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Nucleation process in asymmetric hot nuclear matter
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An extended version of the nonlinear Walecka model, witthesons and electromagnetic field is used to
investigate the possibility of phase transitions in twarm) nuclear matter, giving rise to droplet formation.
Surface properties of asymmetric nuclear matter as the droplet surface energy and its thickness are also
examined. The effects of the Coulomb interaction are discu$S&$56-28139)01808-7

PACS numbg(s): 21.65:+f, 21.90+f, 26.60+cC

I. INTRODUCTION the investigation of the surface properties of the arising drop-
let.
In heavy-ion collisions, part of the hot nuclear matter pro- The importance of the Coulomb interaction in nuclear
duced can be described in terms of hadrons. The formatioflystems cannot be denied. Althoughritée has already been
of highly excited composed nuclei in equilibrium with a gas investigated in the framework of some of the non-relativistic
of evaporated particles can be interpreted in the frameworkvorks discussed above, the electromagnetic field has been
of hydrodynamics as two coexisting phases of nuclear matsystematically neglected in relativistic models. In a previous
ter, a liquid and a gas phagé]. During these reactions, Work [16] we have investigated droplet formation in a vapor
phase transitions may occur depending on the temperatuystem at zero temperature in the framework of the relativ-
and densities involvef2—4]. The investigation of asymmet- istic Walecka model with nonlinear terngsILWM), which
ric nuclear matter is also of particular interest for problems inis known to describe adequately the bulk properties of
astrophysics. In fact, neutron-star matter at densities betwedticlear matter. We have included the Coulomb interaction
0.03 fm 2 and nuclear matter density (0.17 ) consists and worked in the Thomas-Fermi approximation. In the
of neutron-rich nuclei immersed in a gas of neutrfBis The ~ present work, we study the possibility of droplet formation in
size of the nuclei is determined by a competition between th@ vapor system at finite temperature within the same frame-
surface energy and the Coulomb interaction. The use of thework. We determine the conditions for phase coexistence in
modynamical concepts in the study of possible phase trans@ multicomponent system by building the binodals for two
tions in the above problems is done with the underlying astemperatures and two parametrizations of the nonlinear Wa-
sumption that the time required for thermalization andlecka model. These values determine the initial and boundary
chemical equilibrium is short. conditions which are used in solving numerically the coupled
Hot nuclei, liquid-gas phase transitions and droplet forma€quations of motion obtained in the Thomas-Fermi approxi-
tion in nuclear reactions as well as the surface properties ghation at finite temperature. The properties of the droplets
nuclear matter have already been extensively discussed in tig¢ich as the surface energy and thickness, the neutron skin
literature in the context of nonrelativistic models, namelythickness and the proton fraction are calculated. These prop-
within the framework of the Hartree-FoolHF), Thomas- erties are important, for instance, in the study of the phase
Fermi (TF) and extended-Thomas-Fermi approximationsboundary between the liquid matter in the interior of a neu-
(ETF) [1,6—10. In particular, in[10] it is shown that the tron star and the matter that comprises its crust. Also, in
semiclassical TF approximation scheme is reasonably accgnergetic collisions of two heavy ions the evolution of the
rate at any temperature. system can go through a process of nucleation during which
Within the framework of relativistic models phase transi- the system separates into droplets and vapor or bubbles and
tions in hot(warm) nuclear matter have also been investi- liquid.
gated in infinite matter by imposing constant mesonic fields In Sec. Il we obtain the equations of motion in the static
[2], at zero temperature for symmetric semi-infinite nuclearcase. The thermodynamical potential in the framework of the
matter[11], at finite temperature for symmetric matter in the Thomas-Fermi approximation is calculated in Sec. Ill. In
linear Walecka mode]l3,12] and also in its nonlinear form Sec. IV the two-phase coexistence is discussed and in Sec. V
for symmetric and asymmetric mattgt3]. Surface proper- Wwe present the numerical results. Finally, in the last section
ties of asymmetric semi-infinite nuclear matter have beersome conclusions are drawn.
investigated at zero temperature[i¥] and[15] by a semi-
classical approach. In most of the above mentioned papers in
which temperature effects have been taken into account, the
finite temperature version of the liquid drop model is used in  In what follows we describe the equation of state of asym-
metric matter within the framework of the relativistic nonlin-
ear Walecka mod€l17,18 with the inclusion ofp-mesons
*Permanent address: Depto. dsi€a, CFM, Universidade Fed- and the electromagnetic field. The self interaction terms of
eral de Santa Catarina, Florigmalis-SC-CP. 476-CEP 88.040-900, the scalar meson were shown to be necessary in order to
Brazil. adequately describe nuclear properfi#g]. Both thep me-

Il. EXTENDED NONLINEAR WALECKA MODEL
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TABLE |. Sets of parameters used in this work. All masses are given in MeV. #his @ reminder that the authors[@] have not given
the scalar meson mass used in their parametrization.

