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Once the energies of electrons near the Fermi surface obviously exceed the threshold energy of the inverse S decay,
electron capture (EC) dominates inside the magnetar. Since the maximal binding energy of the 3P2 neutron Cooper
pair is only about 0.048 MeV, the outgoing high-energy neutrons (Ey(n) > 60 MeV) created by the EC can easily destroy
the 3P2 neutron Cooper pairs through the interaction of nuclear force. In the anisotropic neutron superfluid, each 3P5
neutron Cooper pair has magnetic energy 2/, B in the applied magnetic field B, where pun = 0.966 x 10723 erg-G~1! is
the absolute value of the neutron abnormal magnetic moment. While being destroyed by the high-energy EC neutrons,
the magnetic moments of the 3P Cooper pairs are no longer arranged in the paramagnetic direction, and the magnetic
energy is released. This released energy can be transformed into thermal energy. Only a small fraction of the generated
thermal energy is transported from the interior to the surface by conduction, and then it is radiated in the form of
thermal photons from the surface. After highly efficient modulation within the star’s magnetosphere, the thermal surface
emission is shaped into a spectrum of soft X-rays/~-rays with the observed characteristics of magnetars. By introducing
related parameters, we calculate the theoretical luminosities of magnetars. The calculation results agree well with the
observed parameters of magnetars.
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1. Introduction

Observational evidences for neutron stars (NSs)
with strong surface dipole magnetic fields (B ~ 1014 —
10* G), known as magnetars,!) have steadily grown
over the last decade. Magnetars are historically di-
vided into two populations, which are independently
discovered through different manifestations of their
high-energy emissions. One is the soft gamma re-
peaters (SGRs), which give sporadic bursts of hard
X-rays/soft y-rays as well as rare, very luminous (~
10* erg-s71, 1 erg = 1077 J) giant flares. The other
is the anomalous X-ray pulsars (AXPs), so called due
to their high X-ray luminosities (1032-103¢ erg-s—!)

and unusually fast spin-down rates with no evidence

of variation due to the binary motion, which are dis-
tinct from both the accreting X-ray binaries and the
isolated radio pulsars.

With respect to the origin of the magnetic fields
of the magnetars, the most popular assumption is that
the rapid differential rotation and convection results
in an efficient o~ dynamo.!'~3] However, there is no
mechanism to explain such a high efficiency of energy
transformation in the a—2 dynamo model. Moreover,
when investigating a solar flare by using this model,
apart from the difficulty in explaining the high en-
ergy transformation efficiency, there are still many
other problems that need to be settled.[*5! Superhigh
magnetic fields may originate from the paramagnetic
fields produced by the aligned magnetic moments of
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the 3P, neutron Cooper pairs, and the maximum of
the paramagnetic fields is estimated to be about (3.0
4.0)x10' G.[67]

Magnetars have rather soft X-ray spectra (kT <
10 keV) that are well fitted by a black-body model
with a temperature of kT ~ 0.5 keV and a power-
law tail with photon index I" ~3-4.18] In a few mag-
netars, good fits are obtained equivalently by using
two black bodies!®! or other combinations of two spec-
tral components.'%) Magnetar soft X-ray emission is
predominantly of thermal origin, but the emerging
spectrum is more intricate than a simple Planckian
(e.g., Refs. [10] and [11]). This is not surprising if we
take into account the presence of the strongly mag-
netized atmosphere and the effects of the resonant
cyclotron scattering within the magnetosphere of the
magnetar.['?] Recently, observations from the Rossi X-
Ray Timing Explorer and the International Gamma-
Ray Astrophysics Laboratory have revealed that the
magnetars are luminous persistent sources of 100 keV
X-rays. These hard X-rays can be emitted only in the
exterior of the magnetar, which illustrates the exis-
tence of an active plasma corona.!'?!

We study in this work the mechanism for mag-
netar soft X-ray/~-ray emission, where X-ray/v-ray
emission denotes the emission from X-ray to ~-ray.
To explain the soft X-ray/vy-ray emission of a mag-
netar, various theories have been put forward, e.g.,
Refs. [14]-[17]. There are also some promising phys-
ical models that explain the absence of the cyclotron
features and the hard X-ray tails.[18:19]

In the fall-back disk model, different mechanisms
for the formation of the disk and the relation between
the disk and the observed magnetar soft X-ray/y-ray
luminosity have been considered.?°=24 The enhanced
X-ray emission and the expected optical/infrared flux
from the magnetar can be successfully interpreted as
due to the evolution of the disks after they have been
pushed back by the bursts. The major disadvantage
of this model is that it is unable to give a clear ac-
counting for the bursts and the flares.[?!

In the twisting magnetosphere model, it is widely
supposed that the energy caught in the twisting mag-
netic field gradually dissipates into X-rays. The grad-
ual dissipation of the magnetospheric currents can
generate the persistent soft v-ray emission.?6! The
persistent soft X-ray emission can be induced by the
twisting of the external magnetic field caused by the
motion of the star interior, while the persistent hard

X-ray emission originates from a transition layer be-

tween the corona and the atmosphere.?”) However,
this model is built upon the a—{2 dynamo model. So
far there has been no observational indication for the
existence of field B > 10'® G inside an NS.

The thermal emission model has been studied ex-
tensively during the last ten years, and significant
progresses have been made by many authors. How-
ever, some of the most fundamental questions in this
model remain unanswered, for example, where the
heat comes from.

