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ABSTRACT

The anomalous X-ray pulsars (AXPs) and soft y-repeaters (SGRs) are peculiar high-energy
sources believed to host a magnetar, an ultramagnetized neutron star with surface magnetic
field in the petagauss range. Their persistent, soft X-ray emission exhibits a two component
spectrum, usually modelled by the superposition of a blackbody and a power-law tail. It has been
suggested that the ~1-10 keV spectrum of AXPs/SGRs forms as the thermal photons emitted
by the cooling star surface traverse the magnetosphere. Magnetar magnetospheres are, in fact,
likely different from those of ordinary radio pulsars, since the external magnetic field may
acquire a toroidal component as a consequence of the deformation of the star crust induced by
the superstrong interior field. In a twisted magnetosphere, the supporting currents can provide
a large optical depth to resonant cyclotron scattering. The thermal spectrum emitted by the star
surface will be then distorted because primary photons gain energy in the repeated scatterings
with the flowing charges, and this may provide a natural explanation for the observed spectra.
In this paper we present 3D Monte Carlo simulations of photon propagation in a twisted
magnetosphere. Our model is based on a simplified treatment of the charge carrier velocity
distribution which however accounts for the particle collective motion, in addition to the thermal
one. The present treatment is restricted to conservative (Thomson) scattering in the electron
rest frame. The code, none the less, is completely general and inclusion of the relativistic
quantum electrodynamical resonant cross-section, which is required in the modelling of the
hard (~20-200 keV) spectral tails observed in the magnetar candidates, is under way. The
properties of emerging spectra have been assessed under different conditions, by exploring
the model parameter space, including effects arising from the viewing geometry. Monte Carlo
runs have been collected into a spectral archive which has then been implemented in the X-ray
fitting package XSPEC. Two tabulated XSPEC spectral models, with and without viewing angles,
have been produced and applied to the 0.1-10 keV XMM-Newton EPIC-pn spectrum of the
AXP CXOU J1647—4552.
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1 INTRODUCTION

Over the last few years, increasing observational evidence has gath-
ered in favour of the existence of ‘magnetars’, i.e. neutron stars (NSs)
endowed with an ultrastrong magnetic field (B ~ 10'4-10" G),
much higher than the critical threshold at which quantum electro-
dynamical (QED) effects become important (Bei; ~ 4.4 x 10" G).
The existence of these objects has been first proposed in the early
1990s by Duncan & Thompson (1992) and Thompson & Duncan
(1993), who suggested that, soon after the core collapse following

*E-mail: nobili@pd.infn.it (LN); turolla@pd.infn.it (RT); sz@mssl.ucl.
ac.uk (SZ)

© 2008 The Authors. Journal compilation © 2008 RAS

the supernova explosion, convective motions can strongly amplify
the seed magnetic field via helical dynamo action. The magnetar
model, initially developed to describe the phenomenology of the
so-called soft y-ray repeaters (SGRs), namely the emission of
strong bursts, the fast spin period evolution and the persistent
X-ray luminosity, is currently believed to successfully reproduce
the properties of another class of peculiar NSs, the anomalous
X-ray pulsars (AXPs). Although alternative models, invoking ac-
cretion from a fossil disc, are not completely ruled out by observa-
tions as yet (see e.g. van Paradijs, Taam & van den Heuvel 1995;
Chatterjee, Hernquist & Narayan 2000; Perna, Hernquist & Narayan
2000), the recent detection of SGR-like bursts from five AXPs
(Gavriil, Kaspi & Woods 2002; Kaspi et al. 2003; Woods et al. 2005;
Kaspi & Gavriil 2006; Krimm, Barthelmy & Campana 2006) has
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strengthened the connection between the two groups and pushed
forward the interpretation of AXPs as magnetars.

Both classes of sources, SGRs and AXPs, are characterized by
spin periods in a narrow range (512 s), a typical persistent X-ray
luminosity of ~10**~10° ergs~!, no evidence for Doppler shifts
in the light curve, lack of bright optical companions (favouring an
interpretation in terms of isolated objects), and a spin-down in the
range 107*~10"°ss~!. In particular, the magnetar scenario ap-
pears promising in providing an alternative mechanism (namely the
ultrastrong magnetic field) to power their high X-ray luminosity,
which cannot be otherwise explained in terms of more conventional
processes, as accretion from a binary companion or injection of
rotational energy in the pulsar wind/magnetosphere. Besides, mea-
surements of period and period derivative, assuming that spin-down
is associated to magnetodipolar losses, are strongly suggestive of
the presence of an ultrastrong magnetic field, B > B;.

The soft X-ray spectra of AXPs are generally well described by
a two component model, consisting of a blackbody with kT ~ 0.4—
0.5keV, and a power law with photon index 2 S T < 4 (e.g. Woods
& Thompson 2006, and references therein). In some cases, SGRs
spectra have been fit with a single power-law component, but recent
deep observations showed that, also for these sources, a blackbody
component is often required (Mereghetti et al. 2005b, 2006). Despite
the fact that the blackbody plus power-law model has been routinely
applied to magnetar candidate spectra for several years, attempts to
provide a physical interpretation for these two components have just
begun.

Recently it has been proposed that this phenomenological spec-
tral model mimics a situation in which soft seed photons emerg-
ing, for instance, from the NS surface are boosted to higher ener-
gies by efficient resonant cyclotron scattering (RCS) from magne-
tospheric charged particles, leading to the formation of a power-law
high-energy tail. The basic idea has been discussed by Thompson,
Lyutikov & Kulkarni (2002) (hereafter TLK), who suggested that
a possible difference between SGRs/AXPs and standard radio pul-
sars is that in the former the internal magnetic field is highly twisted,
up to ~10 times the external dipole. Stresses imparted to the star
crust by the strong toroidal component of the internal magnetic field
cause the crust to deform. This produces, in turn, a displacement of
the footpoints of the external magnetic field lines with the net result
that, at intervals, the external (initially dipolar) field may acquire
a toroidal component, i.e. it may twist up as well. Twisted mag-
netospheres are threaded by currents, substantially in excess of the
Goldreich—Julian current. As shown by TLK, charge carriers may
provide large optical depth to RCS so that soft (thermal) photons
produced at the star surface gain energy through repeated collisions
with the moving charges. Since the electron distribution is spatially
extended, and the resonant cross-section depends on the local value
of B, it is expected that repeated scatterings lead to the formation
of a high-energy tail, instead of a narrow cyclotron line. At least
qualitatively, this scenario may also explain the correlation between
spectral hardening, luminosity and increase in bursting/glitching ac-
tivity that has been recently discovered in the long-term evolution
of a few sources (Rea et al. 2005; Mereghetti et al. 2005b; Campana
et al. 2007).

The problem of computing the X-ray spectrum emerging from
twisted magnetospheres has been previously tackled using a simpli-
fied 1D approach by Lyutikov & Gavriil (2006), and a systematic
application to X-ray data has been presented by Rea et al. (2008) (see
also Rea et al. 2007a). More recently, 3D Monte Carlo calculations
have been presented by Fernandez & Thompson (2007), although
these spectra have never been applied to fit X-ray observations. Both

these investigations treat RCS in the non-relativistic regime, and ne-
glectelectronrecoil, i.e. use the resonant cross-section in the particle
frame in the (magnetic) Thomson limit.

Interestingly, thanks to INTEGRAL, ithas been recently found that
AXPs and SGRs exhibit very hard high-energy tails (I" ~ 1) which
can extend up to ~200 keV (Revnivtsev et al. 2004; Mereghetti et al.
2005a; Molkov et al. 2005; den Hartog et al. 2006; Gotz et al. 2006;
Kuiper et al. 2006). This discovery come somewhat as a surprise,
being the persistent spectra of these sources below ~10 keV rather
soft, and changed our view of magnetars, suggesting that their lumi-
nosity might well be dominated by the hard, rather than soft, X-ray
component. The origin of such high-energy tails is presently un-
clear, but, again, most of the scenarios proposed so far invoke emis-
sion from magnetospheric particles. Quite recently, Thompson &
Belobodorov (2005) discussed how soft y-rays may be produced in
a twisted magnetosphere, suggesting two different mechanisms: ei-
ther thermal bremsstrahlung emission from the surface region heated
by returning currents, or synchrotron emission from pairs created
higher up (~100 km) in the magnetosphere. However, an alternative
possibility is that the high-energy tails are again created by resonant
magnetic Compton up-scattering of soft X-ray photons. In order to
boost efficiently soft photons up to a few hundred keV, scattering
must occur off a non-thermal population of relativistic electrons
(or pairs), possibly located close to the stellar surface (Baring &
Harding 2007). A quantitative calculation of the expected spec-
tra, which necessarily requires a correct description of relativistic
effects, has not been put forward as yet.

