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Massive white dwarfs endowed with ultrastrong magnetic fields have been recently proposed as the
progenitors of overluminous type la supernovae. In our previous work, we have shown that such stars
would become unstable against electron captures if the magnetic field is too strong. Using a more realistic
model of dense matter taking into account electron-ion interactions and allowing for ionic mixtures, we
estimate the strength of the magnetic field for the onset of electron captures in the core of the most massive
white dwarfs. We have considered various compositions and lattice structures. The possibility of
pycnonuclear fusion reactions and their impact on the stellar magnetic fields are also discussed. The
strongest magnetic fields we find are considerably lower than those previously assumed in putative

super-Chandrasekhar white dwarfs.
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I. INTRODUCTION

White dwarfs are the stellar remnants of low and inter-
mediate mass stars [1] (i.e., with a mass <10M o, M, being
the mass of our Sun). Predicted in 1947 by Blackett [2],
the existence of white dwarfs with strong magnetic fields
B > 10° G was confirmed in 1970 by Kemp [3] (for a brief
historical review, see, e.g., Ref. [4]). Since then, several
hundred magnetic white dwarfs already have been found
[5]. Surface magnetic field strengths up to about 10° G have
been inferred from Zeeman spectroscopy and polarimetry, as
well as cyclotron spectroscopy (see, e.g., Ref. [6] forareview).
About 10% of isolated white dwarfs have surface magnetic
fields stronger than 1 0° G[7,8],and about25% of cataclysmic
variables are magnetic [6]. Among the latter, polars or AM
Herculis systems have magnetic field strengths in the range
107-10% G while intermediate polars or DQ Herculis systems
have weaker fields < 10’ G. The population of strongly
magnetized white dwarfs might also include some soft
gamma-ray repeaters and anomalous x-ray pulsars [9—13],
though it is widely believed that these objects are not white
dwarfs but magnetars [14,15] (see e.g. Ref. [16] for a review).

The origin of strong magnetic fields in white dwarfs is
still a matter of debate. According to the fossil field
hypothesis, the magnetic field was generated at an earlier
stage of the stellar evolution and was subsequently
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amplified during the formation of the white dwarf assuming
that the magnetic flux was conserved (see, e.g., Ref. [17]).
Chemically peculiar Ap and Bp stars have long been
thought to be the progenitors of magnetic white dwarfs.
However, this scenario has been challenged by population
synthesis calculations [18]. Alternatively, the magnetic
field in white dwarfs could be generated through dynamo
action (see, e.g., Refs. [19,20] and references therein).
Although the strongest observed surface magnetic fields
are of the order 10° G, much stronger fields may exist in the
core of white dwarfs [21]. It has been proposed that very
massive so called super-Chandrasekhar white dwarfs (with
a mass 22M ) endowed with ultrastrong magnetic fields
B > 10" G could be the progenitors of overluminous type
Ia supernovae [22-27]. Although some recent works
have cast doubt on the existence of such stars [28-30],
the question arises of how strong the magnetic field in
white dwarfs could be. This question has been generally
assessed using the virial theorem [31]: for a stellar
configuration to be stable, the magnetic -energy
(Gaussian cgs units are used throughout this paper),
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has to be lower than the absolute value of the gravitational
energy,

1 M
Egay = 5 / ®dm, (2)
2 Jo

where @ is the gravitational potential, p the average mass
density, dm an infinitesimal mass element, and M the mass
of the star. Considering a spherical star of radius R with a
uniform magnetic field leads to

M [(R;\?
B <22x10%— <—@> G, (3)
Mg \ R

where R, is the radius of the Sun. For typical white-dwarf
masses and radii, the strongest magnetic field thus obtained
is of the order ~10'3 G. However, this estimate should be
taken with a grain of salt since a uniform magnetic field in a
star is unstable [32]. Moreover, the global structure of the
star may depend on the magnetic field configuration, which
is not a priori known. Consequently, ultrastrong magnetic
fields B > 10" G in white-dwarf cores cannot be ruled
out: the global stability condition Ey,, < |Eg,y| might still
be fulfilled assuming that the magnetic field strength in
the star decreases outwards. On the other hand, we have
recently shown that the strength of the magnetic field in the
most massive white dwarfs is limited by the onset of
electron captures, independently of the global configuration
of the star [28].

In this paper, we estimate the strength of the magnetic
field above which the most massive white dwarfs would
become unstable against electron captures using a more
realistic model of dense matter, which takes into account
electron-ion interactions and allows for mixtures of two
different ionic species.

II. MODEL OF DENSE MATTER
IN WHITE-DWARF CORES

The model we adopt here was initially developed for
describing the outer crust of strongly magnetized neutron
stars [33] (see also Ref. [34] for a recent development). The
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core of magnetic white dwarfs is assumed to be made of
fully ionized atoms arranged in a regular crystal lattice. We
shall consider both homogeneous crystalline structures
made of only one type of ions, and heterogeneous crys-
talline structures made of an admixture of two ionic species
(typically carbon and oxygen) following the work of
Ref. [35] in the neutron-star context. In addition, we
suppose that thermal effects are negligibly small, and we
set the temperature to zero for simplicity.

The pressure P at the center of the star is thus given by
the sum of the electron degeneracy pressure P, and the
lattice pressure P; arising from the interactions between
electrons and ions. According to the Bohr-van Leeuwen
theorem [36], the lattice pressure is independent of the
magnetic field apart from a small contribution due to
quantum zero-point motion of ions [37], which we neglect.
The lattice is composed of two types of ions: 4X with
proton number Z and mass number A, and fz‘ﬁX’ with proton
number Z’, and mass number A’. The crystal structures we
shall consider are illustrated in Fig. 1. The fraction of the
ion 4X will be denoted by &, so that the fraction of the ion
4 X' will be given by & = 1 — & The fractions correspond-
ing to the different lattice types are indicated in the caption
of Fig. 1. For point-like ions embedded in a uniform
electron gas with number density n,, the lattice pressure is
simply given by

_ &
Pt @)

where the lattice energy density £; is given by [35]
&L =Centf(2,7)), (5)

(2,2 =Z"*Bwz2 + (27 + (1 -n-0)2Z'),  (6)

with the mean proton number Z = £Z + &'Z', e being the
elementary electric charge. The lattice constants C, # and ¢
are given in Table I for different crystal lattice types. Note
that in the limiting case of homogeneous crystal structures,
f(Z,7) = 7?7 is independent of # and (.

o ® o

bce hep

FIG. 1. Heterogeneous crystal structures with ion species éX (black circles) and /};X/ (white circles) : simple cubic lattice (sc), face-
centered cubic lattice (fcc), body-centered cubic lattice (bec), and hexagonal close-packed (hcp). The fractions of ions ‘}X and ‘é:X/ are
equal to & = 1/2 and & = 1/2, respectively, in all but the fcc lattice. In this latter case, these fractions are £ = 3/4 and & = 1/4.
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TABLE L. Lattice constants for different types of heterogeneous
crystal structures: simple cubic (sc), body-centered cubic (bcc),
face-centered cubic (fcc), and hexagonal close-packed (hcp).
Taken from Ref. [35].

