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The properties of hot asymmetric nuclear matter are studied in the framework of the finite temperature Brueckner—

Hartree—Fock theory that is extended to include the contribution of microscopic three-body forces. We give the variation

of the critical temperature with the asymmetry parameter and show the effect brought by this three-body repulsive

potential on the value of the critical asymmetry of the phase transition for asymmetric nuclear matter. Owing to the

additional repulsion provided by three-body forces, this value decreases. In addition, the domain of mechanical instability

for hot nuclear matter is also indicated, which gradually shrinks with increasing asymmetry and temperature.
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For a long time it has been believed that, due
to the Van der Waals nature of the nucleon—nucleon
interaction, nuclear matter is likely to exhibit a liquid—
gas phase transition.!] Tt is a common interesting
phenomenon observed or expected in various fields:
melting and boiling of condensed matters and atomic
clusters,2~4 decay of hot nuclei,®9 transition to
quark gluon plasma in high energy nuclear collisions
and so on. In heavy-ion collisions, part of the hot nu-
clear matter can be also produced. During these reac-
tions, liquid—gas phase transitions may occur depend-
ing on the temperature and densities involved.["8! In
addition, hot nuclear matter is also of particular inter-
est for problems of astrophysics. Under astrophysical
conditions, mainly at the later stage of the supernovae
collapse, the temperature dependence of the nuclear
equation of state has some important applications,
even if the temperature in the process is probably be-
low a critical temperature. So the investigation of
the equation of state for strongly interacting, hot and
dense nuclear matter provides a fundamental starting
point in heavy-ion physics and astrophysics.[%1% Thus

various models, such as the semi-empirical Skyrme

forces method,' a chiral hadronic model™? and
some other microscopic theories, are all used to study
the properties of hot nuclear matter.

However, most microscopic approaches to nu-
clear matter are limited to its ground-state proper-
ties. This is understandable, since all non-relativistic
calculations encounter difficulties in reliable reproduc-
tion of the saturation properties of nuclear matter
in its ground state. It is therefore assumed that
three-body forces must play an important role, for
these forces lead to a density-dependent contribution
to the effective nucleon—nucleon potential (NN po-
tential).

body contributions in calculations confirmed these

The addition of these microscopic three-

expectations.!'®] Therefore we have recently embarked
on a study on the temperature behaviour of nuclear
matter by using a kind of microscopic approach, in
which it is necessary to add the three-body forces
contribution to the nucleon—nucleon interaction. As
we know, microscopic finite temperature calculations
are relatively rare. The most elaborate study so far
is the variational calculation made by Friedman and

Pandharipande™ on hot nuclear and neutron mat-
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ter. There exist a few non-relativistic finite tem-
perature Brueckner calculations.[!5:16] In this article
we extend the finite temperature Brueckner—Hartree—
Fock (FTBHF) theory by introducing the microscopic
three-body force (TBF) contributions. With respect
to the temperature behaviour of nuclear matter, most
calculations,['*17 including the recent phenomeno-
logical Thomas—Fermi and Hartree—Fock calculations
based on Skyrme interactions,'! agree in their de-
scription of nuclear matter as a Van der Waals lig-
uid, with the existence of a liquid—gas phase equilib-
rium below a critical temperature T of some 15MeV—
20MeV. Using the extended FTBHF theory includ-
ing TBF we have found the critical temperature of
the liquid—gas phase transition for symmetric nuclear
matter to be T =~ 13MeV, which is similar to the
above results. But in recent years, with the rapid
advance in radioactive beam physics, exotic beams re-
gions of large charge asymmetry could be formed in
heavy-ion collisions. Therefore we mainly discuss the
thermal properties of the asymmetric nuclear matter
with the isospin degree of freedom taken into consid-
eration, which is important for an understanding of
nuclei and nuclear interaction.

Asymmetric nuclear matter is a two-component
system consisting of Z protons and N neutrons, in-
teracting via the strong nuclear forces (the Coulomb
interaction between protons is not considered) within

a volume V. The thermodynamic limit is

A=Z+ N =00, V — o0,

p — finite.

Il
<I>

The neutron number density p, and the proton num-
ber density p, are related to the total number den-
sity p = pn + pp, the isospin asymmetry parameter

is B =

Po — Pp by definition, from which we can give

1 1
5(1 + B)p and p, = 5(1 — B)p. The Fermi

The basic ingredient of the Brueckner—Bethe—
Goldstone approach is the reaction matrix G that sat-

isfies the generalized Bethe—Goldstone equation

Grr(p: T, w, B)
ko k 7,7’ kak
Z |w—be ; —<e(k b)| Grr(p, T,w,B), (1)
kakp

where v is the bare nucleon—nucleon (NN) interaction,
w is the starting energy. Here, we consider nuclear
matter with no spin excess, therefore in Eq.(1) and in
the following equations we drop the spin subscripts to
simplify the formulation. Q. ,s is the finite tempera-

ture Pauli operator

Q‘r,‘r’ :Q‘r,‘r’ (km kln P T, /6)
= [1 - fT(ka:T: kl‘g(p: /B))]
x [1= folb, TR (0.0)] . (@)

