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We try to single out some qualitative effects of coupling t@-&sovector-scalar meson, introduced in a
minimal way in a phenomenological hadronic field theory. Results for the equation of(E@® and the
phase diagram of asymmetric nuclear matéeXM ) are discussed. We stress the consistency oftbeupling
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 presenteds Tiftuence is mostly on th&sovec-
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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[. INTRODUCTION proach, the main expected effects of théeld on symmetry
properties of the nuclear system, from the equation of state
Hadronic effective-field theoriesquantum hadrody- EOS ton,p-mass splitting, and in particular on the nuclear
namics(QHD)] represent a significant improvement in the response in unstable regions. We recall that the study of sym-
understanding of static and dynamical properties of nucleametric and asymmetric nuclear matter properties under ex-
matter and finite nuclei, described as strongly interacting sysirfeme conditions is of great relevance for understanding the
tems of baryons and mesons. The main application of thigiuclear interaction in the medium. In particular, a liquid-gas
approach has been the relativistic mean-fi@diF) theory = phase transition may occur in warm and dilute matter pro-
[1,2], extremely successful in nuclear structure stufitess]. duced in heavy-ion collisiongmultifragmentation events
In recent years, due to the possibilities opened by radioThis is one of the interesting open problems in theoretical
active beam facilities, interest has moved toward a microand experimental nuclear physics. Isospin effects on heavy-
scopic description of asymmetric nuclear systems, from théon collisions (fragmentation and collective floywswere
stability of drip-line nuclei to the phase diagram of asymmet-widely discussed in recent years; see R¢1g,18. In this
ric nuclear matter. The connection to astrophysics problemsyork we will try to offer a unified picture of the-meson
supernova explosions, and neutron stars is also quite evideakchange influence on nuclear structure and dynamics.
[6—9]. The isovector channel was introduced through a cou- In order to simplify the analysis and to pin down the most
pling to the charged vectgr meson. In the Hartree approxi- direct effects of thes contributions, we will follow a quite
mation of the RMF approach, it leads to a simple linearreduced version of the RMF approach, including all the iso-
increase of the symmetry term with the baryon density, withscalar ¢,w) and isovector §,p) fields. Nonlinear self-
out neutron or proton effective mass splittift0]. A com-  interaction terms are introduced only in the isoscalar sealar
plete study of the corresponding phase diagram for asymmethannel, essential in order to obtain the right incompressibil-
ric nuclear matter was performed in Rdfll], with a ity parameter at normal densipy [19,20. Such an approxi-
thorough discussion of the new qualitative features of thenation scheme of minimal self-interacting terms is actually
liquid-gas phase transition. physically well justified in the baryon density range of inter-
In this work we focus our attention on the introduction of est here, roughly up to 205 [21]. Moreover, it is consistent
the coupling to the isovector scalar channel, through the exwith the RMF assumptions of neglecting retardation and fi-
change of a virtual chargeé| a,(980)] meson. In this way, nite range effects in the field dynamif®2]. We stress the
as is well known in the isoscalar channel, we recover theresence of several points of interest in the isovector channel
genuine structure of the relativistic interactions, where onegesults in this baryon density regi¢84]:
has a balance between scafattractive and vector(repul- (i) The slope of the symmetry term, tlsymmetry pres-
sive) “potentials.” Actually the 5-meson exchange is an es- sure just below p, is of relevant importance for nuclear
sential ingredient of all nucleon-nucleon realistic potentialsstructure, being directly linked to the thickness of the neu-
and its inclusion in the QHD scheme was already suggestenion skin in n-rich (stable and/or unstablenuclei; see the
[12], also on the basis of a relativistic Brueckner thedr§—  recent discussions in Ref25-27. Jointly to then-p effec-
15]. Some first results of structure calculations for exotictive masses, this is an essential ingredient for the stability of
nuclei showed the importance of tidedynamics for the sta- drip-line nuclei [15,16. Dissipative reaction mechanisms
bility conditions of drip-line nucle[15,16]. with asymmetric ions also seem to be quite sensitive to the
The aim of this paper is to present, within a RMF ap-same quantity28,29.
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(i) The nature of chemical instabilities and in general Neglecting the derivatives of mesons fields, in the mean-
critical properties of warm and dilute asymmetric nuclearfield approximation the energy-momentum tensor is given by
matter[11,30-33. -

_ (iii) Is_ospin effects on the dynamics of hea_\vy ion (_:olli- Tﬂy=i¢yﬂﬁy¢+[%m§¢2+ U(¢)+%m§32—%miwkw*
sions at intermediate energies; see [RES]. Reaction studies

represent a very sensitive tool to test transport properties of — %mZBAB"]gM. ®)
symmetry effects,n-p chemical potentials, and effective P
masse$34-36. The properties of nuclear matter at finite temperature are

In this paper, we first determine the model parameters bylescribed by the thermodynamic potenfial For a system in
fitting the properties of the symmetric and asymmetrica yolumeV from statistical mechanics, we defifie= —pV
nuclear matter al =0. We then extend the investigation to — _ (1/8)InZ [2], where 8 the inverse of temperatureg
finite temperature. In partlpular_, we d_e_r_lve boundary regions_ 17 and Z is the grand partition function given by
for mechanical and chemical instabilities, and their depen-_ — B3 (wB)) Y is th iitoni
dence on the various mesons entering the theory. =Tie 1. HereH s the Hamiltonian operator,