So other possible mechanisms for the magnetar
soft X-ray/~-ray emission have to be studied. In this
paper, we propose a possible mechanism for the mag-
netar soft X-ray/y-ray emission. We focus on the in-
terior of the magnetar, where the reaction of electron
capture e~ +p—n+v, occurs. The reaction of elec-
tron capture (EC), also known as inverse 8 decay, is
a key physical step in nucleosynthesis and neutrino
production in supernovae.[?®=32] The EC sends away
energy and entropy in the form of neutrinos, and re-
duces the number of electrons in the interior of the
NS. Thus, the rate of EC has a significant impact
on the origin and the evolution of the magnetic fields
of the NS. The superhigh magnetic fields (B > B,
Bey = m2c3/eh = 4.414x10'3 G is called the quantum
critical magnetic field, at which the cyclotron energy
of an electron becomes comparable to its rest-mass
energy) increase the electron Fermi energy Fr(e),l®?]
which will induce the EC reaction inside the magnetar
(mainly in the outer core). The high-energy neutrons
created by the EC can easily destroy the anisotropic
3P, neutron Cooper pairs. This transition is accom-
panied by the release of magnetic energy. The released
magnetic energy will be transformed into thermal en-
ergy. Only a very small part of this thermal energy is
transported from the interior to the surface by conduc-
tion, and is converted into radiation as soft X-rays/~-
rays. Further details about this process is given in
Section 3.

This paper is organized as follows. In Section 2,
the energies of particles participating in the EC reac-
tion are calculated. In Section 3, a brief review on
the ®P5 neutron Cooper pairs is presented, and a nu-
merical simulation of the magnetar’s cooling is carried
out. In Section 4, an alternative explanation for the
soft X /~-ray emission of the magnetar is provided, and
the luminosity Lx is calculated. The main conclusions

are presented in Section 5.
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2. Energies of particles and EC

rates

2.1. Electron Fermi energy and energy
state densities

We now consider the case with a superhigh mag-
netic field B directed along the z axis. The electrons
are situated in disparate energy states in order from
the lowest energy to the Fermi energy (the highest
energy) with the Fermi momentum pg(e) (the highest
momentum) along the magnetic field. In this case, the
electron Fermi energy is determined by

s () () o=wt 0

where gy is the statistical weight of an energy level,

which is dependent on the model used, in our model,
we have assumed a uniform magnetic field, gg = 1, so
it can be ignored in the following calculations; B* is
a dimensionless field defined as B* = B/B,; I(t) de-
notes fol(l —12)3/2qt, t = (p./mec)/(Er(e)/mec?) =
p.c/Er(e); Na = 6.02 x 10*® is Avogadro’s constant;
and Y, is the the mean electron number per baryon.
A special solution for Eq. (1) is

Y, p\V* X
= < D) BVt M
0( s ) (B (e,

(p~(1—=5)x10" (g-cm™

Er(e)

), (B*>1), (2)

where pg = 2.8 x 10'* g-cm ™3 is the standard nuclear
density.[?3]

As soon as the energies of electrons near the
Fermi surface (in momentum space) obviously ex-
ceed the threshold energy (@) for the EC in the su-
perhigh magnetic field, the EC reaction will dom-
inate in the interior of the magnetar according to

[4,34]

our assumptions. For each species j in the empty

space, we have

3
deE —d n]—vl h3 g]a (3)

where V; denotes the normalization volume, n; is the
particle number of species j, p; is the energy state
density for species j (the particle number per unit en-
ergy), and g; is the spin degeneracy for species j (g;
= 2 for fermions) (see Eq. (11.5.2) in Ref. [35]).

the vicinity of the Fermi surface, E; ~ Er(j) (j = e,
p, 1, V).
and non-relativistic, we obtain Ey, ~ Ep(p) = p3/2m,,
and E, ~ Fg(n) = p2/2m,. Then we obtain d E, =

Since protons and neutrons are degenerate

Ppdpp/mp and d By, = pn d pn/my, where Ef(n) and
Ef(p) are the neutron Fermi kinetic energy and the
proton Fermi kinetic energy, respectively.[*! Since

8\[7r

_ T 2 3/2 1/2
ppdEp— h3 pdp p/ Ep/ dEp
and
47 8v/2r
Pn dEn =2x ﬁpi dpn = ng/QElll/Q dEna

the energy state densities of neutrons and protons can
be approximately expressed as

= S )2 ) (4)
and

oo I LB GIE, (5)
respectively.

In the light of the Pauli exclusion principle, the
electron energy state number density Npn, should

be equal to the electron number density n.. From

Eq. (29) of Ref. [33], we obtain an approximate differ-
ential equation for the electron energy state density

Pe
3B*< h > Mec?

K me(02)> (5(2)2} " d Ee. (6)

Simplifying Eq. (6) gives

pe 3B*< h ) Mec?
[ -ERT o

Since neutrinos are degenerate, relativistic, and mass-

ped Ee >

less, by using energy conservation F, = F,—@Q = p,c,
we also obtain an expression for the neutrino energy
state density p,

(Be —Q)°
Pv = Topmses ®

where p, is the neutrino momentum.

2.2. Energies of particles and EC rates

We concentrate on the non-relativistic, degener-
ate nuclear matter and the ultra-relativistic, degener-
ate electrons. The [ equilibrium implies the follow-
ing relationship among the chemical potentials (called
Hp + He = pn,
where the neutrino chemical potential is ignored. In

the Fermi energies Er) of particles:
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the case of 0.5p9 < p < 2pg, the following expres-
sions hold approximately (see Chap. 11 of Ref. [35]):
Efy(n) = 60(p/po)*/* MeV, Ef.(p) = 1.9(p/po)5 MeV,
and (m, — mp)c? = 1.29 MeV. For convenience, we
set p = po and Y, = 0.05 in all the following cal-
culations. This setting yields Q = Er(n) — Er(p) =
(=) -+ (9% ()2 — 2. (p) /2my) = 59.39 MeV.
Therefore, the range of E, is Q ~ Er(e). For the
outgoing EC neutrons, their kinetic energies Ex(n)
cannot be less than the neutron Fermi kinetic energy
(Ef(n) = 60 MeV), otherwise the process of EC will
not occur. Thus, the range of Fy(n) is assumed to
be Ef(n) ~ (E,). By employing energy conservation
E.+E, = E,+ E,, we can calculate the Fermi energy
of the neutrinos produced by the EC as

Er(v) = Er(e) — Q = Ep(e) — 59.39 MeV.  (9)

The EC rate I' is defined as the number of elec-
trons captured by one proton per second, and can be
calculated using the standard charged-current S-decay
theory. The expression for d I" reads
= BTV exp(= A (Po) /RT) 2