In this paper, the first in a series devoted to investigate the X-ray/
soft y-ray persistent spectrum of magnetar candidates, we lay out
the physical bases of our model and present a Monte Carlo code
which is used to follow the spectral modifications as the soft seed
photons get progressively up-scattered in the magnetosphere of an
ultramagnetized NS. Our present goal is to test, by direct compar-
ison with observations, if RCS spectra are capable of accounting
for the observed properties of the soft X-ray emission (<10 keV)
of SGRs/AXPs. To this end, we adopt a non-relativistic (Thom-
son) description for the scattering process. However, the numerical
scheme is completely general and is explicitly designed to incorpo-
rate the fully QED cross-sections and to deal with more complex
magnetic configurations. The former, together with an application
to the hard X-ray tails detected by INTEGRAL, will be the scope
of forthcoming papers (Nobili, Turolla & Zane, 2008). In many re-
spects the present investigation follows an approach similar to that of
Fernandez & Thompson (2007), and we will refer to this paper for
some useful expressions. The two treatments, however, differ in a
number of ways. In particular, the present model includes the an-
gular and frequency dependence of seed photons in a more general
way and a different prescription for the current velocity distribu-
tions. Differences and similarities between the two methods will be
discussed along the paper, when relevant.

The paper is organized as follows. In Section 2 we lay out and
scrutinize the physical bases of our model. The Monte Carlo method
and its coding is described in Section 3, while in Section 4 we present
the computed spectra and discuss their properties. The implemen-
tation in XSPEC of our model is described in Section 5 where also a
preliminary fit is reported. Discussion follows in Section 6.

2 THE MODEL

In this section we discuss in some detail the main ingredients used in
our computation of the soft (~0.1-10 keV) X-ray spectrum emitted
by magnetar candidates.

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527—-1542
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2.1 External magnetic field geometry

The first ingredient of our computation is a prescription for the
magnetic field geometry. Monte Carlo techniques are suitable for
handling complicated 3D configurations, and our code is completely
general from this point of view. However, for the sake of simplicity,
in this paper we restrict ourselves to the axially symmetric twisted
magnetosphere configurations studied by TLK, in which case the
(numerical) solution of the magnetostatic, force-free equilibrium is
straightforward. Accordingly, we report here only those expressions
that are needed to facilitate the reading of this paper, and refer to
TLK for all details.

The starting point is the force-free equation j xB = 0 where
j and B are the current and the external field, respectively. Under
the assumption of axial symmetry, this equation can be written as
V x B = a(P)B with P = P(r, 0) the flux parameter. A ma-
jor simplification arises by restricting to self-similar configurations,
P = Por~? F(cos 6), in which case the problem reduces to the solu-
tion of a second-order eigenvalue differential equation for F(cos6),
that can be solved numerically for each value of the parameter
0 < p < 1. The latter univocally fixes the magnetic configuration,
a part for a scale factor By (see below). The boundary conditions
are chosen in such a way that the resulting axially symmetric con-
figuration corresponds to a core-centred, twisted, dipolar field (see
Section 6 for a discussion). The polar components of the magnetic
field are then (see again TLK for all details)

2+
5 _ B (@) " dF

2 r dcos6
2
Bp()le RNS +p pF
e
2 r sin 0
12
C
By =By | ———| F'7, 0]
p(l+p)

where the constant C is an eigenvalue which depends on p only, Rns
is the NS radius and By is the value of the magnetic field at the
pole. The net twist angle is defined as

Tt/2
B, do
Ady_s = lim 2 =0
00—0 Jo By sinf
and is a function of the parameter p. As a consequence, either p or
A¢y_s can be used to label each model in the sequence.

@

2.2 Magnetospheric currents

Once the magnetic structure is known, in the force-free approxima-
tion the spatial density of the magnetospheric particles is automati-
cally fixed by

_p+l ﬂ B
ne. B = <Be>r|<ﬂ>|’ ®

where () is the average charge velocity (in units of c; see below).
The above expression gives the corotation charge density of the
space charge-limited flow of ions and electrons from the NS sur-
face, that, due to the presence of closed loops in a twisted field, is
much larger than the Goldreich—Julian density, ngy. Moreover, it is
important to note that, while a space charge-limited flow with n =
ngy requires currents flowing in opposite directions from the two
poles, for the case at hand there is a well-defined flow direction
which is the same from north to south. This breaks the symmetry
between the two star hemispheres, and implies that the observed
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spectrum will be different when viewed from the north or the south
pole. Clearly, because of charge neutrality, the electron current must
be balanced by ions flowing in the opposite direction. However, ions
are heavier; they are not lifted much in the magnetosphere and tend
to move closer to the star surface. Photons may scatter off ions,
but this is likely to give rise at most to a narrow absorption feature
at the ion cyclotron energy (see TLK and Fernandez & Thompson
2007). For this reason, the ion current is not considered here, to-
gether with pair creation, that can further complicate the relation
between charge and current density by introducing bidirectional
flows (see Section 6 for a discussion). In a genuinely static twist
(0B/0t = 0) the electric and magnetic fields are orthogonal. This
implies that the voltage drop between the footpoints of a field line
vanishes since E; = 0, so that there is no force that can extract
particles from the surface and lift them against gravity thus initi-
ating the current jz = ¢V x B/47 requested to support the twist.
However, as discussed in Beloborodov & Thompson (2007), once
implanted, the twist has necessary to decay precisely to provide the
potential drop required to accelerate charges. A non-vanishing E
is maintained by self-induction and the twist evolution is regulated
by the balance between the conduction current j and jg, 0E) /0t =
4m(jp — j). If j < jp the magnetosphere becomes charge starved
and E| grows at the expenses of the magnetic field, injecting more
charges into the magnetosphere. On the other hand, when j > jp the
field decreases reducing the current. The magnetosphere is then in
dynamical (quasi-)equilibrium with j ~ jz over a time-scale < Zgecay,
where f4.cay ~ a few years is the twist decay time (Beloborodov &
Thompson 2007).

The second key ingredient is the velocity distribution of the mag-
netospheric charges. This is a crucial and still largely unexplored
issue (see however Beloborodov & Thompson 2007, and Section 6).
Nevertheless, in a strong magnetic field the electron distribution is
expected to be largely anisotropic: e stream freely along the field
lines, while they are confined in a set of cylindrical Landau levels
in the plane perpendicular to B. In order to mimic such scenario,
we assume a 1D Maxwellian distribution at a given temperature 7,
superimposed to a bulk motion with velocity vy, as measured in
the stellar frame. The (invariant) distribution function turns out to
be

e _ 1 0CVO) e vh). )
d(yp) 2K(1/0¢)
where ¥’ = ¥ Vpu(l = BBoui), Oc = kT./mec?, K is the modified
Bessel Function of the first order and f. = y ~*n_! dn./dp is the
momentum distribution function. We consider T, and Buukx = Vbuk /¢
as free parameters in our model, and, although this is definitely a
simplification, we assume that both do not depend on position. This
expression differs from that used by Fernandez & Thompson (2007)
(their equation 19) inasmuch they do not include the effects of col-
lective (bulk) velocity (which is necessary to reproduce the current
flow), but only those of the e~ local velocity distribution (either
thermal, as in the present case, or non-thermal). In other words,
we assume that electrons move isothermically along the field lines
but, at the same time, they receive the same boost from the electric
field. Even in the lack of any detailed information about the charge
accelerating mechanisms, we consider our choice more realistic.

