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Thermal properties of asymmetric nuclear matter
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The thermal properties of asymmetric nuclear matter are investigated in a relativistic mean-field approach. We
start from free-space NN interactions and derive in-medium self-energies by the Dirac-Brueckner theory. By
the density-dependent relativistic hadron procedure we derive in a self-consistent approach density-dependent
meson-baryon vertices. At the mean-field level, we include isoscalar and isovector-scalar and vector interactions.
The nuclear equation of state is investigated for a large range of total baryon densities up to the neutron star
regime, the full range of asymmetries £ = Z/A from symmetric nuclear matter to pure neutron matter, and
temperatures up to 7 ~ 100 MeV. The isovector-scalar self-energies are found to modify strongly the thermal
properties of asymmetric nuclear matter. A striking result is the change of phase transitions when isovector-scalar

self-energies are included.
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I. INTRODUCTION

A major task of nuclear many-body theory is to understand
the equilibrium properties of nuclear matter under variations
of density, pressure, proton-to-neutron fraction, and, last but
not least, temperature. For this demanding goal, decadelong
experimental and theoretical efforts have been made, ranging
from early studies of compound nuclei and highly excited
precompound systems to studies of exotic nuclei at extreme
isospin and compressed baryonic matter in high-energy heavy-
ion collisions. Considering the status of research on the nuclear
equation of state (EOS) one finds that many theoretical studies
exist for symmetric and pure neutron matter. The work of
Sauer et al. [1] is probably the first systematic study to derive
the thermal properties of finite nuclei on theoretical grounds.
Actually, historically, nuclear-matter studies were strongly
motivated by astrophysical issues [2], with a special need for
investigations of asymmetric matter with arbitrary values of the
charge asymmetry defined in terms of the proton fraction & =
%, ranging from § = % in symmetric matter to £ = 0 for pure
neutron matter. Thermodynamically, symmetric nuclear matter
and pure neutron matter, respectively, correspond to single-
fluid systems. Because in symmetric nuclear-matter isovector
self-energies are absent by symmetry reasons, protons and
neutrons are dynamically indistinguishable and hence form
a single-component fluid. The one-component character of
neutron matter is obvious. The theoretical description of such
one-component quantum systems is much simpler than that of
a multicomponent fluid. As is well known and is seen also in
later sections of this work, first, the treatment of asymmetric
nuclear matter requires extended theoretical methods and,
second, such a two-fluid system shows new features which
are absent (or hidden by symmetry reasons) in single-fluid
nuclear matter.

Equilibrium thermodynamics, as pursued here, is the ap-
propriate approach to the nuclear EOS as a function of density
and temperature. Known essential properties are the liquid-
gas phase transition at subsaturation densities and moderate
temperatures. An important question is how the system evolves
by passing various binodals, denoting phase-separation bound-
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aries, and spinodals, indicating stability or, likewise, instability
boundaries. Studies of infinite and finite nuclear systems
indicate that symmetric nuclear matter undergoes a liquid-
gas phase transition at critical temperatures in the range of
Tec = 10-20 MeV [2,3]. The results depend, however, on the
chosen N N interaction. Phenomenological density functional
models seem to favor lower T¢ ~ 10 MeV, as in the very early
work of Sauer et al. [1], while values around T¢ ~ 20 MeV
are predicted by microscopic approaches as, for example, in
the study of Baldo and Ferreira [3]. Covariant field theory and
thermodynamics have been studied very frequently. A compre-
hensive discussion is found in the early work of Weldon [4].
The connection of a hadron-field theory and thermodynamics
was discussed by Furnstahl and Serot [5]. Finite-temperature
many-body theory, the Green’s functions, and the solution of
the G-matrix equation in a transport theoretical connection has
been reviewed in detail by Botermans and Malfliet [6]. The
same authors have studied intensively in-medium interactions
in cold and hot nuclear matter [7,8]. As reported in Ref. [8],
they found that the Dirac-Brueckner G matrix depends only
very weakly on temperature. As discussed later, this makes it
possible to extrapolate interactions safely from the 7 = 0 to
the T > 0 case. The work of Miller and Serot [9] addresses
the thermal properties of asymmetric nuclear matter quite
generally. On the basis of a relativistic mean-field model with
nonlinear self-interactions of the scalar and vector fields and
relativistic thermodynamics, the phase structure of nuclear
matter with arbitrary proton content was investigated in
detail. An unexpected result was that in asymmetric matter
instabilities are induced primarily by fluctuations in the proton
content rather than by fluctuations in the net baryon density.
Hence, chemical instability of the composition of the fluid
wins over the mechanical instability of the total system, at
least in that particular model. The instability region of warm
asymmetric nuclear matter has been studied by many other
groups. A detailed comparison between relativistic models and
Skyrme forces is provided by the work of Dutra ef al. [10].
The mentioned properties are largely determined by the N N
interactions, besides, naturally, Fermi-Dirac statistics. At the
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energy and momentum scales relevant for nuclear matter, NN
forces are acting like van der Waals forces among molecules.
Hence, at not-too-high density, pressure, and temperature
nuclear matter resembles a multicomponent van der Waals
gas. However, the exact values of the permissible density
and temperature ranges are yet to be determined. It is one
purpose of this work to add new aspects to that ongoing
research program. As far as temperature is concerned, the QCD
phase transition into a quark-gluon plasma (QGP) at TCQCD ~
150 MeV is a clear limit. Hence, only temperatures well below
TRCP should be considered. We choose a temperature range
T < 100 MeV. The density behavior is much less constraint.
The assumed central density of a neutron star may serve as
guideline. Taking into account the recently observed neutron
star with a mass of twice the solar mass, we may accept
a density range below 6p,,, where p., = 0.16 fm is the
density of symmetric nuclear-matter density at the saturation
point.

In addition to the liquid-gas phase transition, equilibrated
nuclear matter may undergo other phase transitions by creating
hadrons. Pion and kaon condensation has been investigated
theoretically, and also the thermal production of excited
baryons like the A(1232) resonance was considered. However,
clear experimental signals indicating such hadron condensa-
tion with the sudden appearance of a new type of species in
the fluid are still missing. Better established are bosonization
processes in cold matter at extremely low densities: Under such
conditions nuclear matter rearranges into bound constituents,
forming deuterons and, especially, a particles. In the crust
of neutron stars, one expects a lattice of heavier nuclei up
to the iron and nickel region [11]. Finite temperature effects
on the geometrical formation of the neutron star crust have
been analyzed in detail by Gogelein ef al. [12]. Here we
consider pure uniform nuclear matter, composed of nucleonic
quasiparticles only but with an arbitrary mixture of protons
and neutrons. A very complete and comprehensive discussion
of thermal dynamics in asymmetric nuclear matter is found
in the already cited work by Miiller and Serot [9]. These
authors have pointed out in remarkable clarity the important
differences between the thermodynamics of symmetric and
pure neutron matter on the one side and the thermodynamics
of asymmetric matter. Symmetric and neutron matter as
single-component systems with a single conserved charge,
namely baryon number, correspond to a pure classical van der
Waals gas. As the latter, symmetric and neutron matter develop
first-order phase transitions. This is no longer the case for
multicomponent systems as asymmetric nuclear matter, where
protons and neutrons occupy in momentum space different
Fermi spheres. Within the relativistic mean-field model used
in Ref. [9], quantal multicomponent systems change their state
of aggregation by second-order phase transitions. Hence, if a
phase transition is going to happen in a charge-asymmetric
nuclear system, signals will be washed out, complicating
the identification of critical phenomena. Clearly, this is a
strict result only for equilibrium thermodynamics based on
consideration of infinite matter. Transportlike nonequilibrium
conditions as encountered in a heavy-ion collision underlie
their own special dynamical and statistical laws as, e.g., in
fragmentation reactions [13—15]. Interestingly, as discussed in
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those papers, grand-canonical thermodynamics is a successful
concept also for fragmentation processes.

The investigations in Ref. [9] are based on the nonlinear
extension of the original Walecka model, allowing for self-
interactions of the scalar-isoscalar field. Those approaches are
completely phenomenological in nature without attempting to
relate the model parameters to an underlying theory. Here we
follow a different approach by using the density-dependent
relativistic hadron (DDRH) nuclear-field theory providing
an easy-to-handle and flexible description of equilibrated
cold and hot nuclear matter. DDRH theory, developed some
time ago in Giessen [16-20], is a density-dependent field
theory with interactions derived by Dirac-Brueckner theory
from free-space NN interactions. The one-boson exchange
picture on which DDRH theory is based, gives access to the
full spectrum of scalar, pseudoscalar, and vector interaction
channels, typically described in terms of meson-exchange
interactions. The medium dependence is taken into account by
vertex functionals depending on Lorentz-invariant binomials
of the baryon-field operators. Their mean-field expectation
values are evaluated by relations using the self-consistent
scheme of Dirac-Brueckner Hartree-Fock (DBHF) theory.
In this sense, the DDRH field theory is a parameter-free
ab initio description of nuclear matter. In particular, the
microscopic ansatz gives access to details unreachable for
phenomenological approaches. One of those regions is the
contribution of isovector-scalar interactions as realized in
nature by the ap(980) meson. The importance of the corre-
sponding scalar-isovector mean field for asymmetric nuclear
matter was pointed out in our previous work [19,20], deriving
for the first time the density dependence of the §-N N vertex
by DBHF calculations. Since then, the interaction channel is
being included as a standard tool in many nuclear interaction
studies, see, e.g., Refs. [21,22]. Obviously, this is a short-range
phenomenon acting in competition with the vector meson
repulsion. However, the consequences are quite different and
important: Scalar fields modify the relativistic effective masses
of baryons. Hence, they change the mechanical properties.
Because isovector-scalar fields lead in asymmetric nuclear
matter to counterbalanced modifications of proton and neutron
effective masses, we have to expect important modifications
of the dynamical and, especially, the thermodynamical laws.
Here we present for the first time extensions of DDRH
theory to equilibrated nuclear matter at finite temperature.
To a large extent, the results obtained in the present work
are representative for any type of nuclear-field theory based
on density-dependent meson-baryon vertices. However, an
essential and unique feature over other work is the inclusion
of scalar-isovector interactions. In a relativistic approach
the corresponding self-energies are leading to a splitting
of the proton and neutron relativistic effective masses in
asymmetric matter, thus changing the inertial properties of
the particle species in an asymmetric manner. An important
built-in property of DDRH theory is the conservation of the
Hugenholtz-van Hove (HVH) theorem [23]. Rearrangement
self-energies, accounting for the static polarization of the
medium, are playing the essential role [17] in conserving
the HVH relation. Because thermodynamical consistency is
fulfilled at all densities and temperatures, we are avoiding
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artificial effects from violations of the HVH theorem which
will appear inevitably when density-dependent effective inter-
actions like a Brueckner G matrix are used but rearrangement
self-energies are neglected.