Ep(n)EL(p)Er(e)Er(ve) R
x GCY(1+3a®)Sp, A E,6(E, + Q — E.),(10)

where k = 1.38 x 10716 erg-K~! is the Boltzmann
constant; Gy = 1.4358 x 10749 erg-cm? is the univer-
sal Fermi coupling constant in the Weinberg—Salam—
Glashow theory; Cy = 0.97374 is the vector coupling
constant; and a is the ratio of the coupling constant of
the axial vector weak interaction constant to that of
the vector weak interaction constant, a = 1.253 in ex-
periments. And S = f. f,(1— fu)(1—f,), where quan-
tity (1 — f;) is called the blocking factor, which rep-
resents the fraction of the unoccupied phase space for
the j-th species of particles. For fermions, e.g., elec-
trons, protons, neutrons, and neutrinos/antineutrinos,
we assume the Fermi-Dirac equilibrium distributions

L 1
0= @ —myprrr WY

In the interior of the NS, for electrons, f, = 1 when
E, < Er(e), and fo = 0 when E, > Er(e); for
protons, f, = 1 when E, < Eg(p), and f, = 0
when E|, > Ef(p); for neutrons, (1 — f,) = 0 when
Ex(n) < Ef(n), and (1—f,) = 1 when Ex(n) > Ef(n);
for neutrinos, (1 — f,) = 1. It follows that factor
S = fofp(1 — fu)(1 — f,) ~ 1 can be ignored in the
following calculations.

In Eq. (10), the fourth power of kT originates due
to the following reason. The reaction e™ +p <> n+ v,

in equilibrium gives dY, = dY, = —dY, = —dY..,
where Y} is the concentration of the j-th species of
particles. For each degenerate species, only a frac-
tion ~ KT/ Er(j) of particles can effectively contribute
to I'. Thus, the term of (k¥T)* must be included in
Eq. (10).

As we know, the neutrons are universally locked
in a superfluid state in the NS. The neutron superfluid
restrains all reactions (including 8 decay and inverse (3
decay) occurring inside the NS obviously, so the value
of I is reduced by a factor of ~ exp(—Anyax (*P2)/kT),
where Apax(?P2) ~ 0.048 MeV is the maximal bind-
ing energy (or the maximal energy gap) of the 3Py
neutron Cooper pair (see Section 3.1 for details). For

convenience, we define

(kT)4 exp(fAmax(BPQ)/kT)
Epp(n) B (p) Er () Er (ve)

where A is called the Landau level superfluid modi-

A=

(12)

fied factor. To find the total electron capture rate per
proton, we integrate over all initial electron states and
E,. Inserting Egs. (7) and (8) into Eq. (10) gives

(kT)4 eXp(_Amax(SPQ)/kT)
Ef(n)EL(p)Er(e)Er(ve)
GRC%(1+3a2) 4r (mec\® 1

X FZ{T:‘}B* () (m902)4

I =

h

EF(Q) 9 B B
X EydEy fefo(1—fa)(1 = 1)
Q

% [Bf(e) = B*(e)]*/* d Ed(B, + Q = Ee)
GECZ(1+ 3a?) 4r (mec>3 1

~ A roe) 2 S -
whte3 3B*\ h (mec?)*

Er(e
[ - e - @rap.09
Q

To determine the value of Lx in the superhigh
magnetic field, we must first calculate Er(e), Er(v),
(Ey), and (E,), where (F,) and (E,) are the average
kinetic energies of the outgoing neutrons and neutri-
nos, respectively. And (F,) and (F,) are determined
by

(B,) :/EVdF/F _ /ESF(e)[E%(e)_EQ(e)PM
X (Be—Q)*dE./I,  (14)

and

(Ey) = Er(e) — (Ey) + 0.61 MeV, (15)
DO [B2 (e) — B2(e))} (B. —
Q)?d E.. The calculation results are partly shown in

Table 1.

respectively, where I =
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Table 1. Calculation results of related energies.

B/10™ G Fr(e)/MeV Er(v)/MeV (Ey)/MeV (En)/MeV
1.0 73.61 14.22 10.98 63.24
2.0 87.54 28.15 22.15 66.01
3.0 96.88 37.49 29.77 67.72
4.0 104.10 44.71 35.72 68.99
6.0 115.21 55.82 44.95 70.87
8.0 123.80 64.41 52.12 72.29
10 130.90 71.51 58.07 73.44
15 144.87 85.48 69.83 75.65
20 155.67 96.28 78.94 77.34
25 164.60 105.21 86.60 78.71
30 172.28 112.89 93.01 79.88

3. Numerically simulating magne-
tar cooling and magnetic field

decay

3.1. The 3P, Cooper pairs and superhigh
magnetic fields

As we know, the formation of Cooper pairs is
a universal quantum-mechanical condensation phe-
nomenon found in superfluids or superconductors. In
1956, Bardeen, Cooper, and Schrieffer first pointed
out that the pairing occurs basically between fermions
near the Fermi surface, and the most favorable situa-
tion occurs when the two fermions’ spins are equal and
opposite, since the matrix elements are the largest in
this case.30]

Owing to the pairing correlations, there is a ma-
jor change in the low-energy spectrum of the system.
A finite energy gap between its ground state and the
first excited state appears, and then the system will
be subjected to a phase transition to a superfluid (or
superconductor) state below a critical temperature 7.
The magnitude of the pairing correlation length (or di-
mension) is hundreds of fm, which is much larger than
the mean separation of neutrons (the mean separation
distance of nucleons is ~1 fm inside the NS).

In the previous papers, e.g., Refs. [37] and [3§],
those authors have studied the 3P, state for neutrons,
and found that the *P5 energy gap A(3P3) has a maxi-
mum of ~ 0.12-0.13 MeV for the pure neutron matter.
In 1996, Elgary and his collaborators took the condi-
tions for the £ equilibrium into account. Based on a
realistic NS model (i.e., the non-pure neutron matter

(39,40]
)

model) they found that the 3Py energy gap ap-

pears in the region of 1.32 fm~! < kp < 2.34 fm~!

and the maximum of A(®P5) is about 0.05 MeV (see
Fig. 1).

