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ABSTRACT

Aims. We describe the so-called low magnetic field magnetars, SGR 0418+5729, Swift J1822.3-1606, and the AXP prototype
1E 2259+586 as massive, fast-rotating, highly magnetized white dwarfs.

Methods. We give bounds for the mass, radius, moment of inertia, and magnetic field for these sources by requesting the stability of
realistic, general relativistic, uniformly rotating white dwarfs. We also present the theoretical expectation of the infrared, optical, and
ultraviolet emission of these objects and show their consistency with the current available observational data.

Results. We improve the theoretical prediction of the lower limit of the spindown rate of SGR 0418+5729; for a white dwarf close to
its maximum stable mass we obtain the very stringent interval for the spindown rate of 4.1 x 107'® < P < 6 x 10713, where the upper
value is the known observational limit. A lower limit has been also set for Swift J1822.3-1606, whose spindown rate is not yet fully
confirmed. Our model provides for the source P > 2.13 x 10713 if the star is close to its maximum stable mass. We give in addition the
frequencies at which absorption features could be present in the spectrum of these sources as the result of the scattering of photons

with the quantized electrons by the surface magnetic field.
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1. Introduction

Soft gamma-ray repeaters (SGRs) and anomalous X-ray pul-
sars (AXPs) are a class of compact objects that show interest-
ing observational properties (see, e.g., Mereghetti 2008): rota-
tional periods in the range P ~ (2—12) s, spindown rates P ~
(10713-10719), strong outburst of energies ~(10*'-10%) erg,
and in the case of SGRs, giant flares of even large
energies ~(10%-10%") erg.

The most popular model for the description of SGRs and
AXPs, the magnetar model, is based on a neutron star of fiducial
parameters M = 1.4 My, R = 10 km, and a moment of inertia
I = 10% gcm?. It needs a neutron star magnetic field larger
than the critical field for vacuum polarization B, = m?c?/(eh) =
4.4x10"3 G in order to explain the observed X-ray luminosity in
terms of the release of magnetic energy (Duncan & Thompson
1992; Thompson & Duncan 1995). There exist in the literature
other models still based on neutron stars but of ordinary fields
B ~ 10'? G; these models involve either the generation of drift
waves in the magnetosphere or the accretion of fallback material
via a circumstellar disk (see Malov 2010; Triimper et al. 2013,
respectively, and references therein).

Turning to the experimental point of view, the observation
of SGR 0418+5729 with a rotational period of P = 9.08 s, an
upper limit of the first time derivative of the rotational period
P < 6.0 x 107 (Rea et al. 2010), and an X-ray luminosity
of Ly = 6.2 x 103! ergs™' can be considered as the Rosetta
Stone for alternative models of SGRs and AXPs. The inferred
upper limit of the surface magnetic field of SGR 0418+5729,
B < 7.5 x 10'2 G; which describes it as a neutron star (see Rea
et al. 2010, for details), is well below the critical field. This has
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challenged the power mechanism based on magnetic field decay
in the magnetar scenario.

Alternatively, it has been recently pointed out how the pio-
neering works of Morini et al. (1988) and Paczynski (1990) on
the description of 1E 22594586 as a white dwarf can be indeed
extended to all SGRs and AXPs. Such white dwarfs were as-
sumed to have fiducial parameters M = 1.4 My, R = 10° km,
I = 10* gcm?, and magnetic fields B 2 107 G inferred from the
observed rotation periods and spindown rates (Malheiro et al.
2012).

It is remarkable that white dwarfs with large magnetic fields
from 107 G all the way up to 10° G have been indeed ob-
served (see e.g., Kiilebi et al. 2009, 2010a; Kepler et al. 2010,
2013). Also, most of the observed magnetized white dwarfs are
massive; e.g., REJ 0317-853 with M ~ 1.35 My and B ~
(1.7-6.6) x 10® G (Barstow et al. 1995; Kiilebi et al. 2010b);
PG 1658+441 with M ~ 1.31 Mg and B ~ 2.3 x 10° G (Liebert
et al. 1983; Schmidt et al. 1992); and PG 1031+234 with the
highest magnetic field ~10° G (Schmidt et al. 1986; Kiilebi et al.
2009).

The energetics of SGRs and AXPs, including their steady
emission, glitches, and subsequent outburst activities, have been
shown to be powered by the rotational energy of the white dwarf
(Malheiro et al. 2012). The occurrence of a glitch, the associated
sudden shortening of the period, and the corresponding gain of
rotational energy can be explained by the release of gravitational
energy associated with a sudden contraction and decrease of the
moment of inertia of the uniformly rotating white dwarf, which
is consistent with the conservation of their angular momentum.

Describing SGR 0418+5729 as a white dwarf, Malheiro
et al. (2012) calculated an upper limit for the magnetic field
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B < 7.5 x 10® G and show that the X-ray luminosity observed
from SGR 0418+5729 can be well explained as originating from
the loss of rotational energy of the white dwarf, leading to a
theoretical prediction for the spindown rate

LxP?
= 1
4n2] )

where the lower limit was established by assuming that the ob-
served X-ray luminosity of SGR 0418+5729 coincides with the
rotational energy loss of the white dwarf. As we show below,
these predictions can be improved by considering realistic white
dwarf parameters instead of fiducial values. It is important to
mention at this point that, after the submission of this work, Rea
etal. (2013) presented the X-ray timing analysis of the long-term
monitoring of SGR 0418+5729 with RXTE, Swift, Chandra, and
XMM-Newton, which allowed the determination of the spindown
rate of SGR 0418+5729, P = 4 x 10~'%. These results confirm
both our prediction given by Eq. (1) and the more stringent limits
presented in this work in Sect. 4.4 and given by Eq. (10), which
are to be considered to be predictions of the white dwarf model
because they were presented in advance of the observational re-
sults given in (Rea et al. 2013).

