6) + V3T72w (T, P ﬂ)

+ VT, p, B) + Vi (T, p, 7
6

where V" 20 (T,p,0B), V5" 2“’(T, p,3),- - represent the
20, 2w, - - - meson exchange TBF contributions. In the
FTBHF approach with TBF, Egs. (2) and (4)—(6) can
be solved self-consistently for each density. The bare
potential adopted as input in Eq. (2) is the Argonne
V15.1'2l The equation needs five iterations to reach a
satisfactory convergence. Thus, the single-particle en-
ergy e(T, p, 3) is obtained.

Using the extended FTBHF theory including TBF
we have obtained the critical temperature of the
liquid—gas phase transition for symmetric nuclear mat-
ter, i.e. Te ~ 14MeV,[!3 which is analogous with
some results.[1:3] Therefore, here we mainly discuss
the thermal properties of some physical quantities and
their variations after the TBF is introduced, which is
important for understanding of this phase transition
phenomenon and nuclear interaction.

Figure 2 shows the proton or neutron potential en-
ergy of the symmetric nuclear matter at density p =
0.16 fm~3 for three values of temperature T = 0 MeV,
10 MeV, 20MeV. As T increases, the proton or neu-
tron potential energy becomes higher; the increment is
about 4 MeV. The behaviour leads to the enhancement
of the binding energy per nucleon, and then heightens
the pressure. The solid line shows a slight difference
in shape compared with the dashed and dotted lines.
We believe that this fact can be attributed to the nu-
merical treatment of the proton or neutron potential
energy in the self-consistent procedure, and in this
way Eq. (2) can be numerically solved, and the poten-
tial energy can be obtained fully self-consistently up
to 5fm~!.
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Fig. 2. Proton or neutron potential energy as a func-

tion of momentum with different temperatures at density
p = 0.16 fm~3 for symmetric nuclear matter (3 = 0).

In order to indicate the effect brought about by
the TBF on the proton and neutron potential energy,
Fig. 3 displays the result as the function of asymmetry
parameter (3 at the density p = 0.16 fm—2 and the tem-
perature T'= 10 MeV. Briefly, the introduction of the
TBF leads to an additional repulsion for the poten-
tial energy. The additional repulsion is slightly larger
than that at zero temperature.['8! To the neutron po-
tential, the additional variable is 3 MeV to 2 MeV from



260 LI Zeng-Hua et al.

Vol. 21

symmetric nuclear matter to the pure neutron matter,
and it is 3 MeV to 6 MeV for the proton potential. The
inequilibrium in the increasing value is mainly due to
the reduction of the protons and the addition of the
neutrons in the quantity with the increasing 3. There-
fore, it can be further seen that the additional repul-
sion produced by the TBF becomes slightly stronger
when one moves from symmetric nuclear matter to the
pure neutron matter.
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Fig. 3. Proton and neutron potential energy including

(solid) and excluding (dashed) TBF.

According to the extended FTBHF theory with
TBEF, it is essential to discuss the isospin effect of the
symmetry energy. In heavy-ion collision with exotic
beams, regions of large charge asymmetry could be
formed and their properties are expected to be very
sensitive to the EOS of asymmetric nuclear matter. It
is hoped to decide whether nuclear matter is asy-stiff
or asy-soft for the density dependence of the symme-
try energy. This point has been of importance for a
long time. In the prompt explosion model of a type-
IT supernova, the [3-capture process drives the star to
the last stage of the collapse where the proton frac-
tion is about 0.33. Thus, the cooling mechanism of
a protoneutron star via direct URCA processes re-
quires knowledge of the symmetry energy in hot nu-
clear matter with high accuracy.[!516] At zero temper-
ature, studies based on microscopic many-body theo-
ries have shown that the energy per nucleon in asym-
metric matter can be approximated by a parabolic
function,®1718] 5o the symmetric energy E,ym is nor-
mally extracted from the energy difference between
pure neutron matter and symmetric matter. The re-
sults for the temperature T = 20 MeV are depicted in
Fig. 4. It is indicated that there is the same linear re-
lation between symmetry energy and 32 as the one at
the zero temperature after the TBF is included based
on the FTBHF theory.