Force [Ref] c? c? c? KIMx1073 AXx1073 & M M m, m

P

MS [1] 374.770 260.570 106.91  3.08090° 8.106x 10° 0.02364 939 550.00* 783.00 770.00
NL1 [12] 373.176 245458 149.67 293 2.4578 —6 gi 3.4334 0.0 938 49225 795.36 763.00

son and photons are incorporated to account, respectively, From the Euler-Lagrange formalism, we obtain the
for the neutron excess in heavy nuclei and the electromagzoupled equations of motion for the scalar, isoscalar-vector,
netic interaction between the protdris]. In our Lagrangian isovector-vector, electromagnetic and nucleon fields, respec-
the -meson field amplitude is not considered since we ardively given by

not interested in pion-condensed states and hence, under the

approximation we use here, all pion contributions vanish. N K 5 3

Although we also have in mind the description of neutron (0= Vo mS) $=0sps— §¢ a €¢ ' ®

star crusts, the pionic degrees of freedom are not considered

because theirole only becomes important for matter much

denser than the one investigated in the present work. (FF—V2+m)VF=g,j*— ggﬂ(V“VM)V", (6)
In this model the nucleons are coupled to neutral scalar
isoscalar-vectov*, isovector-vectob* meson fields and the 2 <o o2~y Gp- gp , ,
electromagnetic field\*. The Lagrangian density reads (9= VoAmy)b# =274+ (b X B")+g,d,(b"xb"),
(1+72) )
> > T
52@[% ia“—gvV”—%T-b“—eAﬂ 3 e
(= VA=Z L, ®)
~(M—gs) |+ 5 (a $it§—mi?)— o K¢3 and
1 , L . . g (1+73)
—Hw“— ZQMQ“ += m2V VA mgg;‘(vﬂw)? I&t1p={a~(—lv—gvv— Zprgb e—F—A
s w 1 oo pu t my 0o, 9% o0
_ZB//-V B +om, m2b,,- b* ~2FuwF &Y +B(M=gs) +9,V+ = 73b
1+713)
where (1+73) o
e A%y, ©)
Qup=uVv= 0V, @ where the scalar densipg and the baryonic current densities
. . . L are defined as
B,U,V:(?,U,bl/—a b,u gp(b va)v (3) _
Ps:<df¢/>v
and o
=yt ),
Fuo=0d,A,—d,A,. (4)

i“=(yt ),
The model comprises the following parameters: three cou-
pling constantg, g,, andg, of the mesons to the nucleons, Iyt v
the nucleon massl, the masses of the mesamg, m,, m, Jem=\ by
the electromagnetic coupling constast 47/137 and the
self-interacting coupling constants, A, and £&. We have andb4=(b°,b). In the static case there are no currents in the
used two sets of constants, respectively identified as M@roplet and the spatial vector componeltsb, andA are
taken from[2] and as NL1 taken from(23], with Ci2 zero. Therefore, the equations of motion become
=g?M?/m?, i=s, v, p, and they are displayed in Table I. 1 1
All meson masses must be specified along with the coupling V2p=mip+ = kp?+ =\ p>—geps, (10)
constants. It is true that only the rations of couplings to the
masses are necessary in infinite matter inlithear Walecka

model. When nonlinear terms are included, the statement 2 m2
loses its validity. VVo= V0+3| £9Vo—9upe. 11

1+,
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g e+~ O
2 — 2 P p
2p = — — .
vV Ao=~epp, 13 &= (PTV)7+(M—geh) 2V, i=p.n,
where pg=p,+p, and p3=p,—p, are the baryonic densi- with
ties, andp, andp, are the proton and neutron densities.
lll. THE THOMAS-FERMI APPROXIMATION Voo=0,Vo+ %bo+ eAy, Vao=0yVo— %bo,