This paper is organized as follows. In Sec. II, the equatiorand B; and ; are nucleon number operators and thermody-
of state for nuclear matter at a finite temperature is deriveddamic chemical potentials, respectively=(p,n). The equa-
Symmetry energies and effective masses are discussed tion of state for nuclear matter at finite temperature can be
Sec. lll, where the neutron matter EOS is also evaluated. Thebtained from the thermodynamic potent{al
mechanical and chemical instabilities are studied in Sec. IV. The energy density has the form
General comments as well as a summary of the main con-

clusions are presented in Sec. V. d3k . — 1.,
€= 2[ 3B (Ini(k)+ni(k) ]+ 5 m; "+ U()
II. EQUATION OF STATE FOR NUCLEAR MATTER AT =n.p 21)
FINITE TEMPERATURE
. . . . . . +Em2 2+ Em2b2+ Engz (4)
The starting point is the relativistic Lagrangian density of 2 Mu®o™ 5 MyDo™ 51503,

an interacting many-particle system consisting of nucleons,
isoscalar(scalaro, vectorw), and isovectotscalars, vector  and the pressure is

p) mesons:
L=yliy,0"~(My=g,b—g5s7-6) " P=2> Zf T o] e
=i - —0,P—0s7 6)— g, V.0 = 5| ——==—In n; —sm;
Yu NT9 Os g Yu 5o 3 (277)3 Ei (k) i i 2
— 0,77 D, Y+ 3 (3, b3" p— M%) — U () 1 L L
L. R _ +I2m2 w2+ —m2b2— = m2s2
+3Mew, 0"+ 3Mb, - b+ 3(d,8- 95— m35%) V() +5m,@ot 53mby—5m5d3, ®)
—3F F—3G,,G"". (1)  whereE} = \k?+M:2. The nucleon effective masses are de-
fined as
Minimal self-interacting terms are included only in the
o-channel, as discussed in Sec. |I. M =Myn—0,$6F09s03 (—proton+neutron. (6)

Here ¢ is the o-meson field,w, the w-meson field,SM

the chargegb-meson field, and the isovector scalar field of Ni(k) and (k) in Egs. (4) and (5) are the fermion and
the s-meson. We definE =d w —d.0.. G =d b antifermion distribution functions for protons sp) and
. nv nwPv v A% uMv

—aVBM. U(¢) is the nonlinear potential of the meson: neutrons (=n):

U(¢)=1ad+1be*. L
The field equations in mean field approximatiRMF) ni(k)= (7)
are 1+exp{(Ef (k)= u{)/T}
[i17,0"— (MN—0,b—0s57383) — 0, wo—0,y°73bo] ¥ and
:0' - 1
n;(k) 8

ma¢+ap’+be=yy=g,ps, L+exp{(Ef (k) +u)/T}
miMoZQwJYOlﬂ:ngB’ The effective chemical _potentia,La* are given in terms of
the vector meson mean fields

2 _ .0 _
m-by= = ,
pPo=9p Y 75 = Gypes wi=pmi —d,oFg,bg  (—proton;+neutron,  (9)

2 = " =
M503=05¥ T3¢ =0sPsa, @ where w; are the thermodynamical chemical potentials
wherepgs=pgp— pen @ndpsa= psp— psn, ps andpgarethe = del dp; . At zero temperature they reduce to the Fermi en-
baryon and the scalar densities, respectively. ergieskEg;= \/kzFi +M;2,
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The same results can be directly obtained from the expec-
tation value of the energy-momentum tensor, showing the
thermodynamical consistency of the mean-field approximaParameter

tion [2].

By using the field equations for mesons, the equations o}"

state for thermal matter can be rewritten as

d*k — 1, .,
=2 2| oy B (IO i(0]+ 5 Mg+ U ()
2 2 2
gw 2 gp 2 gé‘ 2
+ pgt pPe3t Ps3 (10
2mz " 2m’ 2m3
and
d*k K2
n: (k) +n;(k ——m 2
Inp3f(2 )3E(k)[() (k)] 5me
2 2 2
w g 95
-U pa+ —-pia— 2. 11

We recall that the baryon densitipg are given by { is the
spin or isospin multiplicity

d3
pe=7 f( melUUly n(k)], (12
while the scalar densitigss are
d’k M*
=y| ——= 1
Ps YJ(ZW)S = (13

At the temperatures of interest here the antibaryon contnbu

tions are actually negligible.

In order to study the asymmetric nuclear matter, we intro
duce an asymmetry parameter defined asa = (pgp
—psp)/pe=(N—2Z)/A. The energy density and pressure for
symmetric and asymmetric nuclear matter andre effec-

tive masses can be self-consistently calculated from Eqs
(6)—(13), just in terms of the four boson coupling constants,

fi=(9’/m?), i=0,w,p,d, and the two parameters of tle
self-interacting termsA=a/g> andB=b/g*.