Density dependence of the symmetry energy is de-
scribed in Fig.5(a). It is obvious that the symme-
try energy is almost insensitive to the variation of T
However, compared to the result given by Bombaci in
Ref. [19] that only included the two hole-line contri-

bution, the symmetry energy gradually becomes more
sensitive to the temperature with the increasing den-
sity, which is the same as the result including the TBF,
as shown in Fig.5(b). At high density the effect of the
TBF is more evident.
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Fig. 4. Symmetry energy versus 82 in the range 0 < < 1
at two densities.
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Fig.5. (a) Symmetry energy as a function of density at
three temperatures and (b) density dependence of sym-
metry energy including (solid) and excluding (dashed) the
TBF at temperature T' = 20 MeV.

In addition, we also study the effect of the TBF on
the effective mass and the temperature dependence of
the effective mass. The effective mass m™* is expressed
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by

mi(k) k (dET(k)\~!

mo E( dk ) ’

where T represents proton or neutron. This formula
incorporates the nonlocal part of the mean field that
makes the local part less attractive for a nucleon trav-
elling with momentum k > 0. Figure 6 shows the mo-
mentum dependence of m* with three temperatures
T =0, 10, 20MeV at density p = 0.16 fm—2 for sym-
metric nuclear matter. The results are in good agree-
ment with the ones reported in Refs.[20,21]. As in
the zero-temperature regime, the peak of m* (k) stays
around the Fermi momentum kpr. However, the val-
ues of the peak become lower as the temperature in-
creases. When the momentum k > 2fm™!, the value
of m* becomes higher than the result of Ref. [4] that
excluded the modification of the TBF in the BHF the-
ory, which is due to the fact that the TBF can produce
a stronger
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Fig. 6. Momentum dependence of effective mass at three
temperatures for symmetric nuclear matter.

08—

0.80

0.75
g
P
g
0.70
0.65
o0l 1+ . 4. L
0.0 0.2 0.4 0.6 0.8 1.0
B

Fig. 7. Proton and neutron effective masses as a function
of asymmetry parameter including (solid) and excluding
(dashed) three-body force.

repulsion at densities above the saturation point. This
repulsion is illustrated in Fig. 7, from which we can see
that the addition of the three body repulsive potential
results in enhancement of the proton and the neutron
effective mass. However, in the whole range of asym-
metry 3, this increment induced by the introduction of
TBF hardly changes. The reason is that the repulsion
cannot lead to too large an enhancement of potential
energy along with § (see Fig. 3), so that it can seldom
cause the change of the proton and neutron effective
masses to any great extent as the asymmetry param-
eter increases.

In summary, we have discussed the equation of
state at finite temperature based on the FTBHF the-
ory by introducing the temperature-dependent TBF
contributions. We have also shown the temperature
dependence and the isospin dependence of the pro-
ton and neutron potential energy, symmetry energy
and the effective mass for nuclear matter. In virtue
of the additional repulsion produced by the TBF con-
tribution, the proton or neutron potential energy and
effective mass are correspondingly enhanced, and the
symmetry energy gradually becomes more sensitive to
the temperature with the increasing density compared
with the result that only includes the two hole-line
contribution. The linear relation between the symme-
try energy and 32 proves the availability of the empiri-
cal parabolic law of binding energy per particle for the
finite-temperature case. Moreover, the TBF contribu-
tion manifests stronger repulsion at densities above
the saturation, which is very important for study-
ing the dynamics of supernovae explosions and the
structure of neutron stars. Therefore, the extended
FTBHF theory including TBF is more adapted to in-
vestigate the properties of compact objects with high
densities in astrophysical conditions.
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