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Asymmetric nuclear matter: The role of the isovector scalar channel
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We try to single out some qualitative effects of coupling to ad-isovector-scalar meson, introduced in a
minimal way in a phenomenological hadronic field theory. Results for the equation of state~EOS! and the
phase diagram of asymmetric nuclear matter~ANM ! are discussed. We stress the consistency of thed-coupling
introduction in a relativistic approach. Contributions to the slope and curvature of the symmetry energy and to
the neutron-proton effective mass splitting appear particularly interesting. A more repulsive EOS for neutron
matter at high baryon densities is expected. Effects on the critical properties of warm ANM, mixing mechanical
and chemical instabilities and isospin distillation, are also presented. Thed influence is mostly on theisovec-
torlike collective response. The results are largely analytical, and this makes the physical meaning quite
transparent. Implications for nuclear structure properties of drip-line nuclei and for reaction dynamics with
radioactive beams are finally pointed out.
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I. INTRODUCTION

Hadronic effective-field theories@quantum hadrody-
namics~QHD!# represent a significant improvement in th
understanding of static and dynamical properties of nuc
matter and finite nuclei, described as strongly interacting s
tems of baryons and mesons. The main application of
approach has been the relativistic mean-field~RMF! theory
@1,2#, extremely successful in nuclear structure studies@3–5#.

In recent years, due to the possibilities opened by rad
active beam facilities, interest has moved toward a mic
scopic description of asymmetric nuclear systems, from
stability of drip-line nuclei to the phase diagram of asymm
ric nuclear matter. The connection to astrophysics proble
supernova explosions, and neutron stars is also quite evi
@6–9#. The isovector channel was introduced through a c
pling to the charged vectorr meson. In the Hartree approx
mation of the RMF approach, it leads to a simple line
increase of the symmetry term with the baryon density, w
out neutron or proton effective mass splitting@10#. A com-
plete study of the corresponding phase diagram for asymm
ric nuclear matter was performed in Ref.@11#, with a
thorough discussion of the new qualitative features of
liquid-gas phase transition.

In this work we focus our attention on the introduction
the coupling to the isovector scalar channel, through the
change of a virtual chargedd@a0(980)# meson. In this way,
as is well known in the isoscalar channel, we recover
genuine structure of the relativistic interactions, where o
has a balance between scalar~attractive! and vector~repul-
sive! ‘‘potentials.’’ Actually thed-meson exchange is an e
sential ingredient of all nucleon-nucleon realistic potenti
and its inclusion in the QHD scheme was already sugge
@12#, also on the basis of a relativistic Brueckner theory@13–
15#. Some first results of structure calculations for exo
nuclei showed the importance of thed dynamics for the sta-
bility conditions of drip-line nuclei@15,16#.

The aim of this paper is to present, within a RMF a
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proach, the main expected effects of thed field on symmetry
properties of the nuclear system, from the equation of s
EOS ton,p-mass splitting, and in particular on the nucle
response in unstable regions. We recall that the study of s
metric and asymmetric nuclear matter properties under
treme conditions is of great relevance for understanding
nuclear interaction in the medium. In particular, a liquid-g
phase transition may occur in warm and dilute matter p
duced in heavy-ion collisions~multifragmentation events!.
This is one of the interesting open problems in theoreti
and experimental nuclear physics. Isospin effects on hea
ion collisions ~fragmentation and collective flows! were
widely discussed in recent years; see Refs.@17,18#. In this
work we will try to offer a unified picture of thed-meson
exchange influence on nuclear structure and dynamics.

In order to simplify the analysis and to pin down the mo
direct effects of thed contributions, we will follow a quite
reduced version of the RMF approach, including all the is
scalar (s,v) and isovector (d,r) fields. Nonlinear self-
interaction terms are introduced only in the isoscalar scalas
channel, essential in order to obtain the right incompressi
ity parameter at normal densityr0 @19,20#. Such an approxi-
mation scheme of minimal self-interacting terms is actua
physically well justified in the baryon density range of inte
est here, roughly up to 2.5r0 @21#. Moreover, it is consisten
with the RMF assumptions of neglecting retardation and
nite range effects in the field dynamics@22#. We stress the
presence of several points of interest in the isovector cha
results in this baryon density region@24#:

~i! The slope of the symmetry term, thesymmetry pres-
sure, just below r0 is of relevant importance for nuclea
structure, being directly linked to the thickness of the ne
tron skin in n-rich ~stable and/or unstable! nuclei; see the
recent discussions in Refs.@25–27#. Jointly to then-p effec-
tive masses, this is an essential ingredient for the stability
drip-line nuclei @15,16#. Dissipative reaction mechanism
with asymmetric ions also seem to be quite sensitive to
same quantity@28,29#.
©2002 The American Physical Society01-1
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~ii ! The nature of chemical instabilities and in gene
critical properties of warm and dilute asymmetric nucle
matter@11,30–33#.

~iii ! Isospin effects on the dynamics of heavy ion co
sions at intermediate energies; see Ref.@18#. Reaction studies
represent a very sensitive tool to test transport propertie
symmetry effects,n-p chemical potentials, and effectiv
masses@34–36#.