0.060

0.040

0.020

Energy gap/MeV

O I I I I I I
1.3 1.7 2.1 2.5
kg/fm—!

Fig. 1. Neutron energy gap for the 3Py partial wave in the
B equilibrium. This figure is cited from Ref. [37], where
kg is the neutron Fermi wave number.

We have recently found that!¥ the maximum of
A(3Py) is about 0.048 MeV at krp = 1.96 fm~—!, and
A(3Py) is almost a constant in the rather wide range
of 1.8 fm™! < kp < 2.1 fm™! (with the maximal error
less than 3%) corresponding to the density region of
3.3x 10" g cm™2 < p < 5.2 x 10 g-em™3. More-
over, the critical temperature, which is also called the
Curie temperature of the 3Py neutron Cooper pairs,
is calculated as T., = Amax(®P2)/2k ~ 2.78 x 108 K.

[4.6,7] the maximal in-

Thus, based on our assumptions,
ternal temperature T}, (not including the inner core
temperature) cannot exceed Tey,.

The system of the 3P, Cooper pairs with spin
s = 1 may be regarded as a Bose-Einstein system.
All the 3P, Cooper pairs may condense into the same
state with the lowest energy (the ground state) at a
moderately low temperature (T' < T¢). Such a sys-

tem is also stable as long as T < T¢,, unless it is
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subjected to a severe disturbance, e.g., thermal exci-
tation, high-energy particle flux, and so on.

An external magnetic field tends to align the mag-
netic moments in the direction of the applied field,
because a paramagnetic magnetic moment possesses
lower energy than a diamagnetic magnetic moment
under an external magnetic field, whereas the ther-
mal motion tends to randomize the directions of the
magnetic moments. Therefore, the lower the temper-
ature is, the stronger the paramagnetic field is. The
paramagnetic field produced by the aligned magnetic
moments reinforces the external field.

The magnetars/SNRs associations confirm that
the magnetars originate from the core-collapse super-
novae. The magnetar progenitor cools quickly via
the neutrino emission from its core, which causes the
star’s internal temperature to fall sharply,[6710:41 and
a paramagnetic transition will occur when the inter-
nal temperature drops to the critical temperature.[6”]
The superhigh magnetic fields of the magnetars may
originate from the paramagnetic fields produced by
the aligned magnetic moments of the *P, Cooper
pairs below their critical (or transition) temperature,
and the maximal paramagnetic field is about (3.0-
4.0)x10' G.16.7]

3.2. Numerical simulation

The initial conditions (e.g., B, T') of the magne-
tars are likely to be very different, implying that their
values of A are also different. In order to numerically
simulate the magnetar cooling and the magnetic field
decay, for convenience, we assume a uniform initial
magnetic field By = 3.0 x 10*® G. Since the maximum
initial temperature cannot exceed T¢,, we can assume
Tin(0) to be 2.60 x 108 K, 2.40 x 10% K, 2.20 x 10% K,
2.00 x 10® K, and 1.80 x 10® K, respectively.

In the interior of a magnetar, the 8 decay and the
inverse [ decay occur simultaneously as required by
the charge neutrality. So when B decays, the depleted
protons and electrons are recruited many times, which
leads to only a small decrease in Y, and Y,,. In addi-
tion, the electrons are super-relativistic and degener-
ate, when the internal temperature falls, the electron
transition between Landau levels is not permitted, be-
cause the electrons can be approximately treated as
a zero-temperature Fermi gas. Therefore, the value
of A changes very little, and can be considered as a
constant in a rather short timescale (or the magnetar

(23]

lifetime). Holding the value of A unchanged, we

numerically simulate the processes of magnetar cool-
ing and magnetic field decay. The main results are
partly shown in Table 2.

Table 2. Numerically simulated magnetar cooling and
magnetic field decay. The temperature is in the unit of 108
K.

5

B/1o**¢ T T2 T3 T+ T% TS

30 2.60 240 220 200 180 1.60
25 255 235 216 196 1.77 1.57
20 249 230 211 192 173 1.54
15 242 224 205 187 1.69 1.51
10 231 214 197 180 163 145
8.0 226 209 193 176 159 142
6.0 218 2.03 187 1.71 155 1.37
4.0 208 193 178 163 148 1.33
3.0 200 186 172 158 144 1.29
2.0 1.89 1.76 163 150 1.37 1.23
1.0 1.68 157 146 1.38 1.23 1.12

In Table 2, the values of A are 1.34 x10714, 8.15
%1015, 4.66 x10~15, 2.47 x10~1%, 1.19 x10~'%, and
5.05 x1071' for columns 2, 3, 4, 5, 6, and 7, respec-
tively. In order to maximally reduce the influence of
the accidental error on the later calculations, we also
compute the average value of A, (A) ~ 5.02 x 10715,
which will be used in later calculations.

4. Soft X-ray luminosities of mag-

netars

4.1. Physics of magnetar soft X/~-ray
emission

In this part, we provide a possible mechanism for
the magnetar’s soft X-ray/y-ray emission as follows.

(i) As discussed in Section 3.1, the superhigh
magnetic fields of magnetars may originate from the
paramagnetic fields produced by the aligned magnetic
moments of the Py Cooper pairs below their transi-
tion temperature. After being paramagnetized, each
3Py neutron Cooper pair has magnetic energy 24, B
in the applied magnetic field due to its magnetic mo-
ment 24, in the anisotropic neutron superfluid, where
pn=0.966 x10723 erg-G~! is the neutron abnormal
magnetic moment.

(i) When p and Y, are given, the Fermi en-
ergy of electrons inside the magnetar is nearly pro-
portional to % power of the magnetic field strength
B, ie., Ep(e) oc BY4. Tt is very likely that Ep(e)
is higher than both the neutron Fermi kinetic energy
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E}.(n) and the threshold energy of the inverse 8 decay
in superhigh magnetic field @ (in the case of p = pg
and Y. = 0.05, EL(n)= 60 MeV, Q = 59.39 MeV, so
Bp(n) = Q).