The nuclear many-body theoretical background is discussed
in Sec. II; the relevant thermodynamical quantities are in-
troduced in Sec. III. In Sec. IV we present our results on
the EOS in mean-field approximation of symmetric nuclear
matter and in Sec. V those for asymmetric nuclear matter. We
also compare the DDRH results to those obtained from the
DD-ME2 model [24], which is a phenomenological derivative
of our DDRH theory. In this model the density-dependent
vertices are fitted directly to nuclear data. Typically, DD-ME
models neglect the § mean field. Additionally, to emphasize
the impact of the density-dependent formulation on various
properties of nuclear matter, the results from the NL3 [25], the
QHD model model with constant interaction vertices [26], and
the nonrelativistic Skyrme type model [27] are shown. For this
purpose, we use the QHD model with ¢, w, and p mesons in
its original formulation [26,28]. In particular, we discuss the
influence of the isovector-scalar self-energies on the binodal
and spinodal structures. Conclusions are drawn and an outlook
is given to open questions and future work in Sec. VI.

II. DENSITY-DEPENDENT HADRON-FIELD THEORY
A. The DDRH Lagrangian and energy momentum tensor

An important step forward in understanding the saturation
properties of infinite nuclear matter was achieved by theories
describing in-medium interactions microscopically. Using rel-
ativistic Dirac-Brueckner (DB) it was found that the pertinent
problem of nonrelativistic G-matrix calculations, namely, by
always ending up at the Coester line and missing the empirical
saturation point of infinite nuclear matter, could be overcome.
With standard free-space NN interactions, reproducing well
the NN scattering observables, the empirical saturation
properties of nuclear matter could be described convincingly
well [19,29-34]. Using realistic nucleon-nucleon meson-
exchange potentials, in-medium interactions are derived by
complete resummation of (two-body) ladder diagrams. Be-
cause full-scale DB calculations for finite heavy nuclei are
not feasible, a practical approach is to derive from infinite-
matter DB results an equivalent energy density functional.
The Kohn-Sham [35] and the Hohenberg-Kohn [36] theorems
confirm the existence of a general density functional, although
they do not provide a guideline for construction. Based on the
work in Refs. [33,37], we have derived in Refs. [16,17] a fully
covariant and thermodynamically consistent field theory by
treating the interaction vertices as Lorentz-scalar functionals
of the nucleonic field operators. The DDRH approach, unlike
common relativistic mean-field (RMF) models, accounts for
quantal fluctuations of the baryon fields even in the ground
state. In Ref. [18] the DDRH theory has been applied to
asymmetric nuclear matter and nuclei far from stability. An
appropriate set of coupling constants has been derived, now
including isoscalar (o, ®) and isovector (8, p) vertices. In
turn, a phenomenological approach to DDRH theory was
proposed by Typel and Wolter [38], trying to derive the density
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dependence of the vertices empirically by fits to nuclear data.
Since then, a large variety of purely phenomenological models
has been formulated by several groups and is being applied
successfully to nuclei over almost the full mass table.

In the fully microscopic ab initio approach of the DDRH
theory, one considers nuclear systems composed of protons
and neutrons, described by Dirac field operators W, with
q = p,n. Interactions are derived in the one-boson exchange
approximation by using a set of mesons, mainly acting as
virtual fields and thus providing the interactions among the
nucleons. Our relativistic boson exchange model includes
pseudoscalar (r,n), scalar [0,5/a¢(980)], and vector mesons
(w,p). The Lagrangian is given by

L=LN+Ly+ Lin.

The fermionic part for the matter fields W, is of standard Dirac
form:

2.1)

Ly= Y U,liy,d" — My)W,. (2.2)

q=p.n
In the meson sector of the theory we have to distinguish
the scalar [0 = 0,6/ap(980)] and pseudoscalar (o = n,m)
mesons, obeying equations of the type

L) = 1(8,008" 0y — m2¢?2). (2.3)
The vector mesons (v = w, p) are subject to
Ly) = —5(FUFO —m2Al A0m), (2.4)
with the field strength tensors of the vector mesons,
F) = 0,A% —0,A,
(2.5)

F{) =0,AY —0,A0 —T,(p)(A) x AV ),

where the p-meson field tensor includes the non-Abelian
isospin term assuming the coupling to the conserved isovector
current. Note, however, that the self-interaction term does not
contribute in mean-field approximation.

Of special interest is the interaction part Lin, = L, + L, +
L,, which includes the pseudoscalar vertices,

- fo—
Ly =T(p)WysVe, + m—”‘l'ysm‘l'a"wm
n

+ (P WysTWo, + i—”@mrwa“wm (2.6)

the scalar vertices,
L, =T, (p) VW, + I's(p) VT Ve, 2.7)

and the vector meson interactions, respectively,

L, =T, <EJ/M\IJA(‘“)" + &GGMV\DF(CU)HV>
mw

+ fp(,s)@ryﬂ\mw + Q%MNF@W). (2.8)

mp
A Lagrangian of the same type, but with bare coupling
constants I',(p) — g, = const., is used for free-space NN
scattering, serving to fix the bare coupling constants. The full
set of mesons with the respective coupling constants is used to
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obtain first the free space 7 matrix and the in-medium DB G
matrix. As discussed in Ref. [19] the DBHF calculations are
performed in asymmetric nuclear matter, making it possible
to derive the full set of isoscalar and isovector self-energies.
The self-energies contain via u-channel processes also pion
and n-meson contributions. They are, in fact, important for
a proper description of the density dependence of the self-
energies. As discussed in Refs. [17-19], the self-energies are
used to derive effective density-dependent Hartree vertices.
Because, owing to parity, pseudoscalar mesons do not develop
classical, condensed fields, neither the pion nor the n-meson
fields contribute to the mean-field sector of the theory. They
are, however, present in dynamical processes leading to
excitations of the system. Here we are considering nuclear
thermodynamics only on the mean-field level, thus leaving
investigations of dynamical fluctuations to a future study.
Hence, for the present work only the scalar and the vector
interaction Lagrangians, Eqs. (2.7) and (2.8), respectively, will
be of direct relevance once we have derived the DBHF vertices.

The Lagrangian of Eq. (2.1) is highly nonlinear in the
fermionic field operators contained in the density operator p.
At the theoretical-mathematical level, this is a wanted property
because it allows us to keep full control over all changes of
the systems and imposes covariance of the field equations.
The derivation of the vertex functionals and their explicit
determination in mean-field approximation as functions of the
density are discussed in Ref. [18].

With the standard Legendre transformation we obtain the
DDRH energy momentum tensor 7#" [17,20]. Of particular
interest is the Hamiltonian density,

H=T% =0y, 2O + T (M — = O)w

p>

1
{(a%a)z - z[axqsaa*asa - mi¢§]}

o=0,8,1
1
+ > {aOAAF@‘“O - 5[meAEj‘)/w(“)—F{g)FW(W]}.
oa=w,p

2.9)

The full energy momentum tensor 7#" includes rearrangement
contributions induced by the functional derivatives of the ver-
tex functional [16—18], modifying, in particular, the pressure
density P ~ T,

By the standard techniques of finite-temperature quantum
many-body theory [39], we introduce hadronic chemical
potentials j, and the corresponding number operators N,.
Covariant thermodynamics are discussed below. Here we only
indicate the connection to the more familiar nonrelativistic
formulation. This is achieved by a canonical transformation

K=H-=>) u,N, (2.10)
n
from which the grand partition function is obtained,
Zg = e P =Tre PK, (2.11)
and the statistical operator,
o6 = Zg5'e PP = T POK) (2.12)
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is serving to perform the thermodynamical average of observ-
ables over the grand-canonical ensemble. Explicit expression
is derived below.

B. The DDRH field equations and mean-field approximation

From the above Lagrangian we derive by variation with
respect to the Dirac-adjoint fermion field operators W wave
equations of Dirac type,

[yu(i0" — =) — M — =, ]w = 0. (2.13)

They include the vector and scalar self-energies X/ and X,
respectively [16]. The variation leads to two distinct types of
self-energies,

=30 450, (2.14)
AL
T® — 85‘, (2.15)
dLin 8
£ — ag“%. (2.16)

The bare self-energies ) are of the conventional struc-
ture as also obtained in a theory with density-independent,
constant vertices. Because our vertex functionals are derived
from DB theory, they correspond to the standard DBHF
self-energies [8,19]. The rearrangement self-energies X"
in Eq. (2.16) represent an essential new feature of generic
character for a density-dependent formalism. It is seen that
these contributions originate from the variation of the vertex
functionals, thus describing the response of interaction vertex
on a change of the medium. Physically, £ accounts for the
dynamical rearrangement effects of the nuclear medium by
virtue of polarization [16,20].

The meson-field equations are given by the standard Klein-

Gordan equations for the scalar and pseudoscalar fields,

(8,0 + m2) Dy = [0 (p)¥ 0V, (2.17)
where Oa € {L,y.,v5} ® {1,7} and derivative terms may
contribute as well. The vector fields obey the Proca equation,

B F " 4+ m2A” =T, (p)WJM W, (2.18)
where Efo‘jlll denotes the corresponding vector current. The
only difference is that the vertices depend now on the
background medium. For our purpose, the Bose fields are far
off their mass shell. They are virtual fields which are fully
determined by their nucleonic sources, contributing only in
t- and u-channel processes among nucleons.

The field equations are to be solved for a given nuclear-
matter ground-state configuration. Using the mean-field ap-
proximation we specify the expectation values of the function-
als. Let p = (p) be the ground-state expectation value of the
operator p = ﬁ(\qu,lllq), which is a Lorentz-scalar functional
of the proton and neutron, respectively, field operators W,.
Using p = p + §p we expand the vertex functionals according
to

ITu()

Fo(p+68p) =Talp) + ———| dp+---

— (2.19)
ap o
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Taking the ground-state expectation value of the vertex, the
first-order correction §p = p — p vanishes identically, The
first non-vanishing correction is given by

C(p)=((p—p)") =

determined by the quantal fluctuations of p with respect to the
reference value p. In ground-state calculation we neglect terms
of this and higher order consistently. Therefore, in nuclear
matter the meson-field equations are always determined by
source terms with a strength given by I'y (p), which is a number
given as a function of p.

