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Binary and ternary ionic compounds in the outer crust of a cold nonaccreting neutron star

N. Chamel' and A. F. Fantina'-?
Unstitut d’Astronomie et d’Astrophysique, CP-226, Université Libre de Bruxelles, 1050 Brussels, Belgium

2Grand Accélérateur National d’Ions Lourds (GANIL), CEA/DRF - CNRS/IN2P3, Boulevard Henri Becquerel, 14076 Caen, France

(Received 10 August 2016; revised manuscript received 12 October 2016; published 9 December 2016)

The outer crust of a cold nonaccreting neutron star has been generally assumed to be stratified into different
layers, each of which consists of a pure body-centered cubic ionic crystal in a charge compensating background
of highly degenerate electrons. The validity of this assumption is examined by analyzing the stability of multinary
ionic compounds in dense stellar matter. It is thus shown that their stability against phase separation is uniquely
determined by their structure and their composition irrespective of the stellar conditions. However, equilibrium
with respect to weak and strong nuclear processes imposes very stringent constraints on the composition of
multinary compounds, and thereby on their formation. By examining different cubic and noncubic lattices, it
is found that substitutional compounds having the same structure as cesium chloride are the most likely to
exist in the outer crust of a nonaccreting neutron star. The presence of ternary compounds is also investigated.
Very accurate analytical expressions are obtained for the threshold pressure, as well as for the densities of the
different phases irrespective of the degree of relativity of the electron gas. Finally, numerical calculations of the
ground-state structure and of the equation of state of the outer crust of a cold nonaccreting neutron star are carried
out using recent experimental and microscopic nuclear mass tables.
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I. INTRODUCTION

Neutron stars are formed in the aftermath of gravitational
core collapse of single massive stars with a mass M > 8M,,
M, being the mass of the sun [1]. During the collapse and
the subsequent cooling of the hot compact stellar remnant, the
compressed stellar material is generally assumed to follow a
sequence of full thermodynamic quasiequilibrium states such
that the resulting neutron star eventually consists of “cold
catalyzed matter”, i.e., electrically charge neutral matter in its
absolute ground state at temperature 7 = 0 K [2,3].

Under these assumptions, the outermost region of a neutron
star is generally thought to form a solid crust stratified into
different layers, each of which consists of a perfect crystal
made of a single nuclear species with atomic number Z and
mass number A (see, e.g., Ref. [4] and references therein).
Due to the huge gravitational pressure, the density increases
sharply with depth below the stellar surface. As the density
reaches pejp >~ 11AZ g cm 3, atoms are so densely packed that
their electron clouds overlap (see, e.g., Ref. [1]). At densities
0 > peip, atoms are thus fully ionized, and each crustal layer
can be treated to a good approximation as a one-component
crystal of pointlike ions (nuclei) in a uniform charge compen-
sating background of highly degenerate electrons. It has been
generally assumed that nuclei are arranged in a body-centered
cubic (bcc) lattice, as put forward by Ruderman [5] based on
the pioneer cubic-lattice constant calculations of Fuchs [6].

With increasing depth, matter becomes progressively more
neutron rich due to the capture of electrons by nuclei (see,
e.g., Ref. [7]). At density paip =~ 4 x 10" gem™, neutrons
start to “drip” out of nuclei. The onset of neutron emission
marks the transition between the outer and inner regions of
the crust (see, e.g., Ref. [8] for a recent discussion). The
outer crust can thus be described by a stack of pure bcc
crystalline layers whose composition is completely determined
by nuclear masses [9] (see, e.g., Refs. [10-15] for recent
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calculations). In 1971, Dyson [16] suggested the existence
of FeHe compound with rocksalt (NaCl) structure in the
crust of a neutron star. This possibility was further studied
by Witten in 1974 [17]. However, as pointed out by Jog
and Smith [18], such a compound is unstable against weak
and strong nuclear processes. On the other hand, they found
that binary compounds with cesium chloride (CsCl) structure
can be energetically favored at the interface between two
adjacent crustal layers. More recent studies have focused on
the formation of multinary ionic compounds in the crust of
accreting neutron stars (see, e.g., Refs. [19,20]). The accretion
of matter (mostly hydrogen and helium) from a companion star
triggers a series of nuclear reactions, whose ashes sink deep
into the crust (see, e.g., Ref. [4] for a review). This material
eventually solidifies with its composition remaining essentially
unchanged.

In this paper, we pursue the investigation of the existence
of ionic compounds in the outer crust of a cold nonaccreting
neutron star. In Sec. II, we first examine the thermodynamic
stability of a pure solid phase against the formation of
a multinary compound with an arbitrary composition. The
specific case of two-component solid phases is considered in
Sec. III, where the impact of solid-solid phase transitions on the
equation of state of dense matter is discussed in detail. Using
recent experimental and microscopic nuclear mass tables, we
thereafter determine the ground-state structure of the outer
crust of a neutron star allowing for ionic compounds. Results
are presented and discussed in Sec. IV.

II. GENERAL THERMODYNAMIC CONSIDERATIONS ON
PHASE TRANSITIONS IN COLD DENSE MATTER

In the following, we shall consider matter at temperatures
T below the crystallization temperature 7, (for all practical
purposes, we shall set 7 = 0K), and at densities p above
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the ionization threshold and below the neutron-drip transition
(peip K p < parip)- It will be further assumed that all possible
weak and strong nuclear reactions are allowed.

A. Stability of a pure solid phase against a transition
into a multicomponent solid phase

Let us examine the absolute stability of a solid made of
only one type of nuclei (A,Z) with mass number A and
atomic number Z at some pressure P against the transition
to a multicomponent solid made of nuclei (A;,Z;), where the
index i runs over the different nuclear species present. Let n;
be the number density of nuclei (A;,Z;). Their proportion &;
is defined by
ni

Zj”j'

Introducing the mean nucleon number density
n= Z Ain, )

the nuclei number densities can be expressed as

& ey

, 3

:l>|| S

np=§&
where

A= Zg,-A,- “)

denotes the mean mass number. The energy density Ey of
nuclei is given by

En =) mM'(A;,Z), (5)

where c is the speed of light and M'(A, Z) denotes the nuclear
mass (including the rest mass of Z protons, A — Z neutrons
and Z electrons'). The nuclear mass M’(A, Z) can be obtained
from the atomic mass M (A, Z) after subtracting out the binding
energy of the atomic electrons (see Eq. (A4) of Ref. [21]).
Ignoring the small quantum zero-point motion of ions about
their equilibrium position, nuclei do not contribute to the
pressure, i.e., Py = 0.

Nuclei are embedded in a neutralizing electron background
of number density n, given by

ne=Y_ Zin; =y, (6)

where y, = Z/A is the mean electron fraction defined in terms
of the mean atomic number

Z:Zgizi. (7

Because electrons are highly degenerate, they can be very
well described by an ideal relativistic Fermi gas (see, e.g.,
Ref. [22] for a discussion of the validity of this approximation).