The isoscalar meson parameters are fixed from symmetrie

nuclear matter properties at=0: saturation densitypg

=0.16 fm 3, binding energyE/A=—16 MeV, nucleon ef-
fective massM*=0.79My (My=939 MeV), and incom-
pressibility K, =240 MeV atp,. The fittedf,, f,, A, and

B parameters are reported in Table I. They have quite stan:

dard values for these minimal nonlinear RMF models.
In Table | we also report the NL3 parametrization, widely
used in nuclear structure calculatiodg. We recall that the

NL3 saturation properties for symmetric matter are chosen as

=0.148 fm 3, M*=0.6My, andK,=271.8 MeV. The
symmetry parametgisee Sec. l)lis a;=37.4 MeV.
The phase diagraripressure isothermsbtained with our
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TABLE |. Parameter sets.

Set | Set Il NL3

(fm?) 10.33 same 15.73

. (fm?) 5.42 same 10.53
f, (fm?) 0.95 3.15 1.34
f5 (fm?) 0.00 2.50 0.00
A (fm™1) 0.033 same —0.01
B —0.0048 same —0.003

=(#Plap?)|r =0. The obtained critical temperature of sym-
metric matter isT;=15.86 MeV.

. SYMMETRY ENERGY

Symmetry properties of asymmetric nuclear matter are
univocally fixed from the coupling constants of the isovector
channels[37]. Experimentally we have just one relatively
well-known quantity, the bulk symmetry energy, of the
Weiszaecker mass formula, in the range 30—35 MeV. In all
RMF models with only the isovectgs meson, this assigns
the f, constant, that also gives the “slope” of the symmetry
term (the symmetry pressuyg 10], apart from small nonlin-
ear contribution$23].

When we further include thé meson, from they, value
we will now fix only a combination of the two coupling
constants. Meanwhilej itself will imply interesting contri-
butions to the slope and curvature of the symmetry energy
and a neutron-proton effective mass splitting. These will be
the main points discussed in the following. We note that most
results are analytical, and this will largely improve the physi-
cal understanding of the effects due to the coupling todhe
isovector scalar channel. The symmetry energy in asymmet-

ric NM is defined from the expansion of the energy per
nnucleonE(pg,«) in terms of the asymmetry parameter

1.0

0.5

0.0

P (MeV/fm

T=0 MeV

0.05 0.10

PB (fm_s)

0.15

set | is shown in Fig. 1. The local minimum disappears atthe FIG. 1. Pressure as a function of the baryon density for sym-

critical temperature T., determined by &P/ﬁp)hC

metric nuclear matter«=0) at different temperatures.
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6(pB,a) :I LI LI | LI I LI I T T I:

E(ps,a)=——=E(pg) + Esynf pe)a’+ O(a)+ - -, 6ol _

14 i )

(14 I 7

. C .27 ]

and so, in general, o[- 44; ]

> P
1 9°E(pg. a) 1 e O pr )
=5 | e iy & A ]
sym 2 ﬂ 2 2 2 //

@ w=0 Jpa3 pra=0 B 40— z7 —

B3 L o v e

5] C ]

Bulk symmetry parameter 20 r .

L P ]

The bulk symmetry parametay, is just the value oEg, B L Z ]

corresponding to the normal densijpg=p,, at T=0. We -4 .

first discuss the case at zero temperature, in order to fix the oL L L L Ly
isovector coupling constants. From Eq$0) and (15) we 0.0 0.5 1.0 1.5 2.0 25

can easily obtain an explicit expression for the symmetry Ps/Po

energy[12]
9 FIG. 2. Total(kinetic + potentia) symmetry energy as a func-

k2 1 1 M*2pg tion of the baryon density. Dashed lineg) ( Solid lines: p+ 6).

Esym(PB) = 5 E_F,: Upper curves: zero temperature. Lower curves:8 MeV.

+2f pg— =1 ,
2 P8 2 B2 A GKe M )]

16
(16) We see thaf\(kg ,M™) is certainly very small at low den-

wherek is the nucleon Fermi momentum corresponding tosities, belowpo. It can still be neglected up to a baryon
ps, Er=(KZ+M*2), andM* is the effective nucleon mass density pg=3po, where it reaches the value 0.045 ffn

in symmetricNM, M*=My—g,¢. (with our symmetric NM parameteysi.e., a correction of
The integral about 10% in the denominator of E(.6).
Then in the density range of interest here we can use, at

4 5 k2 leading order, a much simpler form of the symmetry energy,
A(kg ,M™)= f d°k 1 with transparen$-meson effects:
( F ) (2,”.)3 (k2+ M*2)3/2 ( 7) p

has a simple analytical structure which makes the effect of 2 2
the 8 meson on the symmetry ener uite transparent. With 1ke 1 M
Yy ry ayq p . Esym(pB)=€E—+§ fp_f5E_ PB- (20
some algebra we can obtain F F
. Ps PB P
A(Kg ,M )=3< " —E—) , (18) We see that, whe# is included, the observedl, value ac-
M F tually assigns the combinatiohfp—fg(M*/E,:)Z] of the
making use of (p,6) coupling constants. If s+ 0 we have to increase the
9 coupling(see Fig. 1 of Ref[12]). In our calculations we use
N kot E the valuea,=30.5 MeV. In Table | set | corresponds g
p(T=0)= — | keEg—M*2In| ——| |, =0.In setlIf 5is chosen as 2.5 f?nAIthough this value is
w? * relatively well justified[39], we stress that aim of this work

is just to show the main qualitative effects of theoupling.
2 In order to have the sama,, we must increase the
pe(T=0)=——k. (19 p-coupling constant of a factor of 3, up tg=3.15 fn?.
37 From the structure of Eq$16) and(20), it is clear that there
is a connection between the scalar fi¢ldoscalaro and
isovectord) contributions, since both are acting on effective
masses. A strong coupling(smallerM*, e.g., see the NL3
4 parametrizationcan compensate for a strogcoupling. In