2.3 Scattering cross-sections

Scattering off free electrons in the presence of a strong magnetic field
has been extensively treated in the literature. The non-relativistic
(B < B.i) expressions for the scattering cross-sections in the Thom-

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527-1542
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son limit (i.e. neglecting electron recoil) were derived by Ventura
(1979) (see also Mészaros 1992). The complete QED Compton
cross-sections have been presented by Herold (1979), Daugherty
& Harding (1986) and Harding & Daugherty (1991). The scatter-
ing cross-section depends on the incident photon polarization state
and, in general, it must be computed by summing over the (infinite)
virtual intermediate Landau states. Moreover, proper account has to
be made for the electron spin transition and for the possibility that
scattering leaves the electron in an arbitrary excited state (Raman
scattering). This leads to quite cumbersome expressions (see
e.g. Harding & Daugherty 1991), even if one restricts to the resonant
part of the completely differential cross-section. On the other hand,
under the typical conditions expected in a twisted magnetosphere,
soft photons (iw ~ 1 keV) will undergo resonant scattering when
o ~ wp and this happens only where the field has decayed to a value
10" G « B Electron recoil starts to be important when the
photon energy in the electron rest frame (ERF) becomes comparable
to the electron rest energy. If y is the mean electron Lorentz factor,
this occurs at typical energies ~ m, ¢?/y . Assuming mildly relativis-
tic particles, the previous limit implies that conservative scattering
should provide good accuracy up to photon energies of some tens of
keV. This, together with the fact that resonant scattering occurs in
regions where B < B.j;, makes the use of the (much simpler) non-
relativistic (Thomson) cross-section adequate. We anticipate here
that, albeit supported by physical considerations, this provides only
a zeroth level description and a more thorough treatment demands
for the full QED cross-section, as it is discussed in more detail later
on (see Section 6). A further simplification arises because, under
the typical conditions encountered in the magnetosphere, vacuum
polarization dominates over plasma effects. In this situation, the two
(ordinary and extraordinary) normal modes are linearly polarized.
Since radiative de-excitation occurs on a very short time-scale,
one can safely assume that the electron is initially in the ground state.
For a particle initially at rest, the non-relativistic scattering cross-
sections at resonance are easily derived from the general expression
given e.g. by Herold (1979) by performing the substitution

1 1
— 9
(w—wp)* +T?%/4

(0 — wp)? ©
where I' = (4e’w3)/(3m. ¢*) accounts for the finite transition life-
time of the excited state (e.g. Daugherty & Ventura 1978; Ventura
1979). Since in the present case it is hwp >~ hiw ~ 1 keV, the reso-
nance peak is so narrow and prominent that non-resonant contribu-
tions to the cross-section are negligible. One can therefore take the
limit
. r
pir}) —(w T 2m8(w — wpg) (6)

which results in

j;/ o 37:;065(0) — wg)cos® O cos” O,

j;’ 2 37;’068((0 — wp) cos’ 0,

do 37trC

|, = g @ on).

j;z/ T 372;005(60—a)B)cos2 0, (7

where 0 (0’) is the photon angle before (after) the scattering and r
is the classical electron radius. Here and in the following the index
1 (2) stands for the ordinary (extraordinary) mode.

Upon normalization, the previous expressions give the probability
that an incident photon with polarization state i and direction 0

is scattered at angle 6’ with polarization state j. The total cross-
sections for separated processes are easily computed by integrating
the previous expressions over all outgoing photon angles

, do TroC
ol_ = dQ = —8(w — wp)cos* b,
4t dQ [1-1 2
4 do 37Tr0c8( )cos? 0
012 = = w — wp)Ccos~ 0,
o an 42 2 i
do 37roC
o= dq’ = 8w — wp),
722 /m a ).~ 2 @
d U
o1 = / A2 = T — wp). ®)
an dQ [2—1 2

The total cross-section for scattering of an incident ordinary (ex-
traordinary) photon is obtained by summing the first (second) pair
of expressions in equation (8). Finally, in order to determine the
photon direction after scattering (i.e. the two angles 6, ¢’) in the
Monte Carlo code, the following integrals are required

1
/ / g 8 _ly
o dsz/,j 2
d ! = d !
011 dQ/ (721 dQ’
= —(1 —cos*0)
L [l [
012 dQ, 022 dQ,
— L1 coser ©)
2( cosf’)

2.4 Photon propagation in the magnetosphere

The scattering cross-sections discussed in Section 2.3 hold in the
ERF. In particular, both the photon (w) and the cyclotron (wp) fre-
quency entering expressions (7)—(9) are evaluated in the ERF. In the
case of a charge moving with velocity v = 8 ¢ and Lorentz factor y
with respect to a frame attached to the star, the total cross-sections
(equation 8) take the form

1 Troc 5
Ol-1 = ;012 = 8(w — wp)cos” O

3 2

3m%ryc
022 = 3001 = ————8(w — wp), (10)
where
wp
Wp =" oy (11)
YTy -Bw

0 is the angle between the incident photon direction and the particle
velocity as measured in the ERF and pu is the cosine of the same
angle but measured in the stellar frame. The latter two quantities are
related by the usual transformation

n—p
1—Bu
Since particles are moving along B, the magnetic field is unaffected
by the Lorentz transformation, and the value of B as measured in
the stellar frame can be used to compute the cyclotron frequency wg

in the ERF. It is worth stressing that w in equation (10) is now the
photon frequency in the stellar frame.

cosf = (12)

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527—-1542
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The scattering optical depth for a photon which travels a distance
d¢ in the magnetosphere is

Brmax

dr;; = de / dBn.r)y’(1 — Bwo(w,r, B for, vB),  (13)
Bmin

where the factor 1 — B appears because of the change of reference

between the ERF and the stellar frame, n, is the (velocity integrated)

particle density and f; is the (normalized) momentum distribution

as defined in equations (3) and (4).

The indices i and j refer to the initial and final photon polarization
states and [ Bmin, Bmax] 18 the charge velocity spread. As pointed out
by Fernandez & Thompson (2007), the integral in equation (13) can
be readily calculated by exploiting the §-function in the scattering
cross-section. Denoting by

1
W[Mi%\/ (wg/w)* + > —1 (14)

the two roots of the quadratic equation w = wp, the §-function in
frequency can be transformed into a §-function in velocity

st -0 = 3" Uy

k12

/31,2 =

wp 1
= — —8(B — Bu)- 15
o 2 Al B - B (15)

Accordingly, the total scattering depth can be expressed as

dry = dri_y +dti_o = 270rc nea)g de |M l;”) Jer, viBe)
=12
(16)
and
newB (1 = uB)
do, = doy +doy = 2 rec——de Z —y Jer, viBe)
k=1,
(17)

for photons initially in the polarization states 1 and 2, respectively.
These expressions are analogous to those derived by Fernandez &
Thompson (2007), although their equation (33) seems to contain
an error. The spatial distribution of charged particles n. depends, in
fact, on their average velocity, i.e. the speed at which charge carriers
flow, and not on the velocity of the single particle. For this reason r,
is not evaluated at 8 = f;, but at (8) which is, in general, a function
of position (see also Section 2.2). Moreover, their equation (13)
contains an unexpected factor wp in place of wg. The reason for this
is obscure since the ratio wp /B turns out to be independent of both
the magnetic field and photon energy.

Once the initial photon polarization, energy and direction have
been fixed, equation (16) or (17), is integrated along the photon path
until a scattering occurs (see Section 3.2). Although general rela-
tivistic effects are certainly important, here we restrict ourselves to
Newtonian gravity and assume that photons move along straight
lines between two successive scatterings. Proper inclusion of null
geodesics in a Schwarzschild space—time, albeit conceptually sim-
ple, turned out to be computationally quite costly and we decided to
dismiss it. As it is apparent from equation (15), resonant scattering
may occur only when the roots B are real, i.e. only if (wg/w)> +
u? —1>0. Since wg depends (through B) on position alone, at ev-
ery point in the magnetosphere the previous condition discriminates
those pairs of photon energy and angle for which scattering is pos-
sible (Fernandez & Thompson 2007). In case the particle velocity
is always of a given sign (charge carriers all positive or negative),
only the roots B, with the same sign are meaningful. If there exist

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527-1542
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two roots with the right sign (i.e. both are positive or negative), the
criterion for selecting on to which particle (the one with velocity 8,
or f,) the photon actually scatters is discussed in Section 3.2.

2.5 Seed photon distribution

Primary photons are assumed to be emitted by the cooling surface of
the NS. Although, up to now, no detailed model for surface emission
from a magnetar has been presented, it seems unlikely that the spatial
and energy distribution of the surface-emitted photons are the same
as in ordinary cooling NSs. In particular, being the surface heated by
returning currents (e.g. TLK), the surface temperature is expected
to be inhomogeneous (with the equatorial belt hotter than the polar
regions) and itis unclearif a standard (i.e. in hydrostatic and radiative
equilibrium) atmosphere can be present on the top of a magnetar
(see however Giiver, Ozel & Lyutikov 2006; Giiver, Ozel & Gogiis
2008).