The Fermi distribution can be expressed as

er(k) — pr )] 71, 3)

R TR 0,0) = |1+ exp( )

where p, = p,(k, T, p) is the chemical potential. For
a given density value p and temperature T, we can
calculate the chemical potential p.. from the following

implicit equation self-consistently by iteration:

1
Pr :v ;f‘r(kaTapaﬂ)

S

:%; [l—i—exp(%

where

e‘r(k) :e‘r(k T, Ps /6)
h2
is the single particle energy, and U, (k,T, p, ) is the

two hole-line contribution to the BBG expansion us-

Pn = ing continuous choicel’® for single particle potential,
momentum is kf = [37r2p,r] 13 with 7 =por 7 = n. namely
1 )
U.(k,T,p,B) = 5 Z Z fr(k, T kR frr (K T, KR ) (kK| Gt (T pye(k) + e(K'), B) |KE') (6)
T, kl

where the subscript A denotes the anti-symmetrization of the matrix elements.

The microscopic three-body force adopted in the
present calculation is constructed from the meson-
exchange current approach as described in Ref.[19]. In

the one boson exchange (OBE) approximation, four

important mesons 7, p, o and w are considered,2"]
in which w meson provides strong vector coupling to
nuclei, p meson presents strong tensor coupling, and

o scalar meson offers medium-range attraction in the
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NN interaction. A detailed description at zero tem-
perature is given by Ref.[19]. Here we directly show
the contribution of the 20-exchange TBF at a finite
temperature, and this contribution indicates the ef-
fective interaction of the nuclear at positions r; and
r2. The function n(r) is an average over spin and mo-
menta in the Fermi sea of a defect function.'®! With
g(r) = 1—n(r), the three-body force contribution can

be written as

Vi (T, p, B)

9oN s
= 4M?myv23?kT”/¥”

x| [ e Rt — riatinh - ral)
 Zull#y = i) (s = )

X V2,591r% - ral)

x g(|rs — r1])g(|rs — raf)e ™75, (7)

Here the function Z,(r) is given by Z,(r) =
4 d3 itj’-FF2 2
il a° -(a ), in which F,(g?) is the form
my J (2m)% (¢° +mZ)
factor. Similarly, the other contributions from ow and

2w exchange can also be extended. Because of the lim-

Epot (T P /3)

7,7 K,k
The total entropy S can be evaluated in the ap-
proximation of a non-interacting Fermi gas of quasi-
particle in the mean field U, (k, T, p, 3), and using the
standard thermodynamic relation the free energy F

can be given by

F=E-TS. (9)

As shown in Ref.[8], we can straightforwardly express

the mechanical stability criterion as follows:

62F> <6P>
- >0, 10
#(57),.=(5).. (10)

where P refers to the pressure. The inequality is the

familiar requirement that the isothermal compressibil-

. oP
ity K =9 <8_p
mechanical instability.

From the extended FTBHF approximation with
three-body force contribution we have obtained a crit-
13MeV for the phase transition

of the symmetric nuclear matter; here we mainly see

is positive, which is indicative of

ical temperature T¢ ~

the properties of the phase transition for the asym-
metric nuclear matter with the three-body interaction

taken into account.

ited space of the article we cannot indicate each contri-
bution, but the results calculated include the exchange
effects of all the above mesons. At a finite temperature
the three-body force contribution Vi (T, p, 3) may be

expressed as follows:
Vi (T, p, 8) =V5"*(T, p, B)
+ V5 (T, p, B)
+ VT, p, )
TV B). ()

Equations (1), (5), (6), (7), (8) can be solved self-
consistently for each density, by which we introduce
the microscopic three-body force contributions into
the FTBHF theory. The bare potential adopted as
an input parameter in Eq.(1) is the Argonne Vig.[21]
The equation needs five iterations to reach a satis-
factory convergence. So the total energy obtained is

E(T7 P, /6) = Ekin(Ta P, ﬂ) + Epot(Ta P, ﬂ)a Where

h2
= Z;f‘r(kﬂTﬂ P, ﬂ)%lg

is the total kinetic energy, and the total potential en-

ergy is

Ekin (T7 P, /6)

ZZfT (k, T, p, B) fr1(K', T, p, B) (kK'| G 1 (T, p, e(k) + (k")) |[KK') 4 -

As we know, pure neutron matter is unbound, and
therefore the corresponding finite temperature equa-
tion of state (FTEOS) cannot present a liquid—gas
phase transition. If such a phase transition is in-
deed displayed by a symmetric nuclear matter, it must
be interesting to ascertain the trend of the liquid—gas
transition from symmetric matter to neutron matter.
In hot nuclear matter the role played by the energy
is replaced by the free energy F', which can be seen
in formula (9). A calculated F is shown in Fig.1 for
several values of the temperature T' and the asymme-
try parameter 3. The minimum of free energy cor-
responds to an equilibrium density at a finite tem-
perature, i.e. to a vanishing pressure. With increas-
ing temperature, the equilibrium point disappears at
a given asymmetry. As long as the asymmetry is
high enough (8 ~ 0.75 in the figure), the stability
will be lost at any temperature. Making use of the
FTBHF theory that does not include the contribu-
tion of three-body interaction, Lombardo and Zuo!?2!
gave the critical asymmetry parameter of the liquid—
gas phase transition for asymmetric nuclear matter,
which is § = 0.8. This indicates that the addition of
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the TBF lowers the critical temperature at a higher 3,
i.e. the nuclear matter becomes easier to be gasified

with the increase of asymmetry parameter as a result

of the introduction of three-body repulsive potential.
Therefore for pure neutron matter, the system only

remains in a gas phase at zero temperature.