Expanding the scalar density in terms & (M*)? [2], Eq.
(18) can be written as

2

A(ke M*)= Sps| 1 ke )\ 3 Ke our evaluation we keep the parameters f(,,A,B) fixed,
M* S| M* 14\ m* leading toM* =0.75M .. In any case a larger value Bf,,
6 at high baryon densities, due to the relativistic mechanism
_i ﬁ discussed in the followingsee Fig. 2, will be always
24\ m* ' present wher¥ is included.

At subnuclear densitiegsg<pg, in both cases) and
that can be used to derive a similar expansion for the sym¢p+ 8), from Eg.(20) we have an almost linear dependence
metry energy{Eq. (16)]. of Egym On the baryon density, sinckl*=E¢ as a good
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_I rri rrri rrri rrri LILILI Ic : T T T :
S A RN A s0f -
100 __ o o o] __ E E
- 0° ] & 60— —]
B 0° . < C .
50 L 0© ° i : 40 —
7~ - =
> B o© T = C .
[  o° 7 C ]
= o N 20— —
=~ 0 = C .
%ﬂg‘ : : 0 F 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | :
- - 1.0 1.5 2.0 2.6
—-50 — *\N"k—k& 444 Pe/Po
[ _ FIG. 4. EOS for pure neutron matter. Dashed ling).(Solid
—100 — — line: (p+ 96).
T P P P P function of the baryon density. The crosgesgatives con-

0.0 0.5 1.0 1.5 2.0 2.5 tribution) follow a linear behavior up to roughly,, and then
0 / o tend to saturate due to the Lorentz contraction factor. Corre-
B/ 0 spondingly, we see the increase of the tdtal,,, shown in
FIG. 3. p (open circley and § (crossep contributions to the Flg. 2_' We note the accuracy O_f th? ap'prOX|méteontr|bu—
symmetry energy, and the second and third terms of(E§). The  tion given by Eq.(20) (dashed line in Fig. 3

dashed line is the approximatecontribution of Eq.(20), see the In Fig. 4 we show the equation of stf_itenergy per
text. The solid line is a linear extrapolation of the low-density be-nucleon for pure neutron mattera(=1) obtained with the
havior, plotted to guide the eye. two parameter sets, p) and Il (p+ 6) [40]. The values are

in good agreement with recent nonrelativistic quantum
approximation. Around and abov®,, we expect a steeper Monte Carlo variational calculations with realistic two- and
increase in the{+ ) case sinceM*/Eg is decreasing; see three-body force41]. The inclusion of theS coupling leads
Fig. 2. to a larger repulsion at baryon densities roughly abovggl.5
This is an interesting aspect to look at in more detail sinceThis could be of interest for the structure of neutron stars and
it actually represents a general relativistic effect due to thehe possibility of a transition to different forms of nuclear
coupling to scalar mesons. In some sense it is the equivalengatter.

in the isovector channelivs p) (i.e. for the symmetry en- From the previous analysis also we expect to see interest-
ergy), of the saturation mechanism we have in the isoscalaing s effects on the slopésymmetry pressuyeand curvature
channel ¢ vs w) for the symmetric matter. (symmetry incompressibilily of the symmetry energy

The scalar charged meson, like the neutra meson,  aroundp,, of relevant physical meaning. This will be the
acts on the nucleon effective masses, introducingngm  main subject of the following discussion.
splitting; see Eq(6). This causes a negative contribution to

Esym. [Eqs.(16) and(21)], since it reduces the gap between Symmetry pressure and symmetry incompressibility
n-p Fermi energies, due to the different Fermi momenta in T ]
asymmetric NM. In fact, im-rich matter the neutron Fermi N order to have a quantitative evaluation of #effects,

momentum increases while the neutron effective mass déVe use the expansion of the symmetry energy aropgd
creases sefEq. (6) and Fig. § (the opposite occurs for pro- (42,43,

tons. Such a negativé contribution is reduced at high den- L
sities due to the “Lorentz contraction” factorM*/Eg)? Eeynlpp) =24+ =
[Egs.(16) and(20)], that in general gives the attenuation of 3
the scalar interactions with increasing baryon density.

We stress the consistent picture of a symmetry energy i | andk
built from the balance of scaldattractive and vector(re-
pulsive contributions, with the scalar channel becoming
weaker with increasing baryon density. This is indeed the
isovector counterpart of the saturation mechanism occurring L=3po(
in the isoscalar channel for the symmetric nuclear matter.

From such a scheme we obtain a further strong fundamental
support for the introduction of thé coupling in the symme- and
try energy evaluation.