On the wake of this, in order to keep our treatment as general
as possible, we do not prescribe an a priori surface temperature
distribution (see Section 3.1). In the present version of the code, the
initial energy distribution is taken to be Planckian for both ordinary
and extraordinary photons, although other spectral distributions can
be easily accommodated. Different degrees of polarization of the
primary spectrum can be then obtained adding together, in different
proportions, ordinary and extraordinary blackbody photons. Since
the non-isotropic opacity of the stellar crust might convey radiation
in a preferred direction, we introduce a beaming parameter b > 1
such that the specific intensity at the star surface takes the form

2
1 w

exp(hw/kT) — 1’
where p is the cosine of the angle between the initial photon di-

rection and the magnetic field. For b = 1 the radiation is emitted
isotropically in the outward hemisphere.

ny(w) oc u”” (18)

3 THE MONTE CARLO METHOD

The code is structured into four main blocks, as outlined below. In
the first thermal photons are emitted from the stellar surface, in the
second the program evaluates the optical depth of the photon as it
propagates through the magnetosphere, while the third is finalized
to solve the kinematics of the electron—photon scattering. Finally,
escaping photons are stored. Each block is briefly described in the
following.

3.1 Photon emission

Because of the intrinsic asymmetry of the model, the observed spec-
trum depends on both the shape, and the (longitudinal) position of the
emitting region on the star surface, and the viewing direction. More-
over, as mentioned above, the star surface temperature distribution
may not be isotropic. To account for these effects, the star surface is
divided into Ng X N¢ zones by means of an equally spaced cos ©®
and ® mesh, where ® and ® are the magnetic colatitude and longi-
tude. This choice guarantees that all patches have the same area, so
that the number of emitted photons depends only on the patch tem-
perature (i.e. patches at the same temperature emit the same number
of photons). A different temperature may be attached to each sur-
face patch in such a way to reproduce (up to the accuracy allowed
by the finite mesh resolution) any kind of thermal surface map.

Initially we fix the coordinates of an emitting patch and assign
a value for the polarization state s of each seed photon, i.e. s =
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1 for the ordinary mode or s = 2 for the extraordinary mode. All
photons are emitted at the patch centre P. Then, a photon is extracted
at random from the distribution (18). We assume that the initial
photon angles are such that the azimuth (as referred to B in P)
is uniformly distributed while & = cos 6p is obtained solving the
equation u = (U »), where Up is an uniform deviate and b is the
beaming parameter introduced in equation (18). The coordinates of
the emission point and the initial momentum univocally determine
the ray along which the photon moves.

Actually, after experiencing scattering(s), some photons will
reach the star surface again. Their number is fairly limited, since
scattering typically occurs at a distance R, of a few stellar radii.
The star disc, as seen from the last scattering point, subtends a solid
angle ~(Rys/R.)* < 0.1, and this is also an upper limit to the
fraction of photons which are scattered back on to the star surface.
Numerical simulations show that the actual value is quite smaller,
<1 per cent. We assume that all photons impinging on the surface
are absorbed (regardless of their polarization state).

3.2 Scattering depth

In a Monte Carlo scheme the distance £ a photon of polarization
state s travels between two successive interactions (i.e. emission—
scattering or scattering—scattering) is estimated by integrating the
scattering depth dr given by equations (16) and (17) until

4
Q:/dﬁ:%ﬂk (19)
0

where U is an uniform deviate. Direct numerical evaluation of the
integral (19) proved, however, quite time consuming, and we found
more efficient and faster to perform a stepwise integration the dif-
ferential equations (16) and (17) using a fourth-order Runge—Kutta
method. Integration is terminated as soon as the value of the optical
depth exceeds — In U and a linear interpolation between the last two
steps is used to determine with better accuracy the value of £ where
Ts=—InU.

At each integration step we check if the photon still lies in the
region of the (wg/w, u) plane where resonant scattering is allowed,
ie. if @3/@* + u* — 1 > 0 (see Section 2.4). When the previous
inequality is found to hold no more, we further check if the photon
trajectory is bound to bring it back into the scattering permitted
region or not. This is achieved by computing numerically the tangent
to the photon path [in the (wp /@, 1) plane] where w3 /w® + u? —
1 ~ 0 and checking if it lies in between the two limiting values
(u £ 1)/(wp/w). If not, the photon is taken to freely escape to
infinity [see also fig. 1 of Fernandez & Thompson (2007)]. The
values of the energy and direction of the photon are then stored, the
program returns to step 1, and a new seed photon is emitted.

3.3 The scattering process

Assuming that equality v, = —In U is verified at some distance ¢
from the point of the previous photon interaction, the kinematics of
the scattering must be solved in order to obtain the new direction and
energy of the photon. This requires the knowledge of the velocity
By of the resonant electron and the new photon polarization state.
This is obtained by generating two new random numbers, U, and
U,, and comparing them with the ratios of the corresponding cross-
sections. For a photon initially in the ordinary polarization state
(s = 1), mode switching upon scattering occurs if U; > o1-1/
(01-1 + 01-2) = 1/4, while for an initially extraordinary photon
(s = 2) this happens if U} > 6,_,/(02-2 + 02_1) = 3/4. Similarly,

the decision about on to which of the two resonant electrons (assum-
ing that both values of 8, are acceptable) scattering actually occurs
is reached by comparing U, with the ratio Ss(81)/[Ss(81) + Ss(82)],
where Sq(Bx) stands for each addendum in the sum at left-hand sides
of equations (16) and (17). If U, < Ss(B1)/[Ss(B1) + Ss(B2)], the
scattering electron velocity is 8, otherwise it is §,. At this stage,
all parameters entering the differential cross-section of the process
are known.

Upon scattering with a moving charge, the momentum and energy
of the photon are modified. Since the cross-section (9) are defined in
the EREF, the evaluation of the scattering angles 6’ and ¢’ requires a
Lorentz transformation from the stellar frame to the frame comoving
with the resonant electron . For linearly polarized incoming light
the distribution of the azimuthal angle is isotropic, so that ¢’ =
27ntUs, where U; is a uniform deviate. Concerning the scattering
angle, we note that in the non relativistic case all quantities (9) are
proportional either to 1 — cos 8’ orto 1 — cos*#’. Then, after drawing
a new uniform deviate Uy, the scattering angle is given by cos ' =
2U4 — 1 or cos’9’ = 2U, — 1, depending on the case.

The corresponding angles in the stellar frame and, hence the new
photon direction, are obtained by means of Lorentz transformations.
In this frame the photon frequency is given by

@' = ylol = Bpu)(1 + i cosd). (20)

Finally, once energy and momentum of the scattered photon are
known the computation proceeds starting again from point 3.2, in-
tegrating equations (16) or (17) along the new photon path.

3.4 Photons storage

Escaping photons are collected on the ‘sky atinfinity’,i.e. on a spher-
ical surface located sufficiently farther out to see the star (and its
magnetosphere) as point-like. We introduce an angular grid (®s, ®;)
which divides the ‘sky at infinity’ in a fixed number of patches, sim-
ilarly to what has been done for the stellar surface. When the escape
condition (see Section 2.4) is met, the two angles ® and & which
characterize the ray relative to the star centre are computed from
the photon momentum and the sky patch hit determined. Counts
are stored in a 3D array, the first two indices of which label the sky
patch while the third the photon energy. This allows us to analyse the
resulting spectra in different directions of observation when a large
number of events are processed. Each run involves Ny, photons, and
is performed changing the initial polarization states s and the coor-
dinates of the emitting patch. The resulting spectrum is obtained by
superposition of the various emitting patches.

4 RESULTS

Our Monte Carlo code, written in FORTRAN90, proved to be efficient
and relatively fast. Despite the complexity of the whole procedure,
we can process about 7000 photons s~! on a dual-core Xeon 2.8-GHz
machine. The CPU time for a typical production run (several million
photons) is 10-20 min. We stress that the result of each run is a 3D
array which gives the number of counts at different positions on the
sky and at different energies (see Section 3.4). Further manipulations
(e.g. to account for viewing angles, or to derive the pulse shape,
see below) are performed at the post-processing level by means
of IDL scripts, at negligible computational cost. In the following
subsections we discuss the general properties of our spectral models.