Structure C n ¢

sc —1.418649 0.403981 0.403981
bee —1.444231 0.389821 0.389821
fec —1.444141 0.654710 0.154710
hep —1.444083 0.345284 0.345284

In the presence of a strong magnetic field, the electron
motion perpendicular to the field is quantized into Landau
levels (see, e.g., chapter 4 from Ref. [38]). Ignoring the
small electron anomalous magnetic moment (see, e.g.,
Section 4.1.1 from Ref. [38] and references therein), and
treating electrons as a relativistic Fermi gas, the energies of
Landau levels are given by

€, —\/cpZ

1
y:nL+§—|—0, (8)

| +2uB,) (7)

where m, is the electron mass, c is the speed of light, n; is
any non-negative integer, o = £1/2 is the spin, p, is the
component of the momentum along the field, and B, =
B/ B, with the critical magnetic field B defined by

m2e3
B... =——°"~44x 10" G. 9
= ©)

For a given magnetic field strength B,, the number of
occupied Landau levels is determined by the electron
number density 7.,

ZB Vmax
ne (271_)213 Z guxe (I/)’ (10)

¢ v=0

x(v) =\Jv: =1 -2B,, (11)

where A, = h/m,c is the electron Compton wavelength, y,
is the electron chemical potential in units of the electron
rest mass energy, that is,

u
Ve = 62» (12)
m,c

with u, = d€,/dn, (€, being the electron energy density),
while the degeneracy g, is g, = 1 for v = 0 and g, = 2 for
v > 1. The electric charge neutrality condition implies that
the mass density can be expressed as p = n,m/y, where n,
is the electron number density, y, = Z/A the mean electron
fraction, A = A + &'A’ the mean mass number, and m the
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average mass per nucleon (approximated here by the
unified atomic mass unit).

The electron energy density £, and corresponding
electron pressure P, are given by

B m C2 Vmax ( )
= 2UB, )y, | ———=—|, (13
e S N
and
B m C2 Vmax ( )
2B, )y _ |——— 14
s 2 01+ 2B v- | ) 09
respectively, where
wa(x) = 1+ﬁim@+ Hﬁﬁ. (15)

A magnetic field is strongly quantizing if only the lowest
level v =0 is filled, or equivalently whenever n, < n.g,
where (see Appendix A)

BY/?
np=———r.
eB \/2”2/12

To the electron density (16) corresponds the mass density

(16)

_m Bi/z
rn yeﬂ“z \/Qﬂz '

Conversely, for a given mass density p the strongly
quantizing regime corresponds to magnetic field strengths

/13 22
B, > <pye V2m

m

(17)

2/3
) R 180(2y.p10)*?, (18)
where p;o = p/(10'° gecm™3).

III. MAGNETIC FIELD STRENGTH
IN WHITE DWARFS

The equilibrium configuration of a white dwarf with a
strongly magnetized core is determined from the magneto-
hydrostatic equation (see, e.g., Ref. [1])

1
VP:—pV<I>—|—4—VxBxB, (19)
v/
where the gravitational potential ¢ obeys Poisson’s equation
V2® = 42Gp, (20)
G being the gravitational constant. Since the pressure

depends not only on the density p but also on magnetic
field strength B, Eq. (19) can be written as
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oP

op

oP

1
3B VB:—pV{)—l—EV xBxB. (21)

P

Vp +
B

Let us consider that the magnetic field is locally uniform,
as in Refs. [22-27]. The magnetohydrostatic equation (21)
thus reduces to

oP

» Vp = —pVo. (22)

B

Therefore, the star is mechanically unstable against gravi-
tational collapse whenever OP/0p = 0: in such case, the
matter pressure force could not resist the huge gravitational
pull. As shown in Appendix A, this situation occurs at the
density pg. The corresponding pressure is given by

PB = Pg(neB) +PL(I’leB,Z,Z/). (23)

The most massive magnetic white dwarfs are thus expected
to have central densities close to pg.

As shown in our previous work [28], the stability of such
stars is further limited by the onset of electron captures
in their core, whereby the nucleus 4X (similarly for the
nucleus 4,X’) transforms into a nucleus %_, ¥ with proton
number Z — 1 and mass number A with the emission of an
electron neutrino v,:

X +e =>4 Y +u,. (24)

This reaction is generally almost immediately followed by
a second electron capture on the daughter nucleus Y.
During this process, the pressure does not change and
since P~ P,(n,) the electron density remains approxi-
mately constant. On the contrary, the mass density
increases from p ~ n,mA/Z to p ~ n,mA/(Z —2&). As
a result, electron captures soften the equation of state and
make the star unstable. The nuclei 4X and Q:X’ will be
stable against electron captures in the dense matter of the
stellar core at pressure P if the Gibbs free energy per
nucleon g is lower than those of their daughter nuclei.
The Gibbs free energy per nucleon is defined by

_E4P
- n

. (25)

where 7 is the average nucleon number density, and £ is the
average energy density given by

E=nyM(Z,A)c* +nyM(Z',A)* + E, + EL —n,m,c?,
(26)

where ny and ny are the number densities of nuclei 4X and
4 X', respectively, M(Z,A) and M(Z',A’) are their mass
(including the rest mass of nucleons and Z electrons). The
average nucleon density and the fraction £ are given by
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n = Any + A'ny, (27)
ny

== 28

5 ny + ny ( )

The number densities of nuclei can thus be conveniently
expressed as ny = &n/A and ny = &n/A. From the
electric charge neutrality, we obtain

n, =Znx + Z'ny. (29)

Using the thermodynamic identity &, + P, = n,u, and
Eq. (4), the Gibbs free energy per nucleon can be written as

SAZ)  EA.Z)
_ 2 /
g=mc*+¢& yi + & yi
4&
_ 2, oL
—|—ye{ o — M,C +3ne], (30)

EA,Z) =M(A,Z)c* — Amc*and E(A',Z') = M(A', Z')c?
—A'mc? being the mass excesses of the nuclei 4X and 4,X’,
respectively. Note that the nucleon number is conserved
during electron captures so that neither A nor A’ change.
Likewise, the fractions £ and & remain constant since they
are completely determined by the lattice structure. On the
contrary, the electron density does change. The electron
density before and after the captures will be denoted by n,
and n;, respectively. These densities are not independent
because the pressure P has to remain constant. Before the
capture, the pressure can be written as

P=P,(n;)+ P.(n;.2.2). (31)

For clarity, we have indicated explicitly the dependence on
the electron densities and proton numbers. After the capture,
the pressure can be expressed as

P=P,(n})+Pr(n{.Z=AZ.Z - AZ),  (32)

where AZ and AZ’ denote the changes in Z and Z' (e.g.,
AZ = 1 and AZ' = 0 if the nuclei 4X capture electrons).

