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Isospin-rich nuclei in neutron star matter
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Stability of nuclei beyond the drip lines in the presence of an enveloping gas of nucleons and electrons, as
prevailing in the inner crust of a neutron star, is studied in the temperature-dependent Thomas-Fermi frame-
work. A limiting asymmetry in the isospin space beyond which nuclei cannot exist emerges from the calcula-
tions. The ambient conditions such as temperature, baryon density, and neutrino concentration under which
these exotic nuclear systems can be formed are studied in some detail.
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[. INTRODUCTION 14], the other, a plausible description of the interface be-
tween the liquid and the g445-17. It has been shown that
In the outer region of the core of a neutron star, at densithis problem can be taken care of by solving the density
ties ~ 1.5 101 g/cn? or more, nucleons are distributed uni- profile in the subtraction prqcedure of Bonche,_Levit, .and
formly forming a homogeneous systdar4]. At lower den- Vauthe_rm(BLV) [18,19. In this method, the density profile .
sities, in the inner crust of the star, inhomogeneities appea?f the liquid-plus-gas system and that of the gas are solved in

and then the positive charges get concentrated in individuaj self-consistent procedure and then the extensive observ-

. . . bles referring to the liquid are obtained as the difference
nuclei of chargeZ which are embedded in a sea of NeUtrons, . ean those of the two solutions. The influence of the

electrons, and possibly neutrinos, the whole system b_em_gurrounding gas on the surface energy is then automatically
charge neutral. The nuclei arrange themselves in a periodigyen into account. The same concept can be applied to situ-
lattice [5] due to the electrostatic interaction. In the typical g¢ions at zero temperature where drip nucleons occur and the
are in complete thermodynamic equilibrium with the envi-yery asymmetric cold semi-infinite nuclear matter in Ref.
ronment and are assumed to bedrequilibrium. They may  [17].
well be beyond the neutron drip liri&,6] known for labora- In this paper we focus on the effect of the external gas on
tory nuclei with N—Z)/A=<0.35. The excess neutrons of the structure and stability of finite nuclei with large neutron
the very neutron rich nuclei present in the inner neutron staexcess, to have a broader understanding of the conditions
crust, which would otherwise decay under terrestrial condi-under which these nuclei may exist in neutron star matter. A
tions, are held together in stable equilibrium by the pressurereliminary study for isolated nuclei immersed in a nucle-
exerted by the surrounding neutron sea. onic gas at zero temperature has been done recgfi]yin

The properties of the isospin-rich nuclei may be quitethe present work we extend these ideas in the appropriate
different from those of the terrestrial nuclei. For example,astrophysical context. We also extend the calculations to
with increasing density, the nuclei may pass through differ-nonzero temperature which is relevant at the formation stage
ent exotic shapes, namely, from spheres to cylinders, slabsf the neutron stars.
cylindrical holes, and spherical bubblgg8|. The presence We assume that in the nuclear matter at subnuclear den-
of nonspherical nuclei could affect significantly the pinning sity the nuclei are located in a lattice. In order to simplify our
of vortices and neutrino emission from neutron sf@isThe  calculation, the Wigner-Seitz approximati$g] is applied,
existence of these exotic-shaped nuclei is, however, modelhere each lattice volume is replaced by a spherical cell of
dependen{3,10]. The external gas surrounding the nucleiradiusR,, the nucleus being located at its center. The matter
may also influence the density distribution of these nuclein each cell is taken to be charge neutral, i.e., the number of
and thus may modify their siZel]. electrons is equal to the number of protons in the cell. The

The nuclear equation of state plays the pivotal role inneutrino density in this cell is determined from the
determining the macroscopic properties of a neutron sta3-equilibrium condition. For a given average density of
such as its mass, radius, and moment of ingfld. In this  nuclear matter with a certain proton concentration, the den-
context, the presence of different nuclear species in the outaity distribution is solved self-consistently. The calculations
and inner crustal regions provides the starting point for theare performed in the finite temperature Thomas-Fermi for-
consideration of some important aspects, such as its supamalism. The matter in the cell in which the protons and
fluid and elastic properties. However, for nuclei immersed inneutrons coexist does not define the nucleus itself, the
a nucleonic gas there are two basic concerns from a micraiucleus is identified after subtraction of the gas part gener-
scopic viewpoint. One, a thermodynamically consistent treatated self-consistently, as in previous investigations of excited
ment of the coexistence of the two phases of nuclear mattetuclei or asymmetric semi-infinite mattgt7—19.
(namely, the nuclear liquid and the surrounding )gd®— In Sec. Il, the model employed in the calculations is in-
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troduced. The results and discussions are presented in Sen.Eq. (3) the integration is over the volume of the WS cell.