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527—-1542
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Figure 1. Left-hand panel: computed spectra for B = 10" G, kT = 0.5 keV, kT = 30 keV, Boulk = 0.3, A¢ = 1 and different values of the sky colatitude ©:
27° (long-dashed), 64° (dash—triple dotted), 90° (dash—dotted), 116° (short-dashed) and 153° (dotted). The solid line represents the seed blackbody and counts
have been summed over ®,. Here seed photons are assumed to be completely polarized in the ordinary mode. Right-hand panel: same, but for seed photons

completely polarized in the extraordinary mode.

4.1 Spectra

In order to explore the role of the different parameters we computed a
set of spectra, by evolving Npyen = 150 000 photons for N x Ng =
8 x 4 = 32 surface patches (i.e. each model has N,,, = 4800 000
photons). We assume that the star surface is at constant temperature,
and that the seed radiation is isotropic (b = 1, see Section 2.5) and
completely polarized, either in the ordinary or extraordinary mode.
Furthermore, we treat the case of an aligned rotator, i.e. the spin and
magnetic axes coincide. Photons are collected on to a N, X No, =
10 x 10 angular grid on the sky, and in Ng = 50 energy bins in
the range 0.1-100 keV. The magnetic field has been fixed at B =
10'* G and the surface temperature at kT = 0.5 ke V. The mean and the
maximum number of scatterings per photon are in the ranges ~0.5—
2 and ~10-20, respectively, depending on the parameter values and
on the location of the emitting patch on the star surface.

In Fig. 1 we show the spectra, averaged over &, as seen by ob-
servers whose line of sight (LOS) is at different angles ®; with
the star spin axis.! The most salient characteristic is the absence of
symmetry between the north and the south hemispheres: as ®; in-
creases, spectra become more and more Comptonized. This reflects
our choice for the electron velocity distribution, which accounts for
the charges bulk velocity, and currents flow from the north to the
south pole along the field lines (of course the opposite choice for
the current direction would simply result in ®; — 180° — ©;). We
found that the spectral shape is almost insensitive to the seed pho-
tons polarization state (see Fig. 1). This means that observations
of the phase averaged spectrum are not expected to provide useful
insights into the polarization degree of the surface emission (but see
Section 4.2).

Figs 2—4 illustrate the effects on the spectral shape of varying
Bouik, kT and A¢, respectively (here and in the following we put
A¢ = Agy_s to simplify the notation). Spectra have been averaged
over @, and plotted for two values of ®, one for each hemisphere
(left- and right-hand panels). As it can be seen, an increase in each
of these parameters (either By, kTe or A¢) always corresponds
to an increase in the Comptonization degree of the spectrum. The
effect is particularly notable in the case of Bpuk. If Bpuk = 0.5 an
observer located in the southern hemisphere (i.e. with currents flow-

! Note that the total number of collected photons is usually lower than Ny
(4800000 in the present case) since a (small) fraction of photons reach
infinity with an energy outside our range of collection (i.e. 0.1-100 ke V).

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527-1542

ing towards him) sees a spectrum which is no more peaked at ~kT,
but peaks instead at about the thermal energy of the scattering parti-
cles. This is because Comptonization starts to saturate and photons
fills the Wien peak of the Bose—Einstein distribution. For interme-
diate values of the parameters, spectra can be double humped, with
a downturn between the two humps (a clear example of this be-
haviour is illustrated in Fig. 5). We note that some of the model
spectra presented by Fernandez & Thompson (2007) also exhibit
a downward break in the tens of keV range. In particular, when
assuming a (non-thermal) top-hat or a broad-band velocity distri-
bution for the magnetospheric charges, they found that multiple
peaks can appear in the spectrum. The difference is that our model
predicts at most two peaks, and that the energy of the second one
gives a direct information on the energy of the magnetospheric parti-
cles. As noted by Fernandez & Thompson (2007) and Esposito et al.
(2007), double peaked spectra may play arole in the interpretation of
the broad-band X-ray spectrum of SGR 1900414 and SGR 1806—
20. In particular, the detection of a spectral break at about a few
tens of keV may have remarkable physical implications and provide
important diagnostics for the physical parameters of the model. A
spectral break at ~15 keV, as the one possibly detected in the case
of SGR 1806—20, would translate then in a temperature of ~5 keV
for the magnetospheric electrons (Esposito et al. 2007).

The efficiency of the resonant scattering also increases by in-
creasing k7. (Fig. 3), although this effect is less pronounced than
that observed while increasing the current bulk velocity. This is
expected, because a change in T, corresponds to a change in the av-
erage thermal velocity for the magnetospheric particles, and not to
a boost that equally affects each single particle. Similarly it goes for
A¢, whose effect is less pronounced than that of the bulk velocity
(see Fig. 4). Again, we find that no significant spectral change oc-
curs exchanging the polarization of the seed photons from ordinary
to extraordinary.

Although it would be inappropriate to define the RCS spectra as
a ‘blackbody plus power law’ (the double-humped spectra shown
in Fig. 5 are definitely far away from such a definition), in many
cases the general shape of the continuum is that of a thermal bump
and a high-energy tail. In this sense model spectra are reminiscent
of the empirical blackbody plus power-law model often used to
fit (rather successfully) the magnetars soft X-ray emission. Since,
when present, the high-energy tail is indeed power-law-like, it is of
interest to investigate how the spectral index I" (as derived by fitting
the high-energy tail with a power law) changes with the parameters.
In particular, a hardening of the spectrum is expected for increasing
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Figure 2. Top: computed spectra for B = 104 G, kT = 0.5 keV, kT = 30 keV, A¢ = 1 and different values of Bpui: 0.3 (dotted), 0.5 (short-dashed), 0.7
(dash—dotted) and 0.9 (dash—triple dotted). The solid line represents the seed blackbody and counts have been summed over ®5. The two panels correspond to
two different values of the magnetic colatitude: ®5 = 64° (left-hand panel) and ®5 = 116° (right-hand panel). Seed photons are assumed to be 100 per cent
polarized in the ordinary mode. Bottom: same, but for seed photons 100 per cent polarized in the extraordinary mode.
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Figure 3. Top: computed spectra for B = 10" G, kT = 0.5 keV, Buuik = 0.3, A¢ = 1 and different values of kT.: 5 keV (dotted), 15 keV (short-dashed),
30 keV (dash—dotted), 60 keV (dash-triple dotted) and 120 keV (long-dashed). The solid line represents the seed blackbody and counts have been summed
over ®,. The two panels correspond to two different values of the magnetic colatitude: ®; = 64° (left-hand panel) and ®¢ = 116° (right-hand panel). Seed
photons are assumed to be 100 per cent polarized in the ordinary mode. Bottom: same, but for seed photons 100 per cent polarized in the extraordinary mode.
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Figure 4. Top: computed spectra for B = 10 G, kT = 0.5 keV, kT = 30 keV, Bouik = 0.3 and different values of A¢: 0.3 (dotted), 0.5 (short-dashed),
0.7 (dash—dotted), 0.9 (dash-triple dotted), 1.1 (long-dashed) and A¢ = 1.2 (solid line, top). The solid line at the bottom represents the seed blackbody and
counts have been summed over ®,. The two panels correspond to two different values of the magnetic colatitude: ®5 = 64° (left-hand panel) and ©5 = 116°
(right-hand panel). Seed photons are assumed to be 100 per cent polarized in the ordinary mode. Bottom: same, but for seed photons 100 per cent polarized in

the extraordinary mode.
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Figure 5. Computed spectra for B = 10'* G, A¢ = 2; the star is an aligned
rotator seen north pole-on. Solid line: kT = 0.1 keV, Bpux = 0.7; dashed
line: kT = 0.6 keV, Bpuk = 0.6. In both cases kT is related to By through
equation (23); seed photons are unpolarized.

twist angle (TLK) and this was invoked as a possible mechanism
to explain the correlated flux-hardening variations in some sources
(e.g. Rea et al. 2005; Mereghetti et al. 2005b). This is confirmed by
our calculations (see also Fernandez & Thompson 2007), as shown
in Fig. 6. The photon index monotonically decreases with A¢, going,
in the present case, from ~3 to ~2.4 by changing the twist angle by
~1 rad. The behaviour is quite similar at both the field strengths we
considered, although spectra for B = 10" G are fractionally harder.
The model shown here has kT, = 30 keV, Byux = 0.3, a uniform

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527-1542
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Figure 6. Photon index versus A¢ for B=10'% G (triangles) and B= 10" G
(diamonds). See text for details.

surface temperature k7 = 0.5 keV and spectra have been obtained
summing over all the sky patches.