In this paper, we first determine the model parameters
fitting the properties of the symmetric and asymmet
nuclear matter atT50. We then extend the investigation
finite temperature. In particular, we derive boundary regio
for mechanical and chemical instabilities, and their dep
dence on the various mesons entering the theory.

This paper is organized as follows. In Sec. II, the equat
of state for nuclear matter at a finite temperature is deriv
Symmetry energies and effective masses are discusse
Sec. III, where the neutron matter EOS is also evaluated.
mechanical and chemical instabilities are studied in Sec.
General comments as well as a summary of the main c
clusions are presented in Sec. V.

II. EQUATION OF STATE FOR NUCLEAR MATTER AT
FINITE TEMPERATURE

The starting point is the relativistic Lagrangian density
an interacting many-particle system consisting of nucleo
isoscalar~scalars, vectorv), and isovector~scalard, vector
r) mesons:

L5c̄@ igm]m2~MN2gsf2gdtW•dW !2gvgmvm

2grgmtW•bW m#c1 1
2 ~]mf]mf2ms

2f2!2U~f!

1 1
2 mv

2 vmvm1 1
2 mr

2bW m•bW m1 1
2 ~]mdW •]mdW 2md

2dW 2!

2 1
4 FmnFmn2 1

4 GW mnGW mn. ~1!

Minimal self-interacting terms are included only in th
s-channel, as discussed in Sec. I.

Here f is the s-meson field,vm the v-meson field,bW m

the chargedr-meson field, anddW the isovector scalar field o
the d-meson. We defineFmn[]mvn2]nvm , GW mn[]mbW n

2]nbW m . U(f) is the nonlinear potential of thes meson:
U(f)5 1

3 af31 1
4 bf4.

The field equations in mean field approximation~RMF!
are

@ igm]m2~MN2gsf2gdt3d3!2gvg0v02grg0t3b0#c

50,

ms
2f1af21bf35c̄c5gsrS ,

mv
2 v05gvc̄g0c5gvrB ,

mr
2b05grc̄g0t3c5grrB3 ,

md
2d35gdc̄t3c5gdrS3 , ~2!

whererB35rBp2rBn andrS35rSp2rSn, rB andrS are the
baryon and the scalar densities, respectively.
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Neglecting the derivatives of mesons fields, in the me
field approximation the energy-momentum tensor is given

Tmn5 i c̄gm]nc1@ 1
2 ms

2f21U~f!1 1
2 md

2dW 22 1
2 mv

2 vlvl

2 1
2 mr

2bW lbW l#gmn . ~3!

The properties of nuclear matter at finite temperature
described by the thermodynamic potentialV. For a system in
a volumeV from statistical mechanics, we defineV52pV
52(1/b)ln Z @2#, where b the inverse of temperature,b
51/T, and Z is the grand partition function given byZ
5Tr@e2b(Ĥ2S i (m i B̂i ))#. Here Ĥ is the Hamiltonian operator
and B̂i andm i are nucleon number operators and thermo
namic chemical potentials, respectively, (i 5p,n). The equa-
tion of state for nuclear matter at finite temperature can
obtained from the thermodynamic potentialV.

The energy density has the form

e5 (
i 5n,p

2E d3k

~2p!3
Ei

!~k!@ni~k!1n̄i~k!#1
1

2
ms

2f21U~f!

1
1

2
mv

2 v0
21

1

2
mr

2b0
21

1

2
md

2d3
2 , ~4!

and the pressure is

P5 (
i 5n,p

2

3E d3k

~2p!3

k2

Ei
!~k!

@ni~k!1n̄i~k!#2
1

2
ms

2f2

2U~f!1
1

2
mv

2 v0
21

1

2
mr

2b0
22

1

2
md

2d3
2 , ~5!

whereEi
!5Ak21Mi

!2. The nucleon effective masses are d
fined as

Mi
!5MN2gsf7gdd3 ~2proton,1neutron!. ~6!

ni(k) and n̄i(k) in Eqs. ~4! and ~5! are the fermion and
antifermion distribution functions for protons (i 5p) and
neutrons (i 5n):

ni~k!5
1

11exp$~Ei
!~k!2m i

!!/T%
~7!

and

n̄i~k!5
1

11exp$~Ei
!~k!1m i

!!/T%
. ~8!

The effective chemical potentialsm i
! are given in terms of

the vector meson mean fields

m i5m i
!2gvv07grb0 ~2proton,1neutron!, ~9!

where m i are the thermodynamical chemical potentialsm i
5]e/]r i . At zero temperature they reduce to the Fermi e
ergiesEFi[AkFi

2 1Mi
!2.
1-2
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The same results can be directly obtained from the exp
tation value of the energy-momentum tensor, showing
thermodynamical consistency of the mean-field approxim
tion @2#.

By using the field equations for mesons, the equations
state for thermal matter can be rewritten as

e5 (
i 5n,p

2E d3k

~2p!3
Ei

!~k!@ni~k!1n̄i~k!#1
1

2
ms

2f21U~f!

1
gv

2

2mv
2

rB
21

gr
2

2mr
2
rB3

2 1
gd

2

2md
2
rS3

2 ~10!

and

P5 (
i 5n,p

2

3E d3k

~2p!3

k2

Ei
!~k!