!"The reason for including the electron rest mass is that experimental
atomic masses are generally tabulated rather than nuclear masses.
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The expressions for the corresponding energy density &,
and pressure P, can be found in Chap. 2 of Ref. [1].
The main correction to the Fermi gas model arises from
electrostatic interactions among electrons and ions, which
from dimensional analysis can be generally expressed as

&L = CendPF(zi, ®)
h=%=§ﬁ%an )

respectively, where e is the proton electric charge, while
the structure constant C < 0 and the dimensionless function
f{Z;}) depend on the spatial arrangement of nuclei and
on their charge only ({Z;} denotes the set of all charge
numbers). The structure constant C is normalized such that
the structure function for solids made of isotopes (Z; = Z for
all i) reduces to f(Z) = Z*? (this includes the limiting case
of a single-constituent phase). Note that Egs. (8) and (9) could
also be applied to liquid phases with suitable values for the
structure constant.
The ground state of matter at pressure P (and temperature
T = 0K) is determined by the minimum of the Gibbs free
energy per nucleon defined by
E+ P
g =

—, (10)
n

where the mean energy density £ of matter and the pressure P
are given by (m, is the electron mass)

E=Ev+E +E —nem?, (11)
P=P + P (12)

respectively. The last term in Eq. (11) is introduced to avoid
double counting. Collecting all terms using the thermodynamic
identity & + P, = n.u, (1. denoting the electron Fermi
energy), the Gibbs free energy can be finally expressed as

1 2

ALz Py = 2E
g 1y“1])> - A

+ Ye I:Me(ne) - mecz

4
+§C3d“fGZD} (13)
where we have introduced the mean mass of nuclei

M =Y "EM(A,Z). (14)

The electron number density n, is related to the pressure P
through Eq. (12).

In its ground-state, a pure solid is expected to have a bcc
structure. Although the absolute stability of this lattice still
remains to be demonstrated, so far no other structure has been
found to be more stable (see, e.g., Refs. [6,23,24]). As a matter
of fact, the value of the corresponding structure constant Cpcc
(see, e.g. Table I) lies very close to the lower bound obtained by
Lieb and Narnhofer [25] and corresponding to the ion-sphere
model [26],

9 [4x\'3
C > Cpp = <—”) ~ _1450793.  (15)

10\ 3

From now on, we consider this conjecture to be true. For a
multicomponent solid to be more stable, the corresponding
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TABLE . Structure constants appearing in Eq. (88) for the binary
compounds shown in Figs. 3, 4, and 5. The quantity £ denotes the
proportion of nuclei (A, Z;).

Structure C n ¢ &

feel —1.418 649 0.403 981 0.403 981 1/2
fce2 —1.393 491 0.239 521 0.592 901 1/3
scl —1.444 231 0.389 821 0.389 821 1/2
sc2 —1.444 141 0.654 710 0.154 710 3/4
pl —1.365 879 0.785 206 0.121 479 4/5
p2 —1.365 879 0.311 629 0.514 083 2/5
p3 —1.365 879 0.121 479 0.660 206 1/5
hep —1.444 083 0.345 284 0.345 284 1/2

Gibbs free energy per nucleon must be lower. The threshold
pressure Pyyes for the onset of the transition can be obtained
from the condition

g(Ava Plhres) = g({Ai,Zi}vPlhres)- (16)
It is particularly convenient to rescale the function f({Z;}) as
FUZi}) = (C/Coee) f(Zi)). (17)

Excluding situations such that Z/A = Z/A (see Appendix A)
and expanding g to first order in o« = ¢?/(hc) (h is the Planck-
Dirac constant), we find

e + Coec hen!PF(Z,A;(Z;, A)) = p, (18)

where we have introduced the threshold electron Fermi energy

M M'(AZ Z\ !
Mtghres:[ ° ( ) }( ) + mec?,

A A A A
(19)
and
472F 172°Pz  Z
F(ZaA§{Zi7Ai})E(§T_3 yi f({Z})>
(z_Z)” 0
A A

In Eq. (18), n, refers to the electron density of the pure solid
of nuclei (A,Z) at pressure Pyrs. The electron density of
the multicomponent solid at the same pressure is given by

n, + én., where
ap,\""
. 21
dng) @1)

Note that Egs. (18) and (21) were obtained without making use
of the actual expressions for the electron Fermi energy ., and
pressure P,. Therefore, these equations still remain valid in the
presence of a strongly quantizing magnetic field as in the crust
of magnetars (the lattice energy density £, is independent
of the magnetic field according to the Bohr—van Leeuwen
theorem [27]). In the absence of magnetic fields, Eq. (18) can
be transformed into a quadratic polynomial equation and can
thus be solved analytically, as demonstrated in the next section.

1 ~
bne 3 Crecenf (27 - f({zi}>](
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B. Transition pressure and densities of the solid phases

Recalling that the electron Fermi energy is given by

14 22, (22)

where x, = A.k, is a dimensionless relativity parameter,
Le = h/(m.c) is the electron Compton wavelength, and k, =
(37%n,)'/3 is the electron Fermi wave number, the threshold
condition (18) can be equivalently expressed as

x2(1 — F(Z,A; {Z,-,Ai}f) + 2y B(Z, A Zi, A D)x,

He =M

(ythr65)2 (23)
with
Mlhres
Vethres = me cz , (24)
~ Cbcc
F(Z,A;{Z;,Ai}) = (37_[2)]/3OIF(Z,A; {Z:,Ai}). (25)

Solving Eq. (23) for x, yields

= 71— (1= Pz, A2 ADD (1)
— F(Z,A{Zi, A1 — F(Z,A{Zi, AT (26)

Using Eqgs. (9), (12), and the expression for the pressure of an
ideal electron Fermi gas (see, e.g., Chapter 2 in Ref. [1]), the
threshold pressure at the onset of the phase transition is given

by
”’ecz 2 2
s |t 3x, —1)/1+x2+1n(x, + /1 +x2)

Chect 4mec2 23
W}Cr )“3 VA (27)

Piyres =

The maximum mean nucleon number density 7™** up to which

the pure solid of nuclei (A,Z) is present is given by

A A x3
~max = —n,=— r . 28
" Z" " Z3n2 (28)

The minimum possible mean nucleon number density nmi“ at

which the multicomponent solid appears is given by

L A
ﬁl{‘?;n = E(ne + én.)

AZ Chec J1+
= Ezﬁm[1+—(3;2)‘f/3 VASEN (V) rx ]

(29)

The transition is thus accompanied by a density discontinuity
given by
ﬁl{‘[llin _ ’—lmax _ é_z
jzmax - 7 A

Cocer
Gr)i/

X (22/3 —

» 1 2
f({z,-}»—vﬂ’} ~ 1. (30)

I

According to Le Chatelier’s principle, mechanical stability
requires 71" > ™. Since this constraint must be fulfilled
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irrespective of the small lattice correction, we thus obtain
AZ—-Z7ZA>0. 3D

In other words, the multicomponent phase must be more
neutron rich than the pure solid phase.
In the regime of ultrarelativistic electrons such that
yres > 1, Eq. (26) reduces to
X 2 YO+ F(Z,AZ AT (32)

The threshold pressure (27), and the densities (28) and (29) of
the solid phases become respectively

(Mthres)4
1272(he)?
4CbCCC{
x (1 T B

A ( Mzhres)3

Pihes & [1+ F(Z,A(Zi, ADT™*

zz/3>, (33)

—max - ~ . A3

n Z 3 2(hc)3 [1 + F(Z,A, {ZlvAl})] ) (34)
AZ Chec B

N7 'm“[l a2 - f({Zi}))}. 35)

The density discontinuity is thus approximately given by

ﬁ?il%n _ jpmax AZ |: Cbcc

jpmax 7 A (3]_[2)1/3 22/3 f({Z })):| — L.