[ll. Section IV contains the concluding remarks. Here H refers to the baryonic energy density excluding the
Coulomb energys is the entropy density of the baryors,
Il. MODEL the Coulomb energy density of the system, apdf, are the

free energy densities of the neutrinos and of the electrons
In the inner region of the crust of a neutron star, we con{Coulomb interaction excludéd

sider a mixture of neutrons, protorisome of which may For the nuclear energy density, we use the Skyrme energy
exist as bound nuclear clustgrelectrons, and neutrinos in density functional. It is written as
thermodynamic equilibrium. We contemplate both cold mat-

ter as well as matter at a finite temperature. We ignore the %2 %2 1
contributions from alpha particles and also from photons. WeH(r)= — 7+ —7p+ 2 1+ 2 Pz— Xo*‘z) (Pﬁ
further ignore the plasma effects. All these effects are known My 2mP

to be rather small21]. The nuclear clusters are assumed to

be arranged in a body-centered cubic lattice which we ap- +pp) {tz 1+ 2) 3ty 1+ }(Vp)2
proximate by Wigner-SeitZWS) cells defined as spheres

with radiusR; . Each cell is assumed to be electrically neu- 1 1

tral and interactions among the cells are neglected. At the _E[B’tl X1+ 5| gl Xt ) [(Vpn)?+(Vpp)?]

densities that we are interested in, the Fermi momenta of the
electrons are much larger than their rest mass, the electrons X3\

are then extremely relativistic and can be assumed to be uni- + 1—2t3P“ 1+ ?) p— ( Xzt
formly distributed in the cell. We assume the matter to be in

ﬁ equﬂlbl’lum i e., the chemical pOtentIa|S of the Cons|deretherep pn+pp and the effective mass of the nucleo‘n§

1
S|patep) | @

species fulfil is defined through
Mn= MpT o™ My ) m m
=1+ [tl 1+2 +1t, 142 5 }p
At a fixed temperature, under the condition of charge neu- Mg (1) 2h*
trality, the variables in the problem are the average baryon 1
density(p), the proton fractionY,=Y, (the electron frac- o Xt 5t Xt 5 pq]. (5
tion), the neutrino fractionY,, and the lattice radiug;.

With the B-equilibrium condition given by Eq(l), if u,,
Mp, andu, are known, themu, can be determined which in
turn yieldsp, when the neutrinos are taken to be a degener
ate Fermi gas. Then only three of the variables are left inde-
pendent. The condition g8 equilibrium of the baryons with
the electrons and neutrinos guarantees that the system has the 3

minimum free energy. If one imposes further the constraint Tq(r)= §(3772)2/3Pg/3 at T=0, (6)
that the lattice sites contain a particular nuclear species with

In the numerical calculations we shall employ the SKM*
interaction, whose parameters can be found in R]. In

the Thomas-Fermi approximation the kinetic energy density
7q IS given by

a given charge&Z;, and baryon numbeA., (immersed in a 1 [2m*T 5/2
C;ﬁfaglc gas or ngt then there is only one independent To(1) = - ﬁg Jydng) at T#O. 7

To obtain the thermodynamic properties of the system of
baryons, electrons, and neutrinos, we minimize the free enFhe fugacity», is obtained as
ergy of the system in the WS cell with the constraint of
number conservation of the individual species. Under the Nq(r)=[pq=Vq(D /T, ®)
conditions of charge neutrality ané equilibrium, the rel-

evant grand potential is given by where V, is the single-particle potential experienced by

nucleons(including the Coulomb part for the protonShe
nucleonic density, is related toy, by
Q=F=2 pehq, 2 32
4 1 (2mgT
pqo(r)= S| T2 JyA 1) 9

where F is the free energy and the index= (n,p) refers to

neutrons and protons. The free energy has the following ex-
P 9y g The functionsJ,(7,) in Egs.(7) and(9) are the standard