The situation has become even more striking con-
sidering the X-ray timing monitoring with Swift, RXTE,
Suzaku, and XMM-Newton satellites of the recently discovered
SGR Swift J1822.3-1606 (Rea et al. 2012). The rotation period
P = 8.437 s and the spindown rate P = 9.1x10~'* were obtained.
Assuming a neutron star of fiducial parameters, a magnetic field
B =2.8%x 10" G is inferred, which is again in contradiction to a
magnetar explanation for this source.

We recently computed (Boshkayev et al. 2013) general rel-
ativistic, uniformly rotating white dwarfs within the Hartle’s
formalism (Hartle 1967). We used the relativistic Feynman-
Metropolis-Teller equation of state (Rotondo et al. 2011), which
generalizes the traditionally used equation of state of Salpeter
(1961). It was shown there that rotating white dwarfs can be sta-
ble up to rotation periods close to 0.3 s (see Boshkayev et al.
2013 and Sect. 3 for details). This range of stable rotation peri-
ods for white dwarfs amply covers the observed rotation rates of
SGRs and AXPs, P ~ (2-12) s.

The aim of this work is to give a detailed description of
the so-called low magnetic field magnetars, SGR 0418+5729
and Swift J1822.3-1606, as massive, fast-rotating, highly mag-
netized white dwarfs. In addition to these two sources, we also
present a similar analysis of the AXP prototype 1E 2259+586,
which is the source on which Morini et al. (1988) and Paczynski
(1990) proposed the idea of a description of AXPs based on
white dwarfs. We thus extend the work of Malheiro et al. (2012)
by using precise white dwarf parameters recently obtained by
Boshkayev et al. (2013) for general relativistic, uniformly rotat-
ing white dwarfs. We present an analysis of the expected op-
tical and near-infrared (near-IR) emission from these sources
within the white dwarf model and confront the results with the
observational data.

= 1.18 X 107'° < PyGr 0a1845720 < 6.0 X 1071,

2. Rotation-powered white dwarfs

The loss of rotational energy associated with the spindown of the
white dwarf is given by

@)

where I49 is the moment of inertia of the white dwarf in units
of 10* g cm?. This rotational energy loss amply justifies the

. P P
|Erorl = 47rzlﬁ =3.95x 10501495 erg”!,
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steady X-ray emission of all SGRs and AXPs (Malheiro et al.
2012).

The upper limit on the magnetic field obtained by request-
ing that the rotational energy loss due to the dipole field be
smaller than the electromagnetic emission of the magnetic dipole
is given by (see, e.g. Ferrari & Ruffini 1969)

3C3 1 . 149 .
B:w/—_—PP=3.2><1015 f_—PP G,
8n2 R6 RO

8

3)

where Rg is the mean radius of the white dwarf in units
of 10% cm. The mean radius is given by R = (2Req + R})/3 (see,
e.g., Hartle & Thorne 1968) with Ry and R, the equatorial and
polar radius of the star.

It is clear that the specific values of the rotational energy loss
and the magnetic field depend on observed parameters, such as P
and P, and on model parameters, such as the mass, moment of
inertia, and mean radius of the rotating white dwarf. Equation (3)
gives information only on the dipole component of the magnetic
field, but there is the possibility that close to the star surface
contributions from higher multipoles could also be important.
As shown by Qadir et al. (1980), the presence of higher electro-
magnetic multipoles increases the pulsar braking index to values
larger than the traditional value n = 3 of the magneto-dipole
radiation.

3. Structure and stability of rotating white dwarfs

The rotational stability of fast-rotating white dwarfs was implic-
itly assumed by Malheiro et al. (2012). The crucial question of
whether rotating white dwarfs can or cannot attain rotation peri-
ods as short as the ones observed in SGRs and AXPs has been
recently addressed by Boshkayev et al. (2013). The properties
of uniformly rotating white dwarfs were computed within the
framework of general relativity through the Hartle’s formalism
(Hartle 1967). The equation of state for cold white dwarf mat-
ter is based on the relativistic Feynman-Metropolis-Teller treat-
ment (Rotondo et al. 2011), which generalizes the equation of
state of Salpeter (1961). The stability of rotating white dwarfs
was analyzed taking into account the mass-shedding limit, in-
verse S-decay, and pycnonuclear instabilities, as well as the sec-
ular axisymmetric instability, with the latter determined by the
turning point method of Friedman et al. (1988) (see Fig. 1 and
Boshkayeyv et al. 2013, for details).

The minimum rotation period P, of white dwarfs is ob-
tained for a configuration rotating at Keplerian angular velocity
at the critical inverse S-decay density; this is the configuration ly-
ing at the crossing point between the mass-shedding and inverse
B-decay boundaries. The numerical values of the minimum ro-
tation period Py ~ (0.3,0.5,0.7,2.2) s were found for helium,
carbon, oxygen, and iron white dwarfs, respectively (Boshkayev
et al. 2013). As a byproduct, these values show that indeed
all SGRs and AXPs can be described as rotating white dwarfs
because their rotation periods are in the range 2 < P < 12s.

The relatively long minimum period of rotating *°Fe white
dwarfs, Pmin ~ 2.2 s, which lies just at the lower edge of the
observed range of rotation periods of SGRs and AXPs, reveals
crucial information on the chemical composition of SGRs and
AXPs, namely, that they are very likely made of elements lighter
than iron, such as carbon or oxygen.