@ni~k!1n̄i~k!#2
1

2
ms

2f2

2U~f!1
gv

2

2mv
2

rB
21

gr
2

2mr
2
rB3

2 2
gd

2

2md
2
rS3

2 . ~11!

We recall that the baryon densitiesrB are given by (g is the
spin or isospin multiplicity!

rB5gE d3k

~2p!3
@n~k!2n̄~k!#, ~12!

while the scalar densitiesrS are

rS5gE d3k

~2p!3

M !

E!
@n~k!1n̄~k!#. ~13!

At the temperatures of interest here the antibaryon contr
tions are actually negligible.

In order to study the asymmetric nuclear matter, we int
duce an asymmetry parametera defined asa 5 (rBn
2rBp)/rB5(N2Z)/A. The energy density and pressure f
symmetric and asymmetric nuclear matter and then,p effec-
tive masses can be self-consistently calculated from E
~6!–~13!, just in terms of the four boson coupling constan
f i[(gi

2/mi
2), i 5s,v,r,d, and the two parameters of thes

self-interacting terms:A[a/gs
3 andB[b/gs

4 .
The isoscalar meson parameters are fixed from symm

nuclear matter properties atT50: saturation densityr0
50.16 fm23, binding energyE/A5216 MeV, nucleon ef-
fective massM !50.75MN (MN5939 MeV), and incom-
pressibilityKV5240 MeV atr0. The fitted f s , f v , A, and
B parameters are reported in Table I. They have quite s
dard values for these minimal nonlinear RMF models.

In Table I we also report the NL3 parametrization, wide
used in nuclear structure calculations@4#. We recall that the
NL3 saturation properties for symmetric matter are chose
r050.148 fm23, M !50.6MN , and KV5271.8 MeV. The
symmetry parameter~see Sec. III! is a4537.4 MeV.

The phase diagram~pressure isotherms! obtained with our
set I is shown in Fig. 1. The local minimum disappears at
critical temperature Tc , determined by (]P/]r)uTc
04520
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5(]2P/]r2)uTc
50. The obtained critical temperature of sym

metric matter isTc515.86 MeV.

III. SYMMETRY ENERGY

Symmetry properties of asymmetric nuclear matter
univocally fixed from the coupling constants of the isovec
channels@37#. Experimentally we have just one relative
well-known quantity, the bulk symmetry energya4 of the
Weiszaecker mass formula, in the range 30–35 MeV. In
RMF models with only the isovectorr meson, this assigns
the f r constant, that also gives the ‘‘slope’’ of the symmet
term ~the symmetry pressure! @10#, apart from small nonlin-
ear contributions@23#.

When we further include thed meson, from thea4 value
we will now fix only a combination of the two coupling
constants. Meanwhile,d itself will imply interesting contri-
butions to the slope and curvature of the symmetry ene
and a neutron-proton effective mass splitting. These will
the main points discussed in the following. We note that m
results are analytical, and this will largely improve the phy
cal understanding of the effects due to the coupling to thd
isovector scalar channel. The symmetry energy in asymm
ric NM is defined from the expansion of the energy p
nucleonE(rB ,a) in terms of the asymmetry parameter

TABLE I. Parameter sets.

Parameter Set I Set II NL3

f s (fm2) 10.33 same 15.73
f v (fm2) 5.42 same 10.53
f r (fm2) 0.95 3.15 1.34
f d (fm2) 0.00 2.50 0.00
A (fm21) 0.033 same 20.01
B 20.0048 same 20.003

FIG. 1. Pressure as a function of the baryon density for sy
metric nuclear matter (a50) at different temperatures.
1-3
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E~rB ,a![
e~rB ,a!

rB
5E~rB!1Esym~rB!a21O~a4!1•••,

~14!

and so, in general,

Esym[
1

2

]2E~rB ,a!

]a2 U
a50

5
1

2
rB

]2e

]rB3
2 U

rB350

~15!

Bulk symmetry parameter

The bulk symmetry parametera4 is just the value ofEsym
corresponding to the normal densityrB5r0, at T50. We
first discuss the case at zero temperature, in order to fix
isovector coupling constants. From Eqs.~10! and ~15! we
can easily obtain an explicit expression for the symme
energy@12#

Esym~rB!5
1

6

kF
2

EF
1

1

2
f rrB2

1

2
f d

M !2rB

EF
2@11 f dA~kF ,M !!#

,

~16!

wherekF is the nucleon Fermi momentum corresponding
rB , EF[A(kF

21M !2), andM ! is the effective nucleon mas
in symmetricNM, M !5MN2gsf.

The integral

A~kF ,M !![
4

~2p!3E d3k
k2

~k21M !2!3/2
~17!

has a simple analytical structure which makes the effec
thed meson on the symmetry energy quite transparent. W
some algebra we can obtain

A~kF ,M !!53S rS

M !
2

rB

EF
D , ~18!

making use of

rS~T50!5
M !

p2 FkFEF2M !2lnS kF1EF

M ! D G ,

rB~T50!5
2

3p2
kF

3 . ~19!