The present work is based on the semiclassical Thomas-
Fermi approximation. In this approach the energy of the 9, 9,
nuclear system with particles and antiparticles, described re- Vo=g,V+5bteA, Va=g,V-5°D,
spectively by the one-body phase-space distribution func-

tionsn, (r,p,t) andn_(r,p,t), at positionr time t and with 516 the classical effective one-body Hamiltonian for particles
momentump (+) and antiparticles €) since particles and antiparticles
N (r.p.t) 0 haveT qp_posite baryonic charge.amdtz r_efe.rs t'o the sp_in
p=t , (14  Multiplicity. We can also work with the distribution function
0 Np=(r,p,t) for particles at positionr, instant t with momentum
p, f.(r,p,t)=n,(r,p,t) and the distribution function for
antiparticles at positionr, instant t with momentum

nt(rvpvt):(

is (only the nuclear matter contribution and interaction

termg —p, f_(r,p,t)=n_(r,—p,t) so that
E Tf 3rdsp[ (r,p,t)e.+n_(r,p,t)e_] d3rd3p
=yTr| ——[n.(r,p,t)e,+n_(r,p,t)e_],
VY g MR P EN:vTrf SLf(ph —f_(rpHh_],
where where
|
h . (r N t) (i\/(p_vp)2+(M_gs¢)2+VpO 0
+ =T €+ , =~ P,L)—= .
B a 0 i\/(p_\)n)z_"(M_95917)2_"Vn0
The classical entropy of a Fermi gas is given by
d3rd3p( fi, )
S:_’yi;p,n J’W fi+ ln(l_fpr +In(1—fi+)+(fi+<—>fi,) , (16)
and the thermodynamic potential is defined as
Q=E-TS- X uB, (17)
i=p,n
whereB,, ,B, are, respectively, the proton and the neutron number:
°p
Bi:fd3r pi(r,t), Pi:')’f (zw)s(f”_f“)’ I=p.n, 18

i is the chemical potential for particles of typeand T is the temperature. For a system in equilibrium, the distribution
functions should be chosen to make the thermodynamic potéhtigthtionary and hence

1 :
i

fi=(r,p,0)= l+exd(e+v)IT]’ =p.n (19

wherev;= u;— YV are the effective chemical potentiaks= \p?+M*? andM* =M —g.¢ is the effective nucleon mass. In
the static approximatio®’. =0.
From the above expressions we get for ELy)

024313-3



D. P. MENEZES AND C. PROVIDECIA

d3rd3p
O= 'yTI’f
(2m)*

PHYSICAL REVIEW C 60 024313

[fo(r.p,)h, —f_(r,p,t)h_]+ %f d*r[(V$)?=(VV)?=(Vbg)* = (VAg)?]

1 2 2
+ Ef d3r{m§¢2+ §K¢3+ H)\df‘— m\Z,VS §g4v4 ibg}

7T f

(277

Equation(20) can then be written in the form

0= f d3r(%[(V¢)2—(VV0)2—(Vbo)z—(VAo)z]—Vef),

with
1 2 2
Vei=— z[mg(ﬁz'f- §K¢3+ ﬂ)\¢4_ m\z,V(Z)

o egivi-mib)

hi_

Tf'+ T

_+In(1+e Ty in(1+e (erm/Ty | (20)
[
d?v, 2 dVo _ Ve
2\ e
V:«Vo dr? A AV, @D
d?by 2dby  IVes
= 0 20Tt
V7bo dr? T dr dbg 28)
d?A, 2dAy_ oV
2 _ ef
VA, a2 to g ar ~ oAy (29

These coupled differential equations are solved numeri-
cally and all relevant quantitie®.g., effective mass, densi-

ties, pressupe which depend on the fields are calculated.
yTE f s[In(1+e~(7M) P P
IV. TWO-PHASE COEXISTENCE
+|n(1+e—<f+w>”)]. (21 , o .
In order to obtain the initial conditions for the program
The fields that minimize) satisfy the equations which integrates the differential equatiot®6)—(29) we de-
termine the conditions under which two distinct phases can
N 1 coexist in infinite matter. In this case, the electromagnetic
3 —=-m 2p— —K¢2 l)\¢3+ OsPs (220  field is omitted. In the mean field approximation the meson
3 : fields are replaced by their expectation val{@249,2q,
NV =(p)= o, 30
ave - m2V0+3| ggvVO ngBv (23) ¢ <¢> ¢O ( )
VO=(V%=V,, (31)
Vet
by m2bo— 7”p3, (24) b%=(b%=b,. (32
The substitution of the above expressions in Ef§), (11),
Net_ _ g, (25  and(12) yields
A P
K
wherepg,p3 were defined at the end of Sec. pl, has been bo=— —2¢S ¢0 2ps, (33
defined in Eq(18) and 2mg
dp M* &9y . 0y
— —(f.,+f ). Vo=— Vot+ —ps, (34)
Ps yi:p,n J(Z?T)g E ( i+ i ) 0 6m\2/ 0 \2,pB
Comparing Eqs(10—(13) with Egs. (22)—(25), we see g
that bo=—"5ps. (35)
2my
2
V2¢:d_¢+zd_¢:_%, (26) The thermodynamic quantities of interest are given in
dr2 r dr d terms of the above meson fields. They are the energy density,
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FIG. 1. The pressure in terms of the baryonic density is plotted FIG. 2. The protorlower curve and the neutrorupper curvé
for each proton fraction for the MS set of constants. From top tochemical potentials are shown in function of the proton fraction for
bottom we haveY,=0,0.1,0.2,0.3,0.4,0.5. The temperatureTis the pressure of 0.068 MeV/fmAgain this graph is plotted for MS
=7.5 MeV. The pressure is given in MeV/fnand the density in ~ constants and=7.5 MeV.
fm~3.
In a binary system we have