It can be seen from Fig. 1 that every Q = 27/ P constant se-
quence intersects the stability region of general relativistic, uni-
formly rotating white dwarfs (M-R.q curves inside the shaded
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Fig.1. Mass versus equatorial radius of rotating '>C white dwarfs
(Boshkayeyv et al. 2013). The solid black curves correspond to J = con-
stant sequences, where the static case J = 0 is the thickest one. The
colored thin dashed curves correspond to P = constant sequences. The
Keplerian sequence is the red thick dashed curve, the blue thick dotted-
dashed curve is the inverse § instability boundary, and the green thick
dotted curve is the axisymmetric instability line. The orange and purple
dashed boundaries correspond to the pycnonuclear C+C fusion densi-
ties with reaction mean times 7,y = 10 Gyr and 0.1 Myr, respectively.
The gray-shaded region is the stability region of rotating white dwarfs.

region of Fig. 1) in two points. These two points determine the

minimum(maximum) mass Mpinmax and maximum(minimum)
equatorial radius Reg ™" for the stability of a white dwarf rotat-
ing at the given angular velocity. Associated with the boundary
values Mpinmax and Reg ™", we can obtain the corresponding
bounds for the moment of inertia of the white dwarf, /ax mins
respectively.

We turn now to a specific analysis of the two sources,

SGR 041845729 and SGR 1822-1606.

4. SGR 0418+5729
4.1. Bounds on the white dwarf parameters

SGR 0418+5729 has a rotational period of P = 9.08 s, and
the upper limit of the spindown rate P < 6.0 x 1075 was ob-
tained by Rea et al. (2010). The corresponding rotation angu-
lar velocity of the source is Q = 27/P = 0.69 rads™'. We
show in Table 1 bounds for the mass, equatorial radius, mean
radius, and moment of inertia of SGR 0418+5729, which were
obtained by the request of the rotational stability of the rotating
white dwarf for selected chemical compositions, as described in
Sect. 3. Hereafter we consider only general relativistic, rotating
carbon white dwarfs.

4.2. Solidification and glitches

It has been shown by Malheiro et al. (2012) that the massive
white dwarfs consistent with SGRs and AXPs possibly behave as
solids since the internal temperature of the white dwarf (~107 K)
is very likely lower than the crystallization temperature (see,
e.g., Shapiro & Teukolsky 1983; Usov 1994)

z? 5
Tcry ~23x% 105— ( P

1/3
A3 106gcm‘3) K @

where (Z,A) and p denote the chemical composition and mean
density, respectively.

This fact introduces the possibility in the white dwarf to ob-
serve sudden changes in the period of rotation, namely, glitches.
The expected theoretical values of the fractional change of peri-
ods of massive white dwarfs have been shown to be consistent
with the values observed in many SGRs and AXPs (Malheiro
et al. 2012).

From the bounds of M and R.q we obtain that the mean den-
sity of SGR 041845729 must be in the range 2.3 x 10° < p <
5.7 x 108 g cm?. Correspondingly, the crystallization tempera-
ture is comprised in the range 4.8 X 10°K < Tery 3.0 107 K,
where the lower and upper limits correspond to the configura-
tions of minimum and maximum mass, respectively.

The crystallization temperature obtained here indicates that
SGR 0418+5729 should behave as a rigid solid body and there-
fore glitches during the rotational energy loss, accompanied by
radiative events, could happen. Starquakes leading to glitches
in the white dwarf will occur with a recurrence time (see, e.g.,
Baym & Pines 1971; Usov 1994; Malheiro et al. 2012)

2D?% |AP|/P
lg= ———, (5)
B B
where
4r pe \'° 3 GM?
=033—R327 = = ¢
5 3 < (Am,, - PEs R

with E, the loss of rotational energy given by Eq. (2), Mc, R,
and p. are the mass, radius, and mean density of the solid core,
and m;, is the proton mass.

For the minimum and maximum mass configurations and the
upper limit of the spindown rate P < 6x 10713, we obtain a lower
limit for recurrence time of starquakes:

M = My,

4.2 x 10°(|AP|/P) yr,
5t { (IAP|/P) 'y o ©)

2.0 x 1012(JAP|/P) v,

For typical fractional change of periods |AP|/P = 1075, which
are observed in SGRs and AXPs, we obtain 6z, > 4 X 10° yr and
Otqg > 2 X 10° yr, for My, and My, respectively. These very
long starquake recurrent times are in agreement with the possi-
bility that SGR 0418+5729 is an old white dwarf whose mag-
netospheric activity is settling down, in line with its relatively
low spindown rate, magnetic field, and high efficiency parame-
ter Ly /E.or, wWith respect to the values of other SGRs and AXPs
(see e.g. Fig. 9 in Malheiro et al. 2012).

4.3. Rotation power and magnetic field

Introducing the values of P and the upper limit P into Eq. (2),
we obtain an upper limit for the rotational energy loss

) 9.1 x 10
ol < {4.5 % 10%

erg s‘l,
erg s‘l,

M = Mmax
M = Mun, M
which for any possible mass is larger than the observed X-ray lu-
minosity of SGR 0418+5729, Lx = 6.2 x 103! ergs™!, assuming
a distance of 2 kpc (Rea et al. 2010).

The corresponding upper limits on the surface magnetic field
of SGR 0418+5729, which are obtained from Eq. (3), are (see
also Table 1)

G, M = Mnin

B< Bupper
G, M = Mpax.

min,max

1.2x 107
- { X )

3.5x 108
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Table 1. Bounds on the properties of SGR 0418+5729.

Composition  Mupin  Mma  RE"  RE™ Ry Rme Iy IZ™ P B
Helium 1.18 1.41 1.16 6.88 1.15 6.24 359 1.48 1.18 2.90
Carbon 1.15 1.39 1.05 6.82 1.05 6.18 286 142 1.19 3.49
Oxygen 1.14 1.38 108 680 108 6.15 305 1.96 1.42 3.30
Iron 0.92 1.11 221 636 221 575 129 1.01 1.25 0.80

Notes. The masses Mpinmax are in Mo, the equatorial Reg™™*

and mean Rmin,max radii area in units of 10® cm, the moments of inertia 3" and 15>

are in units of 10*® g cm” and 10° g cm?, respectively. The magnetic fields Bi**™ and By are in units of 107 G and 10® G, respectively.