Expanding the scalar density in terms of (kF /M* )2 @2#, Eq.
~18! can be written as

A~kF ,M !!5
3rB

M*
F1

5 S kF

M*
D 2

2
3

14S kF

M*
D 4

2
5

24S kF

M*
D 6

1•••G ,

that can be used to derive a similar expansion for the s
metry energy@Eq. ~16!#.
04520
he

y

f
th

-

We see thatA(kF ,M !) is certainly very small at low den
sities, belowr0. It can still be neglected up to a baryo
density rB.3r0, where it reaches the value 0.045 fm22

~with our symmetric NM parameters!, i.e., a correction of
about 10% in the denominator of Eq.~16!.

Then in the density range of interest here we can use
leading order, a much simpler form of the symmetry ener
with transparentd-meson effects:

Esym~rB!5
1

6

kF
2

EF
1

1

2 F f r2 f dS M !

EF
D 2GrB . ~20!

We see that, whend is included, the observeda4 value ac-
tually assigns the combination@ f r2 f d(M !/EF)2# of the
(r,d) coupling constants. Iff dÞ0 we have to increase ther
coupling~see Fig. 1 of Ref.@12#!. In our calculations we use
the valuea4530.5 MeV. In Table I set I corresponds tof d
50. In set II f d is chosen as 2.5 fm2. Although this value is
relatively well justified@39#, we stress that aim of this work
is just to show the main qualitative effects of thed coupling.

In order to have the samea4, we must increase the
r-coupling constant of a factor of 3, up tof r53.15 fm2.
From the structure of Eqs.~16! and~20!, it is clear that there
is a connection between the scalar field~isoscalars and
isovectord) contributions, since both are acting on effecti
masses. A strongs coupling~smallerM* , e.g., see the NL3
parametrization! can compensate for a strongd coupling. In
our evaluation we keep thes parameters (f s ,A,B) fixed,
leading toM* 50.75MN . In any case a larger value ofEsym
at high baryon densities, due to the relativistic mechan
discussed in the following~see Fig. 2!, will be always
present whend is included.

At subnuclear densities,rB,r0, in both cases (r) and
(r1d), from Eq.~20! we have an almost linear dependen
of Esym on the baryon density, sinceM !.EF as a good

FIG. 2. Total~kinetic 1 potential! symmetry energy as a func
tion of the baryon density. Dashed lines: (r). Solid lines: (r1d).
Upper curves: zero temperature. Lower curves:T58 MeV.
1-4
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approximation. Around and abover0, we expect a steepe
increase in the (r1d) case sinceM !/EF is decreasing; see
Fig. 2.

This is an interesting aspect to look at in more detail sin
it actually represents a general relativistic effect due to
coupling to scalar mesons. In some sense it is the equiva
in the isovector channel (d vs r) ~i.e. for the symmetry en-
ergy!, of the saturation mechanism we have in the isosc
channel (s vs v) for the symmetric matter.

The scalar chargedd meson, like the neutrals meson,
acts on the nucleon effective masses, introducing ann-p
splitting; see Eq.~6!. This causes a negative contribution
Esym, @Eqs.~16! and~21!#, since it reduces the gap betwee
n-p Fermi energies, due to the different Fermi momenta
asymmetric NM. In fact, inn-rich matter the neutron Ferm
momentum increases while the neutron effective mass
creases see@Eq. ~6! and Fig. 6# ~the opposite occurs for pro
tons!. Such a negatived contribution is reduced at high den
sities due to the ‘‘Lorentz contraction’’ factor (M !/EF)2

@Eqs.~16! and ~20!#, that in general gives the attenuation
the scalar interactions with increasing baryon density.

We stress the consistent picture of a symmetry ene
built from the balance of scalar~attractive! and vector~re-
pulsive! contributions, with the scalar channel becomi
weaker with increasing baryon density. This is indeed
isovector counterpart of the saturation mechanism occur
in the isoscalar channel for the symmetric nuclear mat
From such a scheme we obtain a further strong fundame
support for the introduction of thed coupling in the symme-
try energy evaluation.

In Fig. 3, using our parametrizations, we quantitative
show the interplay of the two contributions (r and d) to
Esym @the second and third terms of Eqs.~16! and~20!#, as a

FIG. 3. r ~open circles! and d ~crosses! contributions to the
symmetry energy, and the second and third terms of Eq.~16!. The
dashed line is the approximated contribution of Eq.~20!, see the
text. The solid line is a linear extrapolation of the low-density b
havior, plotted to guide the eye.
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function of the baryon density. The crosses~negatived con-
tribution! follow a linear behavior up to roughlyr0, and then
tend to saturate due to the Lorentz contraction factor. Co
spondingly, we see the increase of the totalEsym shown in
Fig. 2. We note the accuracy of the approximated contribu-
tion given by Eq.~20! ~dashed line in Fig. 3!.

In Fig. 4 we show the equation of state~energy per
nucleon! for pure neutron matter (a51) obtained with the
two parameter sets, I (r) and II (r1d) @40#. The values are
in good agreement with recent nonrelativistic quantu
Monte Carlo variational calculations with realistic two- an
three-body forces@41#. The inclusion of thed coupling leads
to a larger repulsion at baryon densities roughly above 1.5r0.
This could be of interest for the structure of neutron stars
the possibility of a transition to different forms of nucle
matter.