Thus, neglecting consistently all nonstationary fluctuations
around the ground-state expectation values, we obtain the
mean-field equations

(V= m2) @y = —To(p)(TOu W),
(V2 = m3) A% = T (p) (WO ),

(p)* — p?, (2.20)

221
(2.22)

where the fields are now classical scalar and vector fields,
respectively.

In the following we apply the mean-field approximation
to the full Lagrangian, Eq. (2.1). As a consequence of time-
reversal invariance and parity conservation, the pseudoscalar
and pseudovector fields will become identical to zero in the
ground state. However, there is still an implicit contribution
of these fields to the of the remaining density-dependent
couplings, because they are derived from the full DB theory.
This can be seen with the help of the Fierz transformation and
decomposition of the exchange diagrams in terms of direct
channels. [19].

As already indicated in the previous section, we use the
DDRH theory in mean-field approximation, with the explicit
inclusion of the o, 8, w, and p meson mean fields. The
interaction part of the Lagrangian then simplifies to

Line = To (DY oV + Ts(p)Y 159 — To(p) Py, Ay
— T, () ¥y, TAPH, (2.23)

The first derivative terms in Eq. (2.19) lead to the mean-
field rearrangement self-energies, including scalar and vector
components:

ar, | —
50 = <—°‘ O, <I>a>, 2.24
Ea 35 p( V) (2.24)
ary,
zv<r>zz( (W (’)“"W)A“”“) (2.25)
o4 8'0 p

The self-energies are decomposed into isoscalar and isovec-
tor parts,

25O = 1, (p)ps + [s5(P)T - ®s
s(O) s(O)

+1%] (2.26)
and correspondingly, for the vector self-energies,
SO — fw(ﬁ)A(w)M 4+ T L(P)T - AOm

= 501 4 75O (2.27)

where we have left out the photon field. For infinite nuclear
matter we find explicitly in Hartree approximation [18] the
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nonvanishing self-energies

50(p) = To(P)Po + 7, T's(D)Ps,

200(p) = Fw<p)A<‘”) + 1, T (D)AY (2.28)
ar aTl’,
ZO(r) A(w) PA(P) _ (I)a
PY= 5 A0 Pt 5 op DoF
als
—8—/6¢’5;01,

where proton (¢ = p) and neutron (¢ = n) contributions are
indicated and 7, = %1 denotes the corresponding expectation
values of the isospin 73 operator, respectively. All vertex
derivatives are to be evaluated at p = p. Because isospin
symmetry requires that the vertices must depend only on
isoscalar quantities the rearrangement self-energies do not
depend on the nucleonic charge state. Defining the proton and
neutron vector densities by p, = (O|5q Y0¥, 0) and similarly
the corresponding scalar densities by p, = (0|Eq v, |0), we
find the isoscalar (I = 0) and isovector (/ = 1) vector and
scalar densities, respectively,

(2.29)
(2.30)

pr = pa+ (=) pp,
Py = pp+ ) pp.

It can be easily verified that in Eq. (2.28) the isovector pieces
are, in fact, of quadratic order in p; and pj, respectively.

The proton and neutron wave functions, respectively, obey
Dirac equations of standard form,

[Vu(iaﬂ - 25) - (Mq - 2;)]\1'61 =0,

but with the self-energies as defined as in Eq. (2.14) and
constructed by means of the results in Eq. (2.28).

Because we include interactions in the scalar-isovector
channel represented by the §/ap(980) meson, the effective
mass of the nucleons is explicitly isospin dependent in DDRH
theory [18,19],

My =M —T(p)ps — 4T's(p)s.

2.31)

(2.32)

III. THERMODYNAMICS OF NUCLEAR MATTER

A. Covariant thermodynamics

In the covariant formulation of thermodynamics it is
expedient to express all equations in terms of Lorentz scalars
and Lorentz four-vectors. For this purpose we follow the steps
from Ref. [5] by introducing the thermal potential & = Su
and the thermal timelike four-vector 8, = Bu*, where u* =
m(l ,v) is the fluid velocity four-vector and 8 = 1/T

the inverse temperature.

A system of a set of conserved currents j!* in equilibrium
is described by the energy momentum tensor 7#' and the
entropy flux o#. These quantities are connected by the first
law of thermodynamics [28,40],

BdT" =do" + > a.djl. (3.1)
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The pressure P can be expressed in terms of the primary
functions by

PB* = —B,T"" + o + Zacjé‘. (3.2)

In statistical quantum mechanics, the thermodynamic func-
tions are related to ensemble averages of quantum-mechanical
operators. This is usually achieved by defining a grand
partition function Z and a corresponding four-vector potential
d*(a,, By). The partition function is

Z=Tr {exp (/ dF, |:Zoccjj‘ - ﬂJ"“])} . (33)

where F,, denotes the four-dimensional infinitesimal surface
element. By varying 8, and «,. one can derive a differential
equation that connects ®* with the energy momentum tensor
and the conserved currents,

do" =T"dp, - jlda,. (34)
providing the covariant thermodynamic laws
loly
T = , (3.5a)
By /
" Loty
Ju =- . (3.5b)
doty Butescotc’

Furthermore, after differentiating Eq. (3.2) and using the
first law of thermodynamics, Eq. (3.1), we arrive at the
covariant form of the Gibbs relation:

Zw Jt

(1,0,0,0), thus, Eq. (3.3) reduces

Ol = —Ppr =BT — (3.6)

In the comoving frame u* =
to

Z= Z<n|efﬂ<ﬁ—zl By =

n

Tre PH-Xcnelo (37)

where H is the Hamiltonian describing the system and N.. the
number operator. In Eq. (3.7) the trace has to be taken as a sum
over all energy and particle eigenstates |n). With this, the above
expressions lead to a connection between the thermodynamic
potential and other thermodynamic functionals:

1 QT, 1,V
e ) =~ In Zu = %u“, (3.8)
1@ (3.8b)
pe=— e :
S=8 (E—Q—Zubpb>. (3.8¢)
b

According to the HVH theorem [23], the thermodynamic
and the hydrostatic pressure must coincide, i.e.,

3

OF 1
P=p— =~ 3.9
s 32 (3.9)
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with the free energy 7 = &/p — T'S. In Eq. (3.9) the thermal
average is used, which for an arbitrary operator O is given by
the prescription

A

Tr[emﬂ—a u(-NL»)OA]
© Tr[ePH-XcneNo]

= Tr[pO]. (3.10)
Consider now the DDRH Hamilton operator, which in
mean-field approximation (MFA) is given by

H(p)=T" = (Zm iy V403, 0) + [M - 5]}
b

1 1 1 w2
X ¥ + Emirﬁi + 3mid; = 3moAg

_r <p>2

where the sum over b includes all baryons considered in
the model. An important consequence of the MFA is the
cancellation of the rearrangement term in the Hamiltonian.
However, because the interaction vertices are functionals
of the density operator, p the calculation of the partition
function (3.7) needs to be examined carefully. To derive Z,
it is necessary to evaluate a trace over the eigenstates in Fock
space. This is only possible if the exponential function can
be decomposed into a sum of independent terms. To fulfill
this requirement in the DDRH model, the Hamiltonian should
be approximated by a one-body operator. For this purpose
the density-dependent interaction vertices I, are expanded
around the thermal equilibrium density mean value py = (p),
keeping only terms up to the first order in (6 — pg) [see also
Eq. (2.19)]

@3.11)

(p — po) + OL(p — po)*].

p=po

Fa(p) =

o
ap
With this assumption the expectation values of the vertex
functionals become functions of the density, i.e., (I'(0)) —
I"(po). Hence, the Hartree vertices are now implicitly temper-

ature dependent, I'(p,T) = I'[p(T)]. However, this approach
implies an expansion for the Hamilton operator

H(p) = H'po) + H®(p),

with
HR(p) = 2 (p0)(p — po)

0l s P 0l s s

= Z( ¢opb+ 35 ¢8":1?Pb
p=po P lp=p
0T e ory, .
+— Aupy+ == A‘,ﬁfﬁm)(p — po)-
P p=po P p=po

(3.12)

This shows that the in-medium correlations described by
the density-dependent couplings indeed are inducing a rear-
rangement perturbation in the Hamilton operator. Given this
approximation, all operators in the exponential of the partition
function are now diagonal. This makes an exact calculation
feasible. From the stationary solution of the Dirac equation in
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MFA, we find the energies for baryons and antibaryons at the
equilibrium nuclear-matter density po,

ef (k) = £E; (k) + =, 4+ = (pp), (3.13)

with Ej(k) = /k* + M;?. Considering the normal ordered

products of the baryon fields, we can now go through the
usual steps for the calculation of the partition function. Indeed,
introducing effective baryon masses and effective chemical
potentials as

* __ N
My = My =22 (3.14)
Vp =l — Zg =u— 22(0) _ Z(i’)’

leads to the same expression for the baryonic part of the
thermodynamic potential as in the noninteracting case. This
time, however, the baryon masses and the chemical potentials
are replaced by their effective values. Because the meson fields
are treated as classical fields, their contribution to the partition
function is trivial. Thus, we can split ®* into a baryon, a
mean-field, and a rearrangement part,

O =" D) + Dy + B, (3.15)
with
d’k .
— —B(EF—v»)
Z[ @m)3 (In(l + e~ 75
+ In(1 4 e PEFY 1 (3.16)
1 1 1 a2 1 2
O = ﬁ(§m§¢§ +omidy — Smu Ay — S A ) ,
(3.17)
D% = —Bpy = ut. (3.18)

The fluctuations around the equilibrium density coming
from density-dependent correlations show up as rearrangement
terms in ®%. Consequently, the pressure P = —®°/80 is
also modified by additional rearrangement contributions,
which are crucial to fulfill the HVH theorem. However, the
rearrangement parts cancel out in the entropy and energy
density. For the latter, for example, this can be verified by
applying Eq. (3.5a) to ®#,

_09°
=35,

= Z { (2 7 E*[fB(Vb) + frp)l + E;(,)(O),Ob}

1 252 2 2
+§<std>s— > mAR . (3.19)