(iii) If the energies of electrons inside a magnetar
obviously exceed @, a part of protons near the (pro-
ton) Fermi surface (in momentum space) will sponta-
neously capture electrons lying in the vicinity of the
(electron) Fermi surface. Since the kinetic energies
of outgoing EC neutrons are higher than E[(n), the
EC reaction is permitted, without being hindered by
the Pauli exclusion principle. However, the outgoing
EC neutrons cannot escape from the star due to the
superhigh density of the internal matter.

(iv) Most of the energy lost during the process of
EC is carried away by neutrinos. Only a small frac-
tion of this energy can effectively heat the internal
matter. Since the maximum binding energy of the
3P, neutron Cooper pair is only about 0.048 MeV,
the outgoing EC neutrons with high kinetic energies
can easily destroy the 3P, Cooper pairs through the
interaction of nuclear force. This reaction can be ex-
pressed as n+ (n1Tn?t) — n+n+n. The energies
required to destroy the 3Py Cooper pairs are provided
by the kinetic energies of these outgoing EC neutrons.

(v) When being destroyed by a high-energy
EC neutron, the magnetic moment of a 3Py neutron
Cooper pair is no longer arranged in the paramag-
netic direction, and the magnetic energy (2u,B) is
released. Then the superhigh magnetic field produced
by the aligned magnetic moments of the 3P, Cooper
pairs will disappear gradually. The magnetic energy
released will be converted into the thermal energy.
While accumulating to a certain degree, a portion of
the thermal energy converted will be transported from
the star interior to the star surface by heat conduction.
At the surface, it is converted into surface thermal
emission, because kT ~ 2u,B ~ 10B15 keV, where
Bis is the magnetic field in units of 10*® G. However,
the overwhelming majority of the heat transported to
the surface is carried away by the surface neutrino
emission. Only a small fraction can be converted into
soft X-rays/~-rays. After a highly efficient modula-
tion within the magnetar magnetosphere, the ther-
mal surface emission is shaped into a spectrum with
the observed characteristics of the magnetars. Notice
that the luminosity Ly is ultimately determined by
the magnetic field.

(vi) Due to the absorption by the star’s inner

matter and the neutrino emission, most thermal en-

ergy converted is lost before it reaches the surface.
The absorbed thermal energy may maintain a rela-
tive thermodynamic equilibrium in the interior of the
magnetar. Since there exist neutrino coherent scatter-
ings from electrons (protons) and neutrons, the high-
est energies of neutrinos escaping from the star interior
could be as high as several MeV. The total heat carried
away by neutrinos could be slightly larger than that
absorbed despite of the compactness of the inner mat-
ter. Therefore, the whole process of EC can be seen
as a long-term inner cooling process accompanied by
the magnetic field decay.

The soft X-ray/y-ray flux of the magnetar, in
short, is thermal in nature, and the value of Lx is
ultimately determined by the magnetic field B. How-
ever, we must stress that Lx is only a weak function of
the internal temperature. The internal temperature is
only equivalent to the background temperature, and
decreases with decreasing B, whereas the surface tem-
perature controlled by the crustal physics is largely
independent of the core’s evolution.

4.2. Preliminary values of Lx of magne-
tars

Investigations of magnetars suggest that the mag-
netic fields could be the ultimate energy source for all
the observed surface emissions of the magnetars, e.g.
Refs. [1]-[3], and [10]. The effects of the superhigh
magnetic fields would be to speed up the magnetar
cooling. Before calculating Lx of the magnetar, let us
consider the following hypothetical case. We assume
that all 3Py neutron Cooper pairs are destroyed, the
total magnetic energy released can be estimated by

gNam(*P5)

E
2

¢

2pn B X

3p
4.4 % 1047(7)”1(72> (erg), (16)
. sun

1

where B ~ 3.0 x 10'° G, and ¢ ~ 8.7% is the frac-
tion of neutrons that are combined into 3P neutron
Cooper pairs.l If this energy is totally transformed
into thermal energy, and if the observed persistent soft
X-ray flux from the magnetar is powered by the ther-
mal energy transformed (without consideration of the
energy loss), then the magnetar may maintain a mean
luminosity (Lx) ~ 1.0 x (1033-103%) ergs ~! over a
period of t ~ 1.4 x (107-10°) a. Such a period will
be far longer than the ages of any supernova rem-
nants (SNRs) associated with the magnetars (tsng is
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about several thousand years for any known magne-
tars’ SNRs, e.g., Refs. [10] and [41]).

Now, let us estimate the probability that an out-
going EC neutron destroys one 3P, Cooper pair. The
number of neutrons participating in the EC per unit
volume n/, is calculated as

kT
!
= =~ n En
”“%@/pd
KT 8mv2mi/? /<E">

= EV2qE,. (17
ATRE Wb (0

B (n)

As an example, we can arbitrarily assume B = 3.0 x
10 G and T = 2.78 x 10® K. Inserting these two
quantites (B and T') into Eq. (17) simultaneously, we
estimate n!, = 4.47x103* ecm™3 (p = pg). Since the as-
sumed values of these two qualities are the maximum
values of B and T, the average value of nl is obvi-
ously less than the value of n] evaluated above. In
the interior of an NS, where the anisotropic 3Py neu-
tron superfluid exists, the neutron number density is
ny = 1.78 x 103 cm ™2 (p = po),*®! which shows that
both the number of neutrons and the number of 3P,
neutron Cooper pairs per unit volume are far larger
than the number of these newly formed EC neutrons
per unit volume. Based on the above estimation and
analysis, we may make a reasonable assumption that
each outgoing high-energy EC neutron can destroy one
3P, neutron Cooper pair. Accordingly, the magnetic
energy release rate in the interior of the magnetar can
be computed as

dEB N (kT)4 eXp(_AmaX(3P2)/kT)
dt —  Ep(n)Ep(p)Er(e)Er(ve)
(2m)*
A%
X /d3 Ne d* Np d*nn d*n,0(E, + Q — Ee)

x 0%(K; — K;)SAE(’Py), (18)

V(3Ps)

X GZCZ%(1 + 3a?)

where V (*Py) ~ 37R3 is the volume of the anisotropic
3P, neutron superfluid, V; is the normalized volume,
and AE(3P3) = 24, B is the element of the magnetic
energy released.