From the previous analysis also we expect to see inter
ing d effects on the slope~symmetry pressure! and curvature
~symmetry incompressibility! of the symmetry energy
aroundr0, of relevant physical meaning. This will be th
main subject of the following discussion.

Symmetry pressure and symmetry incompressibility

In order to have a quantitative evaluation of thed effects,
we use the expansion of the symmetry energy aroundr0
@42,43#,

Esym~rB!5a41
L

3 S rB2r0

r0
D1

Ksym

18 S rB2r0

r0
D 2

1•••,

~21!

with L andKsym, respectively, related to slope and curvatu
of the symmetry energy atr0

L53r0S ]Esym

]rB
D U

rB5r0

and

Ksym59r0
2S ]2Esym

]rB
2 D U

rB5r0

. ~22!

-

FIG. 4. EOS for pure neutron matter. Dashed line: (r). Solid
line: (r1d).
1-5
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From Eq.~20! we obtain a potential contribution to the de
sity variation ofEsym given by ~after some algebra!

]Esym

]rB
U

pot

5
1

2 F f r2 f dS M !

EF
D 2G

1 f dS M !kF

EF
2 D 2F1

3
2

rB

M !

]M !

]rB
G . ~23!

Around normal densityr0 the first term is fixed by thea4
value @cf. Eq. ~20!#. The second term@always positive since
(]M !/]rB),0# gives a net increase of the slope, due to
d introduction.

To be more quantitative, with our parametrization we o
tain a potential contribution toL of 45 MeV from the first
term and a genuined extra contribution of about 20 MeV
from the second one. When we include also the kine
part @from the first term of Eq.~20!# we have a total slope
parameter going fromL(r)5184 MeV to L(r1d)
51103 MeV.

We note again that the slope parameter, or equivale
the symmetry pressurePsym[r0L/3, is of great importance
for structure properties, being linked to the thickness of
neutron skin inn-rich ~stable and/or unstable! nuclei @24–
27#, and to the assessment of the drip line@16#. Moreover the
same parameter gives an estimate of the shift of the sa
tion density with asymmetry~at the lowest order ina2),

Dr0~a!52
3r0L

KV~a50!
a2, ~24!

that can be easily obtained from a linear expansion aro
the symmetric valuer0(a50) @29#.

Equation~24! has a simple physical meaning: in order
compensate for the symmetry pressure in asymmetric ma
we have to move the zero of theP(rB) curve to lower den-
sities. The amount of the shift will be inversely proportion
to the slope, given by the incompressibility. All this can
seen in Fig. 5, where we report the total pressureP(rB) for
various asymmetries, at zero temperature, in the two caser
meson only~dashed lines! and (r1d) ~solid lines!. It is in-
structive to perform a similar discussion for the curvatu
parameterKsym @Eq. ~21!#. Now the potential contribution is
exclusivelygiven by thed meson, with a definite positive
sign, as we can see from the previous discussion. This
have a large effect on the total, since the kinetic part is q
small @45#. If we compare with nonrelativistic effective pa
rametrizations@44,43#, when we add thed meson we move
from a linear to a roughly parabolicrB dependence of the
symmetry energy.

With our parameters we pass from aKsym(r)
517 MeV ~only kinetic! to a Ksym(r1d)51120 MeV.
This quantity appears extremely interesting to look at exp
mentally, as recently suggested from reaction measurem
@43#. The problem is that the effect on the total incompre
ibility of asymmetric matter, that likely could be easier
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measure, is not trivial. We can evaluate a shift of the inco
pressibility with asymmetry, at the samea2 order as in Eq.
~24!, as@42,29#

DKV~a!5~Ksym26L !a2. ~25!

What really matters for the total incompressibility is th
combination (Ksym26L), with the possibility of a compen-
sation between the two terms. Just by chance this is actu
what happens in our calculations, since, for the above c
bination, we obtain2497 MeV in the case of onlyr cou-
pling, and 2504 MeV when we also add thed. Indeed,
from Fig. 5 that we see the slopes of the pressure aro
equilibrium density@P(r0)50# are very close in the two
cases: (r) and (r1d).

Effective-mass splitting

Another interesting result of thed-meson coupling is the
n,p effective-mass splitting in asymmetric matter@12#; see
Eq. ~6!. In Fig. 6 we report the baryon density dependence
the n,p effective masses fora50.5 (N53Z) asymmetry,
calculated with our set II parameters, compared to the s
metric case@46#.

We obtain a splitting of the order of 15% at normal de
sity r0, increasing with baryon density. Unfortunately fro
the present nuclear data we gain only as light knowledge
this effect, due to the low asymmetries available. This is
will be quite relevant in the study of drip-line nuclei. More
over, we can expect important effects on transport proper
~fast particle emission, collective flows! of the dense and
asymmetric NM that will be reached in radioactive bea
collisions at intermediate energies.