2
_r 2 *2/f _ My 2 9 d
£ szi;m dp pPVPZEM*2(fi, + )+ V3 %) 0 and ( A;n) o “0
Npl1p Nplrp
§gé4m§2m§2K3)\4 e . . ,
+ g Vot 5 Dot 5 dot g dot 5590, (36)  known as diffusive stability, which reflects the fact that in a
stable system, energy is required to change the proton con-
the pressure centration while pressure and temperature are kept constant.
In order to obtain the binodal section which contains points
y p* m2 under the same pressure for different proton fractions, we
P=—— Z f dp——=(f;, +f;_)+ —"Vé have used the conditions above and simultaneously solved
67 i<pn Vpe+M* 2 the following equations:
693 m’ mg K A _ *
+§Vg+ %bg—7¢g—€¢g— ﬂd)é, (37 P_P(Vp1vnaM ) (41)
the entropy density, P=P(vp,vn,M*"), (42)
1 i M*)=ui(vy,vp,M*"), i=p,n, (43
8:?(€+P_/~Lppp_/~1«npn)y (38) Iu“I(VpJ/n! ) Ml(vpvvny )1 I=p,n ( )
. 2 K o N g *
and the proton fraction, ms o+ §¢0+ €¢>O=gsps( Vo, Vn,M¥), (44
p
Yp="". (39  and
PB
A thorough study of the possibility of phase transitions in 24 14 K 2y f 13_ L M 4
hot, asymmetric nuclear matter is done[RL] and[2]. In M5 o’ + 5 o' "+ § Po""=0sps(¥p ¥, ). (49
Fig. 1 we plot the pressure in terms of the baryonic density
pg for several proton fractions dt=7.5 MeV obtained with The binodal sections for the MS constants and tempera-
the MS constants. Similar behaviors are found fbr tures equal to 5 and 7.5 MeV are plotted in Fig. 3. In Fig. 4
=5 MeV and also with the NL1 constants. the binodal section fof =5 MeV is shown for the NL1 set

We have made use of the geometrical construdtidn in of parameters. For certain values of proton and neutron
order to obtain the chemical potentials in the two coexistingchemical potentials, the system may be at the same pressure
phases for each pressure of interest. As an example, we shawmith different densities and proton concentrations, which al-
up andu, as function of the proton fractions in Fig. 2 again lows for the possibility of phase transitions. For the sake of
with the MS parametrization forT=7.5 MeV and P~ completeness, we also show in Tables II, IV, and VI some of
=0.068 MeV/fn?. the points taken from the binodal sections. The results we

024313-5



D. P. MENEZES AND C. PROVIDECIA

PHYSICAL REVIEW C 60 024313

0.7 T

T 0.45 T T T T T T T T
04 b
0.35 - 7
03 7

025 7

015 4

0.05 - T

FIG. 3. Binodal section forT=7.5 (dashed ling and T
=5 MeV (solid line) with the MS constants. The pressure is given

in MeV/fmq.
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FIG. 4. Binodal section foT=5 MeV with the NL1 constants.
The pressure is given in MeV/fin

have chosen as input to the code which solves the differenti&loLsYs [22], as suggested if23] and [13], but we have
equations(26)—(29) are displayed in the last three columns obtained satisfactory results only for symmetric nuclear mat-

of these tables.