According to our model, the observed soft X-
ray/y-ray output of the magnetar is dominated by
the transportation of the magnetic energy through the
core. For the purpose of calculating Lx, we must in-
troduce another important parameter ¢, the overall
soft X-ray efficiency coefficient of the magnetar. The
main reasons for introducing { are presented as fol-
lows.

i) The overwhelming majority of the thermal en-
ergy converted will be lost due to the absorption by the

star’s inner matter and the neutrino emission during
the process of heat conduction. Thus, we introduce a
thermal energy transfer coefficient 8 defined as the ra-
tio of the net thermal energy transported to the star’s
surface to the total thermal energy converted from the
magnetic energy.

ii) In the same way, the thermal energy conducted
to the surface is incapable of being entirely converted
into electromagnetic radiation due to the energy loss
(mainly via the neutrino emission). So we also intro-
duce an energy conversion efficiency e defined as the
ratio of the soft X-ray radiation energy emitted to the
thermal energy transported to the star surface by heat
conduction.

iii) The heat conduction is one of the most im-
portant characteristics of matter, Chinese scientists
have made significant progress in this field recently
(e.g., Refs. [42]-[48]). However, owing to special cir-
cumstances (high temperatures, high-density matter,
ultra-strong fields, and so on) inside a magnetar, so
far the physics community has not directly determined
the values of € and . We define the overal soft X-ray
efficiency coefficient of a magnetar as ( = €f. The av-
erage value of ( may be estimated by comparing our
calculations with magnetar observations.

Using the value of (), we calculate the luminosity
Lx of the magnetar as

dEp

Ly = (52 (19)

Inserting p; d E; = a3 n; and
0* (K¢ — K;) d*np(21)° /Vi = 8*(Py = P) & Py
into Eq. (19) gives
Lx = (A){Q)2 BV (*P2) T GECY (1 + 30?)
X /pedEefés(PffPi)d?’Pp/,ondEn
< [ (B, +Q - Eopa B, (20)

Eliminating the §-functions and simplifying Eq. (20)
give

Lx = (A)(Q)2a BV (*P2) T GRCY(1 + 307)

<En> Er(e)
X / pndEn/ (Ee - Q)QpedEev(21)
Ejy(n) Q

where Ep(n) ~ 60 MeV. Inserting Eqgs. (4)—(7) into
Eq. (21) gives a general formula for Lx
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4 5 1 2 12 2 Br ()
Lx =~ <A><<>2MnB§7TR5mGFCV(1 +3a%) ></ [E2(e) — E%(e)]*/?(Es — Q)% d E.,(22)
" 87rﬂmi/2 47 <mec)3 <
h3 3B*\ h where the relation 1 MeV=1.60 x10~% erg is used.
(1.60 x 10~6)75  p(En) B2 Equation (22) gives the value of Lx as a function of
W /6 0 n' " dLn B. The calculation results are partly shown in Table 3.
Table 3. Preliminary values of Lx of magnetars.
B/10% G Er(e)/MeV (En)/MeV Lx Jerg-s™1

1.0 73.61 63.24 9.530 x1033(¢)

2.0 87.54 66.01 4.783 x10%%(¢)

3.0 96.88 67.72 2.552 x103%(¢)

4.0 104.10 68.99 7.233 x1036(¢)

6.0 115.21 70.87 2.727 x1037(¢)

8.0 123.80 72.29 6.487 x10%7(¢)

10 130.90 73.44 1.228x1038(¢)

15 144.87 75.65 3.683x1038(¢)

20 155.67 77.34 7.726 x1038(()

25 164.60 78.71 1.347 x1039(¢)

30 174.28 79.88 2.099x1037(¢)

In order to determine the value of (¢), we must compare our calculations with the observed persistent
parameters of the magnetars. The details are given in the next subsection.

4.3. Observation results

So far, there are 11 soft gamma repeater (SGR) candidates (7 confirmed) and 12 anomalous X-ray pulsar
(AXP) candidates (9 confirmed). All known magnetars are X-ray pulsars with luminosities Lx ~ (1032
1036) erg-s~!. These fluxes are usually much higher than the rate at which the star loses its rotational energy,
e.g., Refs. [3], [10], [16], [49]. In Table 4, we list the parameters determined form the observations for the
confirmed magnetar candidates.

Table 4. Observational parameters of confirmed magnetars.

Name P/s P/107 11551 Bb/10™ G Lx /erg-s™1 (dE/dt°)/erg-s™1
SGR. 0526-66 8.0544 3.8 5.6 1.4x1035 2.9%1033
SGR. 1806-20 7.6022 75 24 5.0% x 1036 6.7x10%4
SGR 1900414 5.1998 9.2 7.0 1.3x1035 2.6x1034
SGR 1627-41 2.5946 1.9 2.2 2.5%1033 4.3x10%4

SGR 0501+4516 5.7621 0.58 1.9 - 1.2x1033
SGR 041845729 9.0784 < 0.0006 < 0.075 - < 3.2x10%
SGR. 183340832 7.5654 0.439 1.8 - 4.0x1032
CXOUJ 0100 8.0203 1.88 3.9 7.8x1034 1.4x1033
1E 2259-+586 6.9789 0.048 0.59 1.8x1035 5.6x1031
4U 0142461 8.6883 0.196 1.3 >5.3x1034 1.2x1032
1E 1841-045 11.7751 4.155 7.1 2.2x103° 9.9x1032
1RXSJ 1708 10.9990 1.945 4.7 1.9x1035 5.7x1032
CXO0%J1647 10.6107 0.24 1.6 2.6x1034 7.8x1031
1E%1547.0-5408 2.0698 2.318 2.2 5.8% 1032 1.0x1035
XTE!J1810-197 5.5404 0.777 2.1 1.9%x1032 1.8x1033
1E41048.1-5937 6.4521 2.70 4.2 5.4x1033 3.9x1033
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All  data are taken from the McGill
AXP/SGR online catalog of 10 August 2011
(http://www.physics.mcgill.ca/~pulsar /magnetar/
main.html) except for Lx of SGR 1806-20. The sign
a denotes data from Thompson & Duncan (1996).15"]
The sign b denotes the surface dipolar magnetic field
of a pulsar estimated using its spin period P and
spin-down rate P, i.e., B ~ 3.2 x 101%(PP)2 G. The
sign ¢ denotes that a pulsar slows down with time as
its rotational energy is lost via the magnetic dipolar
radiation, and the loss rate is denoted as d E/dt.
The signs d and t denote dim and transient AXPs,
respectively.