The sign itself of the splitting would be very instructive
As we can see from Eq.~6! in n-rich systems we expect
neutron effective mass always smaller than the proton ef

FIG. 5. Pressure as a function of the baryon density at z
temperature for various asymmetriesa50 ~bottom!, 0.5 ~middle!,
and 0.8~top!. Dashed lines: (r). Solid lines: (r1d).
1-6
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tive mass. The same is predicted from more microsco
relativistic Dirac-Brueckner calculations@15#. At variance,
nonrelativistic Brueckner-Hatree-Fock calculations lead
the opposite conclusions@9,47#. Still, in the nonrelativistic
picture quite contradictory results are obtained with Skyr
effective forces. The most recent parametrizations, SLy t
@48#, of Skyrme forces give a proton effective mass abo
the neutron one, in agreement with our calculations. Prev
Skyrme-like forces, instead, yield a splitting in the oppos
direction, but also show unpleasant behaviors in the s
channel~collapse of polarized neutron matter; see the disc
sion in Ref.@48#!. We note again that, as discussed above
decreasing neutron effective mass inn-rich matter is behind
the relativistic mechanism for the symmetry energy, i.e.,
balance of scalar~attractive! and vector~repulsive! contribu-
tions in the isovector channel.

Finite-temperature effects

In the temperature range of interest in this paper, be
the critical temperatureTc of the liquid-gas phase transition
of the order of 15–16 MeV~see Fig. 1!, temperature effects
on the symmetry properties are not expected to be la
Indeed the contributions of antifermions, that could mod
all the terms with the scalar densities@see Eq.~13!#, are still
very reduced. In Fig. 2 we also present the symmetry e
gies calculated atT58 MeV ~lower solid and dashed
curves!. For both cases,r and (r1d), the variation is quite
small. We have a reduction mainly coming from the kine
contribution due to the smoothing of then,p Fermi distribu-
tions. We note that this result is in full agreement with re
tivistic Brueckner-Hartree-Fock calculations@49#.

The effect for the mass splitting, given by a difference
scalar densities, is even smaller. In Sec. IV, we will study
detail the phase diagram of heated asymmetric nuclear
ter, focusing in particular on the instability regions.

FIG. 6. Neutron and proton effective masses vs the baryon d
sity for a50.5 (N53Z). The dashed line corresponds to symmet
nuclear matter.
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IV. MECHANICAL AND CHEMICAL INSTABILITIES

Heavy-ion collisions can provide the possibility to stud
equilibrated nuclear matter far away from normal conditio
i.e., to sample regions of the NM phase diagram. In parti
lar the process of multifragmentation allows one to pro
dilute nuclear matter at finite temperatures. In the symme
case~see Fig. 1!, we expect to see a phase transition of fi
order of liquid-gas type, as suggested from the very fi
equations of state built from effective interactions@50–52#.

The multifragmentation phenomenon may be interpre
as a signal of such a phase transition in a finite system, w
the nuclear matter in the expansion phase enters the regio
spinodal~mechanical! instability. However, nuclear matter i
a two-component system consisting of neutrons and prot
binary systems have more complicated phase diagrams
to their concentration degrees of freedom. In particular,
asymmetric nuclear matter an interesting feature in
liquid-gas phase transition is expected; the onset of a c
pling to chemical instabilities~component separation!. This
will show up in the nature of the unstable modes, the mixt
of density and charge fluctuations leading to an isospin
tillation effect@11,30,33#. Indeed, equilibrium thermodynam
ics as well as nonequilibrium kinetics both predict that
asymmetric system will separate into more symmetric lar
fragments~a ‘‘liquid’’ phase! and into neutron-rich light frag-
ments ~a ‘‘gas’’ phase!. So the chemical instability can b
investigated experimentally just by measuring theN/Z ratio,
or isospin content, of the fragments.

Since the effect is driven by the isospin-dependent par
the nuclear equation of state, here we will look at the infl
ence of thed coupling on this new liquid-gas phase trans
tion. It is known that the stability condition of a two
component,n-p, thermodynamical system is given by

S ]P

]r D
T,y

S ]mp

]y D
T,P

.0, ~26!

whereP is the pressure,mp is the proton chemical potentia
andy the proton fractionZ/A, related to the asymmetry pa
rametera5122y.

Equation~26! is equivalent to set the free energy to be
convex function in the space of then,p density oscillations:
drn and drp . In charge symmetric matter,isoscalar ~total
density! drn1drp and isovector~concentration! drn2drp
oscillations are not coupled, and we have two separate c
ditions for instability

S ]P

]r D
T,y

<0; ~27!

mechanical, i.e. vs density oscillations~the spinodal region!;
and

S ]mp

]y D
T,P

<0, ~28!

chemical, i.e., vs concentration oscillations.

n-
1-7



de
g
n
d
ix
iv
t

-
e
n

m
ar
e

pin

in
bi

n
o

ut

h

th

el
a

e

r o

ur
t

aker

we
des.
all-

d

B. LIU et al. PHYSICAL REVIEW C 65 045201
In asymmetric matter the isoscalar and isovector mo
are coupled, and the two separate inequalities no lon
maintain a physical meaning, in the sense that they do
select the nature of the instability. Inside the general con
tion @Eq. ~26!# the corresponding unstable modes are a m
ing of density and concentration oscillations, very sensit
to the charge dependent part of the nuclear interaction in
various instability regions@33#.