$=0,8 v=w,p
Note that in the calculation of the above derivative all
parameters o, = S, have to be held fixed.
In thermal equilibrium the meson fields should be chosen
such that they minimize &*, i.e., (%)/&Mb =0 for y €
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{¢o.¢05,A3, Al ). This results in the following equations:

Fpe | Q. d*k My
o = Z TPy = Z 2 3
— mg — mg 2n) Ej
x [f5p, T) + f5(vp,T)], (3.202)
Ubs 43 Tps 5 [ dk M
¢s = — 0, = —2t —
’ Zb: m? b Xb: m? b @)y E;
x [f5(vs, T) + f5(vp,T)], (3.20b)

" Tho Cho &’k
AT =D ar =2 2 Qny

b e b
x [fsp.T) — f5(p, T)I, (3.20¢)
o __ % 3 — 1—‘b,o 3 d k
AO_Xb:m%pb _Xb:mizr Q)
x [fp(vp,T) — f5(vp,T)]. (3.20d)

In the limit of 7 — O the particle distribution function
becomes the well-known step function, fz(vg) — O(vp —
E}) = O(kp, — k), while the antiparticle distribution function
f vanishes completely. This defines the Fermi momenta and
Fermi energies of the baryons as v, = E, = «/k2 + M;?.
The solution of the baryon densities and, accordmgly, the
vector meson fields becomes trivial for vanishing 7', while
the scalar densities can be found by a self-consistent solution
of the transcendental equation

s M* * 2 E; +kF”
= 5 (k5 s E),

The energy density and pressure of cold nuclear matter are
then given by

(3.21)

1
ET =0)= ) 2 (Enm+M;p})
b
1
+) 5 (=00 + )57, (3.22)
b
1
P(T=0) = ; (Eros — My p})
1 S r
+5 Xb: (02" — p3T3) + p=V,  (3.23)

where p = ), pj is the total baryon density.

B. The density and temperature dependence of DDRH vertices
and self-energies

Typically, nuclear-matter mean-field models assume tacitly
that interactions are essentially unaffected by temperature.
Already quite early, ter Haar and Malfliet [8] have addressed
that question by means of finite-temperature DBHF calcula-
tions. They indeed find a weak temperature dependence of the
resulting G-matrix interaction. A closer inspection of the DB
equations at T > 0 reveals the reason for that behavior.

The medium and temperature dependence of the G matrix
is introduced by two sources, namely the Pauli blocking of
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14 fo., 5 ]
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FIG. 1. (Color online) Density dependence of the DDRH
nucleon-meson vertices at 7 = 0 [18].

the Fermi sphere of occupied single-particle states and the
baryon self-energies. In leading order, contributions from the
Pauli principle, i.e., Fermi statistics, are dominant. Therefore,
preparatory to the discussion of the EOS, we should take a
closer look at the DDRH vertices first. In Fig. 1 the density
dependence of the DDRH vertices is shown. One can nicely
see that the density dependence has its most impact in the lower
density region and becomes less significant for p > 0.5 fm™.
Basically, this circumstance arises from the fact that in the
high-density region the contributions from intrinsic particle
fluctuations are small compared to the ones coming from
the occupied Fermi sea states. The functional behavior of the
d-meson vertex differs considerably from the one of the other
mesons. While all other vertices constantly fall off with rising
p the §-meson vertex shows a special functional behavior
with a minimum at p ~ 0.14 fm~>. The inclusion of this
channel is a key feature of the DDRH model, which leads
to a splitting of the effective nucleon masses in asymmetric
nuclear matter, as discussed later. The DDRH vertices are
deduced from comparing the DDRH potential energy with
the Brueckner calculations [17,18]. In general, the proper
DB self-energies, >DB are momentum dependent, while the
DDRH self-energies are not, because they are calculated
in the MFA. The usual approach to map %PPRH(p T) on
YPB(k,p,T) is to calculate the average of ©PP over the Fermi
sea. For the vector self-energies this implies

DDRH Iy
X, (e, T) = Pm—(;
o

4 1

_ . 3 DB _F
- (Zﬂ)’;p /d kzo{ (kapaT)(fB fB)

(3.24)

For scalar self-energies o has to be replaced with p, on the
left-hand side of (3.24).

In Ref. [19] it was shown that the DB self-energies can be
approximated by quadratic functions in the momentum k in
the vicinity of the Fermi momentum k. Hence, an expansion
of XPB up to the first order in k> around the Fermi momentum
is necessary and sufficient to reproduce the DB EOS properly,

PPk, p) & TR (0) + (K —kp)ZR%(0),  (3.25)

PHYSICAL REVIEW C 91, 034307 (2015)

350 T T
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(=)
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50 )

FIG. 2. (Color online) Comparison of kg versus the Fermi mo-
mentum ky for T = 10, 20, and 30 MeV.

with  the  definitions E?B = EPB(kp, 0), E?B =
aZDB(k,p)|
ok \k=kr-

The Fermi momentum kp is given by the relation

Vk:+ M*2 =v at T = 0. Thus, kr is not well defined for
T > 0 and should be replaced with a more suitable quantity at
finite 7'. One possibility is to define the momentum kg, where
the Fermi distribution is half its value at k = 0,

falks, T,v) = 3 fp(0,T,v).

Because the weight factor k2 fz(k,T,v) in the momentum
integral peaks near kg, it is useful to evaluate £°B around this
momentum value instead. Because kg — kp for T — 0, this
definition is compatible with zero-temperature calculations. In
Fig. 2 kg is plotted as a function of p for some temperature
values. One can see that there is only a significant difference at
low densities and high temperatures between ks and kp. The
differences between XPB(kg) and ZPB(k) are very small in
this region. This was also found by ter Haar and Malfliet in
Ref. [7]. Nevertheless, we substitute kr with kg in Eq. (3.25)
from now on to provide a well-defined expansion scheme
for all temperatures. In the range of moderate temperatures
the DB self-energies show a very small temperature depen-
dence [7,41]. As an example, Fig. 3 illustrates the temperature
dependence of PP as obtained by Ref. [7]. From this we
conclude that it is not only possible to apply the same

@ i i T ~ DDRH —
Ok 06y T=0MeV m |
) T=10 McV @
K p/po=2 K
N -\/’U\.\‘\ 0.5F T—90 MeV . 1
g 0.4 ; 0.4
S “\1\.\.\ = p/po=2
AR S 103 ]
0.2 ~ 02t ]
Plpo=05 lt——-—l\f’/ﬂo:.(’i
0.1 . . . 0.1 . . .
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7
k [GeV] k [GeV]

FIG. 3. (Color online) Thereal part of the scalar (a) and vector (b)
DB self-energies at different temperatures and densities [8], compared
to the quadratic approximation discussed in the text.
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quadratic expansion of %PB, as suggested by Ref. [19] at
T > 0, but even to neglect the temperature dependence of the
self-energies in a first-order approximation. Substituting %PB
with Eq. (3.25) in Eq. (3.24) gives the following expression
for the momentum-corrected DDRH vertices:

4m? 1 1 _
r=—<_3s.|1 —S—/d3k k> — k2 —
il IREv ] KLU

=T (1 + C51y). (3.26)

In Eq. (3.26) p, corresponds to p and p; for vector and scalar
mesons, respectively. I'q), is the first-order approximation
to the dressed vertex, including only Hartree contributions
from DB self-energies. For vector mesons I'(), is density
dependent, while for scalar mesons it additionally depends on
the temperature, because p, is a function of T at fixed p. In
this case we can further separate I"(,,

- [ os(T = 0)
Coys(p,T) = Loy _—
os(p,T) s (P) D)

Obviously, I'y(T =0) = 1:(0)5. The function I; provides an
additional temperature correction to the scalar vertex. It is
important to note here that a modification of I'y causes a
modification of p;, which, in turn, implies a different value
for T'y. Therefore, I;(p,T) must be calculated numerically by
solving the self-consistency problem.

The second term in Eq. (3.26) incorporates momentum
corrections to the vertex, where C¢ = X% /X% and the
momentum integral I, is given by

Los(0) (0, T).

(3.27)

2 _
(o, T) = = / k[ = KD |Lfa(T) — Fo(T)].

As already mentioned, the parameter Cg can be assumed
as independent of density and temperature. However, the
momentum integral depends explicitly on both, p and 7',

Iy = Inu(p,T).

At T = 0 the expression for I'2 simplifies to

- 2 2
2 _ _ ™2 a 5
'y, T =0 = F(O)a|:l + Cyg _712,0 <__15kF>]

™ 2 o ™~ o
= rfo)a[l - gcslqi] =%, [1 - kC2p*3],

(3.28)

with k = %(%nz)%.

As thermal excitations become important with increasing
T, the momentum correction integral I, will considerably
differ from K,O%. The constant factor x C%, however, turns out
to be very small, leading to a modification of the scalar and
vector couplings by only 0.8% and 0.1%, respectively [18].
Therefore, the temperature dependence of I', induced by
Iy remains small in the temperature and density ranges
relevant for this work. For further discussion, we introduce the
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FIG. 4. (Color online) Temperature dependence of the scalar
coupling functions /¢Z (a) and I{ (b) at different densities: p = 0.5
(blue line), p = pg (orange dashed line), p = 2p, (green dotted line),
where py is the saturation density at 7 = 0. Lower curves belong to
lower densities.

function /7,

[1 + CSIM(T)] }2’ (3.29)

fet. = { [1+Ce1u(T = 0)]

which describes the temperature-dependent correction factor
on I, arising from the momentum correction integral. This
gives the following separation ansatz for I'y,:

I =TT =0)IX(T)I(T). (3.30)

Note that I, = 1 for vector mesons.

In Fig. 4 the functions I2(T) and I (T') for the o-meson
coupling are shown at various densities p. First of all, we see
that the temperature dependence becomes less significant with
increasing p. As expected, the momentum correction integral
results in small deviations of I', from its zero-temperature
value. While /7 falls off continuously with rising T the scalar
correction function /¢ shows an opposite behavior. Thus, the
two effects partially compensate each other. In the range of
moderate temperatures, where the liquid-gas phase transition
takes place, the net correction is less than 0.5% and it stays
small even at higher T. For the vector coupling I',, we find
that the corrections are even less than 0.2%.