The above maximum possible value of the surface magnetic field
of SGR 0418+5729 obtained for the maximum possible mass of
a white dwarf with rotation period 9.08 s, B < 3.49 x 108 G is
even more stringent and improves the previous value given by
Malheiro et al. (2012), B < 7.5 x 10% G, based on fiducial white
dwarf parameters.

The presence of the magnetic field quantizes the electron
energy spectrum, and thus absorption features generated by
the scattering of electrons with photons can be observed at
frequencies of the order of

¢B _{3.4><1013 Hz,

Hz,

M = My

M = My, (9)

Veyee =

2nmec 9.8 x 10

corresponding to wavelengths 8.9 and 0.3 um, respectively.

4.4. Prediction of the spindown rate

Assuming that the observed X-ray luminosity is lower than |E,|,
we obtain the lower limit for the spindown rate,

LxP? {8.3 x 10718,

> — M = My,
4n2] 4.1x 1070,

10
M = My, ( )

which in the case of the white dwarf with the maximum possible
mass is more stringent than the value reported by Malheiro et al.
(2012), P = 1.18 x 107'°, for a massive white dwarf of fiducial
parameters.

4.5. Optical spectrum and luminosity

Durant et al. (2011) observed SGR 0418+5729 with the two
wide filters F606W and F110W of the Hubble Space Telescope
within the positional error circle derived from Chandra observa-
tions of the field of SGR 0418+5729 (Rea et al. 2010). They de-
rive the upper limits of the apparent magnitudes, mpgoew > 28.6
and mpi0w > 27.4 (Vega system). The approximate distance to
the source is d = 2 + 0.5 kpc (Durant et al. 2011). Assuming an
interstellar extinction obtained from the Ny column absorption
value observed in the X-ray data, Ay = 0.7, Durant et al. (2011)
obtained the corresponding luminosity upper bounds Lrgoew <
5% 10% ergs™! and Lgjjow < 6 x 1028 ergs™'.

We used here a similar method, i.e. computing the interstellar
extinction values for the V-band from the Ny column absorption
value observed in the X-ray data, Ny = 1.5 x 10?! cm™? (Rea
et al. 2010), and then using the empirical formula described in
Predehl & Schmitt (1995). Then we extrapolated the extinction
to the other filters by using the method delineated in Cardelli
et al. (1989). Since the FOO6W and the F110W are well ap-
proximated by the V and J-band, we obtained for the extinc-
tion values Apgoew = 0.83 and Apjjow = 0.235 respectively.
The corresponding luminosity upper bounds are, consequently,
Lrsosw < 6.82x 10?8 ergs™ and Lryjow < 3.05 x 10?8 ergs!.
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An estimate of the effective surface temperature can be ob-
tained by approximating the spectral luminosity in these bands
by the blackbody luminosity

L = 47R%0T*, (11)
where o = 5.67x107 erg cm™2 s~! K ~* is the Stefan-Boltzmann
constant. For a white dwarf of fiducial radius R = 10% cm, the
upper limits for the surface temperature, T < 9.6 x 10° K and
T < 9.2x 10° K, can be obtained for the F110W and F606W fil-
ters, replacing the upper limits for Lg; 10w and Lreoew in Eq. (11).
These bounds of the surface temperature of the white dwarf can
be improved by using the explicit dependence on the radius of
the blackbody surface temperature for each filter. The blackbody
flux at a given frequency v in the source frame is given by

2h a

N E T ol DI =1

(12)
where h, k, and v are the Planck constant, the Boltzmann con-
stant, and the spectral frequency, respectively. From this expres-
sion we can obtain the temperature as a function of the fre-
quency, the observed flux, the distance d, and radius R of the
blackbody source

- 2R\’
kl“(l + cleme)

where we used the relation between the flux in the observed and
source frames, F,qps = (R/d)* vf,.

The observed fluxes, in units of erg, cm™2, s~!, corrected
for the extinction are given by
F606W -20 —0.4 -A
FEOOW = 3.6 x 107 vpgoaw x 10704 raon=Arooow) (14)
and
Fi;é?W = 1.8% 10_20VF110W x 10_0-4(mFl]OW_AFllOW)’ (15)

where vrgoew = 5.1x 10 Hz and vpi 10w = 2.6 X 10'* Hz are the
pivot frequencies of the F606W and F110W filters, respectively.

Introducing the upper limits of the apparent magnitudes of
Durant et al. (2011) with the extinction values computed in this
work, Eq. (13) gives the upper bounds on the temperature

-1
13x 10* [In(1 + 044R)| " K, F110W

-1 , (16)
24x10* [In(1 +635R)| " K, F606W
where R is the radius of the white dwarf in units of 10® cm
and, following Durant et al. (2011), we approximated the band
integrated flux as v.F,, with v, the pivot wavelength of the
corresponding band filter.

In Fig. 2, we show the constraints on the 7-R relation ob-
tained from Eq. (16). We used the range of radii defined by the
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Fig. 2. Temperature-radius constraint given by Eq. (16). The gray region
corresponds to the possible values for the temperature and the radius of
the white dwarf. The range of radii corresponds to the one defined by
the minimum and maximum mean radius of SGR 0418+5729, which
was inferred from the white dwarf stability analysis and summarized in
Table 1.

minimum and maximum radius of SGR 0418+5729, which was
inferred from the white dwarf stability analysis and summarized
in Table 1.

Malheiro et al. (2012) obtained for a white dwarf of fidu-
cial parameters the upper limits for the white dwarf surface tem-
perature, T < 3.14 x 10*. We now improve these bounds on
the surface temperature using realistic white dwarf parameters.
From the minimum and maximum values we obtained for the
mean radius of SGR 0418+5729 (see Table 1) we obtain for the
F110W filter

43%x10° K, M= My,
Trnow < {3.2 %104 K, M= Moy, a7
and for the F606W filter

44%x10° K, M= My,
Troosw < {1.2 X104 K. M= My (18)

It is clear that these constraints are in agreement with a model
based on a massive fast-rotating highly magnetic white dwarf for
SGR 0418+5729. It is appropriate to recall in this respect some
of the observed temperatures of massive isolated white dwarfs,
1.14x10*K < T < 5.52x10* K, as shown in Table 1 in Ferrario
et al. (2005). It is also worth recalling the optical observations of
4U 0142+61 of Hulleman et al. (2000), where the photometric
results of the field of 4U 0142+61 at the 60-inch telescope on
Palomar Mountain were found to be in agreement with a 1.3 M,
white dwarf with a surface temperature ~4 x 10° K.