Note that n; ~ n} since P, < P,. Let us write n} =
n, + ént where n, is the electron density corresponding to
the pressure P such that

P=P,n,)+P(n,.2,7). (33)

Solving Egs. (31) and (32) to first order in én yields
on, =0 and

oP,\ !
5nj:[PL(ne,Z,Z’)—PL(ne,Z—AZ,Z’—AZ’)]<a > .
ne

(34)

In the strongly quantizing regime with x, > 1, P, ~
m,c*nin’A} /B, so that Eq. (34) can be expressed as
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1/3
Ry — (") Af.(35)

3(47)' \ne
where a = ¢?/(hc) is the fine structure constant and
Af=f(Z.Z)) - f(Z-AZ,Z = AZ).  (36)

As previously discussed, we expect n,=n., in the
core of the most massive magnetic white dwarfs. Since
a/(3(47%)'/3) = 1/1400, we thus find that 6n}F < n,g.

The stability of the stellar core against electron captures
is embedded in the inequality

9(n;,2,7") < g(nf,Z—AZ, 7' — AZ"). (37)

Since n; ~ n} ~n,, the inequality (37) can be approx-
imately expressed as

MEAZ—I—%CeanBA(Zf(Z, <@ (38)
where
AZ = EAZ + EAZ, (39)
o= Gl Z) + Epl(A, Z)), (40)
WA Z) = E(A.Z - AZ) — E(A.Z) + AZm, 2, (41)

WAL Z) = E(A, 2 = AZ!) — E(A, Z') + AZ'm,c?,
(42)

and A(Zf(Z,7Z')) denotes the difference in Zf(Z,Z')
before and after the captures, i.e.

AZf(2,2) =2f(2.2)
—(Z-AZ)f(Z-AZ,Z - AZ'). (43)

The left-hand side of the inequality (38) increases with
electron density hence with pressure, and will therefore
reach the threshold value given by ﬁ/j at some pressure Pj.
However, as previously discussed, the pressure in the core
of super-Chandrasekhar magnetic white dwarfs will be
approximately limited by Pg. The core will thus become
unstable against electron captures whenever Py < Pg. This
situation occurs if the magnetic field strength exceeds some

threshold value, denoted by B’ Indeed, setting n, = n,g
BY? and using p, ~27%m,c*23n,5/B, x /B,, the
inequality (38) can be expressed as B, < B!, where

B n L (B \'[| o (4 CanZs(z.2)))
A m,c*AZ b2 3 AZ '

(44)

At sufficiently high pressures, the quantum-zero point
fluctuations of nuclei about their equilibrium position may
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become large enough to trigger pycnonuclear fusion
reactions

X +4X - 34y, (45)

and similarly for the nuclei é;X’ . The threshold pressure
P4(2A,2Z) for the onset of electron capture by the daughter
nucleus 24Y is generally lower than the corresponding
pressure Pj(A,Z) for the original nucleus 4X. For this
reason, pycnonuclear fusion reactions, if they occur at a
pressure Ppy. < P/,»(ZA, 27), further reduce the maximum
strength of the magnetic field in the core of white dwarfs.
The corresponding value of the magnetic field strength can

be easily obtained from Eq. (44).

IV. RESULTS AND DISCUSSION

The core of a white dwarf is expected to contain mainly
carbon and oxygen, the primary ashes of helium burning.
However, the cores of some white dwarfs may be composed
of other elements like helium [39-41], neon and magne-
sium [42], or even much heavier elements like iron. Iron
white dwarfs could be formed from the explosive ignition
of electron degenerate oxygen-neon-magnesium cores [43],
or from failed detonation supernovae [44]. One possible
candidate of iron white dwarfs is WDO0433 + 270 [45].

The masses of these nuclei have all been measured in the
laboratory. Using the latest experimental data from the
Atomic Mass Evaluation 2012 [46], we have solved
numerically the set of equations (31), (32) and (37)
considering different matter composition and crystal struc-
tures. The nuclear masses can be obtained from the
tabulated atomic masses after subtracting out the binding
energy of the atomic electrons; however the differences are
very small [47] and have been ignored here. We have used
the values of the various constants from CODATA 2010
[48]. We have considered the following three different
processes: (1) AZ = 1,AZ' =0, (ii)) AZ =0, AZ =1, and
(ili) AZ =1, AZ' = 1. For the peculiar case of helium
white dwarfs, we have also examined electron captures
accompanied by neutron emission, ie. *He+e™ —
*H + n + v, since this process generally occurs at a lower
density (see, e.g., Ref. [1]). The formalism for treating this
case is developed in Appendix B.

The lowest values of B? and the corresponding mass
density are indicated in Tables II and III. The threshold
magnetic field strength B’ is found to be highly dependent
on the composition of the white-dwarf core, ranging from
867 for “He down to 6.5 for “°Ca. As a consequence, the
occurrence of pycnonuclear fusion reactions would dras-
tically reduce the magnetic field strength in the most
massive white dwarfs, e.g., from 383 to 74 for the fusion
of 12C into *Mg, from 240 to 9.7 for the fusion '°0 in 32§,
or from 115 to 6.5 for the fusion of °Ne into “’Ca.
However, the rates at which pycnonuclear fusion reactions
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TABLE II. Magnetic field strength B’ above which the core
of the most massive white dwarfs becomes unstable against
electron captures for different compositions. The corresponding
average mass density is given by p. The core is assumed to be
made of homogeneous crystalline structures. The values of B!
are given for bec, fcc and hep lattices since the results are the
same for the adopted accuracy. Values in parentheses are for a
sc lattice.

Ax Bl p (gem™)
“He 867.0 (866.8) 1.05 x 10"
12c 383.2 (382.9) 3.10 x 10'0
160 239.7 (239.5) 1.53 x 1010
22Ne 259.6 (259.3) 1.90 x 10'0
2INe 713 (71.2) 2.95 x 10° (2.94 x 10%)
20Ne 114.6 (114.5) 5.07 x 10° (5.06 x 10%)
Na 48.1 (48.0) 1.44 x 10°
Mg 73.7 (73.6) 2.61 x 10°
Mg 38.1 (38.0) 1.01 x 10° (1.00 x 10%)
Mg 198.2 (198.00) 1.25 x 1010
29 9.71 (9.69) 1.25 x 108
40Ca 6.45 (6.43) 6.76 x 107 (6.74 x 107)
#Ca 80.2 (80.0) 3.26 x 10° (3.25 x 10%)
SFe 37.3 (37.2) 1.01 x 10°

occur still remain very uncertain (see, e.g., Ref. [49]). The
dependence of B” on the lattice structure is very small, as
can be easily understood from Eq. (44). Table III also
shows that the magnetic field strength BYin heterogeneous
structures is almost completely determined by the most
unstable ion species regardless of the proportion. As shown
in Tables IV and V, the error of Eq. (44) lies below 1% for
12C and !0, the primary constituents of white dwarfs, and
amounts at most to ~9% for “°Ca.