This analysis therefore shows that the approximation

['PPRE( ) Ty ~ PPPRHE(, T = () (3.31)

can be applied for the DDRH vertices. The temperature-
dependent corrections would have nearly negligible small
effects on the finite-temperature EOS for temperatures below
100 MeV. Besides, there are only few experimental data
available for warm nuclear matter and it comes with large
uncertainties as in the case of liquid-gas critical temperature,
for example [42]. Hence, we use the effective vertices in
first-order approximation, assuming a density dependence
only. Within this approximation our calculations are in very
good agreement with other models, as shown below. The
temperature-dependent momentum corrections can be used in
future calculations to fine tune the EOS properties, whenever
more precise data will be available.

In the temperature range considered here, 7 < 100 MeV,
the Fermi-Dirac statistics is exerting only little or, at best,
a moderate influence on the G matrix. Most of the high-
energy tails of the thermal distributions are suppressed by
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FIG. 5. (Color online) Dependence of the Hartree mean-field
vertices on chemical potential and temperature in symmetric nuclear
matter. Results for the vector vertices (w,p) and the scalar vertices
(0,8), respectively, are displayed in the left and the right columns,
respectively. The dashed isolines indicate the constant density values
of 0.509, po, and 2p,.

the vertex form factors typically used to regularize the Bethe-
Salpeter correlation integral. These expected properties are
well reflected by our vertex functionals. The dependence of
the vertices on chemical potential and temperature in Hartree
approximation are illustrated in Fig. 5. The variations observed
for high temperatures at chemical potentials close to the
nucleon mass are corresponding to the increased polarizability
of low-density nuclear matter. At these densities, the tails of the
thermal distributions are not yet suppressed by the vertex form
factors, hence leading to a stronger influence on the in-medium
interactions. Note that the isolines in Fig. 5 correspond to
constant nuclear-matter densities.

In other studies, the density dependence of the meson-
baryon vertices has been determined in a phenomenological
approach, where the functional form of the vertices is adjusted
to fit measured properties of symmetric and asymmetric
nuclear matter and spherical nuclei. The first phenomenolog-
ical description was introduced by Typel and Wolter [38].
The parameters were further adjusted to calculations of
giant multipole resonances in Refs. [43] and [24]. Thus,
in the present work we compare the results of the DDRH
model to those obtained with the phenomenological DD-ME2
parametrization of the vertices as given in Ref. [24]. To better
understand the effects arising from density-dependent effective
couplings, we also show some results for the linear Walecka
model with constant couplings, which we refer to as QHD.

IV. EQUATION OF STATE FOR ISOSPIN-SYMMETRIC
NUCLEAR MATTER

To begin with, we discuss our results for isospin-symmetric
nuclear matter at 7 > 0. An important quantity in the analysis
of nuclear many-body properties is the binding energy per
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FIG. 6. (Color online) (a) Density dependence of the kinetic
(upper curves), potential (lower curves). (b) Binding energy per
particle within the DDRH approach. Isotherms for temperatures
T =0 MeV to T =30 MeV in equidistant steps of 5 MeV are
displayed. Note that lower curves correspond to lower temperatures.

nucleon,

E
Ep=—-M,
P
with the total baryon density p =), ppand M =), %M;,.
For the analysis of the different many-body effects it is helpful
to separate Ep in a kinetic and a potential part; i.e., Eg =
Eyin + Epo. By inserting £ from Eq. (3.19) into the above
equation and expressing the meson fields with the help of the
corresponding self-energies, we can write

“4.1

3
Eyin = %Z[ d k3E*(fB+JFB)—MZPh}, 4.2)
P (2m)

1

L =)
b

4.3)

In Fig. 6 the results for the kinetic, potential, and total
binding energy per particle in the DDRH model are given as
functions of the density for temperatures from 0 to 30 MeV.
Obviously, thermal excitations affect mostly the kinetic part
of the energy, while the potential energy is nearly unaffected
by temperature effects. The kinetic energy is also modified
by many-body interactions through the inclusion of the self-
consistent effective masses M. At T = 0 this can be seen by
comparing the DDRH result and the corresponding result for a
noninteracting gas. The latter is indicated by the dashed curve
in Fig. 6. Because the effective mass is decreasing with density,
nucleon-nucleon interactions result in a repulsive effect in the
kinetic energy.

The repulsion of Eyj, is partially compensated by the
potential energy. E,q is negative in the whole density range
and decreases constantly with p. At lower temperatures the
attraction of the potential energy is strong enough to create a
binding in the total energy. The interplay between the repulsive
and the attractive character of the two energies shows up
as a local minimum in Ep, defining the saturation point pg
of nuclear matter. In the DDRH calculation at 7 = 0 the
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TABLE I. Comparison of the nuclear-matter equilibrium proper-
tiesat 7 = 0.

Model oo M)  Ez(pp) MeV) K = M  Egym
DDRH 0.181 —15.94 282 518 267
DD-ME2 0.153 —16.54 251 534 323
NL3 [25] 0.148 —-16.3 272 562 374
SLy230a [27] 0.160 —-16.0 230 655 32.0
QHD 0.192 —154 530 524 337

saturation point is found at py = 0.18 with Eg(pg) = —15.94,
which is very close to DBHF calculations. A comparison of the
equilibrium properties at T = 0 between the different models
is given in Table I. With rising temperature the repulsion of
Eyi, becomes stronger, leading to a less bound system. For
T > 22 MeV Ejp stays positive in the whole density range. In
the p — O limit the kinetic energy, and thus E, comes very
close to the classical value of an ideal gas, Eg = 3/2T.

The effect of density-dependent interactions on the EOS
in the DDRH model can be better understood by examining
the functional behavior of the rearrangement self-energy
%R In Fig. 7 we show X% as a function of the baryon
density p for symmetric nuclear matter at fixed temperatures.
Obviously, ¥ is very small compared to the Hartree self-
energies ©°©(~350 MeV at saturation density pp). This
justifies the expansion of the Hamiltonian up to the first order
in the density deviation as described in the previous section.
The temperature dependence of X comes mainly from the
scalar densities p;, which saturate for p > py. Therefore,
%R becomes independent of temperature in the high-density
limit. In the region of nuclear-matter saturation density, pg, the
rearrangement contributions are more sensitive to temperature
changes. However, the functional deviations are still rather
small here and one can consider £® as independent of
temperature for 7 < 20 MeV.

The influence of the rearrangement energies on the pressure
is illustrated in Fig. 8. The full DDRH calculation (solid
lines) is compared to calculations without rearrangement
terms (dashed lines). In contrast to the self-energies, the
rearrangement contributions have a significant effect on the

10

»i [MeV]
R
o o o

!
w
[e=]

-40

-50 L L L L L L L L L

0 01 02 03 04 05 06 0.7 0.8 09 1
p [fm~?)

FIG. 7. (Color online) The rearrangement self-energy %% as a
function of baryon density p at various values of temperature 7' (in
MeV). Lower curves correspond to higher temperatures.
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FIG. 8. Therearrangement contributions to the pressure. (a) Low-
density region for T = 10, 15, and 20 MeV (lower curves correspond
to lower 7). (b) High-density region for 7 = 20 MeV.

nuclear-matter pressure. Their modification on P is even
contrary in the low- and high-density regions. While for
p < po the rearrangement terms cause an increase in the
pressure density, their inclusion softens P for p > 1.5p.
This is, of course, a direct consequence of the functional
dependence of %% on p and T, because P¥ = pX k.

The increase of the pressure at low densities plays a crucial
role on the liquid-gas phase transition region of nuclear matter.

Figure 9 shows the pressure P(T,p) of symmetric nuclear
matter as a function of the nucleon density p for fixed
values of the temperature 7T (isotherms). The curves exhibit
the characteristics of a typical first-order liquid-gas phase
transition. In the low-temperature region the pressure first
increases slightly with the density, then decreases to its
minimum point and finally returns to a continuous rising in
the high-density region, where it asymptotically approaches
the causality limit P = £ (Fig. 10). This functional behavior is
very similar to the one of a classical van der Waals liquid [44].

Next we discuss the entropy in the DDRH approach.
Entropy production plays an important role in the determina-
tion of the mass fragment distribution in multifragmentation
events of heavy-ion collisions [45]. In Fig. 11 the density and
temperature dependence of the entropy per particle, S/A =
S/p, is shown. The left panel shows S/A as a function of
density for fixed temperatures in the range of 0-30 MeV. First
of all, we can see that the entropy increases with temperature

(b) QHD

P [MeV fm~3]

P [MeV fm™3)

=

01l

0.01

015 02 025
p [fm™?]

01 015 02 025 0 005 0.1
p [fm™)

0 0.05

FIG. 9. Comparison of the EOS P[e(p)] = P(p) for symmetric
nuclear matter at various temperatures. The numbers denote the
temperature 7 in MeV.
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FIG. 10. (Color online) Functional behavior of the pressure P
in the high-density region for symmetric nuclear matter. The graph
shows the results at 7 = 0 MeV (lower curves) and T = 20 MeV
(upper curves) for DDRH and QHD models. The gray region cor-
responds to the region of pressures consistent with the experimental
flow data. The upper blue shaded area, labeled by P > ¢, exhibits the
causality limit.

and significantly decreases with density. This behavior is what
is expected given the fact that entropy is a measure of thermal
disorder. At p — 0o, §/p saturates at values in the range of
0.5-1.0 for the considered temperatures. Additionally, there
are two notable limits. First, at low densities the entropy
approaches the logarithmic density dependence of a classical
system, S/A ~ — In(p). This can be ascribed to the fact that in
the regime of very low densities as well as high temperatures
quantum effects become less important and thus the properties
of a classical system are recovered. However, the temperature
dependence of S/A approaches a linear behavior at 7 — 0, as
shown on the right panel of Fig. 11. This becomes even more
pronounced at higher densities. In this regime, the system can
be assumed as a Fermi liquid, where the relation between S is
given by

S 2
OFL _ n—NFT, (4.4)
A 2p

T = 4 m

5 10 15 20 25 30

- 05 1.0 1,5 20
5K T [MeV]

o/

0 01 0z 03 04 05 0 10 20 30 40 50
p [fm=3) T [MeV]

FIG. 11. (Color online) Entropy per particle. (Left) As a function
of p for fixed T from 5 to 30 MeV in steps of 5 MeV. The dashed
line shows the classical limit at 7 = 30 MeV. (Right) As a function
of T for fixed density values from 0.50¢ to 2p, in steps of % po. The
dashed line shows the limit of a Fermi liquid as explained in the text.
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FIG. 12. (Color online) Comparing the entropy per particle from
the DDRH calculations to experimental results [47]. The theoretical
band corresponds to 0.047 < p < 0.053 fm 2, accounting for the
uncertainties in the experimental analysis.

where

Erk
Np = ZFKF

= 4.5)
is the density of states at the Fermi surface [46].