10 T T T T T T T T
8=0.0 B8=0.3
0 - - -

>
L%
p=
~
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>
[
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]

<
,
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Fig.1. Free energy is expressed as a function of density for four different values of the

asymmetry parameter.

Three isothermal curves at a fixed asymmetry parameter refer to

temperatures T'=0,10, 20 MeV from top to bottom.

To be more specific, Fig.2 shows the pressure as a
function of density at a fixed temperature but with
with different
proton fractions. For any fixed density at the fixed

different asymmetry parameter, i.e.

temperature, it can be observed from the figure that
the pressure is not constant, or rather, it increases
with asymmetry parameter. This clearly indicates
that for asymmetric nuclear matter the pressure can-
not remain constant but increases monotonically dur-

For a high 3, and

in particular, for the pure neutron matter (8=1), the

ing liquid-gas phase transition.

pressure increases monotonically, so the matter is sta-
ble at all densities. In contrast, for g < 0.0, 0.2, 0.4,

0.6, the compressibility becomes negative, indicating

a mechanical instability.

In order to clearly illustrate the effect brought
by three-body interaction on the phase transition of
the asymmetric nuclear matter, in Fig.3 we plot the
domain of the mechanical instability in an asymmetry-
density plane for the fixed temperature with and with-
out three-body forces. From this figure we can see that
with TBF taken into account the bound of the region
becomes a little smaller, which further confirms the
result shown in Fig.1. But compared with Fig.1, a
slight difference can be found between the two values
of the critical asymmetry parameters for phase tran-
sition. Here this value is about g = 0.7. Hence this

shows that the mechanical instability domain turns
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1.0 ' ' ' ' i ' ' In summary, in this paper we have introduced

I T—5.0MeV ] the contribution of microscopic three-body forces into

081 ] the finite temperature Brueckner—Hartree—Fock the-

[ ) ory and studied the thermal properties of asymmet-

0.6 1.0 7 ric nuclear matter. We have found that with three-

- 1 body forces introduced into nucleon—nucleon interac-

;,’\ 0.4} 0.8 . tion, nuclear matter behaves like a liquid—gas phase
<§ i transition. For asymmetric nuclear matter, we have
E 02l 0.6 i investigated the variation of the critical temperature
E | with the asymmetry parameter, and observed that T¢
0.0 0.4 ) decreases with the increase of 3. At a fixed tempera-

I 0. ture and density the pressure of the system increases

ol 1 with the increase of asymmetry parameter, which in-
B8=0.0 dicates that in the course of the phase transition pres-

[ sure cannot remain constant for asymmetric nuclear

“04r ] matter. The value of the critical asymmetry is about
0.00 0.65 ' 0.{0 ' 0.'15 ' 0_|20 ' 0.75 below which asymmetric nuclear matter can pro-
p/fm=3 duce phase transition at a certain temperature. But

Fig.2. Pressure as a function of density for different asym-
metry parameters at a fixed temperature T'=5.0 MeV.

0.12 T T T T

— T=5.0MeV
0.10 T b

0.00 N E—
0.0 0.2 0.4 0.6 0.8 1.0

Fig.3. Regions of mechanical instability at a fixed tempera-
ture T'=5.0 MeV. The solid line is for the presence of three-
body interaction and dashed line for the absence of this inter-
action.

smaller with the increase of the temperature in the
system. However, no matter whether three-body in-
teraction is added or not, when the asymmetry in-
creases, the two unstable domains may gradually

shrink respectively.

for pure neutron matter, even at zero temperature
the system remains only in gas phase. Owing to the
additional repulsive potential provided by three-body
forces, this value decreases from 0.8 to 0.75. In ad-
dition, the domain of mechanical instability for hot
nuclear matter also gradually shrinks with increasing
asymmetry and temperature.

The microscopic three-body interaction serves as
a stronger repulsion at a high density,['?] hence we can
better apply the extended FTBHF model including
TBF to astrophysics. We will investigate the struc-
ture and properties of astrophysical objects, particu-
larly of the proton—neutron star that is born follow-
ing the gravitational collapse of the core of a mas-
sive star during a supernova explosion (type-II) and
evolves to a cold and deleptonized neutron star, ba-
On the basis of
the variation of pressure with energy density, the
Tolman-Oppenheimer-Volkoff (TOV) equations[?324]
are solved so that we can discuss mass and radius of a

sically through neutrino emission.

star at a fixed temperature. This will be the subject

of our next work.
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