pression:
Fermi integrals.
FUp) Yo, Y, T) For the entropy density of the nucleons, one has
il p: v
=f [H(r)—=Ts(r)+&(r)+fo(pe)+,(p,)]dr. (3) S(r)=§ [(5/3)Iai mg)/ I 1) = Nglpg-  (10)
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The direct parié’g of the Coulomb energy density, of the ~ —p2 and obtained the density profile from the variation of
charged particles is the subtracted grand potentifi=Q};— QN+ E_ with re-
1 o spect to bottpg andpgd .
cdry== r)— f ry— dr’, In the astrophysical context, the situation is, however, dif-
(1= 3Lep(r)=pel | Lop(r) pe]|r—r’| ferent due to the presence of electrons. The Coulomb ener-

(11 gies for the LG ands phases are

2

while the exchange part is computed in the Slater approxi- 1 e
mation, Efe=s | [obe(r") = el Bl puldar,
3/3\13 (15
£ =- Z(;) elppin+pel. (12
1 e?
c__ Prrry— I N ¢) _ ’
For f, andf, we use the standard expressi¢@8]. For the Ec 2,[ [pa(r) p9]|r—r’| [pc(r) —peldrdr
minimization procedure, we take recourse to the finite tem-
perature Thomas-Fermi approximation which yields ). o 2 o )
This equation is solved self-consistently leading to the den- +f pL(r )|r—r’| [pg(r)—peldrdr’. (16)
sity distributions of neutrons and protons in the spherical WS
cell. The direct part of the single-particle Coulomb potentials

Under the conditions of interest here, the baryonic fluid in, ¢=c p crs P ;
the WS cell can congregate into nucfeie consider only the i(s(stEth/S(;an]g.a}??j;%ip&)/ for the LG and the solutions
spherical shapgdocated at the center of the cell and may be
embedded in a low density gas of nucleons. Near the edge of
the cell, for hot or for isospin rich systems beyond the drip Vg(r)=f [pPs(r’)—pel
line, the baryon density profile is found to be practically
uniform, which is identified as the low-density gas. To sepa-

rate the nucleus from the embedding low-density environ—s"nCe the system is charge neutral, the divergence problem

ment, we follow the BLV procedure which has been usecxd.OeS not ari_se. The solutions_ to the density prqfiles can be
earlier in the Hartee-FociHF) framework[18] as well as in directly obtained frpm the varlathns_of the totalith Cou-

a Thomas-Ferm(TF) scheme[19] for a hot nucleus in co- lomb) grand potenﬂalﬁLG‘ for the Ilqwd—plus—gaqs phase and
existence with the vapor surrounding it. The method is base&f for the gas phase with respect gz and pg, respec-

on the existence of two solutions to the HF or TF equationstiVely: The resulting coupled equations are

one corresponding to the liquid phase with the surrounding

eZ

dr’. (17)

[r=r’|

q q c p =
gas(LG) and the other corresponding to the d& alone. Tia(D+Viet Vie(pie pe) = #a, (18)
One may note that this separation procedure is not exact, it is q .\ /P P _
model dependent; however, in absence of a better prescrip- T76(N+VetVelpie pe pe) = Ha- (19
tion we follow this method. _ o _ At zero temperature they reduce to
For an isolated hot nucleus in equilibrium with the gas
surrounding it, in the absence of Coulomb forces, the densi- 72
ties pl and the gas densityd can be obtained from the (87 R——(pfe) P+ Vi +Via(pPs.pe) = 1q.
variational equations, 2my 20
o _ 0 (13) 72
ople (37%)%5 - (pd)**+VE+ Ve (plo 8 pe) = g
q
502 0 14 -
5pd e (149 In Egs. (18)—(21), V{5 and V¢ refer to the nuclear part of