TABLE III. Same as Table II for heterogeneous crystalline
structures.

% 4X % 4X' lattice B’ p (gem™3)
50% '2C 50% '°0 sc 239.4 1.53 x 10'0
50% '2C 50% '°0 bee 239.5 1.53 x 10'0
50% '2C 50% '°0 hep 239.3 1.53 x 10'0
75% '2C 25% '°0 fec 239.3 1.53 x 10!°
25% '2C 75% 60 fec 239.5 1.55 x 1010
50% 2°Ne 50% '60 sc 114.4 5.06 x 10°
50% 2°Ne 50% '°0 bee 114.5 5.06 x 10°
50% 2°Ne 50% '°0 hep 114.4 5.06 x 10°
75% °Ne 25% 190 fec 114.5 5.06 x 10°
25% *°Ne 75% 'O fec 114.4 5.06 x 10°
50% 60 50% **Mg sc 73.5 2.61 x 10°
50% 'O 50% **Mg bee 73.6 2.61 x 10°
50% '°0O 50% 2*Mg hep 73.5 2.60 x 10°
75% '°0 25% **Mg fec 73.5 2.60 x 10°
25% '°0 75% **Mg fec 73.6 2.61 x 10°
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TABLE IV. Relative error of Eq. (44) as compared to numerical
results shown in Table II. The stellar core is assumed to be made
of homogeneous crystalline structures with a bec lattice.

42X Error (%)
12c 0.5
150 0.7
22Ne 0.8
2INe 1.2
20Ne 1.0
Na 1.7
Mg 1.4
BMg 1.9
Mg 1.0
329 6.3
40Ca 9.2
#Ca 1.6
S0Fe 2.7

The presence of ultrastrong magnetic fields may change
nuclear masses [50-52], an effect which we haven’t taken
into account. In order to assess the corresponding error in
B!, we have estimated the change € = £(B) — £(0) in
the mass excess induced by a magnetic field for various
nuclei expected to be found in the core of white dwarfs.
For this purpose, we have carried out fully self-consistent
relativistic mean-field calculations, as described in
Ref. [52] except that we have now considered density-
dependent meson-nucleon couplings using the DD-ME2
parameter set [53]. More specifically, for each nucleus 4X
and its daughter nucleus 4_, Y, we have computed 66(A, Z)
and 6£(A,Z—1) for the same magnetic field strength
B[f(/}X) as given in Table II. Using Eq. (44) we have
estimated the relative error in B, as

SBY  287.(A,Z)

— =T 46
Bl A2 (46)

where
Oft = EUL (A, Z) + ESul (A", Z)), (47)

SUb(A.Z) =6E(A. Z — AZ) — 6E(A.Z).  (48)

TABLE V. Relative error of Eq. (44) as compared to numerical
results shown in Table III. The stellar core is assumed to be made
of heterogeneous crystalline structures with a bec lattice.

% 45X % %X’ Error (%)
50% 12C 50% '°0 0.8
50% 2°Ne 50% '°0 11
50% Mg 50% '°0 15
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TABLE VI. Change in mass excess of nuclei 4X due to the
presence of a strong magnetic field and estimated error on the
magnetic field strength B’ above which the most massive white
dwarfs become unstable against electron captures. Values in
parentheses are the changes in the mass excess of the daughter
nuclei 4_,Y.

AX 5€ (keV) 5B /B! (%)
12¢c —5 (697) 10.1
160 0 (=57) -0.8
2Ne —1 (151) 2.7
2INe -19 (117) 4.4
20Ne 0 (169) 4.5
2Na 358 (—13) -15.2
2“Mg 0 (621) 20.6
Mg —11 (337) 16.0
26Mg -2 (493) 10.0
32g 0 (489) 44.0
40Ca 0 (346) 38.0
44Ca 0 (469) 15.1
S6Fe 0 (52) 25

SUb(A,Z))=6E(AZ — AZ)) - SE(A',Z)).  (49)

Results are summarized in Table VI. We have not consid-
ered “He since a mean-field approach is questionable for
such a light nucleus. The errors 6€ in the mass excess of the
daughter nuclei 4 ,Y are found to be larger than for the
nuclei 4X, the notable exception being >*Na. The reason
lies in the fact that for a given magnetic field strength,
the structure of odd nuclei is generally more affected than

that of even-even nuclei. The corresponding errors in B’
vary appreciably from one nucleus to another. Although
5B" /B < 10%, for 2C, 160 and Ne isotopes, much larger
deviations are observed for the corresponding end-products
of pycnonuclear fusion reactions, namely 2*Mg, 3>S and Ca
isotopes, respectively. The errors on the average mass
density in the core of super-Chandrasekhar white dwarfs
can be estimated as

sp 3B

» 2 %0

where we have used Eq. (17).

Although our calculations of Bf have been restricted to
T = 0, the results we have obtained still remain valid at
finite temperatures 7 > 0 provided the following condi-
tions are fulfilled: (i) the core of white dwarfs has crystal-
lized, (ii) the electron gas is highly degenerate, and (iii) the
magnetic field is strongly quantizing. The first condition
reads T < T,,, where T, is the crystallization temperature,
defined as (see, e.g., Ref. [38])

62

Tmzmzsﬂv (51)
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where a, = (3/(4zn,))'/? is the electron-sphere radius,
kg is the Boltzmann’s constant, and I, is the Coulomb
coupling parameter at melting. Remarking that in the
stellar core n, = n,g, and using Eq. (16) with B, = B,
the crystallization temperature can be expressed as

= e’ @ 2\/2 3 Bﬂ (52)
" dkg T, \ 37 *

For a classical one-component plasma I',, =~ 175 [38].
Adopting this value yields

T, ~ 1.66x 105253 1/B} K. (53)

The second condition is satisfied if the temperature is lower
than the Fermi temperature defined by

2
He —M,C

Tw =
F kB

(54)

In the stellar core, the electron chemical potential is given
by pu, = m,c®\/1+ 2B. (see Appendix A), so that

2
TF:@(\/HzB’i—l)
kg
~ 5.93 x 109(\/1 128! - 1) K. (55)

Finally, the last condition requires n, < n,g and T < Ty
with (see, e.g., Ref. [38])

(56)

. = eB/(m,c) being the electron cyclotron frequency.
Using Eq. (9) with B, = B leads to

2
Ty = m;—CB/i ~5.93 x 10°B” K. (57)
B

The temperatures 7,,, Tr and Ty are indicated in Tables VII
and VIII for different core compositions. The lowest
temperature is found to be T,,, with values comparable
to those prevailing in white dwarfs. However, these values
of T, are probably underestimated since strongly magnet-
ized Coulomb crystals tend to melt at a higher temperature
[54]. In addition, we have shown that the magnetic field

strength B’ is almost independent of the spatial arrange-
ment of ions. We therefore anticipate that our calculations

provide fairly accurate estimates of B’ even at temper-
atures T > T,,.