In Fig. 12 we compare the DDRH calculation of S/A to
results obtained from Au 4 Au collisions at energies between
100 and 400 A MeV [47]. The experimental data were obtained
from the study of the fragments which remain after the
collision. By assuming that the dense fireball created in the
interior of a collision is in thermal equilibrium, information
on the entropy per particle of the fireball can be obtained, in
principle, from the fragmentation remnants of the collision;
see, e.g., Ref. [15]. However, this analysis comes with some
uncertainties owing to statistical assumptions that might not
be fully satisfied in a heavy-ion collision. Apart from that, one
assumes that the freeze-out density of the fireball is p & 0.3 py.
This provides a further uncertainty in the calculation. To
account for small deviations from this central density, we show
the theoretical results in the range of 0.047 < p < 0.053 fm~>.
Although we find that in this density and temperature range the
differences between the DDRH and the simple QHD model
are very small, the DDRH results indicate a slightly better
agreement with the data for temperatures higher than 10 MeV.
Nevertheless, one should note that a clear distinction between
the models is barely possible for this set of data.

We conclude the set of results for symmetric nuclear matter
with the discussion of the free energy per particle, F/A =
Flp=(E —TS)/p. Figure 13 shows F/p as a function
of density and temperature. At very low temperatures the
free energy has a local minimum, which is the equivalent
to the saturation point of nuclear matter at 7 = 0. At finite
temperatures the equilibrium state of the system is given by the
minimization of the free energy instead of the energy density.
This minimum describes a thermodynamically preferred state
of the system. The local minimum of the free energy disappears
above the so called flashing temperature, 7y. At this point
the pressure is still high enough to prevent the system from
decaying to the low-density (gas) phase, leading to a liquid-gas
coexistence. Above a critical temperature, 7¢, this coexistence
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FIG. 13. (Color online) The free energy per particle. Isotherms
are chosen the same as in Fig. 11.

does not hold any longer and the system is found in the
thermodynamically preferred state at very low densities. For
the DDRH model we find the following values for the flashing
and critical temperatures of symmetric nuclear matter:

TPPRH ~ 122, TPPRH ~ 14.6.

Although E/A is more repulsive with rising temperature,
the free energy per particle is a decreasing function of 7.
Obviously, this behavior can be ascribed to the —7'S term and
thus is a pure entropic effect. The same applies to the p — 0
limit, where classical effects dominate the properties of the
system (compare Fig. 11) [48].

The analysis of symmetric nuclear matter shows that
nucleon-nucleon interactions affect the bulk properties of
nuclear matter in two ways. First, they obviously give rise
to the potential energy. Second, the interactions invoke self-
consistent effective masses and chemical potentials. Especially
the latter quantities affect both the thermal and the spectral
distribution functions of the nucleons. Therefore, the in-
medium interactions have a remarkable effect on the kinetic
part of the (free) energy, effectively increasing the kinetic
energy.

In the considered density and temperature range, our results
for the DDRH model are in good agreement with experimental
data, as well as other microscopic DBHF calculations [41].
This shows that the approximations applied here to the density-
dependent vertices are not only suitable for the description of
nuclear matter in the vicinity of the saturation point at 7 = 0,
but lead also to reliable results in higher density as well as
temperature regions.

V. ISOSPIN-ASYMMETRIC NUCLEAR MATTER

A. Thermal properties of asymmetric nuclear matter

In the previous section we studied the results for nuclear
matter with equal content of protons and neutrons. In this
section we study isospin effects in warm nuclear matter at
moderate temperature well below the critical temperature T¢
of the QCD phase transition. For this purpose, we introduce the
proton fractioné = p,/p as anindicator for charge asymmetry
and the isospin content. In the DDRH model, the inclusion of
the scalar isovector 6 meson field leads to a separation of
the proton and neutron effective masses in asymmetric nuclear
matter. In Fig. 14 we plot the ratio between the effective and the
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FIG. 14. (Color online) Effective nucleon masses M; (¢ = p,n)
for protons (upper blue line) and neutrons (lower orange line) at
T =0 as functions of the total baryon density for pure neutron
matter (left) and as functions of the asymmetry parameter & = %
at saturation density p = po (right). The thin dashed curve in the left
panel represents the result in case of symmetric nuclear matter.

corresponding bare nucleon masses. The black dashed curve
on the left panel shows the result for symmetric nuclear matter
(¢ = 0.5). In this case, M;‘ = M decreases continuously with
p. As the asymmetry increases (i.e., smaller values of &),
protons gain a larger effective mass, while the effective mass
of neutrons decreases. It is particularly interesting to note that
the isospin effect on M), is much stronger than on M. In
the limit of £ = 0 (neutron matter), M," deviates only slightly
from its symmetric nuclear-matter value, whereas M} shows
a considerable increase and even exhibits a local minimum
at p & 2.3pg. This behavior is a direct consequence of the
self-consistent solution of the effective masses and scalar
densities.

Figure 15 shows the energy density and pressure at 7 = 0
for values of & from pure neutron matter (¢ = 0) to symmetric
matter (§ = 0.5). As seen, the local minimum of the binding
energy per particle shifts to the left, i.e., to lower densities,
while the binding of the system reduces with increasing
neutron excess. For & < 0.05 neutron-rich matter is completely
unbound. At this point the potential energy is not strong enough
to compensate the kinetic energy of the system. Hence, both
energy density and pressure increase with decreasing proton
fraction. In neutron-rich matter, the local minimum of the
pressure disappears as well, as the right panel of Fig. 15 shows.

(a)

120+ ]
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= 8o} ¢ : '_
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p/po p/pPo

FIG. 15. (Color online) The binding energy (left) and the pres-
sure (right) at T = 0 for values of £ from 0 to 0.5 in steps of 0.1.
Lower curves belong to lower values of &.

034307-13



A. FEDOSEEW AND H. LENSKE

oo T=10 MeV p=0.16 fm~3
X IO T T : ©) : :
<
~
0 L J
0.6p DDRH —— 1
DD-ME2 £=05
HD -ooee-- =0
o _ QD - o L=
00 01 02 03 04 05 0 10 20 30
¢ T [MeV]

FIG. 16. (Color online) (Left) The entropy per particle as a
function of the proton fraction & at T = 10 and p = 0.16 fm ~>.
The results for the DDRH, DD-ME2 [24], and QHD parametrization
are shown. (Right) Comparison of the temperature dependence of
the entropy per particle between symmetric (upper curve) and pure
neutron matter (lower curve) in the DDRH model at fixed density
p =0.16 fm ~3.

Thus, the thermodynamically preferred state of neutron matter
is a dilute Fermi gas in the entire density range.

The entropy S/A decreases for smaller values of £ as the
degrees of freedom are reduced in systems with smaller proton
fractions. In our calculations, we find a very similar asymmetry
dependence of S/A in the whole temperature range. As an
example, we show S/A as a function of £ within several
models at a fixed temperature of 7 = 10 MeV. The results
show that the calculation with the linear QHD parametrization
produces somewhat larger values of the entropy. The blue
solid curve of the DDRH calculation lies above the results
with the phenomenological DD-ME2 parametrization [24].
This difference is less pronounced at smaller &, however, and
at neutron matter the entropy in the DDRH model is even
slightly smaller than the one of the DD-ME?2 calculation. In the
right panel of Fig. 16 we compare the entropy per particle as a
function of the temperature between symmetric nuclear matter
and neutron matter within the DDRH model. For neutron
matter S/ A shows a linear temperature dependence throughout
almost the whole temperature range.

In Fig. 17 the free energy per particle of neutron matter is
compared between the DDRH and the phenomenological DD-
ME?2 model. The results show that the DDRH parametrization
leads to a less repulsive free energy, which is a consequence of
the additional attraction in the scalar-isovector channel. At low
densities the curves of the two models coincide with each other,
because the differences between the interactions become less
important in this density region. As in the case of symmetric
nuclear matter, F/A decreases with temperature owing to the
higher values of the entropy.

To investigate the isospin-dependent part of the EOS,
consider the expansion of the free energy in powers of the
isospin parameter & = (o, — pp)/ e around symmetric nuclear
matter (¢ = 0):

F(a,p,T) = F(0,p,T) + Fym(0,p,T)a” + O(@).  (5.1)

Because of isospin symmetry, odd powers of « vanish in the
above expansion. Equation (5.1) defines the free symmetry
energy, Fgym, which is related to the cost of converting
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FIG. 17. (Color online) Free energy per particle in neutron matter
for temperatures from 0 to 30 MeV in equidistant steps of 5 MeV
(lower curves correspond to higher temperatures). The results of
the DDRH (solid lines) and the DD-ME2 (dashed lines) model are
compared.

protons into neutrons in the nuclear medium. Accordingly,
the symmetry energy, Egyy,, and the symmetry entropy, Ssym,
can be defined in the same way. The relation to the proton
fraction parameter £ is then given by

11824

sym — 5 o5 s Ae{f,E,S}
4 8p 9E2 o5

(5.2)
As usual, the above symmetry functionals follow the general
thermodynamic relation Fyym = Egym — T Ssym.

The symmetry energy plays a fundamental role in the
description of many important phenomena in nuclear physics,
such as the structure of exotic nuclei, heavy-ion collisions,
and neutron stars. In the past decade the density dependence
of the symmetry energy has been extensively studied both
experimentally and theoretically [49]. In addition, the knowl-
edge of the temperature dependence of the (free) symmetry
energy has become more and more important in connection
with the analysis of multifragmentation data of hot nuclear
matter. It is also an important ingredient in astrophysical
calculations such as the evolution of protoneutron stars or the
core collapse of a massive star and the associated explosive
nucleosynthesis [50,51]. In the last years some progress has
been achieved in heavy-ion collision experiments to extract
the temperature dependence of Fyy, at low densities [52].