V. NUMERICAL RESULTS

Solving numerically the set of coupled equatiof2$)—

ter[24]. We have finally opted for another code, written with
the help of the Gears stiff integration method, which uses as
input the temperature, the size of the mesh, boundary condi-
tions, and initial conditions. The chemical potentials are out-
put and hence, obtained in accordance with the size of the

(29 is not trivial. The main problem is related with the mesh,Resn Which also determines the size of the droplet.
boundary conditions which have to be set within the dropletThe radiusR,esn fixes the neutron and proton chemical po-

To understand better this statement, we refefll&l, where

tentials and therefore, also the neutron and proton numbers.

the formulas are simplified to the=0 case and this problem For details on the boundary conditions and trial functions for
becomes clear. At first, we have tried to use the codehe meson and electromagnetic fields used in our code, we

TABLE Il. Results obtained from the binodal section built with the MS constant3 fo7.5 MeV. The
fields are given in units of nucleon mass. In each row, the ufipeter) numbers represent the liquidas

phase.

Yo P Mp i Ps dox1071  Vox107!  byx 102

(MeV/fm®)  (MeV)  (MeV) (fm~3)

0.28 0.15 879.373  940.061 0.14 0.352 0.232 —0.366
0.01 0.03 0.101 0.063 —-0.202
0.30 0.11 881.589  938.792 0.15 0.361 0.239 —0.346
0.06 0.03 0.073 0.045 —0.145
0.33 0.07 885.506 936.607 0.16 0.376 0.249 —0.309
0.4x 102 0.01 0.040 0.024 —0.078
0.35 0.05 888.707 934.765 0.16 0.385 0.256 —0.279
0.5x10°? 8.7x10°° 0.026 0.016 —0.050
0.40 0.02 897.118 929.385 0.17 0.402 0.268 —0.196
0.01 3.3<10°° 0.010 0.006 —-0.019
0.45 0.01 905.860 922.798 0.18 0.413 0.275 —0.103
0.10 1.4<10°8 0.004 0.003 —6.5x10°3
0.48 0.007 910.560 918.704 0.18 0.415 0.276 —4.9x10°2
0.26 9.7x 1074 0.003 0.002 —2.7x1074
0.49 0.006 913.606 915.843 0.18 0.416 0.277 —0.014
0.43 8.7 1074 0.003 151072 —7.2x10*

024313-6



NUCLEATION PROCESS IN ASYMMETRIC HO . .. PHYSICAL REVIEW C 60 024313

TABLE IIl. Output results given by the solution of the coupled differential equations with the MS
constants and’=7.5 MeV. Indexi refers tor=0. The line with ¢) is the output obtained from the
conditions forY,=0.4 in Table II. (@ Output results given by the solution of the coupled differential
equations with the MS constants ahe 7.5 MeV without the inclusion of the electromagnetic field from the
conditions forY,=0.4 in Table II.

Yp(i) Mp Mn g t Rmesh Rp C pe(i) Y
(MeV)  (MeV) (MeVfm 2 (fm) (fm)  (fm) (fm) (fm~3)
0.22 879.07 942.94 0.15 5.40 8.18 5.24 1.47 0.125 0.16
0.31 888.75 938.09 0.35 3.76 8.18 4.85 0.74 0.148 0.28
0.33 891.06 936.73 0.47 3.23 7.34 4.99 0.62 0.154 0.30
0.35 893.93 935.85 0.59 3.15 6.29 4.11 0.61 0.162 0.30
0.38 897.88 934.43 0.76 2.83 5.66 3.67 0.54 0.169 0.33
0.40 901.51 932.27 0.95 2.61 5.66 3.98 0.43 0.175 0.35
0.41 904.94 930.41 1.07 2.38 5.66 4.14 0.34 0.178 0.38
*0.43 908.42 928.77 1.17 2.31 5.24 3.81 0.27 0.182 0.40
0.46 914.27 924.65 1.34 2.10 5.24 4.21 0.11 0.185 0.46
0.48 919.24 920.42 1.39 2.10 5.24 4.36 —0.02 0.186 0.52
@
Yp(i) Mp Mn o t Rmesh Rp ) pe(i) Y

MeV)  (MeV) (MeVim™2)  (fm) (fm) (fm) (fm) (fm~3)

0.43 905.69  929.98 1.16 2.41 5.24 3.47 0.35 0.185 0.37

refer to[16]. We have assumed that convergence is achievedable Il for Y,=0.4 (solid lineg. The corresponding bary-
when the fields and baryonic density do not vary more tharonic density is plotted in Fig. @op solid line and represents
102 from one run to the following one. a droplet of the liquid phasesmallr) in the background of

As an example, in Fig. 5 we plot the fields which arethe vapor phasélarger). Similar density profiles are ob-
solutions of the coupled equations for the MS parametrizatained for all other proton fractions.
tion at T=7.5 MeV with the initial conditions given in Some quantities of interest to study the surface properties

TABLE IV. Results obtained from the binodal section built with the MS constantS fob MeV.