In Fig. 3, using our parametrizations, we quantitatively K. —gp2
show the interplay of the two contributiong (and §) to sym— 2P0
Esym[the second and third terms of Eq%6) and(20)], as a PB=PO

_ K _ 2
PB~ Po 4 sym PB~ Po .
18 Po

Po
(21

sym respectively, related to slope and curvature
of the symmetry energy at,

aESym)
dps

PB=Po

(22
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From Eq.(20) we obtain a potential contribution to the den- L I e B I L 7 LA
sity variation ofEg,, given by (after some algebya -

s E) |
2" O\ Eg N

2

IEgsym
Jps

pot
M*Kg
2
Er

1 PB 07|V|*

+ .
fs 3 M* dps

(23

Around normal density, the first term is fixed by they,
value[cf. Eq. (20)]. The second terrfalways positive since
(dM*/dpg)<0] gives a net increase of the slope, due to the
§ introduction.

To be more quantitative, with our parametrization we ob- 1 |
tain a potential contribution th of 45 MeV from the first e e e b Py
term and a genuiné extra contribution of about 20 MeV 0.0 0.2 0.4 0.6 0.8 1.0
from the second one. When we include also the kinetic Pe/Po
part [from the first term of Eq(20)] we have a total slope

parameter going fromL(p)=+84 MeV to L(p+9) temperature for various asymmetries-0 (bottom), 0.5 (middle),

=+103 MeV. : _
. . d 0.8(top). Dashed lines: f). Solid lines: p+ 6).
We note again that the slope parameter, or equwalentl)?In (top). Dashed lines: ). Solid lines: (+ )

the symmetry pressyr@symzlpol__/& is of great Importance ., sure, is not trivial. We can evaluate a shift of the incom-
for structure properties, being linked to the thickness of the ressibilii With asvmmetry. at the sara@ order as in E
neutron skin inn-rich (stable and/or unstablewuclei [24— ?24) as[4); 29 y Y 9.
27], and to the assessment of the drip [jdé]. Moreover the ' '
same parameter gives an estimate of the shift of the satura-

tion density with asymmetryat the lowest order im?),

Pressure (MeV fm™®)

FIG. 5. Pressure as a function of the baryon density at zero

AKy(@)=(Kgym—6L) a2, (25

What really matters for the total incompressibility is the
combination Ksy,—6L), with the possibility of a compen-
sation between the two terms. Just by chance this is actually
what happens in our calculations, since, for the above com-
) ) ) ) bination, we obtain—497 MeV in the case of only cou-

that can be easily obtained from a linear expansion aroung”ng’ and —504 MeV when we also add thé. Indeed,

the symmetric valugo(a=0) [29]. o from Fig. 5 that we see the slopes of the pressure around
Equation(24) has a simple physical meaning: in order to equilibrium density[ P(p)=0] are very close in the two
compensate for the symmetry pressure in asymmetric mattefgses: 6) and (p+ 9).

we have to move the zero of tH¥pg) curve to lower den-
sities. The amount of the shift will be inversely proportional
to the slope, given by the incompressibility. All this can be
seen in Fig. 5, where we report the total presfRifpg) for Another interesting result of th&-meson coupling is the
various asymmetries, at zero temperature, in the two cases,n,p effective-mass splitting in asymmetric mat{dr2]; see
meson only(dashed lingsand (p+ &) (solid lineg. Itis in-  Eq.(6). In Fig. 6 we report the baryon density dependence of
structive to perform a similar discussion for the curvaturethe n,p effective masses fov=0.5 (N=3Z) asymmetry,
parameteKgy,, [EQ. (21)]. Now the potential contribution is calculated with our set Il parameters, compared to the sym-
exclusivelygiven by theé meson, with a definite positive metric casd46].
sign, as we can see from the previous discussion. This will We obtain a splitting of the order of 15% at normal den-
have a large effect on the total, since the kinetic part is quitaity p,, increasing with baryon density. Unfortunately from
small [45]. If we compare with nonrelativistic effective pa- the present nuclear data we gain only as light knowledge of
rametrizationg44,43, when we add theé meson we move this effect, due to the low asymmetries available. This issue
from a linear to a roughly parabolieg dependence of the will be quite relevant in the study of drip-line nuclei. More-
symmetry energy. over, we can expect important effects on transport properties
With our parameters we pass from &g n(p) (fast particle emission, collective floyw®f the dense and
=+7 MeV (only kinetic) to aKgy{p+6)=+120 MeV. asymmetric NM that will be reached in radioactive beam
This quantity appears extremely interesting to look at experieollisions at intermediate energies.
mentally, as recently suggested from reaction measurements The sign itself of the splitting would be very instructive.
[43]. The problem is that the effect on the total incompressAs we can see from Ed6) in n-rich systems we expect a
ibility of asymmetric matter, that likely could be easier to neutron effective mass always smaller than the proton effec-

Spck (24)

Apo(a)=—ma ;

Effective-mass splitting
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IV. MECHANICAL AND CHEMICAL INSTABILITIES

900
\ a=0.5 Heavy-ion collisions can provide the possibility to study
equilibrated nuclear matter far away from normal conditions,
i.e., to sample regions of the NM phase diagram. In particu-
lar the process of multifragmentation allows one to probe
dilute nuclear matter at finite temperatures. In the symmetric
case(see Fig. 1, we expect to see a phase transition of first
order of liquid-gas type, as suggested from the very first
equations of state built from effective interactida®-52.