We show in Fig. 3 the expected optical magnitudes of a white
dwarf with surface temperature T = 10* K and radius R = 1.5 X
108 cm, located at a distance of 2 kpc. This radius corresponds
to the upper limit that is given by the gray region shown in Fig. 2
for this specific value of the temperature.

5. Swift J1822.3-1606
5.1. Bounds of the white dwarf parameters

Swift J1822.3-1606 (or SGR 1822-1606) was discovered in
July 2011 by the Swift Burst Alert Telescope (BAT). Recent
X-ray timing monitoring with Swift, RXTE, Suzaku, and

/”’4}7/<>k7H<>—’—<
280F A ]
R
~ /
S /
28.5¢ U v 1
\ ]
29.0F B 1
05 1.0 1.5 2.0
A (pum)

Fig. 3. Expected optical magnitudes of SGR 0418+5729 obtained as-
suming a simple blackbody for the spectral emission from a white dwarf
with surface temperature T = 10* K and a radius of 1.5 x 10% cm, ac-
cording to the constraints shown in Fig. 2.

XMM-Newton satellites found that SGR 1822-1606 rotates with
a period of P = 8.44 s and slows down at arate P = 9.1 x 10714
(see Rea et al. 2012, for details). The corresponding rotation
angular velocity of the source is Q = 27/P = 0.74 rads™!.
Bounds for the mass, equatorial radius, and moment of inertia
of SGR 041845729 obtained by the request of the rotational sta-
bility of the rotating white dwarf, as described in Sect. 4, are
shown in Table 2.

5.2. Solidification and glitches

The mean density of SGR 1822-1606 is in the range 2.7 x 10° <
p < 5.7x 108 g cm®. The crystallization temperature for such a
range following Eq. (4) is then in the range 5.0 X 10° K < Ty <
3.0 x 107 K, which indicates that SGR 1822-1606 will likely
behave as a rigid solid body.

For the minimum and maximum mass configurations and the
spindown rate P = 9.1 x 107!4, we obtain a lower limit for
recurrence time of starquakes,

s 2.6 x 103(AP|/P) yr, M = My, 19
q {1.1 x 10''(JAP|/P) yr, M = My, (19)

which for a typical fractional change of period |AP|/P ~ 1076
gives 6tq > 3 x 10% yr and 6tq > 10° yr for Myin and My,
respectively. The long recurrence time for starquakes obtained
in this case confirms the similarities between SGR 1822-1606
and SGR 0418+5729 as old objects with a settling down
magnetospheric activity.

5.3. Rotation power and magnetic field

Using the observed values of P and P, we obtain from Eq. (2) a
rotational energy loss

M = Max

i 1.7x10%  ergs™,
o { ol Mo (20)

79x10%  ergs!,

which amply justifies the observed X-ray luminosity of
SGR 1822-1606, Ly = 4 x 1032 erg s~!, which was obtained
assuming a distance of 5 kpc (Rea et al. 2012).
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Table 2. Bounds on the properties of Swift J1822.3-1606.

Composition Miin Minax Rlcxain R?E,ax Rmin Rmax [:&m [;x(l)ax Buin Binax
Helium 1.21 1.41 1.16 6.61 1.15 599 359 138 484 1.09
Carbon 1.17 1.39 1.05 655 1.05 593 286 1.32 487 131
Oxygen 1.16 1.38 1.08 6,53 1.08 591 305 183 580 124
Iron 0.95 1.11 221 6.11 220 553 129 094 509 0.30
Notes. The masses Mpinmax are in Mo, the equatorial Reg™™* and mean Rpyin max radii area in units of 10® cm, the moments of inertia ij;;“ and IZH™

are in units of 10*® g cm? and 10°° g cm?, respectively. The magnetic fields By, and By, are in units of 10’ G and 10° G, respectively.

The surface magnetic field of SGR 1822.3-1606, as given by
Eq. (3), is then between the values (see Table 2)

G, M = Mnin

21
G, M = Mpyx. @h

4.9 x 107
b= {1.3 x 10

Corresponding to the above magnetic fields, the electron cy-
clotron frequencies are

eB {1.4>< 10"

2mmec

Hz,
Hz,

M = My,

22
M = M, ( )

Veyce =

3.6 x 109

which correspond to wavelengths 2.2 and 0.08 um, respectively.

5.4. Optical spectrum and luminosity

Rea et al. (2012) observed the field of SGR 1822-1606 with the
Gran Telescopio Canarias (GranTeCan) within the Swift-XRT
position (Pagani et al. 2011). Three sources (S 1, $2, and S 3)
were detected with the Sloan z filter with corresponding z-band
magnitudes m,g; = 18.13 £ 0.16, m, 5, = 20.05 = 0.04, and
mys3 = 19.94 + 0.04 (Rea et al. 2012). No additional objects
were found to be consistent with the Swift-XRT position up to a
magnitude m, = 22.2 £ 0.2 30).

In addition, data from the UK Infrared Deep Sky Survey
(UKIDSS) for the field of SGR 1822-1606 were found to be
available, giving the magnitudes of the three aforementioned
sources in the J, H, and K bands; m;; = (13.92,16.62,16.43),
mp; = (12.37,15.75,15.40), and mg; = (11.62,15.20, 14.88),
where the index i indicates the values for the sources S1, §2,
and §3. In addition to S1, S2, and S3, no sources were de-
tected within the consistent position up to the limiting magni-
tudes my; = 19.3, my = 18.3, and mg = 17.3 (50).