Yo P Mp i Pe PoX10°2 VX102 box 102
(MeV/fm®)  (MeV)  (MeV) (fm~=3)

0.15 0.52 868.12  948.93 0.12 3.01 1.97 —0.48
0.05 0.09 2.28 1.48 —0.45
0.20 0.37 871.18  946.76 0.13 3.26 2.15 —0.46
0.02 0.07 1.92 1.23 —-0.39
0.25 0.19 875.63  943.75 0.14 3.49 2.31 —0.41
6x10°° 0.05 1.46 0.93 -0.30
0.30 0.06 881.47  940.25 0.15 3.73 2.47 —0.36
2x10°4 0.02 0.62 0.38 -0.12
0.35 0.02 888.80  936.36 0.17 3.96 2.63 -0.29
2x10°4 4x10°3 0.13 0.08 —-0.03
0.40 6x10°° 897.55  930.92 0.18 4.12 2.74 -0.20
2x10°3 1x10°3 0.04 0.02 -0.01
0.45 1x10°° 906.87  924.01 0.18 4.22 2.81 —-0.10
0.03 3x10°4 0.01 0.01 —-2x10°8
0.50 5x 1074 915.82  915.89 0.18 4.25 2.83 0.0
0.50 1x10°* 3x10°3 2x1073 0.0
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TABLE V. Output results given by the solution of the coupled differential equations with the MS constants

andT=5 MeV.
Yo(i) Mp Mn a t Rmesh Rp 0 pe(i) Y
MeV)  (MeV) (MeVfm™2)  (fm) (fm) (fm) (fm) (fm~=3)
0.30 887.93 939.94 0.39 3.35 8.39 5.42 0.71 0.152 0.29
0.35 893.12 938.38 0.64 2.95 5.66 3.40 0.72 0.166 0.27
0.37 897.08 936.44 0.85 2.72 5.66 3.92 0.59 0.174 0.30
0.39 900.64 934.77 1.05 2.38 5.66 4.17 0.49 0.179 0.32
0.40 904.64 932.88 1.24 2.15 5.66 4.39 0.37 0.182 0.35
0.43 910.73 929.86 1.46 1.99 5.24 4.28 0.22 0.188 0.40
0.46 916.13 926.20 1.57 1.89 5.24 4.50 0.089 0.191 0.44
0.48 920.88 921.79 1.58 1.89 5.24 4.59 —-0.03 0.191 0.49

are the twosquared-offradii R, and R, in the spherical son field or the baryonic density atand fy the correspond-
geometry, defined as ing gas value. Another important quantity is the thickness of
. the region at the surface with extra neutrons knowmeas-
- . S L
fo po(r2dr= §[pn,iRﬁ+pn,f(R'3—R§)], (46) tron skin The neutron skin thicknesis given by[15]
0=R,—R,. (48
and
These quantities are computed for the droplet solutions we
obtain and given in Tables Ill, V, and VII.

The droplet surface energy and thickness are obtained
from the free energy of a system with a fixed number of
wherep; refers to the liquid densityy; to the gas densityR’ particlesB=B,+B,,, in which a droplet of arbitrary size
is larger than the size of the mesh and corresponds to thgrows in the background of the vapor phase. The free energy
value ofr where|f(r) —f,|<10~® with f being either a me- reads

R’ 2 _l D3 13 D3
0 Pp(r)r dr—3[pp,|Rp+pp,f(R Rp)]! (47)

TABLE VI. Results obtained from the binodal section built with the NL1 constant§ fe6 MeV.

Yo P Kp i PB hoX1072  Vgx102  byx10°2
(MeV/fm®)  (MeV)  (MeV) (fm~3)

0.10 0.29 885.36  946.59 0.07 1.90 1.11 -0.35
0.11 0.06 1.82 1.06 -0.34
0.15 0.27 885.91  946.13 0.07 2.10 1.24 -0.35
0.07 0.05 1.61 0.92 -0.32
0.20 0.24 886.59  945.65 0.09 2.43 1.45 -0.35
0.06 0.05 151 0.86 -0.31
0.25 0.18 888.97  944.02 0.10 2.73 1.64 -0.33
0.03 0.04 1.23 0.69 -0.26
0.30 0.10 892.61 941.56 0.11 3.02 1.83 -0.30
0.01 0.03 0.85 0.47 -0.19
0.35 0.04 897.60  938.35 0.12 3.35 2.05 -0.25
3x10°° 0.01 0.36 0.19 —-0.08
0.40 0.01 904.32  933.97 0.13 3.67 2.26 -0.18
5x10°3 3x10°° 0.10 0.05 -0.02
0.45 4x10°8 912.06  928.06 0.14 3.89 2.40 —-0.10
0.05 8x 1074 0.03 0.01 —-5%x1073
0.50 1.65x10°%  920.42  920.46 0.14 3.97 245  —2x10°*
0.50 3x 1074 0.01 0.01 0.0
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0.2

fields
rho

r(fm)