So far we have implicitly assumed that electron captures
occur on a very short timescale as compared to typical
stellar evolutionary timescales so that white dwarfs with
central densities ~pg and magnetic field strength B, > B!
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TABLE VII. Characteristic temperatures (in K) in the core of a
strongly magnetized white dwarf for different compositions. The
core is assumed to be made of homogeneous crystalline structures
with a bece lattice.

PHYSICAL REVIEW D 90, 043002 (2014)

TABLE IX. Electron capture rates for some nuclei expected to
be found in the core of a super-Chandrasekhar magnetic white
dwarf with a central density given by pg, and for two different
magnetic field strengths B, .

2X Tr (K) Tg (K) T, (K)
‘He 2.4 x 10! 5.1 x 102 1.6 x 107
2c 1.6 x 101 2.3 % 1012 6.4 x 107
160 1.2 x 10" 1.4 x 102 8.2 x 107
2Ne 1.3 x 10" 1.5 x 1012 1.2 x 108
2INe 6.8 x 1010 4.6 x 101 6.8 x 107
20Ne 8.4 x 1010 6.8 x 101! 8.2 x 107
BNa 5.3 x 1010 2.9 x 10! 6.3 x 107
2%Mg 6.6 x 1010 4.4 x 10" 9.0 x 107
323 2.1 x 100 5.8 x 1010 5.3 x 107
40Ca 1.6 x 10'° 3.8 x 1010 6.2 x 107
#Ca 6.9 x 1010 4.8 x 10" 2.2 x 108

would almost immediately collapse. We have tested this
assumption by estimating electron capture rates. Although
the magnetic field can impact the rate of electron captures,
the effects of the magnetic field is negligible at densities
p = pp [33] (the rates only depend on B, indirectly through
the actual value of pg). Therefore, we have calculated
electron captures as in the absence of magnetic fields at the
density p = pp, using the nuclear model described in
Refs. [55,56]. In this model, the single-nucleon basis
and the occupation factors in the target nucleus are
calculated using the finite-temperature Skyrme Hartree-
Fock (HF) method. The J* = 0%, 1*,2* charge-exchange
transitions are determined in the finite-temperature
random-phase approximation (RPA). This scheme is self-
consistent; i.e., both the HF and the RPA equations are
based on the same Skyrme functional. The functional
employed in this work is the Brussels-Montreal Skyrme
functional BSk17 [57]. The dependence of the rates on the
magnetic field only arises from the electron chemical
potential, which we set equal to u, = hc(37%n,5)'"/? with
n.g given by Eq. (16). Results are summarized in Table [X.
We find that strongly magnetized white dwarfs with central
densities ~pg would be highly unstable since electrons in

TABLE VIII. Same as Table VII for heterogeneous crystalline
structures.
% 4X % 4x  lattice Tp (K) T (K) T, (K)

1.2x 10" 1.4 %102 6.7 x 107
1.2 x 10 1.4 x 1012 5.9 x 107
1.1 x 10! 1.1 x 102 6.5 x 107
8.4 x 10'° 6.8 x 10! 7.0 x 107
8.4 x 100 6.8 x 10! 7.6 x 107
8.4 x 10'° 6.8 x 10'! 6.3 x 107
6.6 x 1019 4.4 x 10'" 6.8 x 107
6.6 x 1019 4.4 x 10" 5.7 x 107
6.6 x 1019 4.4 x 10! 7.9 x 107

50% 2C  50% 'O bee
75% 12C 25% 'O fec
25% 12C 75% 0 fec
50% Ne 50% 'O bec
75% Ne 25% '°0  fec
25% Ne 75% 'O fec
50% 10  50% Mg bee
75% 190 25% ¥*Mg  fcc
25% 10 75% ¥*Mg  fcc

rate (s7')
Species B, =2x10° B, =2x10*
2c 3.5 % 103 6.2 x 10*
160 4.4 x 102 1.3 x 10*
20Ne 1.3 x 10* 1.1 x 105
22Ne 2.8 x 10° 4.5 x 104
XMg 3.6 x 10* 2.6 % 10°
328 1.2x10° 6.8 x 10°
40Ca 1.7 x 10* 22x%10°
4“Ca 47 x 103 8.7 x 104
S0Fe 1.3 x 10° 7.9 x 10°

their core would be captured at a rate of the order 10°—103
per second.

V. CONCLUSION

The onset of electron captures sets an upper limit on the
strongest possible magnetic fields in the core of the most
massive white dwarfs. Results are summarized in Tables II
and III. The limiting magnetic field strength B! is approx-
imately given by Eq. (44), from which the central mass
density can be inferred using Eq. (17). Although B! is
almost independent of the spatial arrangement of ions, it is
extremely sensitive to the core composition. The strongest
possible magnetic fields are predicted to be found in pure
helium white dwarfs. However, the presence of heavier
elements in the stellar core considerably lowers the value
of BY. More importantly, the value of B! is dramatically
reduced if pycnonuclear fusion reactions are allowed. All
in all, our estimates of the magnetic field strengths are
significantly lower than those expected to be found in the
core of the putative super-Chandrasekhar white dwarfs
proposed in Refs. [22-27]. This confirms the results we
obtained in our previous analysis [28]. Although stars
endowed with stron% central magnetic fields such that
B, >1 and B, < B} would be stable against electron
captures, their global stability is not guaranteed and needs
to be further studied using realistic equations of state of
strongly magnetized matter, such as those obtained in
this work.
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APPENDIX A: SOFTENING OF THE
EQUATION OF STATE OF A RELATIVISTIC
ELECTRON GAS IN A STRONGLY
QUANTIZING MAGNETIC FIELD

It has been known for a long time that the presence of a
strongly quantizing magnetic field considerably softens the
equation of state of cold dense matter [58] (see also chapter
4 from Ref. [38] and references therein). In this appendix,
we briefly review the calculation of the pressure P and its
partial derivative OP/0p.