To illustrate the effects of a non-homogeneous surface tempera-
ture distribution, we discuss the case in which photons are emitted
by a single patch. The subdivision of the star surface and of the sky
is the same as that adopted before, and also the energy range and bin
width. In the present run the seed radiation is taken to be isotropic
(b = 1) and unpolarized, i.e. an equal number of ordinary or ex-
traordinary photons are emitted, and, again, the spin and magnetic
axes coincide. We selected an emitting patch located just above the
equator (centred at ® = 7725, ® = 45°) with a surface temperature
of kT = 0.5 keV. The magnetospheric parameters are By, = 0.3,
kT. = 10 keV and A¢ = 1.3. Fig. 7 shows the emerging spectrum,
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Figure 7. Spectrum from a single emitting patch on the star surface. The
LOS is at ®g = 90° and ®3 = 20° (dotted line), 140° (dashed line) and 220°
(dash—dotted line). The solid line represents the seed blackbody. Because
photons are collected in a single patch on the sky, the counting statistics are
low at the higher energies and the spectrum looks ‘noisy’.

as viewed by an observer whose LOS makes an angle ®; = 90° with
the spin axis (i.e. the star is seen equator-on) for different values of
the observing longitude, ®; = 20°, 140°,220°. These three values
correspond to having the emitting patch in full view (seen nearly
face-on), partially in view and screened by the star. The effects of
the different viewing angle on the spectrum are dramatic. When
the emitting patch is in full view both the primary, soft photons and
those which undergo repeated resonant scattering reach the observer
and the spectrum is qualitatively similar to those presented earlier
on, with a thermal component and an extended power-law-like tail.
On the other hand, if the emitting region is not directly visible, no
contribution from the primary blackbody photons is present. The
spectrum, which is made up only by those photons which after scat-
tering propagate ‘backwards’, is depressed and has a much more
distinct non-thermal shape.

4.2 Polarization of the emitted radiation

Radiation emerging from strongly magnetized NSs is expected to be
highly polarized, due to the strong dependence of radiation transport
on the photon propagation mode. Polarization studies have already
started at low energies (IR), and future X- and y-ray polarimetry
with high sensitivity instruments, such as the planned photoelectric
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Figure 9. Degree of polarization as a function of By for k7. = 30 keV
and A¢ = 1. Other parameters and line code as in Fig. 8.

polarimeter to be flown on the ESA mission XEUS, are expected to
extend them over a broader spectral band. The development of de-
tailed theoretical predictions is therefore fundamental: polarimetry
will bring into view a new and unique dimension of the problem,
through the knowledge of polarization degree and swing angle.

In our scenario, the degree of polarization in the soft X-ray ra-
diation emitted by magnetars results from a combination of several
effects. Seed thermal photons, originating from the crust or atmo-
sphere of the star, do posses an intrinsic polarization (e.g. Zane,
Turolla & Treves 2000; Van Adelsberg & Lai 2006). The fraction
of polarization, which is determined by the competition between
plasma and vacuum properties, depends on the energy band, and on
the details of the density and temperature gradient in the emitting
region. Seed photons then propagate in the magnetosphere, where
multiple resonant scatterings further influence the polarization de-
gree. By using our Monte Carlo simulation, we are in the position to
investigate the latter effect, i.e. to estimate the degree of polarization
which is expected to arise because of magnetospheric effects only
and to investigate its dependence on the model parameters.

In Figs 8 and 9 we show, as a function of various parameters, the
degree of polarization of the emerging radiation, defined as |Nex, —
Nowd|/(Nexir + Nora) Where Neyr and Ny are, respectively, the num-
ber of ordinary and extraordinary photons collected at infinity. The
polarization degree has been averaged over frequency, over the
whole emitting surface and over the sky at infinity. As it can be seen,
the efficiency at which completely polarized surface radiation is de-
polarized increases by increasing the strength of magnetospheric up-
scattering, i.e. by increasing one of the three parameters By, k7. Or
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Figure 8. Left-hand panel: degree of polarization as a function of A¢ for B = 10'* G, kT = 0.5 keV, Bpu = 0.3 and kT, = 30 keV. Right-hand panel: same,
but as a function of kT, for A¢ = 1. In both panels different curves correspond to: seed photons 100 per cent polarized in the ordinary (solid line), extraordinary

mode (dotted line) and unpolarized (dashed line). See text for details.
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Figure 10. Right-hand panel: Degree of polarization as a function of the magnetic colatitude ® at which seed photons are emitted. Here k7 = 0.5 keV,
Boulk = 0.3, keTe = 30 keV and A¢ = 1. Left-hand panel: B = 10'* G; right-hand panel: B = 10'3 G. In both panels different curves correspond to: ordinary
(solid line), extraordinary seed photons (dotted line) and unpolarized seed photons (dashed line). Photons have been integrated over the entire sky at infinity

and over the azimuthal angle at the star surface.

A¢. This effect is stronger for ordinary seed photons, for which the
probability of undergoing mode switching in the scattering process
is higher (see e.g. equations 10) and for photons emitted close to
the south pole (see Fig. 10, the latter result reflects our choice for
the direction of the current flow, as discussed earlier). On the other
hand, would the surface radiation be completely unpolarized, we
can see that, while passing through the magnetosphere, it can ac-
quire only a relatively small degree of linear polarization: typically
10-20 per cent, up to 30 per cent for very extreme values of the
current bulk velocity. This means that, would future observations
of X-ray polarization result in measurements larger than 10—
30 per cent, the excess has to be attributed to an intrinsic property
of the surface radiation.

We have also explored how the polarization degree depends on
the photon energy and a representative case is shown in Fig. 11.
The two panels refer to a run with the same set of model parameters
(Bouk = 0.3, kT. = 10keV, kT = 0.5keV, A¢ = 1.3) but performed
assuming that seed photons are completely polarized either in the
extraordinary (left-hand panel) or ordinary mode (right-hand panel).
The polarization degree has been computed as above, but now differ-
ent viewing directions are retained (i.e. only sum over @, has been
performed). Emission is again from the entire surface (at constant 7)
and the star is an aligned rotator. As expected, for 100 per cent polar-
ized seed photons the polarization degree decreases with increasing
energy, since harder photons undergo more scatterings. Low-energy

1.0 T T

e o
=) @

Polarization Degree
o
'S

2P YT I I R

e
I

MR\

ool s : R
-1 0 1 2
log E (keV)

photons tend to keep their original polarization state, although there
is a dependence on the viewing angle. Not surprisingly, even at low
energies, the polarization degree is higher when the LOS is close
to the north pole (dash—triple dotted lines in Fig. 11) and drops for
increasing viewing angle. It is interesting to note that the largest
depolarization (at low energies) does not occur close to 180° but
when viewing the star southern hemisphere at an intermediate angle
because of the low particle density near the poles.

4.3 Viewing angle effects

Spectra presented in Section 4.1 have been computed accounting
for different viewing angles only in the case in which the star is
an aligned rotator, i.e. assuming that the spin and magnetic axes
coincide. Under this hypothesis, the viewing geometry is described
by a single angle which is just the colatitude ®; of the centre of the
sky patch where photons are collected. Since the magnetic field and
the current distribution are axially symmetric, the contributions from
all the sky patches located at the same value of ©; (and different ®y)
may be summed together if surface emission is itself axisymmetric,
as in the uniform temperature case discussed at the beginning of this
section.