In dilute asymmetric NM (n-rich!, the normal unstable
modes for all realistic effective interactions are stillisosca-
larlike, i.e., in-phasen-p oscillations but with a larger proton
component@33#. This leads to a more symmetric high
density ~liquid! phase everywhere under the instability lin
defined by Eq.~26!, and consequentely to a more neutro
rich gas ~isospin distillation!. Such a ‘‘chemical effect’’
is driven by the increasing symmetry repulsion going fro
low density to roughly saturation value, and so it appe
quite sensitive to the symmetry energy of the effective int
action used at subnuclear densities. It could provide
good opportunity to differentiate the various EOS isos
dependences@53#.

In this section we study the effect of thed coupling on the
instability region given by Eq.~26! in dilute asymmetric
nuclear matter, and on the structure of the correspond
unstable modes. We start from an identity valid for any
nary thermodynamical system

S ]mp

]rp
D

T,rn

S ]mn

]rn
D

T,rp

2S ]mp

]rn
D

T,rp

S ]mn

]rp
D

T,rn

5
1

~12y!r2 S ]P

]r D
T,y

S ]mp

]y D
T,P

, ~29!

where mq , rq(q5n,p) are respectively neutron or proto
chemical potentials and densities. From our knowledge
the chemical potential on each isotherm@Eq. ~9!#, we can
easily compute the limits of the instability region in theT,rB
plane for dilute asymmetric NM in the two choices, witho
and with thed meson.

The results are reported in Fig. 7. Thed inclusion ~solid
lines! does not to appear affect the instability limits muc
even at relatively large asymmetrya50.8(N.9Z). We note
a small reduction and a shift to the left~lower densities! of
the whole region: this can be understood in terms of
larger symmetry repulsion, see Fig. 3.

We can understand the relatively smalld effect on the
stability border by remembering that, for low densities, w
below r0, the symmetry term has roughly the same line
behavior in both (r) and (r1d) schemes, fixed by thea4
parameter@see the discussion after Eq.~20!#. Only for very
large asymmetries does it appears relatively easier for thd
case to be in the stable liquid phase.

A rather larger difference can be seen in the behavio
the quantity@Eq. ~26!# inside the instability region. This is
plotted in Fig. 8 for various asymmetries at zero temperat
and in Fig. 9 at various temperatures for a fixed asymme
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a50.5(N53Z). The solid curves~with d coupling! are sys-
tematically above the dashed ones, a signature of a we
instability.

In order to better understand the origin of such effect,
also study the structure of the corresponding unstable mo
We follow the Landau dispersion relation approach to sm
amplitude oscillations in Fermi liquids@54,55,31,32#. For
two-component (n,p) matter the interaction is characterize

by the Landau parametersF0
q,q8 ,(q,q8)5(n,p), defined as

FIG. 7. Limits of the instability region in theT,rB plane for
various asymmetries. Dashed lines: (r). Solid lines: (r1d) @for
aÞ0#.

FIG. 8. The quantity@Eq. ~26!# inside the instability region at
T50 and various asymmetries. Dashed lines: (r). Solid lines:
(r1d).
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Nq~T!
]mq

]rq8

[dq,q81F0
q,q8 , ~30!

where Nq(T) represents the single-particle level density
the Fermi energy. At zero temperature it has the simple fo

Nq5
kFqEFq*

p2
, q5n,p.

In the symmetric case (F0
nn5F0

pp,F0
np5F0

pn), the Eqs.
~27! and~28! correspond to the two Pomeranchuk instabil
conditions

F0
s5F0

nn1F0
np,21 ~mechanical!,

~31!
F0

a5F0
nn2F0

np,21 ~chemical!.

From the dispersion relationsF0
s will give the properties of

the density~isoscalar! modes whileF0
a is related to the con-

centration~isovector! modes. For asymmetric NM we hav
some corresponding generalized Landau parametersF0g

s and
F0g

a which will characterize the collective response~respec-
tively isoscalarlike and isovectorlike!. They can be expresse

as fixed combinations of theF0
q,q8 for each baryon density

asymmetry and temperature. This transformation is reduc
Eq. ~29! to a ‘‘diagonal’’ form @33#

~11F0g
s !~11F0g

a !5
4

~12y!r2 S NnNp

Nn1Np
D 2

3S ]P

]r D
T,y

S ]mp

]y D
T,P

. ~32!

As already discussed, in the unstable region of dil
asymmetric NM we haveisoscalarlikeunstable modes an
so 11F0g

s ,0, while the combination 11F0g
a will stay posi-

tive. In Fig. 10 we report the full calculation of these tw
quantities in the unstable region at zero temperature,

FIG. 9. The same as in Fig. 8 at various temperatures and fi
asymmetrya50.5. Dashed lines: (r). Solid lines: (r1d).
04520
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asymmetrya50.5, with and without thed coupling. Thed
meson almost does not affect the unstable mode given by
F0g

s parameter. Hence the limits of the instability region, f
a50.5, are not changed~see the Figs. 7–9!. We have a much
larger effect on theF0g

a parameter which describes ‘‘stable
isovectorlike modes, that actually can propagate as go
zero-sound collective motions sinceF0g

a .0. This can be ex-
pected from the isovector nature of thed meson. From this
we obtain the main differences seen in Figs. 8 and 9 for
quantity @Eq. ~26!# inside the instability region, just using
Eq. ~32!.