We repeat the same analysis for SGR 0418+5729 for the case
of SGR 1822-1606. We consider only the upper limits since the
three sources reported in Rea et al. (2012), S1, S2, and S3, are
too luminous to be a white dwarf at the distance considered for
the source, d = 5 kpc. From the column density value, Ny = 7 X
10%! cm™2, we obtain an extinction in the V-band of Ay = 3.89.
From the Cardelli et al. (1989) relation, we obtain the extinction
values for the four bands considered: A, = 1.86, A; = 1.10,
Ap = 0.74,and Ag = 0.44. The extinction-corrected upper limits
do not put very strong constraints on the temperature and the
radius of the white dwarf due to the very large distance assumed
for SGR 1822-1606. We show in Fig 4 the expected extinction-
corrected magnitudes for a white dwarf with a temperature 7 =
10* K and a radius R = 1.5 x 10% cm at a distance of 5 kpc. We
obtain a very deep value for the K-band of ~30. We conclude
that, if SGR 1822-1606 is at the distance of 5 kpc assumed by
Rea et al. (2012), it will be hard to detect the white dwarf. On
the contrary, a possible detection would lead to a more precise
determination of the distance.
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Fig. 4. Expected optical magnitudes of SGR 1822-1606, assuming a
blackbody spectral emission from a white dwart with surface tempera-
ture 7 = 10* K and a radius of 1.5 x 10 cm.

6. 1E 2259+586
6.1. Bounds of the white dwarf parameters

In addition to being considered as the AXP prototype,
1E 2259+586 is the source on which Morini et al. (1988)
and Paczynski (1990) based their pioneering idea of describ-
ing AXPs as massive, fast-rotating, and highly magnetized white
dwarfs. This source is pulsating in X-rays with a period of
P = 6.98 s (Fahlman & Gregory 1981), has a spindown rate
of P =4.8x 10713 (Davies et al. 1990), and emits X-rays with a
luminosity of Lx = 1.8x10°** erg s™! (Gregory & Fahlman 1980;
Hughes et al. 1981; Morini et al. 1988). The corresponding rota-
tion angular velocity of the source is Q = 27/P = 0.90 rads~".
The obtained bounds for the mass, equatorial radius, and mo-
ment of inertia of 1E 2259+586 are shown in Table 3.

6.2. Solidification and glitches

The mean density of SGR 1822-1606 is in the range 3.9 x 10° <
5 <5.9%10% g cm™3. The crystallization temperature for such a
range following Eq. (4) is then in the range 5.7 x 10° K < Tey <
3.0 x 107 K, which indicates that SGR 1822-1606 will likely
behave as a rigid solid body.

For the minimum and maximum mass configurations and the
spindown rate P = 4.8 x 10713, we obtain a lower limit for re-
currence time of starquakes of

4.5x 107(|AP|/P M = My
5t {5>< 0'(|AP|/P) yr, 23)

1.2x 10'°(AP|/P) yr, M = My,
which for a typical fractional change of period |AP|/P ~ 107°

gives 0tq > 45 yr and 61y > 1.2 X 10* yr, for Mpi, and My,
respectively. This recurrence time for starquakes is much shorter
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Table 3. Bounds on the properties of 1E 2259+586.

Composition Miin Minax Rlcxain R?E,ax Rmin Rmax [:&m [;x(l)ax Buin Binax
Helium 1.28 1.41 1.15 594 1.15 539 356 1.12 126 230
Carbon 1.24 1.39 1.04 588 1.04 534 284 1.08 127 276
Oxygen 1.23 1.38 1.08 586 1.08 532 305 152 152 260
Iron 1.00 1.11 223 549 221 498 13.1 0.78 133 0.62
Notes. The masses Mpinmax are in Mo, the equatorial Reg™™* and mean Rpyin max radii area in units of 10® cm, the moments of inertia ij;;“ and IZH™

are in units of 10*® g cm? and 10°° g cm?, respectively. The magnetic fields By, and B,y are in units of 108 G and 10° G, respectively.

than the ones of SGR 0418+5729 and SGR 1822-1606, indicat-
ing that 1E 2259+586 is a very active source in which glitches
and outburst activity, such as those observed in 2002 (Kaspi et al.
2003; Woods et al. 2004), can occur with relatively high fre-
quency. It is interesting to note that glitches of minor intensity
|AP|/P < 1077 can be even more frequent, with recurrence times
of <4 yr.

6.3. Rotation power and magnetic field

Using the observed values of P and P, we obtain from Eq. (2) a
rotational energy loss

ol ~ 1.6x10%  ergs™!,
PET6.0x 10 ergsT!,

M = Max
24

M = My, @4
which is much larger than the observed X-ray luminosity, Lx =
1.8 x 10** ergs™!, assuming a distance of 3.2 + 0.2 kpc (Kothes
& Foster 2012).

The surface magnetic field of 1E 22594586 inferred from
Eq. (3) is (see Table 3)
B= {13 x 108 G, M= Mpypn

25
G, M = Mpyx. 25

2.8 x 10°

Corresponding to the above magnetic fields, the electron cy-
clotron frequencies are

3.6% 104
Veyee =178 % 1015

Hz,
Hz,

M = My,

26
M = My, ( )
which correspond to wavelengths 0.8 and 0.04 um, respectively.

6.4. Optical spectrum and luminosity

Using data from the Keck telescope, Hulleman et al. (2001) es-
tablished a faint near-IR counterpart of 1E 2259+586 with a
magnitude K; = 21.7 = 0.2, which is consistent with the po-
sition given by Chandra. In addition, upper limits were placed
in the optical bands R = 264, I = 25.6, and J = 23.8.
From the column density obtained by Patel et al. (2001), Ny =
9.3 +0.3x 10?! cm™2, and using again the empirical formula de-
scribed by Predehl & Schmitt (1995), we obtain the absorption
Ay = Ny/(1.79%x10?' ¢cm™2), which Hulleman et al. (2001) used
to obtain the extinction in the other bands Az = 4.3, A; = 3.1,
AJ = 1.4,A[( =0.6.