In order to treat the more general case in which the spin and
magnetic axes are not aligned, we introduce two angles, x and &,
which give, respectively, the inclination of the LOS and of the dipole

1.0 T T

o
o

o
=)

LA B S B e 4 S WL B B B e

h PRI IR
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log E (keV)

Figure 11. Degree of polarization as a function of energy for different values of the LOS inclination, ®s = 162° (solid), 126° (dotted), 90° (dashed), 54°
(dash—dotted) and 18° (dash—triple dotted). Left-hand panel: 100 per cent extraordinary polarized seed photons. Right-hand panel: 100 per cent ordinary
polarized seed photons. As in Fig. 7, the low statistics are responsible for the noisy appearance of the plot at higher energies. The decrease in the polarization

degree with energy is clearly visible notwithstanding.
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Figure 12. Computed spectra for B = 10'4 G, kT = 0.5 keV, kT, = 30 keV,
Bouk = 0.3, A¢ = 1,& = 45° and five different values of the viewing angle
x:0°01 (dotted), 45° (short-dashed), 90° (dash—dotted), 135° (dashed-triple
dotted) and 180° (long-dashed). The solid line represents the seed blackbody.
Here seed photons are assumed to be completely polarized in extraordinary
mode.

axis with respect to the star spin axis. This also allows us to take
into account for the star rotation and hence derive pulse shapes and
phase-resolved spectroscopy. Because of the lack of north—south
symmetry, it is 0 < x < 7, while £ spans the interval [0, 71/2]. By
introducing the rotational phase «(0 < o < 2 71), the coordinates of
the point which represents the intersection of the LOS with the sky
for each value of o are

cos ©; = cos x cos & + sin x sin £ cos a,

cos x — cos O cos &

cos b, = — . 21)
) sin O sin &

At constant x and &, equation (21) trace a circle on the sphere
which represents the sky. As a result of each Monte Carlo run,
the spectrum in counts has been recorded for each pair of values
O, ¥, ; which correspond to the centres of the sky patches, N(O;,
®, ;, E;). In order to compute the spectrum at a discrete set of phases
oy, we perform a double interpolation of this array over the angular
variables, to obtain the number of counts in correspondence to the
pair of angles ®,(a;), ®s(c;) given by equation (21), i.e. Npy(oy,
E;). Finally, integration of Ny, over E or « gives the light curve in a
given energy band, or the phase-averaged spectrum, respectively. An
illustration of the effects of a different viewing geometry is shown
in Fig. 12, where spectra correspond to increasing values of x.
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A systematic investigation of the properties of the pulse shape
while varying the model parameters is beyond the purpose of the
present paper, and it will be presented elsewhere (Albano et al.,
in preparation). Here we just show in Fig. 13 two examples, both
relative to a star seen equator-on (x = 90°), but for two different
inclinations of the magnetic axis (§ = 10° and & = 50°). In the
first case the pulse profiles in the soft (0.5-2 keV) and hard (2-
6 keV) band are shifted in phase by ~ 180°. By increasing & the
pulsed fraction and the pulse shape sensibly change with the energy
band. The pulsed fraction increases with the energy and, at the same
time, the double peaked structure present in the low-energy band
disappears at higher energy where the light curve is sinusoidal.

5 xspEc IMPLEMENTATION
AND APPLICATIONS

One of the goals of the present investigation is to apply the reso-
nant Compton scattering model discussed in the previous sections
to magnetar spectral fitting, by implementing it into the standard
package for X-ray spectral data analysis XSPEC. Clearly, our Monte
Carlo spectra can be loaded in XSPEC only in tabular form, using the
atable option. This implies that a model archive has to be gener-
ated beforehand, for a reasonably wide range of the model param-
eters. Although a production run takes (under typical conditions)
about 20 m, building a large model archive necessary demands for
a compromise between generality, accuracy and feasibility. As we
discussed already (see Section 4.1), the model has four parame-
ters: Bouk, kT, A¢p and kT, assuming that the surface is at constant
temperature. If a model is computed for, say, ten values of each
parameter, this would result in a total of 10* runs requiring about
2 x 10°m ~ 140d of CPU time. Even splitting the computation
over a few machines, the time needed (~ month) is barely ac-
ceptable. Moreover, we are aware that the adopted description of
the charge velocity distribution, which involves two out of four
model parameters, is far from being consistent. For these reasons,
we decided to simplify our treatment by imposing that the elec-
tron bulk kinetic and thermal energies are related. The mean ther-
mal energy for a 1D relativistic Maxwellian distribution can not
be expressed in closed form. However, to an excellent accuracy, it
is
O,

=1 =i @2)

We then derive the value of the electron temperature by assum-
ing equipartition between thermal and bulk kinetic energy, i.e. by
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Figure 13. Left-hand panel: the light curves in the soft (0.5-2 keV, solid line) and hard X-ray band (2-6 keV, dashed line); the model parameters are x =
90°,& = 10°, A¢ = 0.7, Bouik = 0.3 and kT = 0.3 keV. Right-hand panel: same as in the left-hand panel, but for & = 50°. See text for details.
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Figure 14. Left-hand panel: fit of the XMM-Newton EPIC-pn spectrum of CXOU J1647—4552 with an absorbed ntznoang model. Top: data and best-fitting
model; bottom: residuals. Right-hand panel: the same observation fitted with an absorbed ntzang model.

solving for ®, = kT./m, c*:
O,

= Sa+es 23)

Youk — 1

In order to avoid that for the higher values of Buux we consider
(see below) the assumption of conservative scattering in the ERF is
invalidated, the solution of equation (23) is actually halved.

The grid of models has been generated for 0 < A¢ < 2 (step 0.1),
0.1 < Bpu < 0.9 (step 0.1) and eight values of kT (inkeV): 0.1,0.13,
0.16, 0.2, 0.25, 0.40, 0.63, 1, under the assumptions that the surface
has a constant temperature, emits isotropically and the surface radi-
ation is unpolarized. The number of divisions on the star surface and
on the sky, the energy range and bins are taken as in Section 4.1, but
now we evolve Npyen, = 225000 photons per patch, therefore each
model corresponds to Ny, = 7200 000 photons. Again, the magnetic
field is fixed at B = 10'* G (further archives corresponding to dif-
ferent values of B can be easily generated). The computed spectra
have then been averaged over the whole sky at infinity, smoothed
and re-interpolated (using a logarithmic interpolation) over a grid
of 300 equally spaced energies in the range 0.1-15 keV and on a
logarithmic grid of 100 equally spaced temperatures in the range
—1 <logkT < 0. The latter step is necessary because interpolation
on the logarithm of the spectrum with respect to parameters is not
possible within xsSPEC for tabular models. After some experimenting,
we found that in order to have enough accuracy when interpolat-
ing the spectrum a fine grid in 7 is necessary. The final XSPEC
atable spectral model (22 MB in size, named ntznoang.mod)
has been created by using the routine wftbmd, available
online.?

The ntznoang model has four free parameters (Byux, Ap, log kT
plus a normalization constant), which can be simultaneously varied
during the spectral fitting following the standard x? minimization
technique. Itis important to note that this model has the same number
of free parameters than the canonical blackbody plus power-law
empirical model or the RCS model recently discussed in Rea et al.
(2008), and hence has the same statistical significance.

Following essentially the same procedure outlined above and
making use of the same archive, we have also built a XSPEC model
in which the dependence on the two geometrical angles, x and &, is
explicitly accounted for, as discussed in Section 4.3. Phase-averaged

2See http: //heasarc . gsfc . nasa . gov/docs/heasarc/ofwg/docs/ general/
modelfiles_memo/modelfiles_memo.html.
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spectra have been computed on a 7 x 7 equally spaced grid of x and
& values. The two angles are in the in the ranges 0 < x < 180° and
0 < & <90°, respectively. At variance with the angle-averaged case
considered previously, the grids in the other parameters (except kT)
are coarser: 0 < A¢ < 1.8 (10 values, step 0.2), and 0.1 < Bpuk <
0.9 (five values, step 0.2). Maintaining the same parameter grids
used to build the ntznoang model would, in fact, result in too a
large file to be read into XSPEC. The final atable spectral model,
ntzang.mod, is ~300 MB in size, and has six free parameters (Bpyi,
A¢,logkT, x,& plus a normalization constant). Despite the larger
number of free parameters, the ‘angular’ model can be used to in-
fer information about the viewing geometry, eventually combining
information that can be obtained by fitting simultaneously phase-
resolved spectra, or independently from the study of the pulse
profile.

A systematic application of both models to magnetars spectra is in
progress, and will be reported elsewhere (Israel et al., in preparation;
Rea et al., in preparation). Here we present only an example which
is illustrative of how the two atable spectral models behave when
applied to X-ray data. Fig. 14 (left-hand panel) shows the fit of
the 0.1-10 keV XMM-Newton EPIC-pn spectrum of the transient
AXP CXOU J1647—4552 taken on 2007 February 17, i.e. about
five months after a burst and a glitch were detected from this source
(Israel et al. 2006; Krimm et al. 2006, see also Israel et al. 2007,
Muno et al. 2007). All details about the observation will be reported
in Israel et al. (in preparation). The spectrum has been modelled
with the angle-integrated ntznoang model, modified by interstellar
absorption (phabs model in XSPEC). Data and best-fitting model are
shown in Fig. 14 and the best-fitting parameters are listed in Table 1.
As expected, and as it has been also found in other applications of
the RCS model (Rea et al. 2008), the inferred value of the column
density is smaller than that implied by a blackbody plus power-
law fit. This is because the empirical blackbody plus power-law
modelling is known to overestimate the soft X-ray emission and, in
turn, the value of the interstellar absorption.