the single-particle potential corresponding to the liquid-plus-
whereQ’C'G andQ’(\'5 are the grand potentials of the respectivegas and the gas solutiong; 5 (Vg) is the sum of the direct
systems with the same chemical potential. In our procedureyart of the Coulomb single-particle potential given by Eq.
the solution forp, =p g —pe, Which may be called the lig- (17) and the exchange term e?(3/m)"3(pfgg)) ' for the
uid profile, is independent of the box volume in which the protons in the LG(G) phase. At zero temperature, if the
calculation is done. In the presence of the Coulomb forcegluster is within the drip lines, the cell does not contain any
however, the Coulomb repulsion increases with the box sizegucleonic gas. Equation®0) and (21) then automatically
driving the protons to the edge of the box and leading ultilead to a gas solution which is zero throughout.
mately to a divergence problem. In order to work out a con- The nucleonic chemical potential is determined from the
vergent prescription, Bonchet al. [18] calculated the Cou- constraint of nucleon number conservation. In the case of a
lomb energyE. from the subtracted proton densipfg given nuclear cluster with neutron numbig, and proton
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numberZ; embedded in a nucleonic gas, the conservation of 1.0 prerrrerr e
the number of nucleons in the cluster requifé®m Egs. [ With Lattice T=0 *—= x'[')".'“""g"symme"y;
— - =X Drip Asymmetry
(18) and (19)] 05 fF ¥———%—%—— ]
_ i Y N——mmm o XemmKemmmmmmm e m X E
1 < [ ]
Mq:A_{f[TnEG(r)+VEG(r)+VEG(r)]pEG(r)dr N 00 ]
4 ZIT’ R Xo— =K== mm=m === X ]
T [ ]
- [ e vemetnar . @2 tesE o L o, :
HereA, refers toN, or Z,. An equation similar to Eq22) -1.0 :====I:===I====I::::I::::I::::I::::I::::I::::::::::
follows from Eqs.(20) and(21) at zero temperature. L -0 R Limitng (n) 1
However, when(p) is given in a WS cell with a given [ | ——— With Lattice. /’ )
proton concentration, the total number of neutrdhsand 200 [ L Without Lattice T _aowm ]
protonsZ in the cell is defined. Then, the chemical potential i P i
is obtained as = : //// ]
100 F ///&/K '''''' i
q L e _>an ® ]
Mq= A [Tnia(r)+Vig(r)+Vig(r)pig(r)dr, - / ....... - E
(23) [ e *>L|mmng ® ]
10 20 30 40 50 60 70 80 90 100 110
where nowA,, refers toN or Z. z,
IIl. RESULTS AND DISCUSSION FIG. 1. The upper panel shows the drip line asymmetry and the

limiting asymmetry as a function of the chargg, of the nuclear

In an earlier paper by some of the present autfidf,  cluster in a lattice of siz®k,=15 fm at T=0. The lower panel
calculations at zero temperature on some structural propegisplays the same quantities in thg,-Z,, plane with and without
ties of isolated nuclei much beyond the drip line were re-inclusion of lattice effects.
ported. In that case, the excess pressure exerted by the en-
veloping gas stabilizes the nucleus even beyond the nominaumberZ., of the nucleus. The influence of the lattice elec-
drip lines (which are defined byu,=0 or x,=0 in the tronson both the drip lines and the limiting lines for neutrons
Thomas-Fermi approaghWe now place these calculations and protons is manifested in the lower panel of Fig. 1. The
in a broader context related to the environment existing imeutron lines are nearly unaffected. The proton lines are,
the inner crust of a neutron star. We take cognizance of thBowever, influenced significantly, particularly for the heavier
presence of electrons and neutrinos existing iequilibrium  clusters. Both the proton drip and limiting lines get extended
with the neutrons and protons. We extend the calculation®ith inclusion of the lattice effects because of the dilution of
also at finite temperature. As mentioned earlier, the calculathe Coulomb force in the presence of electrons. The calcula-
tions are performed in the finite temperature Thomas-Ferniions are done in a lattice siZ&.=15 fm. The results are
framework in a Wigner-Seitz lattice employing the SKM* found to be rather insensitive to the size of the lattice.
interaction. For completeness, we also discuss the situation The influence of temperature on the drip and limiting
for the proton-rich nuclei, though they may not exist in thelines, taking into account the lattice effects, is displayed in
crustal matter of the neutron stars. Fig. 2. There, we compare the results obtaineti-ad and at