It is known that the emission in the K band, the excess in
the near-IR, is typically produced by the presence of a disk; see
for instance, Hulleman et al. (2000) for the case of 4U 0142+61
and Hulleman et al. (2001) for the present source 1E2259+586,
although both are in the context of a fallback disk around a neu-
tron star. We fit the spectrum of 1E 2259+586 as the sum of a

blackbody component

Fgp =

2h (RWD )2 v 7)

T2 \Tqg ) emieh —1°
where Rwp and T are the radius and effective temperature of the

white dwarf, and a passive, flat, opaque dust disk (see e.g., Jura
2003; Lorén-Aguilar et al. 2009)

(Rwp )\ (2kT\*7 (3 (o X3
Fdisk=12ﬂ1/30051( ZD) (3;;) (6—2)fx ——dx28)

in

where i is the inclination angle of the disk, which we assume
as zero degrees, xin = hv/(kgTin), Xin = hv/(kgTow), With Ty,
and Ty the temperatures of the disk at the inner and outer radii,
respectively. These temperatures are related to the radii Ry, and
Rou of the disk through Ty ou = (2/ 3 Y4 (Rwp /Rin,om)y aT.

The total flux is then given by Fp.aisk = Fap + Faisk. Since
we have only one point from the observational data, the flux in
the K band, it is difficult to place constraints on the spectrum
parameters. However, we can use the fact that the emission has
to respect the upper limits in the R, /, and J bands. We have
fixed the radius of the white dwarf as Rwp = 3 x 10% cm, a
value in the interval of stability of Table 3, and for the outer
radius of the passive disk we give a typical value R,y = Ro.
We found that good fitting values of the other parameters are
T =70x10*Kand Ty, = 2.0 x 10° K. In Fig. 5 we show
the observed spectrum of 1E 2259+586 in the IR, optical, and
UV bands and the composite blackbody + disk model spectrum.
The knowledge of more data besides the K band will lead to
a definite determination of the parameter of the model and to
confirmation of the white dwarf nature of 1E 2259+586.

It is worth recalling that the location of 1E 2259+586 ap-
pears to be associated with the supernova remnant G109.1-1.0
(CTB 109) whose age is estimated to be t — tp = (12—17) kyr
(Gregory & Fahlman 1980; Hughes et al. 1981). Paczynski
(1990) proposed a merger of a binary of ~(0.7—1) My white
dwarfs, which leads both to the formation of a fast-rotating
white dwarf and to the supernova remnant. Recent simulations
of (0.8-0.9 M) white dwarf mergers (see, e.g., Pakmor et al.
2010) point however to supernova events below the observed ex-
plosion energy ~7.4 x 10°° erg of G109.1-1.0 (see, e.g., Sasaki
et al. 2004). These events are not very efficient energetically.
Additionally, Malheiro et al. (2012) advanced the interesting
possibility that this system could be originated from a tight bi-
nary system composed of a white dwarf and a late-evolved com-
panion star, thus approaching the process of gravitational col-
lapse. The collapse of the companion star, either to a neutron
star or to a black hole, leads, to mass loss which can unbind
the original binary system. If the loss of mass in the supernova
explosion is Mjoss < M/2 with M the total mass of the binary
(see, e.g., Ruffini 1973), the system holds bound and the object
will therefore lie close to the center of the supernova remnant.
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Fig. 5. Observed and fitted spectrum of 1E 2259+586. The filled circle
is the observed flux in the K band, and the triangles are the upper limits
in the R, I, and J bands. The parameters of the blackbody+disk spec-
trum are Ryp = 3.0 x 108 cm, T = 7.0 x 10* K, T3, = 2.0 x 10° K,
and R, = Ry. The blue-dashed curve is the contribution of the disk
and the red-dashed curve is the contribution from a pure blackbody.
The total spectrum is represented by the solid black curve.

Both explanations are interesting and deserve further investiga-
tion. These two scenarios may well explain the presence of a disk
of material around the white dwarf, either as material expelled
from the white dwarf binary merger (see, e.g., Lorén-Aguilar
et al. 2009) in the scenario of Paczynski (1990) or as material
coming from the supernova explosion, which is captured by the
white dwarf in the scenario of Malheiro et al. (2012). As we
have seen, the presence of such a disk explains the emission in
the near-IR observed in sources such as 4U 0142+61 (see, e.g.,
Hulleman et al. 2000) and in the present case of 1E 2259+586.

7. Concluding remarks

We have described SGR 0418+5729, Swift J1822.3-1606, and
1E 2259+586 as massive, fast-rotating, highly magnetized white
dwarfs. The reasons for the choice of these three sources are
twofold: 1) the observations of SGR 0418+5729 (Rea et al.
2010), P = 9.08 and P < 6.0 x 107!3, and more recently the
ones of Swift J1822.3-1606 (Rea et al. 2012), P = 8.44 s and
P = 9.1 x 107, challenge the description of these sources
as ultramagnetized neutron stars, as required by the magnetar
model; 2) 1E 2259+586 is considered the AXP prototype with
very good observational data, including the best example of the
glitch-outburst connection (see, e.g., Woods et al. 2004). In ad-
dition, it represents a historical object, being the one analyzed by
Morini et al. (1988) and Paczynski (1990), where the canonical
description based on white dwarfs was proposed.

We have shown that SGR 0418+5729 and Swift J1822.3-
1606 are in full agreement with massive, fast-rotating, highly
magnetized white dwarfs. We have improved the white dwarf
parameters given by Malheiro et al. (2012) for these sources
and also for 1E 2259+586. From an analysis of the rotational
stability of Boshkayev et al. (2013), we have given bounds for
the mass, radius, moment of inertia, and magnetic field of these
sources; see Tables 1-3 for details.