In Fig. 18 we show our prediction for Fyy, and Egp
(see also Table II). Again, results for DDRH and DD-ME2
parameter sets are compared together with the experimental
data points from charge exchange reactions [53], neutron skin
analysis [54], and heavy-ion collisions [55]. The symmetry
energy of the DDRH model shows a stiff density dependence,
while it is soft for the phenomenological DD-ME2 model
parameter set. At 7 =0 and at low densities both models
describe the experimental data quite well. At saturation
density the DDRH parametrization slightly underestimates
the experimental value for Ey,. However, because—contrary
to the DD-ME2 model—the DDRH parameter set has not
been fitted to experimental data, this result is already quite
noteworthy. As for the temperature dependence, one can
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FIG. 18. (Color online) Symmetry and free symmetry energy as
functions of the density for fixed values of 7' from 0 to 50 MeV.
At T =0 (blue curve) Fyy = Egpy,. Curves above (below) the
zero temperature line correspond to Fyy, (Egm). The right and
the left panels show the results for the DDRH and DD-ME2
models, respectively. The points indicate experimental results for
the symmetry energy at 7 = 0. The data points are taken from [53]
(CE), [54] (NS), and [55] (HI).

see that Fyy and Eyy, show an opposite behavior. While
Fgym increases with T, Egn, becomes smaller with rising
temperature. The decrease of Eg, at higher temperatures
can be understood from the fact that the Fermi surface is
more diffuse and therefore the Pauli blocking becomes less
important at increasingly higher temperatures. The increase of
the free symmetry energy, however, is related to the negative
value of Sg,, because the total entropy per particle decreases
with increasing asymmetry (Fig. 16). Consequently, Fyyy, is
expected to be larger than Ey,, at fixed density and temperature
values. Additionally, the entropic effect of the free symmetry
energy is stronger than the decrease of Egyn, which, all in all,
causes Fgyn to increase with T

B. Phase transitions in asymmetric nuclear matter

As a starting point, let us first recall some basic concepts of
phase transitions in nuclear matter. The EOS of nuclear matter
shows a typical van der Waals gas behavior at temperatures 0 <
T < 20 MeV [44] (see Fig. 9). Below a critical temperature
T¢ one finds a region where %—ﬁ |7 < 0. This is the region of
mechanical instability where the preferred state of the system
is given by two coexisting phases. The thermodynamical
equilibrium of the two phases can be obtained with the help of

TABLEIL Egyy, and Fy, taken at saturation density for different
values of temperature 7' in the DDRH and DD-ME2 models.

T [EDDRH [EDD-ME2 FDDRH J7DD-ME2
sym sym sym sym

MeV) MeV) MeV) MeV) MeV)
10 26 32 27 33

20 24 30 29 35

30 21 28 32 37
40 19 26 36 41

50 17 25 41 45
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the Gibbs-Duhem relation,

dP —8dT - pedu. =0, (5.3)

where the sum includes all conserved charges. Equation (5.3)

applies to both phases separately. In case of one conserved

charge, this leads to the Gibbs conditions
w(p',T) = 1" 1),
Pi(p'.T) = PY(p".T),

54
(5.5)

where the labels I and II refer to the two phase states, with
the convention p! < p™. Recalling that the preferred state of a
system is the one with the lowest value of the free energy, we
can write the global stability condition for the mixed phase [9],

F(p,T) < \F(p",T)+ (1 = 0F(",T), (5.6)

with

p=xr"+(1—1p" 1el01],

where the parameter A determines the volume fraction occu-
pied by each phase. Equation (5.6) implies that for a stable
system F should be a convex function of the density,
2
0°F >0

ap? =

Note that the above expression is equivalent to Z—Z > 0, as can

be easily deduced from dF = —SdT + ), u.dp.. With this,
the phase transition region is characterized by the following
states:

(i) spinodal curve, describes the onset of the instability
region, %ZTJ: =0;
(i1) metastable region, the stability conditions are fulfilled
locally, but Eq. (5.6) is violated;
(iii) binodal curve, describes the onset of the metastable

states.

Hence, the two-phase coexistence area is enclosed by the
binodal curve. Within this area the pressure and the chemical
potentials are kept constant. The projection of the coexistence
area onto the 7'- P or T-u plane results in the first-order phase
transition lines. Together with the 7-p phase diagram they
provide a full description of the phase transition. In Fig. 19
we present the DDRH results of the 7-p (left) and the T-P
(right) phase diagrams. The hatched area indicates the region of
mechanical instability. We find a critical temperature of T¢ ~
14.55 MeV. The calculation with the DD-ME2 parameter set
provides similar results, although the values of the critical
points are a bit smaller than in the DDRH case.

The above conditions can be generalized to describe phase
transitions of multicomponent systems with N conserved
charges, e.g., hypernuclear matter. The stability criterion (5.6)
then holds for each conserved charge density p;. The resulting
set of N inequalities implies [9]

i _0mi

6.7
apj  Opi
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FIG. 19. (Color online) The phase transition diagrams of sym-
metric nuclear matter. (Left) The 7-p phase diagram in the DDRH
model. The binodal and spinodal curves are indicated by thick and thin
lines, respectively. (Right) The T-P phase diagram for the DDRH
and DD-ME2 model calculations.

In the coexistence region the Gibbs conditions of a multicom-
ponent system have to be fulfilled for each particle type,

pilol) = (o). Plot) = (o).

For isospin-asymmetric nuclear matter the conserved charges
of the system are given by the baryon number B and the
third component of the total isospin /3. Any state of the
nuclear-matter system can thus be characterized by the baryon
density pp = p, + p, and the isovector density p3 = pp — On.
The corresponding baryon and isospin chemical potentials are
related to the nucleon and proton chemical potentials through

(5.8)

MWB = Up+ Un, U3 =Up — Un.

It is feasible to express the stability conditions in terms of the
proton fraction &,

P
p(a—) >0, <8,u_p) >0, <aﬂ) < 0.
ap Tt 9 Jrp & Jrp
5.9)

The last two expressions are referred to as chemical sta-
bilityconditions. They take into account the fact that there
is energy needed to change the concentration of protons
in the medium at a fixed temperature and pressure. The
chemical instability region is found from the analysis of the
neutron and proton chemical potential isobars as functions
of £. In Fig. 20 a set of isobars in the range of 0.1 MeV
fm 3 < P < 0.25 MeV fm ~3 is shown. One can see an area
in the P-£ space, where the chemical stability conditions are
violated. In this section the system would break apart into two
phases with different concentrations of its constituents. With
increasing pressure the instability region becomes smaller until
it disappears completely at the critical pressure Pc. At this
point an inflection point appears in the chemical potential

isobars,
0 92
9§ T,P=P¢ 9§ T,P=P¢

In models with constant nucleon-meson couplings the position
of the inflection points of protons and neutrons coincides in
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FIG. 20. (Color online) The chemical potential isobars of nuclear
matter in the DDRH model as a function of £ at T = 10 MeV. The left
panel shows the neutron (solid blue line) and proton (dashed orange
line) isobars for values of P from 0.1 to 0.25 MeV fm ~>. The right
panel indicates the geometrical construction in case of P = 0.15MeV
fm ~3 as described in the text.

the P-£ plane. This assumption is, however, no longer true
once the couplings become density dependent. In this case,
the chemical potential of one type of nucleons can pass an
inflection point while the other one still has an unstable region.
This circumstance was first found by Qian [56], where it was
shown that the asynchronous behavior of the nucleon species
varies according to the density dependence of the isovector-
vector coupling, I',. In agreement with that, we find a similar
situation for the DDRH model.

In phase equilibrium, the pressure and the chemical poten-
tials of the two phases are equal, as required by the Gibbs
conditions. The two solutions to this requirement can be found
by means of a geometrical construction, as shown in the right
panel of Fig. 20 [57]. The points & and & indicate the onset of
the coexistence region. Thus, owing to the additional degree
of freedom, the binodal curve becomes a surface in the 7-P-£
space. To better visualize this surface, it is usually displayed in
slices at constant 7', which is referred to as the binodal section.
The shape of the binodal section depends highly on the model
of the nucleon-nucleon interaction.

To illustrate the nature of the liquid-gas transition in
asymmetric nuclear matter, we show the result of the binodal
section of the DDRH model at 7T = 10 MeV in Fig. 21.
Following the notation of Ref. [9], we indicate some char-
acteristic points of the curve. By MA the point at maximum
asymmetry is indicated. For £ < &y the system stays in the
gas phase and a phase transition does not take place. The
point of equal concentration, EC, lies at £ = 0.5, reflecting
the one-component character of symmetric nuclear matter. The
critical point CP (&¢, P¢) indicates the edge of the instability
area. For P > Pc the chemical potentials of protons and
neutrons are monotonically with &.

In the phase coexistence region the system favors a
configuration with different proton concentrations of the two
phases. This does not violate the isospin conservation law,
because only the sum of the isospin of the two phases needs
to be conserved. One finds that the phase with lower & (higher
asymmetry) takes the lower density. The points CP and EC
divide the binodal section into two branches, where the left
(right) branch corresponds to the phase with lower (higher)
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FIG. 21. (Color online) The binodal section at 7" = 10 MeV in
the DDRH model. The right panel shows the projection of the points
Aj and A, on the pressure at fixed proton concentration & = 0.2.

density and proton concentration. Thus, the left branch is
associated with the gas phase and the right one with the liquid
phase. The binodal section shrinks with temperature, i.e., Pcp
becomes smaller and MA shifts to higher values of £. At
T = T¢ the points CP, MA, and EC coincide at £ = % and the
binodal surface finally reduces to a single point.

In contrast to symmetric nuclear matter, the pressure does
not stay constant during a phase transition. This arises from
the fact that the two phases follow the two different branches
along the binodal curve. As an example, consider a system in
a configuration below the binodal section with £ = 0.2. As the
system is isothermally compressed, it will reach the two-phase
instability region at the point A;. In this stage a second phase
emerges at the point B, with § ~ 0.4 (liquid phase). During
the phase transition the total proton fraction £ is held fixed, as
indicated by the vertical line in the left panel of Fig. 21. The
two coexisting phases evolve along the two different branches
of the binodal section. The gas phase follows the left branch
from A; to A, and the liquid phase follows the right branch
from B; to B,. Finally, the system leaves the instability area
at the point B,. The solution of the equations

p=xrp' 4+ (1 =1)p",
03 = Q& —1)p = rp3 + (1 = A)p3,

provides the fraction A of the volume which is occupied
by the gas phase. In the above example, A =1 at A; and
vanishes at A,, implying that the system evolves from a gas
to a liquid phase. The solution of the above equations can be
used to calculate the behavior of the pressure during the phase
transition. This is illustrated in the right panel of Fig. 21.