FIG. 5. From top to bottom the fieldsgs¢, 9,Vo, FIG. 6. From top to bottom the density profiles for the baryons
g,b0(X —5) (solid and dashed lingsnd e Ay(x 10) (dotted ling pe(r), the neutrong,(r) and the protongy(r) in fm~3 are plotted
are shown in terms af. The fields are given in nucleon mass units for the same case as in Fig. 5. The solid curves were obtained with
and are obtained with the input values of Table I1'#y=0.4. The  the inclusion of the electromagnetic field and the dashed ones with-
solid curves were obtained with the inclusion of the electromagnetiout it.
field and the dashed ones without it.

F=j Aar2dr

+ppBpt unBn, (49

+1pBp

sz Aqr?dr

whereC is a constant. For droplets with radiRsaand volume
V!

. (52

The surface thicknest is defined as the width of the
1({/de\? [dV,)? region where the density drops from pgg to 0.1pgo, Where
5 (W) _<W) pgo is the baryonic density at=0, after subtracting the
background gas density.
dbg\2 [dAg\? In Table 1l some points taken from the binodal section for
“Ndar ] T \dr ~ Vet the MS constants af=7.5 MeV are explicitly written. In
Table 1l results found for the proton fractions at=0
whereVe; is given in Eq.(21). If the Coulomb field is ne- [Y,(i)], chemical potentials,the surface energy, its thick-
glected,F can be rewritten in the small surface thicknessness, the size of the mesh for which convergence is achieved,
approximation a$12] Rmest Rp and the neutron skin thickness are displayed. No-
5 5 5 tice that there is a small discrepancy between the proton and
dé)”_[dVo|"_(dbo)"_ . neutron chemical potentials given in Table Il and the ones
dr dr dr displayed in Table IIl. This is due to finite size effects and
the inclusion of the Coulomb interaction. In Tables IV and V
+ pnBn, (50) again the points obtained from the binodal sectionTat
=5 MeV and the respective droplet solutions are shown for
the MS set of constants while in Tables VI and VII the NL1
constants are used.
F(R)=470R>~ CV+ u,By+ 1nB. (51) We have also calculated, for every droplet shown in
Tables IllI, V, and VI, theproton fraction within the droplet
The surface energy per unit area of these droplets in thdefined as
small thickness approximation is
ol
o= ol Se) -GS - )
0 dr dr dr
where
When the Coulomb field is included, the small surface thick-
ness approximation is not valid. However, as the electromag- N=Bn=Bngas Z=Bp=Bpgas
netic interaction should not contribute to surface properties ) )
directly, we have considered the same definition for the sur2® respectively the number of neutrons and protons in the
face energy and have defined the Coulomb energy as droplet _exclqdmg the contribution fro_m the backgro_und gas.
At this point some comments are in order. The size of the
mesh Rnesy given in Tables Ill, V, and VII are the smaller

2
+ eppAo

5 . (53

dr

E.= f 4qr?dr

We have checked iﬁlﬁ_], by means of a parametrization test, 'in nonrelativistic models the chemical potentiaj; , is related
that the above approximation for the surface energy is a goodith the values given in the present work juf = u;— M, where
one. i=p,n andM is the nucleon mass.
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TABLE VII. Output results given by the solution of the coupled differential equations with the NL1
constants and=5 MeV.

Yo(i) Mp Mn o t Rmesh Rp 0 pe(i) Y
(MeV)  (MeV) (MeVim~™2)  (fm) (fm) (fm) (fm) (fm~3)

0.32 901.48 938.77 0.21 4.70 8.40 5.47 0.68 0.104 0.31
0.36 904.60 937.25 0.33 4,12 7.35 4.97 0.61 0.114 0.32
0.39 908.37 935.83 0.46 3.53 6.30 4.17 0.56 0.120 0.35
0.43 915.32 932.94 0.65 3.06 5.46 3.48 0.38 0.125 0.36
0.46 920.36 929.68 0.81 2.82 5.04 3.55 0.18 0.133 0.42
0.49 925.42 925.62 0.88 2.80 4.83 3.62 —0.01 0.136 0.49