We have improved the theoretical prediction of the lower
limit for the spindown rate of SGR 0418+5729, for which only
the upper limit, 2 < 6.0 x 107, is currently known (Rea et al.
2010). Based on a white dwarf of fiducial parameters, Malheiro
et al. (2012) predicted for SGR 0418+5729 the lower limit P >
1.18 x 107!, Our present analysis, which is based on realistic,
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general relativistic, rotating white dwarfs allows us to improve
this prediction; see Eq. (10) in Sect. 4.4 for the new numeri-
cal values. In the case of a white dwarf close to the critical mass,
this new lower limit gives a very stringent constraint on the spin-
down rate of SGR 0418+5729, P =4x 1070 < P < 6 x 10715,
which we submit for observational verification. Indeed, after the
submission of this work, Rea et al. (2013) reported the confir-
mation of the spindown rate of SGR 041845729, P = 4 x 10713,
at 3.5 sigma confidence level. This measurement fully confirms
the results of Malheiro et al. (2012), see Eq. (1), as well as the
more stringent constraints presented in this work, see Eq. (10).
Since these constraints are presented in advance to the observa-
tions, they have to be considered as predictions. This fact clearly
represents an observational support for the white dwarf model of
SGRs/AXPs.

Along these lines it is worth mentioning the recent discus-
sions on the high uncertainties and different results claimed by
different authors on the value of the first period time deriva-
tive of Swift J1822.3-1606 (see Tong & Xu 2012 and references
therein for details). Here we have used the value reported by
Rea et al. (2012). However, it would also be interesting in this
case to put a theoretical lower limit with the white dwarf mode.
Using Lx = 4 x 10°? ergs™! at a distance of 5 kpc (Rea et al.
2012), we obtain a lower limit P > Lx P3/(4n*]) = 2.13 x 10713
for a 12C white dwarf close to its maximum mass; see Table 3.
Indeed, this limit bounds from below all the observationally
claimed spindown rates for this source known up to now.

We gave in Egs. (9), (22), and (26) an additional predic-
tion of the frequencies at which absorption features could be
present in the spectra of SGR 0418+5729, Swift J1822.3-1606,
and 1E2259+586, respectively, as a result of the scattering of
photons with electrons whose energy spectrum is quantized due
to the magnetic field. The range we obtained for such frequen-
cies falls between the infrared and UV bands. It is important to
remark that magnetic fields in white dwarfs ranging from 10’ G
up to 10° G are routinely observed; see, e.g., Kiilebi et al. (2009),
Kiilebi et al. (2010a), Kepler et al. (2010), and very recently
Kepler et al. (2013), where from the Data Release 7 of the Sloan
Digital Sky Survey, white dwarfs with magnetic fields in the
range from around 10° G to 7.3x10% G have been found from the
analysis of the Zeeman splitting of the Balmer absorption lines.
Deep photometric and spectrometric observations in the range of
cyclotron frequencies predicted in this work are therefore highly
recommended to detect possible absorptions and line-splitting
features in the spectra of SGRs and AXPs.

We have presented the optical properties of SGR 0418+
5729, Swift J1822.3-1606, and 1E 2259+586, as expected from
a model based on white dwarfs. We inferred the surface temper-
ature and predicted the emission fluxes in the UV, optical, and
IR bands. We have shown that indeed the available observational
data are consistent with a white dwarf model for these objects. In
the particular case of 1E 2259+586, the observed excess in the
near-IR is explained by the presence of a disk of dust around the
white dwarf. Such a disk might be the result of material expelled
during the merger of a white dwarf binary progenitor (Paczynski
1990; Rueda et al. 2013) or as the result of material from the
supernova explosion of an evolved star companion of the white
dwarf in the binary scenario proposed by Malheiro et al. (2012)
for the SGR/AXP-supernova connection.

It is important to discuss briefly the persistent X-ray emis-
sion of SGRs/AXPs. The time integrated X-ray spectrum is often
well described by a composite blackbody + power-law model
with temperatures of the order of kg7gg ~ 0.1 keV (see, e.g.,
Gohler et al. 2005). Such a blackbody component corresponds


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220819&pdf_id=5

K. Boshkayev et al.: SGR 041845729, Swift J1822.3-1606, and 1E 2259 as white dwarfs

to temperatures Tgg ~ 10° K, which are higher than the sur-
face temperature of a white dwarf (i.e., such as the ones pre-
dicted in this work). This clearly points to an X-ray emission
of magnetospheric origin, and so this blackbody temperature of
the X-ray spectrum is not to be associated with the white dwarf
effective temperature (see, e.g., Malheiro et al. 2012). A possi-
ble mechanism for the X-ray quiescent emission from a magne-
tized white dwarf was underlined by Usov (1993): the reheating
of the magnetosphere owing to the bombardment of the back-
ward moving positrons, which were created in the pair cascades
formed in the interaction of the high-energy photons with the
ultra-relativistic electrons. As shown by Usov (1993) in the spe-
cific case of 1E 2259+586, such a reheating of the polar caps is
able to produce a stable X-ray luminosity Lx ~ 10* erg s™!, in
agreement with observations.

A well-known observational problem of SGRs and AXPs is
the uncertainty in the estimation of the distances of the sources
(see, e.g., Kothes & Foster (2012) for a critical discussion on the
distance of 1E2259+586). These uncertainties strongly affect the
estimates of the interstellar reddening Ay, which are crucial for
the precise calculation of the source properties and therefore for
a clear identification of the nature of the compact object. Deeper
observations of Hubble and VLT are thus strongly recommended
to establish the precise values of the luminosity in the optical and
in the near-IR bands, which will verify the white dwarf nature of
SGRs and AXPs.

We encourage future observational campaigns from space
and ground to verify all the predictions presented in this work.
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