In the calculations on asymmetric infinite and semi-T=6 MeV. Both the neutron and proton drip lines are ex-
infinite nuclear matter in equilibrium with a drip phase, it tended at finite temperature as found earlier in calculations
was observedl12,16,17 that the neutron-proton asymmetry for isolated nuclei[24,25. However, the neutron limiting
could be increased arbitrarily till the two phases merge into dine shrinks with temperature, whereas the proton limiting
uniform system when the densities and the asymmetries dine remains essentially unaffected.
both phases become equal. On the contrary, in the self- In Fig. 3 we present the density profile of neutrdiedt
consistent TF calculation for isolated finite nuclei, it was pane) and protons(right pane] for an extremely neutron-
found that one cannot add or remove neutrons from nucleiich nucleus®*%b (the neutron drip line is located &{%Pb).
arbitrarily [20]. There exists a limiting neutron-proton asym- We display calculations for both the case with lattice and the
metry | = (N, —Z.)/ A beyond which the system becomes case without latticgisolated nuclgiat T=0. At a finite tem-
thermodynamically unstable; establishing chemical equilibperatureT=6 MeV we show the calculations only with lat-
rium between the nuclear phase and the gas phase furthtice effects. The total density profilef' 5 of the liquid-plus-
becomes impossible. gas phase is shown in the upper panels. For neutron-rich

In the realistic conditions considered in the present invesnuclei the influence of the electrons in the lattice is found to
tigation, including the lattice effects, we calculate the stabil-have only a nominal effect on the density distributions. The
ity limits at T=0 as shown in the upper panel of Fig. 1. We finite neutron density at the cell boundary everratO re-
find that both the limiting asymmetrffull line) and the drip  flects the presence of the neutron gas for a nucleus beyond
asymmetry(dashed lingare not very sensitive to the atomic the neutron drip line. With increasing temperature, the cen-
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- With Lattice . 0.08 = e T=0, With Lattice
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[ i 0.06 .
[ ] 0.04 Proton
200 | . _
- E 0.02 30pp
2 150 [ . 0.00 -
i ] 0.08 Proton
[ ] g .
100 ¢ 1 E 008 -
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[ ] O o002 .
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FIG. 2. The drip and the limiting asymmetries in thig-Z, F G iF 7 :
plane atT=0 and 6 MeV in a lattice oR.=15 fm. The limiting 002 F—————————"—~ JF & 7 3
proton asymmetry coincides at both temperatures. F iE 7 __-7 ]
0.01 | JE-- -
tral density is depleted with the appearance of a thickening  0.00 : | dE | : .
tail. The gas densitigsd are shown in the bottom panels and 0 5 10 15 5 10 15
the liquid densitiesp{ obtained as the difference between r (fm)
pic andpd are shown in the central panels.
The density profilep! of the isolated cluster*®Pb is FIG. 3. The neutrorileft pane} and proton(right pane) density

found to be independent of the size of the box. However, irProfiles corresponding to the nuclear clust&Pb are shown with
a lattice, because of the modification of the Coulomb force irfnclusion of lattice effects aT=0 MeV (open circles joined by
the presence of the electrons, the nucleonic densities in tHiPtted lines and atT=6 MeV (dashed ling The full line corre-
cluster are box-size dependent, though weakly. The liqui ponds to calculations for the |solated_ nqckéwaihout Iattlce)_ at
density vanishes at a distance R; even aiT=6 MeV. The =0. The upper panels refer to the “qu'd'.plu.s'gas d.en@@)
L . nd the central panels correspond to the liquid dendity (The
neutron gas density is found to be practically constanf(l)Wer panels show the gas densiB)
throughout the box; at finite temperature, the gas density is ‘
larger as expected. For this neutron-rich systeni,a0, the  distribution shown in the bottom panel. With inclusion of the
proton gas does not exist; however, at finite temperatlire ( lattice electrons, since th&%b nucleus is just beyond the
=6 MeV), a few protons are present in the gaseous state. Imodified drip line, the proton gas density is extremely dilute
finite temperature calculations for isolated nuclei, the protoras is evident from the bottom left panel. The central panel of
gas density profile is strongly polariz¢d8] due to the re- Fig. 4 indicates that the liquid density profiles with and with-
pulsion from the nuclear core. In the presence of the latticeut lattice corrections aT=0 are not much different. The
electrons, the density polarization exists only in the vicinityinfluence of the lattice electrons on the neutron density dis-
of the core, at further distances the proton gas density igibution is negligible as displayed in the right panel. For the
found to attain a nearly constant value. present system, there is no neutron gas at zero temperature.
The density distributions for an extremely proton-rich iso-The characteristics of the density distributions at finite tem-
tope #%Pb are shown in Fig. 4. The proton and neutron dis-perature are found to be basically the same as discussed in
tributions atT=0 (both with and without lattice contribu- the context of a neutron-rich nucleus in Fig. 3.
tions) and atT=6 MeV with lattice effects are displayed in All of the subsequent calculations we shall present are
the left and right panels, respectively. The electrons in thgerformed including the influence of the lattice electrons. In
lattice dilute the Coulomb repulsion thereby lowering theFig. 5, the rms neutron and proton radii of the lead isotopes
proton chemical potential, particularly for proton-rich heavy are displayed folT=0 as well as forT=6 MeV. At zero
nuclei, as an effect of which the proton drip line is extendedtemperature, except at the edges of limiting asymmetry, the
For instance, for an isolated Pb nucleus the proton drip linems radius changes almost linearly with the mass number.
is located at'®?Pb; the influence of the lattice electrons The faster change in radius near the edges points to the onset
pushes it to'*3Ph. The totalLG) proton density distribution of instability. Similar observations were also noted in the
for the isolated'*®Pb nucleus at zero temperature indicatescalculations without lattice effect§20]. Temperature in-
the presence of a proton gaseous phase. This proton gasdseases the rms radii, its effect being more pronounced near
strongly polarized as is clear from the proton gas densitythe stability limit. By comparing the upper and lower panels
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0 5 10 15 5 10 15 radii at T=0 and 6 MeV calculated in a lattice cell of siz&,
r (fm) =15 fm for Pb isotopes.