(36)

The formulas presented in this section remain valid at
finite temperatures 7 such that (i) electrons remain highly
degenerate and (ii) matter in both phases is crystallized. The
first condition requires 7 < Tg,, where T, is the electron

Fermi temperature defined by
2
— MecC
T = e (37)
kg
and kg is the Boltzmann constant. As for the second condition,

we must have T < T0 and T < T,,, where Tm and 7T, denote

the crystallization temperatures of the pure and multicompo-
nents phases, as defined by (see, e.g., Ref. [1])

2

= akgl 2", (38)

and similarly for Tn(q), where a, is the electron-sphere radius,
I, is the Coulomb coupling parameter at melting, and Z3/3 =

Y& Zis/ , Neglecting the lattice correction in Eq. (18) such
that p, ~ '™, and assuming electrons are ultrarelativistic,
the electron Fermi temperature and the crystallization temper-
ature can be approximately expressed as

thres

He

E

Fe A 5.93 x 10°

> K, 39)

thres

~ 129 x 1070 He 25/3 K, (40)

where we have adopted the value I, = 175 for the Coulomb
coupling parameter at melting [1]. Since typically Z3/3 and
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Z/3 are of order ~300-500 (see Sec. IV C), we thus have
70 ~ T, < Tg,.

m

C. Formation of a solid compound

A multicomponent solid may consist of (i) spatially
separated pure bcc phases or (ii) a compound. The latter may
not necessarily form for arbitrary composition. Moreover, a
compound may be ordered or disordered depending on the
charges {Z;} (see, e.g. Ref. [28]).

A compound made of nuclei (A;,Z;) is stable against the
separation into pure bcc phases if the Gibbs free energy per
nucleon of the compound is lower than that of the coexisting
phases at the same pressure P and at the same composition.
Neglecting surface effects, the Gibbs free energy per nucleon
of coexisting phases can be written in the form (13) after
substituting the structure function f({Z;}) by (see, e.g., Sec.
2.4.7 in Ref. [1])

5/3

~ Z
Jmix({Zi}) = fuoix({Zi}) = - (41)

Expanding g to first order in «, the stability of a multinary
compound against phase separation can be expressed as

faziy

R=7{ZD

> 1, (42)

irrespective of the stellar conditions. In other words, if a
compound with a fixed composition is found to be stable at
some pressure P, it will remain so at any other pressure and
independently of the degree of relativity of the electron gas, as
recently noticed in Ref. [20]. The condition (42) generalizes
that originally obtained by Dyson [16] in the case of a binary
compound under the approximation P = P,; see his Eq.
(1.17). In particular, our present derivation shows that Eq. (42)
still remains valid if the lattice contribution to the pressure is
taken into account. Let us emphasize that this inequality only
pertains to the stability of a multinary compound against the
formation of pure coexisting bee phases and does not preclude
the occurrence of instabilities due to weak and strong nuclear
processes, as we shall show in Sec. IV.

In full thermodynamic equilibrium, as generally assumed
in the crust of nonaccreting neutron stars [2,3], the formation
of multinary compounds made of a large variety of different
nuclear species seems unlikely (see, e.g., Ref. [29]). In what
follows, we shall thus focus on binary compounds since they
could be found at the interface between adjacent layers of
neutron-star crusts [18]. We shall also briefly discuss the
existence of ternary compounds in the crust. The possible
charge ratios of these compounds are expected to remain close
to ~1 according to crustal compositions predicted by recent
models (see, e.g., Refs. [10,11,13-15]; see also Sec. IV C). For
such charge ratios, disordered compounds are unstable [28,30],
and therefore will not be further considered.
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P
A

B_,1

} + ) i

—min

n, n
FIG. 1. Schematic representation of the pressure P versus mean
baryon number density 7 for a transition between two pure body-

centered cubic lattice solid phases of nuclei (A,Z;) and (A,,Z>). The
two phases coexist at pressure P,_,, irrespective of their proportion.

III. TRANSITIONS BETWEEN ONE- AND
TWO-COMPONENT SOLID PHASES

A. Transitions between two pure solid phases

Let us consider as a limiting case of the general situation
considered in the previous section: the transition between
two pure solid phases, made of nuclei (A,Z;) and (A,,Z5)
respectively (arranged in a bcc lattice, as discussed earlier).
The variation of the pressure with respect to the density is
schematically illustrated in Fig. 1.

The threshold conditions can be readily obtained using the
formulas given in Sec. II B. The relativity parameter is thus
given by

— o — 2
5 = 121 = (1= Fo(Z, A Za, A/ (1))
— Fo(Z1,A1; Za, ADIIL — Fo(Z1,Av; Zo, A2 17"

(43)
with
1-2
— He
Vgl 2 = oy (44)
Ml~>2 — M,(ALZZ)CZ _ 1‘4,(141,21)62
‘ B A2 A]
Z Zy\!
X (A—l - A—z) +mec?, 45)
1 2
Fo(Z1,A1525,A0)
= F(Z1,A15Z2,A2,Z5,A)
_ G (427 1777z
(372)1/3 3 A 3 A, A,
Zr Z\!
(5-%)
1 2
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The threshold pressure P;_,; is given by

oc? 2
Ps = g (G =) it e 1) |

Chec 4 Wlec2 2/3

3Gy B a4 @7
The highest possible density at which nuclei (A, Z) are stable
is given by

A1 )C3
—max — _—V’ 48
! Zy 3223 e

while the lowest possible density at which nuclei (A,, Z) can
be found is given by

—min A2 721 _jax Coec ,_2/3 T+ 22
g = ——na| 1+ 5 3(21 -7 )— )
Zy Ay RES X,

(49)

The transition is thus accompanied by a density discontinuity
given by
ﬁrznin _ ﬁrlnax _ ﬁé Cbcca
’,—lrlnax Zz A1 (37‘[2)1/3

2
x (22 - 25/3)\/ 1+ x7

r

] —1. (50)
As discussed in Sec. II B, mechanical stability requires

ArZy — ZoA, = 0. (51)

In the ultrarelativistic regime y.!~2 > 1, the threshold
pressure and the densities of the two solid phases can be
approximately expressed as

(M1—>2)4
1272(he)?

AChect 23
x(l+—(81ﬂz)l/321 )

A1 ()
7, 3n2(he)?

—mi Ay Zy _ Cocer 2/3 2/3

min ~. max ~ =

" A —2 —1 7k |:l + Gn2)i (Z1 Z, . (54
The density discontinuity is thus approximately given by

Cocc 2/3 2/3
+ Gty (Zl —z2P) |-

(55)

Pi_» [1 4 Fo(Z1,A1; Za, Ap) 4

(52)

[1+ Fo(Z1,A15Z2,A)17°,  (53)

]
ﬁllnax Zz Al

The apparent dissymmetry of Eq. (47) hence also of Eq. (52)
under the interchange 1 <> 2 arises from the expansion of the
Gibbs free energy per nucleon to first order in «. The symmetry
can be restored by expressing the pressure at first order in
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~ mec2 5 N
PHZN&TW xro{ 3570 =1 ) 1+ +In (vro+/ 147%)

Az — AP
.X
0 AZ - A Z,y

Chect mec2

MNETSTERE

; (56)

with

X0 = /(¥ 72 — L (57)

To this order, the pressure (47) can thus be equivalently written

as
o 2
P, = zgmn—;@[x’(sxr - 1) 1422 +1n (x,+4/1 +x3)}
Coce 4mec2 2/3
G >
with

5 = 7 1= (U= Fo(Zo, A5 20 AP 27

— Fo(Z,,As; Zl,Al)][l — Fo(Z2,A2; 21, A1)

(59)
In the limit of ultrarelativistic electrons, we find
(H«Ll)éz) 4Cpectt Alls/S — AQZf/S
PIHZ ~ 1 — .
1272(he)3 GBGr)3 A1Z, — A Z,
(60)

B. Transitions from a pure solid phase of nuclei (A;,Z;) to a
two-component solid phase of nuclei (A;,Z,) and (A;, Z,)

Using the formulas given in Sec. II B, the threshold pressure
at the onset of the transition is given by