In the strongly quantizing regime, only the lowest level
v=0 is filled so that v, = 0. This situation occurs
whenever the electron chemical potential y, is lower than

the energy €,(p, =0) = m,c>\/1+ 2B,, i.e. whenever
x, < /2B, or equivalently n, < n, = BY?/(\2x*23).
In this limiting case, the electron pressure is given by

B,m,c?
e :WW—(%), (A1)
with
27%23n,
X, = ”BE"‘. (A2)

The electron chemical potential can be obtained from

Ye =1/1 +x2. (A3)

The stiffness of the equation of state can be characterized
by the adiabatic index defined by

e ape
P, on,

S

I, = , (A4)

B,

where the partial derivative is taken at fixed value of the
magnetic field strength. In the limit x, < 1, the electron
pressure is approximately given by

1 2 2/13 2
Pezgmeczng [—7; e} , (A5)

and therefore I', %3. In the other limit x, > 1 and
x, <+/2B,, the electron pressure is approximately
given by

243
) 2 TTA
e

P=P,~m,*n , (A6)

*

and I, & 2.
Let us now consider that the levels v = 0 and v = 1 are
filled so that v,,, = 1. Equation (10) thus reads

PHYSICAL REVIEW D 90, 043002 (2014)

2B, / /
ne—w{ yg—1+2 }/%—1—23*:| (A7)

Solving this equation for y, yields

1
v = g\/9+243* +5x2 —4xe\/63*7+x$v (A8)

where x, = 22%43n,/B,. Equation (A8) is the only sol-
ution lying in the range

e1(p, =0) <yemc* <ey(p, =0), (A9)

the lower and upper bounds corresponding to the complete
filling of the levels v = 0 and v = 1, respectively. Using
Egs. (7) and (A7), this range of values for the chemical
potential can be equivalently expressed as

V2B, <x, <2(1++2)\/B,.

nep < ne < neB2s

(A10)

(A1)

where 1,5, = v2(1 4+ v/2)n,5.
The partial derivative of y, with respect to x, at constant
B, is given by

dr.|  5x,/6B, +xi—4(3B, +x)

9%eV/6B, + x;

It is readily seen that this derivative vanishes for x, =
V2B,, ie., when the level v =0 is completely filled.
On the other hand, we find from Eq. (14) and y,m,c?> =
e1(p. =0) =+/1+2B, that the partial derivative of the
pressure with respect to y, is given by

m,c? 2B3* 1428,
S . (A13)
B, A T 1448,

Consequently, combining Eqs. (A12) and (A13) using the
chain rule shows that the partial derivative of the pressure
with respect to the electron density vanishes whenever the
level v = 1 starts to be filled,

o), (A12)

oP,
oy,

oP,
on,

_ (2n)*2; or,
B. 2B, Oy,

y.

B, axe

=0; (A14)

B,

therefore, I', = 0. Note that the adiabatic index varies
discontinuously at n, = n,g, dropping from I', =2 to
I', = 0. The variation of I', with the electron density is
shown in Fig. 2. Using Eqs. (A6), (4), (5), and (16), we find
that the lattice pressure is negligible for n, ~ ng:

PL Ca \/§
N — Al
oo o

2/3
—> f(2,72)) < 1.
T
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FIG. 2. Adiabaticindex I', of a relativistic electron gas in a strong
magnetic field with B, = 1000, as a function of the electron density
n, in units of the electron density n,g, at which electrons start to
populate the level v = 2. Note that in this case n,g ~ 0.29n,5,.

Since P; < P, and p = n,m/y,, we obtain 9P /0p =~ 0 for
p = pp: Landau quantization thus leads to a strong soft-
ening of the equation of state.

APPENDIX B: STABILITY OF
DENSE MATTER AGAINST
NEUTRON EMISSION

At high pressures, the nucleus 4X (similarly for the
nucleus /ng’ ) may become unstable against the capture of
electrons accompanied by the emission of free neutrons.
The nucleus 4X will thus transform into a nucleus 4~1Y
(with proton number Z — 1 and mass number A — 1) with
the emission of a neutron n and an electron neutrino v,:

IX+e -5 1Y +n+u,. (B1)
In order to examine the occurrence of such a process, we
have to generalize the expression of the Gibbs free energy
per nucleon so as to include the contribution of free
neutrons. In the following, we shall consider homogeneous
crystalline structures for simplicity. However, the gener-
alization to heterogeneous structures is straightforward.

From the general definition (25) and neglecting the effect
of free neutrons on nuclei, it can be easily seen that the
neutron contribution to g will be simply given by n,u, /n,
where p, is the neutron chemical potential. Let us deter-
mine the expression of the Gibbs free energy per nucleon of
nuclei coexisting with free neutrons. The average baryon
number density is now given by

n=(A-1)ny+n,. (B2)
Note that one neutron is associated with each nucleus so
that the neutron density is given by

PHYSICAL REVIEW D 90, 043002 (2014)

TABLE X. Electron chemical potentials for the onset of
electron captures with and without neutron emission in the core
of the most massive magnetic white dwarfs. See text for details.

4X " (MeV) pl (MeV)
‘He 21.107 22.707
12c 17.25 13.88
160 13.420 10.932
20Ne 14.137 7.536
2INe 14.297 6.195
22Ne 16.559 11.329
56Fe 11.476 4.206
2Na 10.087 4.887
Mg 12.986 6.027
329 10.157 2222
40Cq 9.621 1.822
44Ca 13.476 6.199
n, = ny. (B3)

Therefore, substituting Eq. (B3) in (B2) shows that Eq. (27)
still holds. The electric charge neutrality leads to
n, = (Z - 1)ny. (B4)

Approximating the neutron chemical potential by the
neutron rest mass energy u, ~ m,c>, we finally obtain

(1) ey e EA-1LZ-1)

In = A)"E T A
Z-1 , A& (Z-1)
S P MAZAC YA ) B5
+— {ue mec® + 3 py (BS)

where the subscript 7 is to remind that the electron capture
is accompanied by neutron emission. The core of white
dwarfs will be stable against the process (B1) whenever

9(ng.Z) < g,(nf. Z—1). (B6)
Neglecting the contribution of free neutrons to the pressure,
the electron densities n will still be given by Egs. (31)
and (32). Since n; =~ n} ~ n,, the inequality (B6) can be
approximately expressed as

4
pe 3 ConS NP —(Z=1PP) <l (BY)

where
WA Z)=EA-1,Z-1)-EA,Z)+ 0, (B8)
with Q = (m,, + m, — m)c?. Following the same line of

arguments as those leading to Eq. (44), it can be easily seen
that the core of the most massive white dwarfs will be

043002-10
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unstable against electron captures accompanied by neutron
emission if the magnetic field strength exceeds some
threshold value, approximately given by

pn\ 2
B ~ B () . (B9)
s
He

PHYSICAL REVIEW D 90, 043002 (2014)

This shows that the stability of the star will be limited
by neutron emission rather than electron capture alone
whenever 42" < 4£. As shown in Table X, this situation
only occurs for helium white dwarfs. In this case,
B ~867 (p~1.1x10" gem™) B! ~
1003 (p =~ 1.3 x 10" gecm™3).

whereas

[1] S.L. Shapiro and S.A. Teukolsky, Black Holes, White
Dwarfs, and Neutron Stars (Wiley, New York, 1983).