The multifragmentation phenomenon may be interpreted
as a signal of such a phase transition in a finite system, when
the nuclear matter in the expansion phase enters the region of
spinodal(mechanical instability. However, nuclear matter is
- | | | | | : a_two-component system consisting of neutrons a}nd protons:

e L L L binary systems have more complicated phase diagrams due
00 05 1.0 .5 20 =5 30 to their concentration degrees of freedom. In particular, for
PB/ Po asymmetric nuclear matter an interesting feature in the
. liquid-gas phase transition is expected; the onset of a cou-
_ FIG. 6. Neutron and proton effective masses vs the baryon derg i, v, chemical instabilitiescomponent separationThis
sity for a=0.5 (N=3Z). The dashed line corresponds to symmetric' . . .
nuclear matter. will shoyv up in the nature of th_e unstabl_e modes, _the mixture
of density and charge fluctuations leading to an isospin dis-
tillation effect[11,30,33. Indeed, equilibrium thermodynam-
tive mass. The same is predicted from more microscopigcs as well as nonequilibrium kinetics both predict that an
relativistic Dirac-Brueckner calculatiorid5]. At variance, asymmetric system will separate into more symmetric larger
nonrelativistic Brueckner-Hatree-Fock calculations lead tdfragmentqa “liquid” phase) and into neutron-rich light frag-
the opposite conclusion®,47]. Still, in the nonrelativistic ments(a “gas” phasg. So the chemical instability can be
picture quite contradictory results are obtained with Skyrmenvestigated experimentally just by measuring W& ratio,
effective forces. The most recent parametrizations, SLy typ@r isospin content, of the fragments.
[48], of Skyrme forces give a proton effective mass above Since the effect is driven by the isospin-dependent part of
the neutron one, in agreement with our calculations. Previouthe nuclear equation of state, here we will look at the influ-
Skyrme-like forces, instead, yield a splitting in the opposite€nce of thes coupling on this new liquid-gas phase transi-
direction, but also show unpleasant behaviors in the spifon- It is known that the stability condition of a two-
channel(collapse of polarized neutron matter; see the discus€0mponentn-p, thermodynamical system is given by
sion in Ref.[48]). We note again that, as discussed above, a
decreasing neutron effective massninich matter is behind (ap) (%) >0, (26)
Ty T,P

800

700

600

M* (MeV)

500

7/
|IIII|IIII|IIII|IIII|IIII|I

400

the relativistic mechanism for the symmetry energy, i.e., the % ay
balance of scalattractive and vector(repulsive contribu-

tions in the isovector channel. whereP is the pressurey, is the proton chemical potential,
andy the proton fractiorZ/A, related to the asymmetry pa-
Finite-temperature effects rametera=1-2y.

Equation(26) is equivalent to set the free energy to be a

n t_h_e temperature range of _mte_rest in this paper, belov‘(:onvex function in the space of tlep density oscillations:
the critical temperaturé&, of the liquid-gas phase transition, 8pn and 3p,. In charge symmetric matteisoscalar (total

of the order of 15-16 Me\(see Fig. 1, temperature effects density Sp,+ p, and isovector(concentration Sp,— 5p,

on the symmetry properties are not expected to be largg,gilations are not coupled, and we have two separate con-
Indeed the contributions of antifermions, that could modify gitions for instability

all the terms with the scalar densitieee Eq(13)], are still
very reduced. In Fig. 2 we also present the symmetry ener- IP
gies calculated aff=8 MeV (lower solid and dashed (5) <0; (27)
curves. For both cases and (p+ 8), the variation is quite Ty

small. We have a reduction mainly coming from the kinetic
contribution due to the smoothing of timep Fermi distribu-

tions. We note that this result is in full agreement with rela-

mechanicali.e. vs density oscillationghe spinodal region
and

tivistic Brueckner-Hartree-Fock calculatiof#9]. 9
The effect for the mass splitting, given by a difference of (ﬂ <0, (28)
scalar densities, is even smaller. In Sec. IV, we will study in ay TP
detail the phase diagram of heated asymmetric nuclear mat-
ter, focusing in particular on the instability regions. chemical i.e., vs concentration oscillations.
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In asymmetric matter the isoscalar and isovector modes LRI BN B B B L
are coupled, and the two separate inequalities no longer
maintain a physical meaning, in the sense that they do not
select the nature of the instability. Inside the general condi- 15
tion [Eq. (26)] the corresponding unstable modes are a mix-
ing of density and concentration oscillations, very sensitive
to the charge dependent part of the nuclear interaction in the
various instability region$33].