2 2
P1—>1+2=%[ <3xr2 - 1) 14+x2+1In (x,—}—ﬂ)]
Coec 4 mec” o
3Gm B g ©b
where

— - N 2
=y 7 \/1 — (1= F(Z1,A1; Z1,A1. Z2, A7) [ (v)?)
— F(Z1,A1;Z1,A1,Z,,A))]
X [1 = F(Z1,Ai; Z1, A1, 22, AT (62)
The threshold electron Fermi energy (19) turns out be the same
as that given by Eq. (45) for the transition between pure bcc

solid phases. However, P;_, 14, is generally not equal to P;_,,
due to the different lattice contributions. The highest density

PHYSICAL REVIEW C 94, 065802 (2016)

at which nuclei (A, Z;) can be possibly present is given by

A] x3
~max [ r . 63
! Z, 3m2)3 (63)

The lowest density at which a two-component solid phase of
nuclei (A},Z;) and (A,,Z,) possibly appears is given by

—mm A Zl 7max
Ny = n
Z A

| Chect
+(3 2)1/3

T+ 2
< A f(ZhZz))ﬁ}

X,
(64)

The transition is thus accompanied by a density discontinuity
given by

At — A Az, Chect
AP Z A (BrH!/3

2
x( 733 f(Zl,Zz)>—V1+x’]—1.

(65)
As discussed in Sec. II B, we must have
AZ, —ZA, >0, (66)

to ensure mechanical stability.

Assuming electrons are ultrarelativistic, i.e., yglﬁz > 1, the
threshold pressure and the densities of the two solid phases are
approximately given by

1-2\4
e . _
P & 1(22—(711)3[1 + F(Z1,A1;Z1,A1. 22, A)]
4Chec 23
(14 @) ©n
3
A (7 . _
A A 1%[1+F(Zl,Al;Zl,Al,Zz,Az)] 3,
(68)
—min ~_ A Zl 7 max CbccOl 2/3
M~ 7 A n |:1 + Gr 2)1/3< - (21,22
(69)

The density discontinuity is thus approximately given by

nrlni_nz nrl“ax N A Z1 CbCCOl 2/';
~max ~ 1+(3 2)1/3 —f(2,.2,)

(70)

C. Coexistence of two pure solid phases

The onset of the transition from a pure bcc phase of
nuclei (A;,Z;) to a coexistence of bcc phases of nuclei
(A1,Z)) and (A, Z») is found to be determined by the same
stability condition as that for the transition between two
pure bee phases of nuclei (A1,Z;) and (A,,Z,) respectively.
In particular, the threshold electron Fermi energy and the
pressure are still given by Eqs. (45) and (47) respectively.
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However, the density now varies continuously at the transition,
as can be seen from Eq. (65) with & = 1, recalling that
f(Zl,Zz) = fmix(Zl,Zg) = 212/3 in this case (see Sec. IIC).
As &) decreases from & = 1 to & = 0, the mean density 7
increases from A" [pure bcc phase of nuclei (A;,Z)] to
ﬁg’i“ [pure bee phase of nuclei (A, Z;)], whereas the pressure
remains unchanged P = Pj_,,, as illustrated in Fig. 1. Since
inside a self-gravitating body in hydrostatic equilibrium the
pressure must increase monotonically with depth (see, e.g.,
Ref. [1]), pure solid phases cannot coexist in any region of the
crust of a neutron star.

D. Stability of a binary compound against phase separation

As discussed in Sec. II C, the stability of a binary compound
made of nuclei (A;,Z;) and (A,,Z,) against phase separation
is determined by the condition (42), which reads

_ @2
B fmix(Zl vZZ)

If fulfilled, the inequality (71) implies that a mixture of two
pure bee phases of nuclei (A;,Z;) and (A;,Z;) at pressure
P,_,, is unstable against the formation of a binary compound.
As a consequence, the threshold pressure P;_.;y, for the

J

> 1. 71

PHYSICAL REVIEW C 94, 065802 (2016)

appearance of the compound must be lower than P;_,,. To
show this, let us first remark that

F(Z1,A1;Z1,A1,Z2,A2) — Fo(Z1,A1; 2, Ar)

VAL f(ZhZZ)Z Chpect
Z1Ay— A1Z,  (Br)3

1 (72)

Using Egs. (41), (51), and (71), and recalling that Cy.. < O,
we thus have

F(Z1,A1;Z1,A1,Z2,A2) > Fo(Z1,A1; Z2,A7).  (73)

The inequality Pj_;4» < P, follows by comparing
Eqgs. (47) and (61). Likewise, the highest possible density
7™ at which the pure bcc solid phase of nuclei (A;,Z))
can possibly exist is lower than that obtained for the
transition between the two pure solid phases if Eq. (71)
holds.

With further compression, the compound will be unstable
against the transition to a pure bcc phase of nuclei (Aj,Z»).
The pressure Pji;., at which this transition occurs can be
obtained using the formulas given in Sec. II B:

mec? 2, / / Coect mec?
_ e _ 2 2 cC qMe 2/3
Pl+2ﬁ2 - ml:xr<§xr l> 1 +xr +In (x’ +y1 +xr):| + 3(37.[2)4/3xr )\g ZZ ’ (74)

— I 2 I 7 -
X =y, 2[\/1—(1—1:(22,142; Z1,A1,Z2, A/ (v} ~?) = F(ZZ,AZ;ZI,AI,ZLAZ)][] — F(Z3,A2,Z1,A1,Z5, A",

with the same threshold electron Fermi energy as that given by
Eq. (45) for the transition between pure bce solid phases. The
highest density at which the compound is possibly present is
given by

(323 2

A Z,
pmax _ L2 72 Smax
1+2 7 A, 2 |:

Chect ( 2/3

~ V1+x?
- f(Z1,2y) )| ———|, (76)
where
. Az x?
—min J— ¥ 77
AL ST E (0

is the lowest density at which the pure bcc solid phase of nuclei
(A,,Z,) can appear. The transition between these two phases
is accompanied by a density discontinuity given by

A -t AZy Cocc® (23
jmin - 7 A, (32)1/3 2
. V1+x?
—f(Z1,Zy))—|—-1. (78)

As discussed in Sec. II B, we must have

AZ,—ZA, <0 (79)

(75)

(

to ensure mechanical stability. Collecting Eqgs. (66) and (79)
thus shows that the composition of the compound is not
arbitrary, but must satisfy the following constraint (matter
neutronization):

<A (80)
\Z\ .

In the limit of ultrarelativistic electrons, yJ”z > 1, the
threshold pressure and the associated densities are approxi-
mately given by

ond
(1e?)
1272(he)3
4Cpcc 2/3
X (1 + —(81712)1/3 zZ ],

—max ~_ A Zs —min Chec 2/3 £
nliz o EA_ZHZ [1 + (37[2)1/3 Z2 - f(Zlsz) )

Py~ [1 4 F(Zy,A2; Z1,A1,Z2,A7)]*

(81)

(82)

3

Ay (w7 N 3

i~ 2 [+ F(Zy,A2,Z1,A1,Z2,A2)] .
2 Z 37{2(hc)3[ + F(Zy,A2;,Z1,A1,Z5,A5)]

(83)
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FIG. 2. Schematic representation of the pressure P versus mean
baryon number density 7 for a transition between two pure body-
centered cubic solid phases of nuclei (A, Z;) and (A,, Z,) accompa-
nied by the formation of a binary compound (with cesium chloride
structure in this case). For comparison, the transition leading to
the coexistence of pure phases is indicated by the dotted line. The
figure is not to scale. In reality, the range of pressures for which
the compound is present (from Pj_ 4 to Piio-,7) is very small,
(P1+2‘>2 — PI‘)1+2)/P1‘>2 « 1, as shown in Eq (86)