values greater than 5 fm for which there is convergence for aity. In Fig. 6 the baryonic, neutron, and proton densities are
given density at =0 and a given proton fractiol, within  plotted from top to bottom for the MS parametrizatioh,
the accuracy of the present numerical calculations. For the-7.5 MeV and the boundary conditions corresponding to
higher initial proton fractiong Yy(r=0)>0.4] and lower  theY,=0.4 entrance in Table II. The solid lines include the
temperatures solutions corresponding to smaller droplets eXcoulomb interaction and the dashed lines were obtained with
ist but in order to be possible a comparison of the data fothe Coulomb interaction switched off. The baryonic density
two different temperatures we have opted for greater dropfalls from the initial liquid density to the vapor density,
lets. We have chosen to compare data corresponding to thghich is different from zero, as expected. Concerning the
same value of the proton fraction a0 because this pa- neutron and proton densities, Fig. 6 shows the same profile
rameter is independent of the properties of the surface. Besbtained with nonrelativistic models.
fore drawing our conclusions, we would like to emphasize Except for the symmetric nuclear matter, the proton frac-
that in our calculations, the proton and neutron numbers argon in the vapor phase is smaller than in the liquid phase
never fixed. They are an output of the results for the er|d9EY (i)]. This can be seen from Tables Il, IV, and VI and
and densities obtained from the convergent solutions of theonﬁrmed for the droplet solutions. This fact can be inter-
differential equations. preted as a droplet with a given proton concentrafite
phase of higher densityin equilibrium with a gas of drip
V1. DISCUSSION OF THE RESULTS AND CONCLUSIONS ~ Nucleons, mostly neutronghe lower density phasavith a
much smaller proton concentration.

From Tables IIl, V, and VII, one can check that the sur- Concerning the importance of the Coulomb interaction
face energys increases with the initial proton fraction and and its consequences in the droplet formation, one can see,
its thicknesg decreases. In fact, the larger the proton fractionfrom Fig. 6, that the proton and neutron densities are indeed
the less important is the contribution from thgfield in the  modified by the electromagnetic field, as pointed ouftlih
o calculation as can be seen from E52). One can also see The effect of the electromagnetic field is to decrease the
that the larger the liquid phase proton fraction, the smallenumber of particles in the droplet, since the central density
the size of the mesh for which convergence is achieved. Thisecomes smaller, and to spread out the distribution of the
could be due to the decrease of neutron-proton asymmetnyucleons, namely the protons. Figures 5 and 6 correspond to
and therefore, the increase of the droplet binding. the values shown on the seventh line of Table(fflarked

In Tables lll, V, and VII, the squared-off proton radius with an asteriskand Table Il{a), respectively with and with-
and the neutron skin thickness are also shown. One can olbut the electromagnetic field. The surface energy stays al-
serve tha®® decreases with the increaseYofor a fixed size  most unaffected while the surface thickness, the neutron
of the mesh, so that droplets with a smaller percentage dhickness, and the central density decrease with the inclusion
protons inside present thicker neutron skins. of the Coulomb field and the proton radius increases.

Some conclusions with respect to the temperature depen- For liquid proton fractions smaller than the ones shown in
dence of the droplet solutions can also be drawn comparing@ables IIl, V, and VII, the program does not converge, and a
Tables Il and V. The surface energy decreases with the inmore careful numerical analysis is needed in this region in
crease of temperature, while the surface thickness is largerder to determine the smallest proton fraction for which
for higher temperatures. The decrease afith the tempera- droplets still exist. This behavior is also a consequence of the
ture is easily understood from E@52). In fact the main electromagnetic interaction. If it is not considered, droplets
contribution foroe comes from the scalar field and for higher with fields and densities similar to the ones encountered in
temperatures the fields decrease more smoothly and spretite binodal section at=0 andr =R,esnare obtained.
out over a larger distance at the surface and, therefore, their The conclusions drawn above are independent of the sets
derivatives are smaller. The neutron skin thickness is a quaref parameters used. Comparing the results obtained for the
tity which is larger for lower temperatures. For results at zerdwo sets of parameters we conclude that the MS parametri-
temperature, please refer [tb6]. zation corresponds to a harder equation of state and, there-

Next, we examine the behavior of the total baryonic denfore, the central densities and surface energy are much higher
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while the surface and neutron thicknesses are smaller tharon star and the matter that comprises its crust. In this case
the values obtained for the same quantities with the NLIwe have protons, neutrons, and electrons in beta equilibrium.
parametrization. These problems will be tackled in a forthcoming work.

In summary, we have studied the surface properties of
arising droplets in a vapor system under conditions predeter-
mined by the binodal section obtained in situations where ACKNOWLEDGMENTS
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