Clearly, SGR 0501+4516, SGR
0418+5729, and SGR 1833+0832 with no persistent

flux do not need to be considered essentially. In the

magnetars

light of our model, the persistent soft X-ray luminosity
of a canonic magnetar should not be less than its rota-
tional energy loss rate d E/ d t. Therefore, we also do
not need to take into account magnetars SGR 1627-41,
1E 1547.0-5408, and XTE J1810-197 in the following
calculation of (¢).

Combining Eq. (21) with Table 4 gives the values
of ¢ for the confirmed magnetar candidates. Table 5

shows the calculation results.

Table 5. Calculation results of ¢ of confirmed magnetars.

Name B/10™ G Er(e)/MeV (Epn)/MeV ¢
SGR 1806-20 24 162.93 78.46 4.104x1073
SGR 1900+14 7.0 119.73 71.62 2.978x 1073
SGR. 0526-66 5.6 113.24 70.54 6.373x1073
CXOU J0100 3.9 103.45 68.87 1.55 x1073
1E 22594586 0.59 64.51 61.23 >1
4U 0142461 1.3 78.60 64.27 >1

1E11048.1-5937 4.2 105.38 69.21 6.313 x10~%
1E 1841-045 7.1 120.16 71.69 4.829 x1073
1RXSJ 1708 4.7 108.27 69.72 1.542x10~2
CXO0tJ1647 1.6 82.79 65.09 1.321 x10~1

From Table 5, ¢ is in the range of 1073-1072
for most of the magnetars. The exceptions are CXO
J1647, 4U 0142461, and 1E 2259+4586. The possible
explanations are presented as follows.

(I) For the transient magnetar CXO J1647,
its luminosity Lx can be associated with bursting
activities, ') so its observed value of Lx is much larger
than that obtained from the calculation using our
model. Its ¢ is thus higher than that of most con-
firmed magnetars.

(IT) As for 4U 0142461, the simplest explana-
tion for its high Lx involves a low-mass X-ray bi-
nary with a very faint companion as analogous to 4U
1627-67.°11 The observed properties of 1E 22594586
are consistent with the suggestion that it is an iso-
lated pulsar undergoing a combination of spherical
and disk accretions.!®? This magnetar can be powered
by the accretion from the remnant of Thorne-Zytow
object?Y or by a fall-back disk. 4

(IIT)  For magnetars 4U 0142461 and 1E
2259-+586 with abnormal values of ¢ ({ > 1), their

persistent soft X-ray/y-ray emissions are related to
the accretion, which is beyond the scope of our model.
Therefore, these two sources together with CX0J1647
should not be considered further in the following dis-
cussion.

Since the value of ¢ is mainly determined by the
magnetic field of the magnetar, the average value of
¢ for the remaining confirmed magnetars can be ap-
proximately calculated as

_ 2B
> B
Employing Eq. (22) gives the value of (¢) for the con-

firmed magnetars, (¢) ~ 5.493 x 1073, If the observed
soft X-ray/y-ray output of a magnetar is dominated

() (23)

by the transport of the magnetic field energy through
the core, then the (total) neutrino loss will exceed the
surface flux by a factor of ~ 30.1'%21] As we know, a
common energy convertor gives an efficiency of ~ (25—
55)%. Thus, the value of (¢) is estimated to be 1074,
if we consider the thermal energy loss caused by the
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absorption of heat by the star’s inner matter. Thus
our calculation result of (¢) is reasonable and feasible.

4.4. Comparing calculations with obser-
vations

Theoretically, (¢) allows us to calculate the value
of Lx in any superhigh magnetic field. Inserting the

value of (¢) into Eq. (22) gives the value of Lx un-
der certain conditions. The main calculation results
can be summarized as follows. When B is assumed to
be 1.0 x10'-3.0 x10'® G, Lx is 5.232 x 103'-1.152

%1037 erg-s~!

correspondingly. In Table 6, we partly
list the ultimately determined values of Lx of the mag-

netars.

Table 6. Theoretical luminosities Lx of magnetars.

B/10™ G B* Er(e)/MeV (E,)/MeV (En)/MeV Lx /ergs™1
2.0 4.53 87.54 22.15 66.01 4.273 x1033
4.0 9.06 104.10 35.72 68.99 3.971 x1034
8.0 18.12 123.80 52.12 72.29 3.561 x103°
10 22.66 130.90 58.07 73.44 6.740 x103°
20 45.31 155.67 78.94 77.34 4.241 %1036
25 56.63 164.60 86.60 78.71 7.393 %1036

Furthermore, employing the average value of (,
we also produce a diagram of Lx as a function of
B. The numerical results agree well with the observa-
tional data for the magnetars, as shown in Fig. 2.

"SGR 1806.
36[1E 2259 -7 ]
3 4U 0142 ew @
[ ] ° e
5340 OXOJ'1647- — e ]
P ® 1E4 1048
= 32f . ]
/
30f,7 1
14.0 14.5 15.0 15.5
LogB

Fig. 2. (colour online) The Lx of magnetars as a func-
tion of B when Y. = 0.05 and p = pg. Circles and squares
are for AXPs and SGRs, respectively. The range of B is
assumed to be form 0.6 x 104 G to 3.0x10'® G.