The density discontinuity is thus approximately given by

Chcc (25/3—13(21,22))}—1.

v — gt N é V4)
(371’2)1/3

g Z A,

(84)

If the binary compound is stable, i.e., Eq. (71) is fulfilled,
it can be shown that P, ., > P;_,» by comparing Egs. (58)
and (74) using Eq. (51) and the identity

F(Zy,A2;Z1,A1,22,A2) — Fo(Z2,A2; Z1, Ay)

Z53 — Zf(Z1,Z3) Cpeett

= A .
T A — Z1A; (B3

(85)

I : ~max ~min :
Similarly, it can be shown that a7 > 7i]l%. Binary com-

pounds can exist in the crust of a neutron star, but only over
a very small range of pressures, which to lowest order in « is

feel fee2
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approximately given by

Piioso — Pisiyy o 4Chec AZ(AyZ) — A\ Z))
Ba)P(Z\A — ZANZ,A — ZA)

N z53
X f(Zl»Zz)—7 , (86)

where we have used Eqgs. (60), (67), and (81). This equation
also shows that compounds made of different isotopes are
unlikely to be present in the crust since Piir—2 = Pi142
if Z; = Z,. The range of densities for which the compound
exists is approximately given to lowest order in o by

P,

~max ~min

M ~ M 3Ched (20 20) — z33
~min ~max (37[2)1/3 1,22 Z

ny —n
ZA N\ ZA\ "
AZ; AZ,

The variation of the pressure with respect to the density
is schematically illustrated in Fig. 2. In principle, the pure
bee crystal of nuclei (A;,Z) and the binary compound can
coexist at pressure Pj_,14, (at densities between 7™ and
ﬁﬂ“j_“z); similarly the pure bcc crystal of nuclei (A,, Z,) and the
binary compound can coexist at pressure Pj1,,, (at densities
between ﬁ’f‘f’é and ﬁ?i“). Howeyver, as discussed in Sec. III C,
such coexistence of solid phases cannot occur in any region of
neutron-star crusts.

IV. EQUILIBRIUM COMPOSITION OF THE OUTER
CRUST OF COLD NONACCRETING NEUTRON STARS

A. Stability of various cubic and noncubic binary compounds
against phase separation

The binary compound structures that we consider here are
illustrated in Figs. 3, 4, and 5. The most familiar example
of terrestrial fccl compounds is rocksalt—sodium chloride
(NaCl). Other such compounds are various oxides (e.g., CaO,
MgO, NiO, SrO, YbO, ZrO) and carbonitrides (e.g., TiC,
TiN, HfC). The prototype of fcc2 compounds is fluorite
(CaF,). Terrestrial sc1 compounds include for instance cesium
chloride (CsCl) and B-brass (CuZn). Examples of terrestrial
compounds with sc2 and hcp structures are auricupride
(AuCus) and tungsten carbide (WC) respectively. Kobyakov
and Pethick [31] have recently argued that the equilibrium

scl

FIG. 3. Binary compounds made of two nuclear species (A1, Z;) (black circles) and (A,,Z,) (white circles) with face-centered cubic (fcc)

and simple cubic (sc) crystal structures.
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FIG. 4. Binary compounds made of two nuclear species (A1,Z,) (black circles) and (A,,Z,) (white circles) based on the cubic perovskite

structure shown in Fig. 8.

structure of the inner crust of a neutron star could be similar
to that of baryum titanate (BaTiO;3) represented in Fig. 8, but
made of only one kind of nuclear clusters. For this reason, we
have also considered binary compounds based on the cubic
perovskite structure. The formation of ternary compounds
will be briefly discussed in Sec. IV B. Let us stress that
stellar compounds differ in two fundamental ways from their
terrestrial counterparts: first, stellar compounds are made of
“bare” nuclei; and second, these nuclei are embedded in an
essentially uniform relativistic electron Fermi gas.

The structure functions of a binary compound can be
generally written as

[(Z0.Z2)=ZP 2} + 25+ (1 =0 — 0 Z1Z2]. (88)

The numerical values for the lattice constants C, n, and ¢ are
indicated in Table I. Lattice constants of the fccl, scl, sc2,
and hcep lattices were taken from Ref. [18]. The calculations
of the other lattice constants can be found in Appendix B. In
the limiting case of a pure crystal, the structure function (88)
reduces to f(Z,Z) = Z* independently of  and ¢. As can
be seen from Table I, the scl lattice (which coincides in this
case with a bec lattice) yields the lowest energy. In particular,
pure cubic perovskite structures are unstable in the outer crust
of neutron star, but might exist in the inner crust due to nuclei-
nuclei interactions induced by free neutrons [31].

FIG. 5. Binary compound made of two nuclear species (A,Z;)
(black circles) and (A;,Z,) (white circles) with an hexagonal close-
packed (hcp) structure.

As discussed in Sec. III D, the stability of a compound is
determined by the dimensionless ratio

f(Z1,2,)

R(g) = L~2L22)

@ = Ziz
C n+(1—n—10q+¢q>

= , (89
Con E+ (=01 PlE+( =g

where g = Z,/Z and & = & denotes the proportion of nuclei
(A1,Z;). The compound is stable if R(g) > 1. As shown in
Figs. 6 and 7, the sc2, fcc2, p3 and hcp structures do not
lead to any stable compound since R(g) < 1 for any value
of g. On the other hand, binary compounds with scl, fccl,
pl, and p2 structures can be stable depending on the charge
ratios. In particular, the fccl structure with a charge ratio
q ~= 0.07 yields the most stable compounds with R >~ 1.003,
as first pointed out by Dyson [16]. However, such compounds
are not necessarily the most stable ones considering full
thermodynamic equilibrium with respect to all kinds of weak
and strong nuclear reactions [18]. Recalling that the crust
of a neutron star is expected to be stratified into pure bcc
layers with different compositions, binary compounds could
be naturally formed at the interfaces by substitution of nuclei,
by addition of nuclei in the interstices of the bcc lattice, or
by both mechanisms. Interstitial compounds with p2 structure
are stable against phase separation only for very low charge
ratios, from g = 0 to ¢ >~ 0.013 (with R reaching 1.000 13
at g ~ 0.0058). The p1 type compounds that could be formed
from both substitution and additions allows for a larger range
of values for the charge ratios from g = 0 to ¢ >~ 0.084 (with
R reaching 1.000 44 at ¢ ~ 0.039). Nevertheless, it appears
that substitutional compounds with the scl structure are the
most likely to be present in the crust of a neutron star since
they are stable against phase separation over a very wide range
of values of the charge ratio, from g >~ 0.413 to g ~ 2.42
(with R reaching 1.000 16 at ¢ ~ 0.055 and g ~ 1.83). This
conclusion is consistent with Monte Carlo simulations of
binary ionic mixtures [30].

B. Stability of cubic perovskite ternary compounds
against phase separation

In this section, we briefly discuss the possible formation of
ternary compounds in the crust of a neutron star. The structure
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FIG. 6. Values of the dimensionless ratio /R(g) as a function of the charge ratio g = Z,/Z; for the binary compounds shown in Figure 3.
The thin horizontal line delimits the region of stability against phase separation; a compound is stable if R(g) > 1. The right panel shows a

close-up view near g = 1. See text for details.

function can be quite generally written as

f(Z1,2,,23) = 2_4/3[711212 +mZ3 +mZ3 + 112212,
+ 01321 Z3 + 1322 Z3]. (90)

The constants corresponding to the cubic perovskite structure
shown in Fig. 8 are indicated in Table II. Their calculations
can be found in Appendix B.