[2] P. M. S. Blackett, Nature (London) 159, 658 (1947).

[3] J. C. Kemp, Astrophys. J. 162, 169 (1970).

[4] S. Jordan, in the Proceedings of the 259th Symposium of
the International Astronomical Union, edited by K.G.
Strassmeir, A. G. Kosovichev, and J. E. Beckman (Cambridge
University Press, Cambridge, England, 2009), p. 369.

[5] S.O. Kepler et al., Mon. Not. R. Astron. Soc. 429, 2934
(2013).

[6] D.T. Wickramasinghe and L. Ferrario, Publ. Astron. Soc.
Pac. 112, 873 (2000).

[7] J. Liebert et al., Astron. J. 129, 2376 (2005).

[8] A. Kawka, S. Vennes, G. D. Schmidt, D. T. Wickramasinghe,
and R. Koch, Astrophys. J. 654, 499 (2007).

[9] M. Malheiro, J. A. Rueda, and R. Ruffini, Publ. Astron. Soc.
Jpn. 64, 56 (2012).

[10] J. G. Coelho and M. Malheiro, Int. J. Mod. Phys. Conf. Ser.
18, 96 (2012).

[11] J.A. Rueda, K. Boshkayev, L. Izzo, R. Ruffini, P.
Lorén-Aguilar, B. Kiiebi, G. Aznar-Sigudn, and
E. Garcia-Berro, Astrophys. J. 772, 124 (2013).

[12] K. Boshkayev, L. Izzo, J. A. Rueda Hernandez, and R.
Ruffini, Astron. Astrophys. 555, A151 (2013).

[13] J. G. Coelho and M. Malheiro, Publ. Astron. Soc. Jpn. 66,
14 (2014).

[14] R. C.Duncanand C. Thompson, Astrophys. J.392,1.9 (1992).

[15] C. Thompson and R. C. Duncan, Mon. Not. R. Astron. Soc.
275, 255 (1995).

[16] P.M. Woods and C. Thompson, in Compact Stellar X-ray
Sources, edited by W.H.G. Lewin and M. van der Klis
(Cambridge University Press, Cambridge, England, 2006),
p.- 547.

[17] C. A. Tout, D. T. Wickramasinghe, and L. Ferrario, Mon.
Not. R. Astron. Soc. 355, L13 (2004).

[18] D.T. Wickramasinghe and L. Ferrario, Mon. Not. R. Astron.
Soc. 356, 1576 (2005).

[19] B. Kiilebi, K. Y. Eksi, P. Lorén-Aguilar, J. Isern, and E.
Garcia-Berro, Mon. Not. R. Astron. Soc. 431, 2778
(2013).

[20] D.T. Wickramasinghe, C. A. Tout, and L. Ferrario, Mon.
Not. R. Astron. Soc. 437, 675 (2014).

[21] K. Fujisawa, S. Yoshida, and Y. Eriguchi, Mon. Not. R.
Astron. Soc. 422, 434 (2012).

[22] A. Kundu and B. Mukhopadhyay, Mod. Phys. Lett. A 27,
1250084 (2012).

[23] U. Das and B. Mukhopadhyay, Phys. Rev. D 86, 042001
(2012).

[24] U. Das and B. Mukhopadhyay, Int. J. Mod. Phys. D 21,
1242001 (2012).

[25] U. Das and B. Mukhopadhyay, Phys. Rev. Lett. 110, 071102
(2013).

[26] U. Das, B. Mukhopadhyay, and A.R. Rao, Astrophys. J.
767, L14 (2013).

[27] U. Das and B. Mukhopadhyay, Int. J. Mod. Phys. D 22,
1342004 (2013).

[28] N. Chamel, A.F. Fantina, and P.J. Davis, Phys. Rev. D 88,
081301(R) (2013).

[29] J. M. Dong, W. Zuo, P. Yin, and J. Z. Gu, Phys. Rev. Lett.
112, 039001 (2014).

[30] R. Nityananda and S. Konar, Phys. Rev. D 89, 103017
(2014).

[31] S.ChandrasekharandE.Fermi, Astrophys.J.118,116(1953);
122, 208(E) (1955).

[32] G. A.E. Wright, Mon. Not. R. Astron. Soc. 162, 339
(1973).

[33] D. Lai and S. L. Shapiro, Astrophys. J. 383, 745 (1991).

[34] N. Chamel, R. L. Pavlov, L. M. Mihailov, Ch. J. Velchev,
Zh.K. Stoyanov, Y.D. Mutafchieva, M.D. Ivanovich,
J.M. Pearson, and S. Goriely, Phys. Rev. C 86, 055804
(2012).

[35] C.J. Jog and R. A. Smith, Astrophys. J. 253, 839 (1982).

[36] J.H. Van Vleck, The Theory of Electric and Magnetic
Susceptibilities (Oxford University, London, 1932).

[37] D. A. Baiko, Phys. Rev. E 80, 046405 (2009).

[38] P. Haensel, A.Y. Potekhin, and D. G. Yakovlev, Neutron
Stars 1: Equation of State and Structure (Springer,
New York, 2007).

[39] G. Nelemans and T. M. Tauris, Astron. Astrophys. 335, L85
(1998).

[40] J. Liebert, P. Bergeron, D. Eisenstein, H. C. Harris, S.J.
Kleinman, A. Nitta, and J. Krzesinski, Astrophys. J. 606,
L147 (2004).

[41] O. G. Benvenuto and M. A. De Vito, Mon. Not. R. Astron.
Soc. 362, 891 (2005).

[42] K. Nomoto, Astrophys. J. 277, 791 (1984).

[43] J. Isern, R. Canal, and J. Labay, Astrophys. J. 372, L83
(1991).

[44] G.C. Jordan, H.B. Perets, R.T. Fisher, and D.R. van
Rossum, Astrophys. J. 761, L23 (2012).

[45] S. Catalan, 1. Ribas, J. Isern, and E. Garcia-Berro, Astron.
Astrophys. 477, 901 (2008).