neutron drip boundary, the fall gfp) with increasingR, is
vertical atT=0 as there is no neutron gas in the cell. At
finite temperature, however, the cluster becomes embedded
in a nucleonic gas of mostly neutrons and some protons
of Fig. 5 (neutrons and protofsone observes the growth of causing a reduction ifp) andY, with increasingR .

the neutron or proton skins with positive or negative asym- The ambient conditions for stablllty are investigated fur-
metry, the effect being more noticeable at zero than at finitgéher for Pb isotopes ranging from, =110 to A, =330 at
temperature. the same three temperatures mentioned®f@a and7°sn.

We now explore the ambient conditions in which a par-The calculations for Pb have been performed at the value of
ticular nucleus can exist at a certain temperature in the innegell sizeR,=15 fm. The results are displayed in Fig. 7. The
crust of the neutron star. For this purpose, we have chosgsroton dr|p point for lead aT=0 is atA; =143, while the
89%Ca and*’°sn as representative systems. The nuc@®  neutron drip point is af.=276. These points are indicated
is well beyond the Thomas-Fermi drip 1inéCa being on by the vertical arrows in the figure. In the upper panel of this
the drip ling whereas'’%n is just at the drip boundary. As figure, the average densify) is plotted against mass num-
mentioned in Sec. II, among the four variablgs, Y,, Y,,  berA.,. The curve for the zero temperature case has a mini-
andR., only one is independent once thg, andZ values  mum atA.~ 143, which is the proton drip point. Between
of the nucleus are constrained agdequilibrium assumed. the drip points A= 143 to 276, since there is no nucleonic
For the existence of the particular isotope the values of thgas around aT=0, the average densityp) within the WS
rest of the variables are then fixed. The correlations amongel| increases linearly with mass number. Beyond the drip
(p), Yp, andR; are displayed in Fig. 6 for the aforemen- points, the nuclei are surrounded by a nucleonic gas for their
tioned two isotopes af=0, 3, and 6 MeV. The filled circles = stability, (p) therefore increases faster. For a hot nucleus
correspond to different values Bf, at which the calculations there are evaporated nucleons in the cell and the average
have been performed. The valuesRyfrange from 12 fmto density is larger.