As discussed in Sec. IIC, the stability of a ternary
compound against phase separation is determined by the
dimensionless ratio

Rig.p) = L E1Z2Z3)
P = 712y Z3)
_ € m(+¢)+u3p*+m2g +m3p + nagp
Coee (§1+6q +Ep)PE + 6P + &p33) 7
(C2Y)
11f —
N (ST hep
i -—--pl
1.05F —p2 |
L --p3
e o
r \\‘\:': ......
EANN ) ,
0.95F N e .
[ \\i‘ ...........
0.9 Sevee ]
L s . \ T
0 1 2 3 4

where g = Z,/Z, and p = Z3/Z,. The cubic perovskite
compound is found to be stable [R(g) > 1] in a very restricted
domain of the charge ratios ¢ and p, as shown in Fig. 9.
The maximum is found for ¢ ~ 0.0510 and p ~ 0.870 with
R =~ 1.00059. This kind of analysis naturally explains why
systems with very different charges are generally more liable to
form compounds than systems with similar charges, as recently
observed in Ref. [20] from systematic phase equilibrium
calculations.

C. Ground-state composition of dense stellar matter

Determining the ground-state composition of dense matter
allowing for fccl, scl, pl, and p2 binary compounds as
well as the cubic perovskite ternary compounds still remains
computationally very expensive since at each pressure P
the Gibbs free energy must be calculated for all possible
combinations of nuclei (~7 x 107 for binary compounds,

1.001—

1.0005F

1
0.9995F i v hep
i -——pl
0.999] —p2
[ --p3
0.9985}
i h 1 1 L 1
0.998 0.5 1 15 2

FIG. 7. Same as Fig. 6 for the binary compounds shown in Figs. 4 and 5.
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FIG. 8. Ternary compound with cubic perovskite structure made
of three nuclear species (A1, Z,) (black circles), (A,, Z,) (grey circle),
and (A3, Z3) (white circles).

~6 x 10'! for ternary compounds). For this reason, we shall
proceed as follows.

First, the equilibrium composition of the crust is determined
by considering only pure phases (for which the most stable
crystal structure is the becc lattice). To this end, for each
pressure P, we minimize the Gibbs free energy per nucleon
g(A,Z, P) over all possible nuclei (A, Z). We have made use
of experimental atomic masses from the 2012 Atomic Mass
Evaluation [32] supplemented with the Brussels-Montreal
microscopic nuclear mass model HFB-24 [33] for the masses
that have not yet been measured. Starting from the initial value
P =3 x 107! MeV fm—>, we have increased the pressure
with a step AP = 0.003 P until the onset of neutron dripping
out of nuclei, which delimits the boundary between the outer
and inner regions of the crust. Results are summarized in
Table III. Let us consider that the equilibrium nucleus thus
found is (A,Z) in the range of pressures Ppin < P < Phax-
The compounds most likely to appear in this region are
those yielding the lowest values for the threshold pressure
Pihres, which is completely determined by Eq. (18) and can
therefore be tabulated once and for all. In the ultrarelativistic
regime, Pupres can be accurately estimated from Eq. (33).
Some compounds may yield values for the threshold electron
Fermi energy such that u™® < m,c?; such transitions are
energetically forbidden and must therefore be ignored. A

TABLE II. Structure constants appearing in Eq. (90) for the
ternary compounds shown in Fig. 8. The quantities &;, &, and &;
denote the proportions of nuclei (A1,Z), (Az,Z3), and (As,Z3)
respectively.

C —1.365 879
m 0.121 479

" 0.121 479

e 0.514 083

N2 0.0686 701
M3 0.149 645

23 0.024 644 1
£ 1/5

& 1/5

&3 3/5
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FIG. 9. Stability of cubic perovskite compounds shown in Fig. 8
against phase separation, as a function of the charge ratios ¢ = Z,/Z,
and p = Z3/Z,. Stable compounds only exist in black regions, where
the dimensionless ratio R(q, p) exceeds unity. See text for details.

compound will be energetically favored if the corresponding
threshold pressure Pyyes lies in the range Puoin < Prhres < Priax-
The analysis of the mass tables suggests that the compounds

TABLE III. Composition of the outer crust of a cold nonaccreting
neutron star considering only pure body-centered cubic crystals made
of nuclei with atomic number Z and mass number A. Results were
obtained using experimental masses from the 2012 Atomic Mass
Evaluation [32] supplemented with the Brussels-Montreal nuclear
mass model HFB-24 [33]. The mean baryon number densities 7z are
measured in units of fm ™, the transition pressures Pj_,, are in units

of MeV fm™, and the threshold electron Fermi energies ) ~2 are in
units of MeV. See text for details.

Z A ﬁmin ﬁmax P1~>2 /»‘L:HZ
26 56 494 x 107  336x 107" 096
280 62 5.09x107° 159 x 1077  4.20x 1078 1.97
26 58  1.60x 1077 1.65x 1077 439 x 1078 2.67
280 64 1.70x 1077 8.01x 1077  3.56 x 1077 4.15
280 66 828x1077 921 x1077 4.12x 1077 6.21
36 86  9.42x 1077 1.86x 107°  1.03 x 107° 5.13
34 84 1.92x107% 679x107° 557 x 107" 7.83
32 82 7.04x10% 1.67x107°  1.77x107° 1049
30 80 1.74x107° 346 x 107 444 x107° 1325
28 78  3.62x107°  6.64x107°  1.00x 107*  16.85
28 80 6.83x107° 7.85x107° 1.21x107*  23.06
42 124 821 x107° 121x107* 2.05x107™*  19.09
40 122 126 x 107* 156 x 107*  275x 107*  20.62
39 121 1.59x10*  1.63x107*  2.85x107*  20.84
38 120 1.67x107*  1.95x107*  3.54x 107*  22.92
38122 1.99x 107 240 x 107 4.55x 107 24.40
38 124 244 x107* 256 x 107*  4.87 x 107*
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TABLE IV. Composition of the outer crust of a cold nonaccreting neutron star allowing for binary compounds with the scl structure
shown in Fig. 3. Results were obtained using experimental masses from the 2012 Atomic Mass Evaluation [32] supplemented with the
Brussels-Montreal nuclear mass model HFB-24 [33]. The columns give the atomic and mass numbers of the two nuclei, the maximum mean
baryon number density 77** at which the pure crystal (A, Z;) is present, the transition pressure P;_, |, for the formation of the compound, the
lowest and highest densities (respectively ﬁ‘l“f‘z and 713) at which the compound exists, the threshold pressure P;,»_,, for the disappearance of
the compound, and the minimum density 72" at which the pure crystal (A,,Z,) appears. The densities are measured in units of fm~ and the

pressures are in units of MeV fm .