043002-11


http://dx.doi.org/10.1038/159658a0
http://dx.doi.org/10.1086/150643
http://dx.doi.org/10.1093/mnras/sts522
http://dx.doi.org/10.1093/mnras/sts522
http://dx.doi.org/10.1086/316593
http://dx.doi.org/10.1086/316593
http://dx.doi.org/10.1086/429639
http://dx.doi.org/10.1086/509072
http://dx.doi.org/10.1093/pasj/64.3.56
http://dx.doi.org/10.1093/pasj/64.3.56
http://dx.doi.org/10.1142/S2010194512008276
http://dx.doi.org/10.1142/S2010194512008276
http://dx.doi.org/10.1088/2041-8205/772/2/L24
http://dx.doi.org/10.1051/0004-6361/201220819
http://dx.doi.org/10.1093/pasj/pst014
http://dx.doi.org/10.1093/pasj/pst014
http://dx.doi.org/10.1086/186413
http://dx.doi.org/10.1093/mnras/275.2.255
http://dx.doi.org/10.1093/mnras/275.2.255
http://dx.doi.org/10.1111/j.1365-2966.2004.08482.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08482.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08603.x
http://dx.doi.org/10.1111/j.1365-2966.2004.08603.x
http://dx.doi.org/10.1093/mnras/stt374
http://dx.doi.org/10.1093/mnras/stt374
http://dx.doi.org/10.1093/mnras/stt1910
http://dx.doi.org/10.1093/mnras/stt1910
http://dx.doi.org/10.1111/j.1365-2966.2012.20614.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20614.x
http://dx.doi.org/10.1142/S0217732312500848
http://dx.doi.org/10.1142/S0217732312500848
http://dx.doi.org/10.1103/PhysRevD.86.042001
http://dx.doi.org/10.1103/PhysRevD.86.042001
http://dx.doi.org/10.1142/S0218271812420011
http://dx.doi.org/10.1142/S0218271812420011
http://dx.doi.org/10.1103/PhysRevLett.110.071102
http://dx.doi.org/10.1103/PhysRevLett.110.071102
http://dx.doi.org/10.1088/2041-8205/767/1/L14
http://dx.doi.org/10.1088/2041-8205/767/1/L14
http://dx.doi.org/10.1142/S0218271813420042
http://dx.doi.org/10.1142/S0218271813420042
http://dx.doi.org/10.1103/PhysRevD.88.081301
http://dx.doi.org/10.1103/PhysRevD.88.081301
http://dx.doi.org/10.1103/PhysRevLett.112.039001
http://dx.doi.org/10.1103/PhysRevLett.112.039001
http://dx.doi.org/10.1103/PhysRevD.89.103017
http://dx.doi.org/10.1103/PhysRevD.89.103017
http://dx.doi.org/10.1086/145732
http://dx.doi.org/10.1086/146078
http://dx.doi.org/10.1093/mnras/162.4.339
http://dx.doi.org/10.1093/mnras/162.4.339
http://dx.doi.org/10.1086/170831
http://dx.doi.org/10.1103/PhysRevC.86.055804
http://dx.doi.org/10.1103/PhysRevC.86.055804
http://dx.doi.org/10.1086/159685
http://dx.doi.org/10.1103/PhysRevE.80.046405
http://dx.doi.org/10.1086/421462
http://dx.doi.org/10.1086/421462
http://dx.doi.org/10.1111/j.1365-2966.2005.09315.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09315.x
http://dx.doi.org/10.1086/161749
http://dx.doi.org/10.1086/186029
http://dx.doi.org/10.1086/186029
http://dx.doi.org/10.1088/2041-8205/761/2/L23
http://dx.doi.org/10.1051/0004-6361:20078230
http://dx.doi.org/10.1051/0004-6361:20078230

CHAMEL et al.

[46] G. Audi, M. Wang, A.H. Wapstra, F.G. Kondev, M.
MacCormick, X. Xu, and B. Pfeiffer, Chin. Phys. C 36,
1287 (2012).

[47] D. Lunney, J. M. Pearson, and C. Thibault, Rev. Mod. Phys.
75, 1021 (2003).

[48] http://physics.nist.gov/cuu/Constants/index.html

[49] D.G. Yakovlev, L.R. Gasques, A.V. Afanasjeyv,
M. Beard, and M. Wiescher, Phys. Rev. C 74, 035803
(20006).

[50] V.N. Kondratyev, T. Maruyama, and S. Chiba, Phys. Rev.
Lett. 84, 1086 (2000).

[51] V.N. Kondratyev, T. Maruyama, and S. Chiba, Astrophys. J.
546, 1137 (2001).

PHYSICAL REVIEW D 90, 043002 (2014)

[52] D. Pefia Arteaga, M. Grasso, E. Khan, and P. Ring, Phys.
Rev. C 84, 045806 (2011).

[53] G. A. Lalazissis, T. Niksi¢, D. Vretenar, and P. Ring, Phys.
Rev. C 71, 024312 (2005).

[54] A.Y. Potekhin and G. Chabrier, Astron. Astrophys. 550,
A43 (2013).

[55] N. Paar, G. Colo, E. Khan, and D. Vretenar, Phys. Rev. C
80, 055801 (2009).

[56] A.F. Fantina, E. Khan, G. Colo, N. Paar, and D. Vretenar,
Phys. Rev. C 86, 035805 (2012).

[57] S. Goriely, N. Chamel, and J. M. Pearson, Phys. Rev. Lett.
102, 152503 (2009).

[58] H.-Y. Chiu and V. Canuto, Phys. Rev. Lett. 21, 110 (1968).

043002-12


http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1103/RevModPhys.75.1021
http://dx.doi.org/10.1103/RevModPhys.75.1021
http://physics.nist.gov/cuu/Constants/index.html
http://physics.nist.gov/cuu/Constants/index.html
http://physics.nist.gov/cuu/Constants/index.html
http://physics.nist.gov/cuu/Constants/index.html
http://dx.doi.org/10.1103/PhysRevC.74.035803
http://dx.doi.org/10.1103/PhysRevC.74.035803
http://dx.doi.org/10.1103/PhysRevLett.84.1086
http://dx.doi.org/10.1103/PhysRevLett.84.1086
http://dx.doi.org/10.1086/318276
http://dx.doi.org/10.1086/318276
http://dx.doi.org/10.1103/PhysRevC.84.045806
http://dx.doi.org/10.1103/PhysRevC.84.045806
http://dx.doi.org/10.1103/PhysRevC.71.024312
http://dx.doi.org/10.1103/PhysRevC.71.024312
http://dx.doi.org/10.1051/0004-6361/201220082
http://dx.doi.org/10.1051/0004-6361/201220082
http://dx.doi.org/10.1103/PhysRevC.80.055801
http://dx.doi.org/10.1103/PhysRevC.80.055801
http://dx.doi.org/10.1103/PhysRevC.86.035805
http://dx.doi.org/10.1103/PhysRevLett.102.152503
http://dx.doi.org/10.1103/PhysRevLett.102.152503
http://dx.doi.org/10.1103/PhysRevLett.21.110