In Fig. 2, the magnetars listed are distributed
around the curve except for 4U 0142461, 1E
2259+586, CXO J1647, and 1E 1048.1-5937. The lu-
minosity Lx obviously increases with the increase of
B, and the slope of the curve is larger at weaker fields
(B < 3.0 x 10** G). This comes out as we have antici-
pated, because Eq. (1) holds approximately only when
B > Bc,. In other words, the stronger the magnetic
field, the smaller the calculation error.

As for 1E11048.1-5937 with the lowest value of
¢, this object was detected as a 6.4 s dim isolated
pulsar near the Carina Nebula,[®3 substantial data
were subsequently obtained, showing unambiguous ev-
idence for a large flux increase coupled to a decrease in

the pulsed fraction®® and that its Lx decreased from
(1.0 ~ 2.0) x 10%* erg-s~! to 5.4 x 1033 erg-s~! between
September 2004054 and August 2011. Therefore, the
observed value of Lx is far less than its theoretically
calculated value, and is well below the fitted curve.

For transient magnetars XTE J1810-197, 1E
1547.0-5408, and SGR 1627-41 (not illustrated in
Fig. 2), their observed soft X-ray luminosities are
much higher than those calculated using our model,
the possible explanations may be summarized as fol-
lows.

I) XTE J1810-197, discovered in 2003, displayed
a persistent flux enhancement by a factor larger than
100.1%] The quiescent level of luminosity Lx increased
from 7.0 x 1032 erg-s~! to 5.0 x 103* erg-s~! between
June 1992 and September 2004.1°6:57] The latest ob-
servations, however, showed an obvious decline in Lx
(Lx ~ 1.9 x 1032 erg-s ~! at present).

II) For magnetars SGR 1627-41, CXO J1647,
and 1E 1547.0-5408, when they shine, their spec-
tral properties are similar to those of the persistent
sources. During their quiescent phases, they univer-

1 and soft thermal

sally possess Lx ~ 1032 erg-s~
spectra, which make them similar to central compact
objects.58] Their long-term variations in Lx could be
associated with bursts. The source high state coin-
cided with a period of strong bursting activity, while in
the following years, its luminosity decreased because
no burst is emitted.!?

IIT) With respect to SGR 1627-41, more than 100
bursts were observed by various satellites over a period
of about 6 weeks in 1998.1'%! Its soft X-ray counterpart
was identified in 1998, with Lx of 10%° erg-s—!. How-
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ever, no bursts have been reported since then. Obser-
vations carried out in the following 13 years demon-
strated a monotonic decrease in its Lx, and its current
Lx is about 2.5 x 1033 erg-s~! (see in Table 4).

IV) For those four magnetars, their magnetic
fields are concentrated in a narrow range of (1.6-
2.2)x10* G, correspondingly, their calculated values
of Lx are in the range of (103°-103?%) erg-s~! according
with our model. It is not strange that the observed
value of Lx of a transient magnetar is far higher than
that calculated if we take into account the long-term
effects of the bursting activities on its luminosity.

With respect to SGR 1806-20, its observed value
of Lx may be biased by the intense low-frequency ab-
sorption, corresponding to an electron column den-
sity of ~ 6 x 1022 ¢cm~2,9960 a5 a result, a sig-
nificant blackbody component contained in the X-
ray bolometric flux is undetected, the luminosity in
relativistic particles needed to power the plerion is
~ 5.0 x 103 x (D/8 kpc)*® erg-s~1.°% In order to
reduce the calculation error, we make use of the Lx
cited from Ref. [50], which agrees well with the curve
shown in Fig. 2.

Finally, the timing observations show that the
value of P of SGR 04185729 is less than 6.0 x 1071
s-s~1, which implies that the surface dipolar magnetic
field of SGR 0418+5729 is lower than 7.5 x 1012 G.14%)
If the observations are reliable, then the calculated
value of Lx of SGR 041845729 is far less than the
observed value of a canonic magnetar (~ (10%2-
103%) erg-s~!) according to our model. Therefore, we
can state that our model does not contradict the obser-
vations (so far, the real value of Lx of SGR 041845729
SGR 04185729 may
present a new challenge to the magnetar model.

is too low to be observed).

5. Conclusion

In this paper, we provide a mechanism for magne-
tar soft X-ray/y-ray emission, compute the luminosity
Lx on theoretical grounds, generate a diagram of Lx
versus B, and compare our results with magnetar ob-
servations. Our main conclusions are as follows.

(A) Superhigh magnetic fields give rise to an
increase in Ep(e), which will induce EC inside the
magnetar. The 3P; neutron Cooper pairs with
Amax (?P2) ~ 0.048 MeV will be destroyed by the high-
energy neutrons produced by the EC through the in-
teraction of nuclear force.

(B) In anisotropic neutron superfluid, the *P,
neutron Cooper pair has magnetic energy 2u, B due to
its magnetic momentum 2, in the applied magnetic
field. While being destroyed by the outgoing high-
energy neutrons, the magnetic moments of the 3Py
neutron Cooper pairs are no longer arranged in the
paramagnetic direction, then the magnetic energy (the
magnetic energy element is 2u,, B) will be released.

(C) The magnetic energy released then will be
transformed into the thermal energy. While accumu-
lating to a certain degree, the overwhelming majority
of the thermal energy transformed will be absorbed by
the inner matter or released in the form of neutrinos.

(D) A small fraction of this heat is transported
from the interior to the surface by heat conduction. It
then can be radiated in the form of photons from the
surface. After a highly efficient modulation within the
star’s magnetosphere, this surface thermal emission is
shaped into a spectrum of soft X-ray/~-ray with the
observed characteristics of the magnetars.

Finally, despite previous research, the existing
analysis is approximate, and many assumptions are
invoked consequently. Because our computational
methods are completely new approaches, they need
to be empirically validated. It is earnestly hoped that
our calculations can soon be combined with the lat-
est studies and observations of magnetars to present
a deeper understanding of the nature of soft X-ray/~-
ray emission of the magnetars.
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