zZ, A Z, A e P flﬁ"l"z T | TN pin

26 56 28 62 4.93698 x 1072 3.36539 x 10710 5.01371 x 10™° 5.01376 x 10~°  3.36544 x 10~ 5.08514 x 10~°
28 62 26 58 1.59126 x 1077 4.20338 x 10~ 1.59572 x 1077 1.59591 x 10~7  4.20407 x 10~ 1.60071 x 1077
26 58 28 64 1.65281 x 1077 4.39084 x 1078 1.67532 x 1077 1.67537 x 1077 4.39100 x 1078 1.69630 x 1077
28 66 36 86 9.23299 x 1077 4.13609 x 1077 9.33458 x 1077 9.33710 x 1077 4.13758 x 1077 9.41661 x 1077
36 86 34 84 1.85904 x 10~ 1.02956 x 10~ 1.88857 x 107®  1.88859 x 10~ 1.02957 x 1076 1.91982 x 10~¢
34 84 32 82 6.79092 x 10~° 5.57552 x 107 6.90842 x 107°  6.90850 x 10~° 5.5756 x 107° 7.03316 x 10°°
32 82 30 80 1.66930 x 1073 1.76809 x 1073 1.70089 x 10> 1.70091 x 1073 1.76812 x 1073 1.73455 x 103
30 80 28 78 3.45867 x 107 4.44090 x 107 3.53057 x 10 3.53062 x 107 4.44098 x 107> 3.60754 x 1073
28 80 42 124 7.85386 x 1072 1.21210 x 10~* 8.06025 x 10> 8.06081 x 107 1.21221 x 10~ 8.19983 x 107
42 124 40 122 1.21516 x 107 2.04847 x 10~ 1.23392 x 107*  1.23392 x 107*  2.04849 x 10~* 1.25360 x 10~
40 122 39 121 156784 x 107*  2.76056 x 1074 1.58063 x 107*  1.58064 x 10~*  2.76058 x 10~* 1.59375 x 1074
39 121 38 120  1.63675 x 10~* 2.86036 x 10~* 1.65058 x 10~*  1.65058 x 10~* 2.86037 x 10~* 1.66476 x 1074

most likely to exist in the outer crust of a neutron star are
those made of nuclei from neighboring layers, as previously
found in Ref. [18]. By inspecting Table III, it can be seen that
the corresponding charge ratios vary from about ¢ = 0.93 for
92Ni +°%Fe to 1.5 for 3'Ni+'?*Mo. Therefore, only binary
compounds with scl structure need to be considered, as can
be inferred from Fig. 6 (see also Refs. [34,35]).

For each pair (A,Z;) and (A,,Z,) of adjacent nuclei
shown in Table III, we have solved numerically Eq. (16) with
(A,Z2) =(A1,Z))and (A,Z) = (Az,Z5). In this way, we have
determined the threshold pressures Pj_ 4, and P43, as
well as the densities for the appearance and disappearance of
the different phases without any further approximation. Results
are summarized in Table IV. We have studied the stability of
these compounds against phase separation. We have found that
the direct comparison of the Gibbs free energies per nucleon is
equivalent to the simple criterion (42) obtained by expanding g

to first order in «. Contrary to the results obtained in Ref. [18],
we do not find any stable compound composed of different
isotopes, as anticipated in Sec. III D. Using the numerical
results, we have tested the precision of the analytical formulas
for the threshold densities and pressures. The errors amount
at most to 0.2% for the pressures and 0.07% for the densities.
The approximate expressions obtained under the assumption
of ultrarelativistic electrons are less reliable. However, their
precision is expected to increase with increasing 11! ~? thereby
with increasing depth below the stellar surface (see Table I1I).
Leaving aside the shallowest layer containing the compound
made of *°Fe +?Ni (the associated threshold electron Fermi
energy is less than twice the electron rest mass energy; see
Table III), the errors amount at most to about 16% for the
pressures and 8% for the densities. The errors on the pressures
and on the densities are the largest for the compound made of
62Ni 4-58Fe, and drop to about 0.2% and 0.08% respectively

56 56 62, .. 62, . 80, ;. 80, ;. 124 124
Fe --> "Fe + *"Ni --> - -

3366 ™1 e\ L — e‘ L — ! L I\\Ilw I\I\I ‘> Nl 4‘_ \MO‘ >\ ‘1\40 1213
é3.3658 j ’: ; ; | les'é
%3.3656 - " S

- _________J: _______ 3 - - 2
S 3.3654 = <
'S L i — —1.212 S
3365211 4 | ] =
Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il ‘ ‘ ‘ ‘
336574 05 5 5.05 78 79 8 81 82 2D
7 [107 fm™] 7[10” fm™]

FIG. 10. Pressure versus mean baryon number density in the outer crust of a cold nonaccreting neutron star. Results were obtained using
experimental masses from the 2012 Atomic Mass Evaluation [32] supplemented with the Brussels-Montreal nuclear mass model HFB-24 [33].
Two regions of the crust are highlighted corresponding to the change of composition from *°Fe to Ni (left panel) and from *Ni to '**Mo
(right panel). In both cases, a binary compound with the sc1 structure shown in Fig. 3 is present in the intermediate layers. The dashed lines
represent the transition considering pure crystalline phases only.
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for the deepest compound made of '2'Y +!29Sr. As illustrated
in Fig. 10, the impact of binary compounds on the equation of
state of the outer crust of a nonaccreting neutron star is very
small.

V. CONCLUSIONS

It has been generally thought that the outer crust of a cold
nonaccreting neutron star consists of different layers, each of
which are made of a pure body-centered cubic ionic crystal
in a charge compensating background of highly degenerate
electrons. We have analyzed the stability of such layer against
its conversion (due to weak and strong nuclear processes) into
a multinary ionic compound with an arbitrary composition.
We have derived general analytical formulas for the pressure
at the onset of the transition, as well as for the densities of the
different phases irrespective of the degree of relativity of the
electron gas. These expressions take particularly simple forms
in the limit of ultrarelativistic electrons; see Eqgs. (33), (34),
and (35) respectively.

A necessary condition for the formation of a compound is
that it must be stable against the separation into pure coexisting
phases. We have shown that the stability condition, embedded
in Eq. (42), is uniquely determined by the compound structure
and composition irrespective of the stellar conditions. In
particular, we have thus shown that the stability of a compound
against phase separation in dense matter depends neither on
the pressure nor on the degree of relativity of the electron gas,
as recently noticed in Ref. [20] from a systematic search of
equilibrium phases. Moreover, with this simple criterion, it
can be easily shown that systems with very different charges
are more likely to form stable compounds than systems with
similar charges, as observed in Ref. [20].

However, equilibrium with respect to weak and strong
nuclear interactions imposes very stringent constraints on the
nuclear species present in the crust of a neutron star. Typically,
the charge numbers of equilibrium nuclides are Z ~ 30-40.
For this reason, the formation of disordered compounds and
multinary compounds made of a large variety of different
nuclei appears very unlikely (see, e.g., Ref. [28]). On the other
hand, ordered binary ionic compounds are generally present at
the interface between two pure adjacent crustal layers. Their
existence is uniquely determined by their stability against
phase separation, and can thus be very easily assessed. In
particular, compounds made of different isotopes are unstable.
By examining different cubic and noncubic lattices, we have
found that substitutional compounds having the same structure
as cesium chloride are the most likely to be formed in the
outer crust of a nonaccreting neutron star, whereas compounds
similar to auricupride (AuCus) or tungsten carbide (WC)
are all unstable irrespective of their composition. Likewise,
the formation of ternary compounds with cubic perovskite
structure such as baryum titanate (BaTiOs) is found to be
highly improbable.

Using experimental atomic mass data from the 2012
Atomic Mass Evaluation [32] supplemented with the Brussels-
Montreal HFB-24 nuclear mass model [33], we have calculated
the ground-state structure and the equation of state of the
outer crust of a cold nonaccreting neutron star, allowing for

PHYSICAL REVIEW C 94, 065802 (2016)

binary compounds. These calculations have confirmed that
compounds with cesium chloride structure can be formed at the
boundary between pure crustal layers. With these numerical
results, we have also been able to assess the precision of
our analytical formulas: the errors never exceed 0.2% for
the threshold pressures and 0.07% for the densities of the
solid phases. Although the impact of binary compounds on
the equation of state has been found to be very small, their
presence may have important implications for the thermal
and mechanical properties (especially the brittleness) of the
crust (see, e.g., Refs. [34-36]). In our investigation, we have
neglected electron exchange and polarization effects, as well
as quantum zero point motion of ions about their equilibrium
positions. Although these corrections are very small [16,17],
they may affect the stability of ionic compounds and thus need
to be closely examined.