Another interesting aspect of the comparison between
8 and Fig. 10 is the shift of the ‘‘maximum instability’’ den
sity region. From the thermodynamical condition reported
Fig. 8, it seems that the largest instability~the most negative
value! is aroundrB50.06 fm23. In fact, from Fig. 10 we
see that the fastest unstable mode, corresponding to the
negative Pomeranchuk condition for 11F0g

s , is actually
present for more dilute matter, aroundrB50.02 fm23. This
shows the importance of the linear-response analysis. Fin
the fact that thed coupling mostly affects theisovectorlike
modes is of great interest for possible effects on the isove
giant dipole resonances studied around normal density wi
the RMF approach in asymmetric systems.

V. CONCLUSION AND OUTLOOK

The aim of this work has been to select interesting effe
on properties of the asymmetric nuclear matter due to
coupling to the chargedd-scalar meson. Simple analytica
results allow one to clarify the interplay between ther- and
d- meson contributions.

With respect to the equation of state, whend is included
the symmetry energy retains an almost linear repulsive

d

FIG. 10. Behavior of the generalized Landau parameters in
the instability region at zero temperature and asymmetrya50.5
(N53Z). Dashed lines: (r). Solid lines: (r1d).
1-9
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havior at subnuclear densities, while it starts to move t
roughly parabolic trend above the saturation densityr0. Such
an effect comes directly from the general relativistic prope
of the weakening of the attractive scalar interactions at h
density. It represents an equivalent in the isovector chan
~interplay ofr andd contributions! to the saturation mecha
nism of the symmetric NM~the interplay ofv ands contri-
butions!. All this gives further fundamental support t
the introduction of thed channel in the symmetry energ
evaluation.

Such a ‘‘d mechanism’’ for the symmetry energy leads
a more repulsive EOS for pure neutron matter at baryon d
sities roughly above 2r0. This is the region where transition
to different forms of nuclear matter are expected, and so
result appears quite stimulating.

We have shown in detail that thed contributions are not
negligible for the slope parameter aroundr0 ~the symmetry
pressure!, and absolutely essential for the curvature para
eter ~symmetry incompressibility!. The proton-neutron effec
tive mass splitting is also directly given by thed coupling,
and appears to be of the order of 15% at normal nuc
density~for N53Z asymmetry!.

The possibility of an experimental observation of su
effects is suggested. Here we list some sensitive observa
~i! neutron distributions inn-rich nuclei~stable and unstable!
@25–27#; ~ii ! assessment of drip-line stabilities@15,16#; ~iii !
bulk densities and incompressibility modulus in asymme
nuclei @29,42,43#; and~iv! transport properties in radioactiv
beam collisions at intermediate energies: dissipative me
nisms, fast nucleon emission, and collective flo
@18,28,34,36,44,56#.

Effects on the critical properties of warm ANM, the mix
ing of mechanical and chemical instabilities and isospin d
tillation, are also presented. The border of the instability
gions as well as the nature of the unstable fluctuations
dilute asymmetric matter are not much affected. Indeed
the low-density region the symmetry energy has a very si
lar behavior with and without ad meson. This reduces th
04520
a

y
h
el

n-

e

-

ar

es:

c

a-

-
-
in
in
i-

possibility of the observation ofd-coupling effects from
measurements of isospin effects in multifragmentation eve
in asymmetric heavy-ion collisions. However, we note th
other fragment production mechanisms, likeneck fragmenta-
tion, are expected to be very sensitive to the symmetry
tential around normal density since clusters are now form
in regions in contact with the ‘‘spectator’’ matter@35,36#. We
can predict some interesting effects on this kind of eve
that actually represent quite a large part of the fragment p
duction cross section.

Moreover, from study of thed influence on the Landau
parameters in the low baryon density region, we see an
teresting effect on the collective response of asymme
NM. While the unstable~isoscalarlike! modes are almost no
modified, theisovectorlikeones, which have a good stab
zero-sound propagation, are quite sensitive to the introd
tion of thed. This suggests some importance of thed meson
in a RMF description of isovector giant resonances in asy
metric nuclei.

In conclusion, we would like to add a comment on t
limits of the Hartree scheme used in this work, as well as
most RMF calculations. Indeed, it is well known that e
change terms can also give contributions in the isovec
scalar channel in the absence of explicitd couplings, see
Ref. @38#, and references therein. The Dirac-Brueckn
Hartree-Fock results of Ref.@15#, and some nonlinear
Hartree-Fock calculations performed in Ref.@38,57#, show
that an effectived coupling parameterf d.2.5 fm2, almost
constant in a wide density range, is well accounting for
Fock term contributions. This makes us more confident in
reliability of the quantitative evaluation of thed effects dis-
cussed in this paper.
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