30 fm at a step of 3 fm, increasing with decreasjpg for all The proton fractionY,, as a function of the mass number
the cases shown. The nuclef®a is beyond the neutron is shown in the m|ddle panel of Fig. 7. A kink is seen to
drip line, it is hence embedded in a neutron sea even at zeigccur atA, =143, the proton drip point below whick,
temperature. For the isolated nucleus, the density of the neuises faster because of the presence of the proton gas For
tron gas is independent of the box size. Even in calculationg, ;> 143, the charg&,, is fixed. Hence, with increase of
with inclusion of effects from lattice electrons, the neutronmass numberY,, decreases linearly up to the neutron drip
chemical potentiak, and hencepg change very little with  point beyond wh|ch the slope of the curve changes as neu-
the cell size. This explains the gradual fall gf) andY, trons appear in the drip phase. With temperature, because of
with increasingR,. For 17%Sn, since the nucleus is at the evaporation of nucleons taking place, the kinks smoothen

FIG. 4. Same as Fig. 3 but fdf%Pb. Here the left panel corre-
sponds to protons and the right panel refers to neutrons.
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FIG. 6. The average density and proton fraction of the nuclear  0.20 |- -
matter in the Wigner-Seitz cell calculated for the nuclear clusters [ T —— T
*%Ca and*"’Sn. The sizeR; of the cell is varied from 12 fm to 30 0.00, 150 200 250 300
fm at a step of 3 fm, as marked by the filled circles. The calcula- A,
tions are done for temperaturés-0, 3, and 6 MeV. The full lines
are drawn to guide the eye. FIG. 7. The variation of the average dens{ly), the proton

fraction Y, and the neutrino fractiol, as a function of the mass

out, but the overall qualitative features are the same. TheumberA, of the Pb isotopes calculated in a Wigner-Seitz cell of
lower values ofY, at finite temperature reflect the predomi- size 15 fm. The calculations are doneTat0, 3, and 6 MeV. The
nance of neutrons in the gas for isotopes that are not veryertical arrows indicate the proton and neutron drip points.
proton rich. The variation of the neutrino fractiowi,
(=p,/{p)) with the isotope mass is displayed in the bottomWith decreasing density, the cell size corresponding to the
panel. With increasing mass number, it is found to decreasdlobal minimum increases.
The effect of temperature o, is very weak. Inspection of To understand the origin of the minimum in the free en-
Fig. 7 reveals that for a particula(rp> A, is generally ergy profile presented in Fig. 8, the variation of its different
double valued. If the isotope is proton ricH, is necessarily ~ components with Iattice size for two values @f)=0.001
large andY, also comes out to be large. For the same valudleft pane) and 0.01 fm * (right pane] are shown in Fig. 9.
of (p), the neutron rich isotope is formed wh¥p is small.  HereY, is fixed at 0.3. Since these calculations are carried

So far our calculations have been done by fixing a giverPut at zero temperature, the total energy per barggp
cluster (N, Z¢), Which yields various sets of values for the =F/A is given by
parameters of the problem. A common practice is, however,

to fix the parameters such dp) and Y, and study the FIA=eyteqate.te,. (24)
change in the internal structure of neutron star matter. When
B equilibrium is assumed, for a given value(gf) andY,, The different contributionsey, €1, €., and e, are the

the free energy densityequivalent to free energy per baryon nuclear energy including the Coulomb interaction among the
in the present cagén the system of nucleons, electrons, andprotons, the lattice energy.e., the Coulomb interaction en-
neutrinos is a minimum in any given cell siRe. The cell  ergy due to the presence of the electypribe electron ki-
size sets the periodicity in the neutron star matter; it isanot netic energy, and the neutrino energy per baryon, respec-
priori known and therefore is taken as a parameter. Even faiively. It is seen thaey has a minimum at a lattice radil;,
given values ofp) andY,, the neutrino concentratio, ~ somewhat smaller compared R"", the value ofR; at
(under B equilibrium conditiong would be different for dif- ~ which F/A is minimum in Fig. 8 at the correspondidg).
ferent values oR;. One may look for a global minimum in This may be understood from the variation of the cluster size
the free energy density by varying, (through variation of A, with R, as shown in the middle panels of the figure. The
R.). This is displayed in Fig. 8 fof =0 and for three values cluster size increases monotonically wiy and for these

of densities keeping the proton concentrafignfixed at 0.3.  neutron-rich clusters the minimum binding energy per
The minima in the free energy density are marked by arrowsaucleon occurs at around~100 (for nuclei on the
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FIG. 8. The variation of the free energy per baryi®\ with the R, (fm)

cell size at average densitigs)=0.001, 0.005, and 0.01 i, the
proton fraction being fixed at,=0.3. The calculations correspond
to T=0. The vertical arrows refer to the minima KA.