From our analysis, we expect a much larger variety of
ordered and disordered multinary ionic compounds to form in
the core of white dwarfs, and in the crust of accreting neutron
stars (see, e.g. Refs. [19,20]). This warrants further studies.
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APPENDIX A: ON TRANSITIONS TO A
MULTICOMPONENT SOLID PHASE
SUCH THAT Z/A = Z/A

Let us consider the transition from of a solid made of only
one type of nuclei (A, Z) to a multi-component solid made of
nuclei (A;,Z;) such that Z/A = Z/A. Solving the threshold
condition (16) after expanding the Gibbs free energies per
nucleon to first order in « leads to the following expression for
the maximum mean nucleon number density of the pure solid
phase

(A/Z)*
()\ecbcca)3

(2> — fdzp1~°.

(AD)
Because o < 1, the threshold density for the onset of such
transitions is thus likely to lie well above the threshold
densities for any transitions accompanied by a discontinous
change of proton fraction (Z/A # Z/A). As a matter of fact,
™ diverges as & — O for transitions such that Z/A = Z/A
whereas 7™ remains finite for any other transitions, as can
be seen by comparing Eqs. (A1) and (28), with

Am,

o M M(AZ)T
n = | = —
Am,

1
()/elhres)2

thres

Xr=y, 1-— (A2)

using Eq. (26).

065802-13



N. CHAMEL AND A. F. FANTINA

APPENDIX B: STRUCTURE FUNCTIONS OF CUBIC
BINARY COMPOUNDS

The structure function f(Z,Z,) of the fluorite (fcc2) and
cubic perovskite (pl, p2, and p3) lattices shown in Figs. 3
and 4 can be determined from the calculations of Refs. [18,24]
using the lattice constants Cy., Cpec, and Cy of the pure sc,
bece, and fec lattices, respectively. For these latter constants, we
shall use the values given in Ref. [18] and indicated in Table I;
considering that if the two nuclear species are the same, the
fcel lattice reduces to a sc lattice, the scl lattice to a bee lattice,
and the sc2 lattice to a fcc lattice, we thus have Cy. = Cyec,
Cpee = Cye1, and Cg.c = Cyer. The calculations of the lattice
constants of the fluorite and cubic perovskite structures are
presented in the following sections.

1. Fluorite

From dimensional analysis, the lattice energy density can
be quite generally expressed as

2
e

& =nNa—(C1Zf+sz§+01221Z2), BID)
N

where ny denotes the mean number density of nuclei (A, Z)
and (A;,Z,), whereas ay = (4mny/3)~'/? is the ion-sphere
radius. Using the electric charge neutrality condition n, =
Zny, the lattice energy density can be equivalently written
in the form of Eq. (8) with the structure function given by
Eq. (88). The corresponding constants are given by

2\ 13
C = (?> (c1 + 2+ ci2), (B2)
Cl
= B3
1 c1+c+cn ®3)
[=—22 (B4)
S catoadteon

These constants can be determined by considering limiting
cases as follows.

i Z;=0
The nuclei (A, Z,) form a sc sublattice, therefore the
lattice energy £ must coincide with that of a sc lattice
of nuclei (A,,Z,), i.e.,

62 62 173

2 2

nN_CZZZ = nZ_(_> CSC227 (BS)
an a 47

where a, = (4wn,/3)""/3 and n, = (2/3)ny, as can
be easily seen from Fig. 3. We thus obtain

3\ 13 7\ 43
= <E> <§> Cic. (B6)
(1)) Z, =0

The nuclei (A;,Z;) form a fcc sublattice. Following
the same reasoning as above, we find

3\ 1\ 3
=— - - B7
@) o

(i) Z1 = Z, =1
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The lattice energy density reduces to

2
e

&L =ny—I(c1 + 2 +c2), (B8)
an

which can be directly compared to the expression
obtained in Ref. [24]:

2
& = —1.728906 ny —— . (B9)
261]\]

We can thus determine the remaining coefficient ¢y,
from the equation

el + ¢z + c12) = —1.728906. (B10)

2. Cubic perovskites
From dimensional analysis, the lattice energy density
of a ternary compound can be quite generally expressed
as
&2
& = nNa—(CIZ% + sz% + C3Z§ +cnZi1Zy
N

+c13Z1Z3 + 322 Z3). (B11)

Alternatively, the lattice energy density can be written in
the form (8) with the structure function (90). The dif-
ferent coefficients are related to each by the following
equations:

4\

C= <?> (ci+ca+c3+cin+cizten), (Bl2)
Cl

n = , (B13)

citc+ce3+cpptciz+ e

©

= , Bl4

" citc+ce3+cpptciz+ e ( )
c3

- , B15

& citc+ce3+cpptciz+ e ( )
C12

- , B16

e cit+ctcit+cntceten ®B16)
C13

- , B17

s cit+c+c3+cn+tcezten ®B17)

c
ms = = (B18)

cit+c+ci+cntceiten

Let us consider the original perovskite structure represented
in Fig. 8. The proportions of nuclei (A, Z), (Az,Z>), and
(A3,Z3) are 1/5, 1/5, and 3/5 respectively. By symmetry, we
have ¢; = ¢, or equivalently n; = n,.

We shall follow the same approach as for the fluorite
structure.

(G) Z,=2Z3=0
The nuclei (A;,Z;) form a sc sublattice, thus leading

to
3\ /3 /1\43
=|— - Cs..
o=(a) () &

(i) Zy=0and Z, = Z»

(B19)
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The nuclei (A;,Z) and (A,, Z,) form a bcc sublattice.

We thus find
3\ 173 79\ 43
2c1 +cpp = (E) (5) Chec. (B20)
(iii) Zy =0

The cubic perovskite structure coincides with the sc2
lattice shown in Fig. 3. The corresponding lattice
energy density

2
e
&L :nNa—(Clz%+C3Z§+C1321Z3) (B21)
N
can be directly compared to that given in Ref. [18]
(see Table I). In particular, the coefficients c3
and cj3 can be completely determined from the

equations
3\ 13 /4\43
citeaten=|— =) Cie (B22)
4 5
[the nuclei (A, Z) and (A3, Z3) form a fcc sublattice],
c3

Nsc2 = (B23)

citeiten
(IV) Z] =Zz=Z3=1
The lattice energy density reduces to
2
e
&L =ny—I(c1 +c2+c3+cpp+c13+ ),

ay
(B24)
which can be directly compared to the expression
obtained in Ref. [24],
2

& = —1.694648 ny ——. (B25)
261]\/
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We can thus determine the remaining coefficient cy3
from the equation

2(c1 + ¢+ 3+ cp) = —1.694 648,

using Egs. (B19), (B20), and (B22).

Having determined all the lattice constants of the original
perovskite compound, the structure function of the binary
compounds shown in Fig. 4 can be easily determined from
particular cases:

(W) Z1=12;

(B26)

ar\ '3
Coi=Qei+c3+cpt+ceiz+ CB)(T) ,

(B27)
c1+ci3+c;3
= = - , B28
el 2ci +c3+cpptconten B28)
C1
= . B29
ol 2ci +c3+cpptconten ®29)
(i) Z =2,
Cp2 = Cp17 (B30)
2
> = €Lt cn . ®31)
2ci +c3+ciptco3ten
C3
= = . B32
n 2ci +c3+cptco3ten (B32)
(i) Z, = Zs
Cp3 = Cpla (B33)
Np3 = &pls (B34)
¢l + ¢34 3
£ = 1+ 3+ (B35)
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