In dilute asymmetric NM (-rich), the normal unstable
modes for all realistic effective interactions are sslbsca-
larlike, i.e., in-phase-p oscillations but with a larger proton
component[33]. This leads to a more symmetric high-
density (liquid) phase everywhere under the instability line
defined by Eq.(26), and consequentely to a more neutron- 5
rich gas (isospin distillation. Such a “chemical effect”
is driven by the increasing symmetry repulsion going from
low density to roughly saturation value, and so it appears
quite sensitive to the symmetry energy of the effective inter- | | I | \\ | .
action used at subnuclear densities. It could provide a e

10

T (MeV)

0
0.00 0.02 0.04 0.06 0.08 0.10 0.12

good opportunity to differentiate the various EOS isospin pg (tm™)
dependencelb3]. ?
In this section we study the effect of tléecoupling on the FIG. 7. Limits of the instability region in th@,pg plane for

instability region given by Eq(26) in dilute asymmetric various asymmetries. Dashed linegi) ( Solid lines: p+ &) [for
nuclear matter, and on the structure of the corresponding#0].
unstable modes. We start from an identity valid for any bi-

nary thermodynamical system a=0.5(N=32Z). The solid curveswith § coupling are sys-
tematically above the dashed ones, a signature of a weaker
instability.
Ipep dpun Ipep dpn In order to better understand the origin of such effect, we
ﬁ (7_pn - (9_pn ﬁ also study the structure of the corresponding unstable modes.
P/ Tpn T.pp T TP Ty We follow the Landau dispersion relation approach to small-
1 op P amplitude oscillations in Fermi liquid§54,55,31,32 For
:—(_) (ﬂ) ' (29)  two-componentif,p) matter the interaction is characterized

(1=y)p?\ 9P/ N Y |15 by the Landau parameteEd"?’,(q,q’)=(n,p), defined as
-~ , SREEE R DR RN YA
where uq, pg(q=n,p) are respectively neutron or proton 0.000 = ! —
chemical potentials and densities. From our knowledge of = 3
the chemical potential on each isotheffaq. (9)], we can —0.005 —
easily compute the limits of the instability region in theog —0.010 - 3
plane for dilute asymmetric NM in the two choices, without B 3
and with thes meson. 3 —0.015— —
The results are reported in Fig. 7. Theinclusion (solid g - 3
lines) does not to appear affect the instability limits much, & —0.020 3 3
even at relatively large asymmetny=0.8(N=9Z). We note = 3 H+H3
a small reduction and a shift to the Iéfower densitief of T 0.000= =3
the whole region: this can be understood in terms of the = 3 3
larger symmetry repulsion, see Fig. 3. < -0.005 - —
We can understand the relatively smalleffect on the —0.010 = 3
stability border by remembering that, for low densities, well T 3
below py, the symmetry term has roughly the same linear —-0.015 —
behavior in both ) and (p+ &) schemes, fixed by tha, - ]
parametefsee the discussion after E@0)]. Only for very ~0.020 ;. il il .E

large asymmetries does it appears relatively easier fosthe 000 002 004 008 008 010 0.12
case to be in the stable liquid phase. og (fm™®)

A rather larger difference can be seen in the behavior of ?
the quantity[Eq. (26)] inside the instability region. This is  FIG. 8. The quantitfEq. (26)] inside the instability region at
plotted in Fig. 8 for various asymmetries at zero temperatureT=0 and various asymmetries. Dashed lineg).(Solid lines:
and in Fig. 9 at various temperatures for a fixed asymmetryp+ 6).
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0.000 |— —
g -0.005 [ ]
o
N [ ] =
E 0.010f | %
g | : :
= [ ]
-0.015— —]
A ~__-7 «=05 s
L . +
-0.020— T=0 — -
[ L1 1 1 | L1 1 1l | L1 11 I L1 1 1 | L1 1 1l I L1 1 1 ]

0.00 0.02 0.04 0.08 0.08 0.10 0.12
PB (fm_s)

FIG. 9. The same as in Fig. 8 at various temperatures and fixed

asymmetrya=0.5. Dashed lines:g)). Solid lines: p+ §). Lol L Lo b L
0.00 0.02 0.04 0.06 0.08 0.10 0.12

P PB (fm_s)

Mq q’

Ng(T) P 8. TFIY (30 FIG. 10. Behavior of the generalized Landau parameters inside
Par the instability region at zero temperature and asymmaetry0.5

where Ny (T) represents the single-particle level density atN=32). Dashed lines: ). Solid lines: p+5).

the Fermi energy. At zero temperature it has the simple form i ) .
9y : P asymmetrya= 0.5, with and without the5 coupling. Thes

ke E* meson almost does not affect the unstable mode given by the
Ng=—2_" = s ter. Hence the limits of the instability region, f
q 5 g=n,p. og Parameter. Hence the limits of the instability region, for
™ a=0.5, are not changedee the Figs. 799We have a much

larger effect on thégg parameter which describes “stable”
isovectorlike modes, that actually can propagate as good
zero-sound collective motions sinég,>0. This can be ex-

In the symmetric caseFy"=F§P,FgP=F§"), the Egs.
(27) and(28) correspond to the two Pomeranchuk instability

conditions ) i
pected from the isovector nature of themeson. From this
FS=F."+FgP<—1 (mechanical, we obtain the main differences seen in Figs. 8 and 9 for the
(31) guantity [Eq. (26)] inside the instability region, just using
Fa=FI"-FP<—-1  (chemica). Ea. (32).