The behavior of the system during an isothermal compres-
sion can be very different depending on the asymmetry pa-
rameter. In general, one can distinguish between the following
two condensation types.

(1) & > & :Stable condensation. Starting in the gas phase,
the system undergoes a phase transition and ends in the
stable liquid phase.

(1) & < & :Retrograde condensation. The system starts
and terminates its evolution through the two-phase
coexistence region in the gas phase. The liquid phase
that emerges during the transition disappears again as
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FIG. 22. (Color online) (a) Comparison of the binodal surface at
T = 10 MeV among the DDRH, DD-ME2, QHD, and SLy230a [10]
models. (b) Results of calculations without § meson interaction
(dashed line) and without momentum correction (short dashed line)
are compared to the full DDRH calculation.

the upper boundary of the binodal section is reached.
This behavior does not occur in a one-component
system.

It is interesting to examine how the shape of the binodal
section depends on the nucleon-nucleon interaction. Especially
the position of the characteristic points is very sensitive to the
isospin part of the interaction. In Fig. 22(a) the binodal section
at T = 10 MeV of the DDRH model is compared to the results
from other models. A summary of the corresponding critical
values can be found in Table III.

As in the case of symmetric nuclear matter, density-
dependent interactions provide a much smaller coexistence
region. In the QHD model the instability region extends to P ~
0.56 MeV fm ~>. The DDRH binodal stretches to much smaller
values of the asymmetry parameter £ than the one of the
phenomenological DD-ME2 model. The point of maximum
asymmetry is found at &a ~ 0.05 and &ya =~ 0.1 in the
DDRH and DD-ME?2 cases, respectively. We also display the
result of the nonrelativistic Skyrme-type interaction SLy230a

TABLE III. Comparison of the critical point parameters for
several temperatures. The results for the NL3 and SLy230a models
are taken from Ref. [10].

T MeV) & pe (fm )
DDRH 0 0.0135 0.059
DD-ME2 0 0.0025 0.0327
NL3 0 0.0567 0.0766
SLy230a 0 0.0149 0.0843
DDRH 10 0.077 0.079
DD-ME2 10 0.167 0.065
NL3 10 0.1785 0.0573
SLy230a 10 0.110 0.0608
DDRH 14.55 0.5 0.0653
DD-ME2 13.31 0.5 0.045
NL3 14.55 0.5 0.0463
SLy230a 16.52 0.5 0.0535

034307-17



A. FEDOSEEW AND H. LENSKE

by Dutra et al. [10]. The DD-ME2 binodal is remarkably close
to the one of the SLy230a model. This circumstance can be
related to the way the isovector channel is parametrized in the
corresponding models, as was also found by Dutra et al. To
illustrate this more clearly, we show in Fig. 22(b) the impacts
of the isovector-scalar § channel and the momentum correction
in the DDRH model on the binodal shape. The dashed curve
represents the result without the § meson interaction, where
I's = 0. One can see that the § interaction increases the value
of the maximum asymmetry. The short dashed line represents
the solution without momentum corrections where we set all
momentum correction parameters (Cg) to zero. One can see
that momentum correction leads to lower values of &ya by
approximately the same extent as of the § interaction. It is also
interesting to note that the binodal sections of the DD-ME2
and SLy230a models are very close to the one of the DDRH
model without momentum correction terms.

In conclusion to this discussion, we study the asymmetry
dependence of the critical temperature. First of all, we should
remark that in the case of asymmetric nuclear matter the
definition of the critical temperature is used differently in the
literature [58]. Some authors define the critical temperature
for a given value of & such that £ corresponds to &- at
T = T¢. In this way the system remains in the gas phase
for T > T¢ [59]. However, many authors prefer the definition
which is equivalent to the one of symmetric nuclear matter,
that is, where the pressure has an inflection point in the
P-p phase diagram. This definition represents the temperature
from which the system remains mechanically stable, although
a chemical instability may still be present at this point.
Therefore, one should rather refer to this temperature as the
critical temperature of mechanical instability, 7cy. Because
the calculation of ¢y is more straightforward and also more
familiar, it is widely used in the literature [48,60,61]. Ty is
somewhat smaller than 7¢, yet it also represents the asymmetry
dependence of the instability region.

In Fig. 23 we show the mechanical critical temperature as a
function of & for different models. Tcy decreases continuously

20 : : : : -
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rppME2 —-—- - 1
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FIG. 23. (Color online) The critical temperature of mechanical
instability as a function of the proton fraction £. The results are
compared between different models. The good agreement between
our DDRH and the ChPT results of Ref. [48] is remarkable.
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TABLE IV. Comparison of the critical temperatures, Tcy (MeV),
at different asymmetry values &.

& DDRH DD-ME2 ChPT
0.5 14.6 133 15.1
04 14.0 12.6 14.7
0.3 12.8 10.8 13.4
0.2 10.7 8.1 10.8
0.1 6.6 2.6 6.5

with rising neutron excess and vanishes at & = &cy. For
asymmetry fractions below this value, the system remains
mechanically stable at all temperatures. At higher values
of & the curve of the QHD model lies above the curves
of the other models, overshooting the experimental value of
symmetric nuclear matter. Nevertheless, the curve falls off
much faster with decreasing & and coincides with the DD-ME2
line at Tcy = 0. For comparison, recent results from chiral
perturbation theory (ChPT) by Fiorilla ef al. [48] also are
displayed. In this calculation the one- and two-pion exchange
diagrams as well as A-isobar degrees of freedom are explicitly
taken into account. In Table IV we provide a summary
of the results for some fixed values of the proton-neutron
asymmetry &. It is remarkable that the DDRH result is very
close to the one of ChPT throughout the whole & range.
This indicates that in the DDRH the higher-order correlation
effects on the isospin degree of freedom are implicitly included
in the density-dependent terms of the isovector-vector and
isovector-scalar channels.

VI. SUMMARY AND OUTLOOK

The EOS of asymmetric nuclear matter was studied in the
microscopic DDRH approach. The approach, being based on
a DB approach to in-medium interactions, incorporates the
essential aspects of an ab initio description by relying only on a
free-space NN interaction but deriving the medium-dependent
modifications in a self-consistent manner. An important step
is the projection of the medium dependence onto effective
density-dependent meson-baryon interactions leading to the
formulation of relativistic nuclear-field theory with vertex
functionals depending on the field operators. As discussed
above, in MFA the field theoretical functionals become
functions of the nuclear density. The mean-field limit is
treated as the leading-order term in an expansion around
the ground-state expectation value of a given configuration
of symmetric or asymmetric nuclear matter. While in former
DDRH-related work investigations of cold nuclear and hy-
pernuclear matter and applications to neutron stars and finite
nuclei and hypernuclei were considered, in this paper we have
applied the approach for the first time to nuclear matter at
finite temperature 7 > 0. The nuclear EOS was investigated
in RMF approximation for proton ratios £ = Z/A ranging
from symmetric nuclear matter (§ = %) to pure neutron matter
& =0.

As a generic feature of the DDRH theory we have included
for the first time also isovector-scalar fields, realized in
nature by the ap(980) meson. Already by general symmetry

034307-18



THERMAL PROPERTIES OF ASYMMETRIC NUCLEAR MATTER

arguments this interaction channel must be included into
the theory. The most important effect is that in asymmetric
nuclear-matter protons and neutrons obtain different rela-
tivistic effective masses. Hence, the two species of nucleons
become mechanically distinguishable, affecting directly the
thermodynamical properties. Of particular importance is the
quite different behavior of asymmetric matter at the phase
boundaries.

Although there exist quite a number of studies on the
thermodynamics of symmetric nuclear matter and pure neutron
matter, much less attention has been paid on the properties of
warm asymmetric nuclear matter. While symmetric nuclear
matter can still be considered as a single-component Fermi
gas, this is no longer possible in asymmetric nuclear matter.
Unequal proton and neutron numbers are translating into
differences in Fermi momenta and chemical potentials, thus
changing the chemical composition and kinetic and, owing to
isovector interactions, the mechanical properties of the protons
and neutrons, hence making the two species thermodynamical
distinguishable. Thus, as discussed in the previous sections, a
much more involved theoretical treatment in terms of a two-
component Fermi gas is required. The increased theoretical
effort, however, is awarded by a much richer phase structure of
asymmetric nuclear matter. As discussed in detail in Sec. III the
phase structure of asymmetric nuclear matter is conveniently
studied in terms of the total, isoscalar, and the isovector baryon
chemical potentials, respectively, accounting for the conserved
charges of the system, namely the total baryon number B and
the third component I3 ~ 2222 of the total isospin, which
is synonym to the conservation of the total charge of the
system. Against naive first expectations, it is not the number
of protons and neutrons separately that is conserved, but the
overall Noether charges are the conserved quantities. This
is seen clearly at the phase transition boundaries: During
the phase transition the baryonic composition might change
as long as B and I3 are conserved. As pointed out, the

PHYSICAL REVIEW C 91, 034307 (2015)

density dependence and isospin structure of the in-medium
interactions plays a crucial role for the thermodynamics of
warm asymmetric nuclear matter, affecting directly the details
of the phase structure of the system. These aspects were studied
in due detail by comparing our fully microscopic DDRH
results with results obtained with the purely phenomenological
RMF approaches like the original scalar-vector model of
Serot and Walecka and the density-dependent extensions as
the DD-ME2-approach of Ring et al. Qualitatively, the three
approaches lead to similar predictions on the thermodynamics
of warm nuclear matter, but in detail the differences in nuclear
dynamics are reflected by variations in the phase diagrams. The
positive message of that comparison is that models describing
cold nuclear matter properly are also close in their predictions
for warm nuclear matter, at least in the temperature range
below ¢t ~ 100 MeV and a compression factor of up to two or
three times nuclear saturation density. This result is certainly
of interest for heavy-ion physics because it confirms and gives
further confidence to the widely used treatment of heavy-ion
collisions in terms of a transport theoretical description based
on RMF-type dynamics.

Clearly, the approach presented here is open to further
extensions. The inclusion of hyperons is one of the interesting
cases, making it possible to study warm hypermatter. Adding
in addition 8 equilibrium one will be able to describe warm
neutron star matter, thus giving access to a more extended,
new approach to the early stages of a neutron star just after the
formation of a protoneutron star and the subsequent cooling
phase.
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