FIG. 9. The different components of the free energy per nucleon
as a function ofR; are shown in the upper panel for two different
values of(p), at Y,=0.3 andT=0. The middle panels show the

) S . 6 . growth of the nuclear cluster with cell size. The bottom panels
p-stability line, this occurs for®Fe). The lattice ENergiar display the variation o¥, as a function oR.. The numbers on the

decreases monotonically wit;. This is because for given o pottom panel are to be scaled down by a factor of two.

Y,, the proton number and hence the electron number in-

creases with increasing lattice _size keepizglsg the electron degye boiling temperatur@g .. As the density(p) is decreased,

sity constant, as a result of whie,~—A“"[5]. The elec-  he temperaturdy falls down. A similar situation was ob-

tron kinetic energy per baryoe, is a constant for a given gseryved in the context of the liquid-gas phase transition in

density andY,, and therefore is not shown in the figure. The finjte nuclei, where the phase transition temperature was

neutrino energye, passes through a minimum at a value of found to decreas¢26] with an increase in the so-called

RC somewhat smaller thaR[:"'” where the neutrino fraction freeze-out volume or a lowered average den@iy Figure

Y, is also a minimum(shown in the bottom panelThe 10 also tells us about the appearance of different nuclear

competition betweere,; and the rising parts ofgy+e,)  clusters as the neutron star evolves in the formation stage.

determines the location of the minimum in the total free|nitially, the temperaturd may be as high as 10 MeV and

energy aff=0. then all the nucleons will likely be in the gas phase. As time
In Fig. 10, we display the thermal evolution of the clusterflows by, the system cools down and seeds of nuclei with

composition A,Z) at different fixed densities, at a par- increasing size start appearing from the gas.

ticular value ofY,=0.3 and for a lattice siz&®.=15 fm.

The number of neutrons and protons in the WS cell is then IV. CONCLUSIONS

fixed. The full lines correspond to the mass number of

the cluster and the dotted lines refer to its charge. For the We have investigated the structural properties of nuclei

chosen conditions, the clusters formed at zero temperature and nuclear matter as can be found in the environment of the

the WS cell comprise all the nucleons without any gas. Asnner crust of a neutron star. These nuclei are dipped in a sea

the temperature rises, the cluster size shrinks and becomegelectrons, neutrinos, and of low-density nucleons. Because

surrounded by the gas of the evaporated nucleons, thef the pressure exerted by the surrounding nucleonic gas,

nuclear liquid and the gas being in thermodynamic equilib-nuclei may exist even far beyond the nominal nuclear drip

rium. The cluster evaporates completely at a particular temline. Following the BLV subtraction procedure, we give a

perature depending on the chosen density, and then the cgfescription in a Thomas-Fermi framework to properly iso-

contains only the gas of nucleons and the leptons. We call fiate the nucleus from its environment. This is extremely
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10 — T T T T T T luted surface tension with increasing asymmetry and increas-
ing density of the environment possibly plays a pivotal role
here. We also investigate the ambient conditions, namely, the
average density, electron or proton fraction, and the neutrino
concentration, under which nuclei of a particular species can
be formed at different temperatures in the stellar matter. We,
furthermore, study the thermal evolution of the nuclear clus-
ters at different densities, which may serve as a guide to
understand the nucleation process of different species of
nuclear clusters from the nucleonic sea as the neutron star
cools down in the earlier stages of its formation.

We have left our calculations on a simple pedestal. That
is, we have not included the extension of the Thomas-Fermi
framework, we have not taken the shell effects into account,
possible plasma effects have been ignored and, similarly, the
presence ofx particles at low densities has not been taken
into consideration. We have worked with the SKM* interac-
tion; at large asymmetry, its validity is not unquestionable.

A 7 The method we have employed for the separation of the lig-
o Tl uid and the gas part following the BLV prescription is also
FIG. 10. Thermal evolution of the cluster sizes for average denNOt beyond criticism. Sophistications in the approach or the

sities(p)=0.001, 0.005, and 0.01 . The full lines correspond Use of more suitable interactions may change the results
to the mass numbeh., and the dotted lines refer to the atomic Somewhat, but the qualitative features that emerge from our

numberZ,, . The calculations are performed with a fixed proton calculations, we believe, will remain mostly unchanged.
fraction Y,=0.3 and a cell siz&:=15 fm.

T (MeV)

helpful in further exploring the limits of stability. ACKNOWLEDGMENTS
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