Another interesting aspect of the comparison between Fig.
From the dispersion relatiorf; will give the properties of 8 and Fig. 10 is the shift of the “maximum instability” den-
the density(isoscalar modes whileF] is related to the con- sity region. From the thermodynamical condition reported in
centration(isovectoj modes. For asymmetric NM we have Fig. 8, it seems that the largest instabilithie most negative
some corresponding generalized Landau parameggyand ~ Value is aroundpg=0.06 fm~2. In fact, from Fig. 10 we
F2_ which will characterize the collective respongespec-  S€€ that the fastest unstable que, correspon_dlng to the most
tively isoscalarlike and isovectorlikeThey can be expressed negative Pomeranchuk condition for+Fg,, is 7a3ctuallly
as fixed combinations of thES*q' for each baryon density, present for more dilute matter, aroupg=0.02 fm °. This

. . ._shows the importance of the linear-response analysis. Finally,
asymmetry and temperature. This transformation is reducmg1e fact that thes coupling mostly affects thisovectorlike
Eqg. (29 to a “diagonal” form [33]

modes is of great interest for possible effects on the isovector
2 giant dipole resonances studied around normal density within

(1+ Fgg)(1+ F89)= 4 2( NoNp the RMF approach in asymmetric systems.
(1-y)p* | NntNp
P I V. CONCLUSION AND OUTLOOK
- e
( ap)T y( ay )T b (32) The aim of this work has been to select interesting effects

on properties of the asymmetric nuclear matter due to the
As already discussed, in the unstable region of dilutecoupling to the charged-scalar meson. Simple analytical
asymmetric NM we havésoscalarlikeunstable modes and results allow one to clarify the interplay between gheand
S0 1+ Fg,<0, while the combination 4 Fg, will stay posi- - meson contributions.
tive. In Fig. 10 we report the full calculation of these two  With respect to the equation of state, wh&is included
guantities in the unstable region at zero temperature, fothe symmetry energy retains an almost linear repulsive be-
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havior at subnuclear densities, while it starts to move to gossibility of the observation ob-coupling effects from
roughly parabolic trend above the saturation densitySuch ~ measurements of isospin effects in multifragmentation events
an effect comes directly from the general relativistic propertyin asymmetric heavy-ion collisions. However, we note that
of the weakening of the attractive scalar interactions at higtpther fragment production mechanisms, lileck fragmenta-
density. It represents an equivalent in the isovector channéion, are expected to be very sensitive to the symmetry po-
(interplay of p and & contributions to the saturation mecha- tential around normal density since clusters are now formed
nism of the symmetric NMthe interplay ofw and¢ contri- i regions in contact with the “spectator” mattg35,36. We
butions. All this gives further fundamental support to &N predict some interesting effects on this kind of event,

the introduction of thes channel in the symmetry energy that actually represent quite a large part of the fragment pro-
evaluation. duction cross section.

Such a “6 mechanism” for the symmetry energy leads to Moreover,_ from study of thes inﬂgence_on the Landau_
a more repulsive EOS for pure neutron matter at baryon derP2r@meters in the low baryon density region, we see an in-

sities roughly above 2,. This is the region where transitions teresting effect on the collective response of asymmetric

to different forms of nuclear matter are expected, and so thQIM' _V_Vh'le th? unstablé_lsoscalarllke_ modes are almost not
result appears quite stimulating modified, theisovectorlikeones, which have a good stable

We have shown in detail that the contributions are not zero-sound propagation, are quite sensitive to the introduc-

negligible for the slope parameter aroupgl (the symmetry F'On gl\;r::e(‘;' Th|'s tsuggﬁs',ts sorrt1e |mpotrtance of mmgson
pressurg, and absolutely essential for the curvature paramln a; . Ie_scrlp lon ot isovector giant resonances in asym-
eter (symmetry incompressibilityThe proton-neutron effec- melr?ccgrl:gljgion we would like to add a comment on the
tive mass splitting is also directly given by ti&ecoupling, - ’ Rne )
PIting y 9 y ping |tlml'[S of the Hartree scheme used in this work, as well as in

0,
3225358?)?,3i%gzs;r;rrfeﬁ;der of 15% at normal nuCleamost RMF calculations. Indeed, it is well known that ex-

The possibility of an experimental observation of Suchchange terms can also give contributions in the isovector

effects is suggested. Here we list some sensitive observabl calar channel in the absence of expligitcouplings, see

(i) neutron distributions im-rich nuclei(stable and unstable Hef:[ [389:' al?d refﬁrenc;e; tgig]em' Lhe D|rac—Brl|J'eckner—
[25-27; (ii) assessment of drip-line stabiliti¢$5,16]; (iii) artree-rock results of Relltol, and some noniinear-

bulk densities and incompressibility modulus in asymmetricHartree'FOCk calculations performed in RE#8,57, show

nuclei[29,42,43; and(iv) transport properties in radioactive that an effectives coupling parametef ;~2.5 fn¥, almost

beam collisions at intermediate energies: dissipative mech _zgit?(:rtrr:ncgnmgﬁti%igsq'{]irsa:]ngaeléelj lﬁegsr(:ecggg;i'ggnfﬁ;tﬁ
nisms, fast nucleon emission, and collective flows ’

[18,28,34,36,44,56 reliability of the quantitative evaluation of th& effects dis-

Effects on the critical properties of warm ANM, the mix- cussed in this paper.
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