Since the fit is already very good (x2 = 0.81), there is no statisti-
cal need to introduce two further parameters. However, we also tried
to fit the same observation with an absorbed ntzang model, with the
only goal to check and test the correctness of its XSPEC implemen-
tation; results are shown in Fig. 14 (right-hand panel) and reported
in Table 1. As expected, the values of the angles are unconstrained,
and the remaining parameters are in agreement with those found
with the first model. Again, is not our main scope to provide the
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Table 1. Best-fitting values of the spectral parameters.

Parameters ntznoang ntzang
Nu 176159 1761094
kT 0.62510-007 0.6310:07
o 0607553 0.65%53¢
Ag 040759 047503
X - 21£18
¢ - 82
Norm 0.08170:003 0.00373:390
Flux 6 6

x% (d.o.f) 0.81 (145) 0.83 (143)

Errors in the parameters are at lo confidence level,
Ny is in units of 102 cm™2,kT is in keV, x,& are in
degrees and the observed flux (1-10 keV) is in units of

10~2 ergscm™2,

physical values of the angles here: instead we stress that this figure
is presented purely as an illustration. Nevertheless, the successful
spectral fit with the ntznoang model clearly demonstrates that the
model can catch the main features of the magnetar emission and
reproduce them quantitatively.

6 DISCUSSION AND CONCLUSIONS

In this paper we have investigated how the thermal spectrum emitted
by the star surface gets distorted by repeated resonant scatterings on
to mildly relativistic magnetospheric electrons using a Monte Carlo
technique. The goal of this study has been twofold. Our first motiva-
tion has been to create a model archive which could be implemented
as a tabulated model in XSPEC and directly applied to fit the spec-
tra of magnetar candidates. The model is available in two versions,
with or without the explicit dependence on the two angles which
give the inclination of the LOS and the magnetic axis with respect
to the star spin. A systematic application to different sources is un-
der way and here a (preliminary) fit to the XMM—Newton spectrum
of CXOU J1647—4552 has been presented, mainly for illustrative
purposes.

In building our Monte Carlo code we have followed an approach
similar to that discussed in Fernandez & Thompson (2007). How-
ever, the two codes differ in many respects. A major difference is
in the adopted description of the velocity distribution of the scatter-
ing particles. We have explicitly accounted for the collective (bulk)
electron motion associated to the charge flow in the magnetosphere,
superimposed to which we assume a 1D relativistic Maxwellian dis-
tribution which simulates the particle velocity spread. We also allow
for a completely general description of the star surface thermal map
and this makes it possible to assess the effects of a (spatially) local-
ized emission (e.g. by a hotspot). Moreover, in our treatment seed
photons are not taken to move only in the radial direction but are
drawn from a prescribed angular distribution which can account for
magnetic beaming effects.

As the present application to CXOUJ1647—4552 shows
(Section 5; see also Lyutikov & Gavriil 2006; Rea et al. 2007a,
2008), spectral models based on resonant cyclotron up-scattering of
thermal photons in the magnetosphere of magnetars prove quite suc-
cessful in interpreting quantitatively the soft (~1-10 keV) emission
from AXPs and SGRs. Albeit the numerical computation presented
here includes several important details about the microphysics and
the magnetospheric properties and geometry, it relies on some sim-

plifying assumptions which reflect our poor knowledge on some key
issues of magnetar physics.

A prominent one is the nature of the plasma which fills the mag-
netosphere. Most investigations on RCS, including our, restricted to
unidirectional flows, i.e. assumed that scattering occur on to elec-
trons (a simple bidirectional flow was considered by Fernandez
& Thompson 2007). As discussed by Beloborodov & Thompson
(2007), in a twisted magnetosphere charges, accelerated by the self-
induction electric field, may produce e*. Pairs definitely contribute
to the scattering depth.? The final spectral shape depends on which
species populate the corona and on their spatial and velocity distri-
bution. Our choice of modelling the e~ current in terms of a bulk
motion plus a velocity spread seems to be at least in qualitative
agreement with the analysis presented by Beloborodov & Thompson
(2007). We point out, however, that the assumption of a 1D ther-
mal distribution for the particle velocity in the local rest frame is
somehow arbitrary and no attempt has been made here to assess the
effects of other possible (local) distributions. This has been done, in
a few representative cases, by Fernandez & Thompson (2007), who
did not include, however, the charge bulk motion. By comparing our
results with their, one may conclude that, while the general effects
induced by magnetospheric RCS on primary thermal photons (i.e.
the formation of a ‘thermal plus power-law’ spectrum) are not much
sensitive to the assumed particle velocity distribution, the details of
the spectral shape do.

A further caveat concerns the star temperature distribution and the
primary spectrum. Our model archive has been generated assuming
that the star radiates a blackbody from a uniformly heated surface.
At present it is unclear if magnetars do possess an atmosphere.
A possibility is that highly energetic electrons hitting the surface
knock out protons which then sublimate giving rise to a ‘current
induced’ atmosphere (Beloborodov & Thompson 2007). Departures
from a blackbody primary spectrum due to reprocessing in a strongly
magnetized atmosphere are, however, not expected to be dramatic
(see e.g. Ho & Lai 2001; Zane et al. 2001; Lai & Ho 2003). On the
other hand, the issue of the surface thermal map appears more serious
since even passively cooling isolated NSs are known to have a non-
uniform surface temperature (see e.g. Page 1995; Zane & Turolla
2006). In the case of a magnetar, returning currents impacting on the
star surface produce localized heating (TLK). Moreover, starquakes,
possibly triggered by the strain accumulated during the growth of
the twist and connected to the glitching activity discovered in AXPs
(seee.g. Dall’Osso et al. 2003), can further contribute to the injection
of heat into limited portions of the crust. Transient AXPs might be
powered in a similar way by the sudden release of energy into a
localized area of the star surface, as observations of the TAXP XTE
J1810—197 seem to indicate (Gotthelf & Halpern 2007).

Although the twisted dipole model used here has the advantage of
simplicity while catching the essential physical features, most prob-
ably it gives only an idealized representation of the magnetic field
outside a magnetar. The twist may be confined at high magnetic
latitudes (TLK), or, if global, it might involve magnetic configu-
rations more complex than a dipole. Possible evidence for a twist

3 As discussed by Medin & Lai (2007), for an iron crust and magnetic fields
as high as ~10"> G, vacuum gaps may be formed above the polar regions
of SGRs/AXPs, with subsequent pair creation. The pair-dominated region,
however, is very thin and located just above the star surface. This implies that
scattering is resonant for photon energies in the tens of MeV range. Since
thermal emission from the star surface does not supply such high-energy
photons, pair cascades produced by the gap breakdown are not going to
affect our results.

© 2008 The Authors. Journal compilation © 2008 RAS, MNRAS 386, 1527—-1542
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which involves in the first place the field lines closer to the mag-
netic poles have been discussed by Woods et al. (2007) in connection
with the period derivative evolution and its correlation with spectral
hardness in SGR 1806—20 before and after the giant flare of 2004
December 27.

Both Lyutikov & Gavriil (2006) and Fernandez & Thompson
(2007) assumed that scattering is conservative in the ERF. As dis-
cussed in Section 2.3 this choice is quite adequate if spectral mod-
elling is restricted to the soft X-ray range and has been retained in the
present work. However, the X-ray spectra of magnetar candidates
are nowadays known to exhibit also a high-energy (~20-200 keV)
component, which is completely non-thermal and is responsible for
about half of the bolometric flux. Although different scenarios for
the origin of the high-energy emission from magnetars have been put
forward, not necessary involving RCS (see Section 1), an intriguing
possibility is that also the hard tail arises because of resonant up-
scattering in the magnetosphere (Baring & Harding 2007). Given the
much higher photon energies (in the 100 keV range) this necessary
requires the presence of highly relativistic electrons (pairs), and,
consequently, any attempt to model RCS under those conditions
demands for a fully relativistic, QED treatment of the scattering
cross-sections. Although we presented here spectra extending up to
100 keV, they must be considered as trustworthy only until o <
mec?/y, ie. up to a few tens of keV. Above these energies electron
recoil starts to become important and the spectrum is expected to
break. The precise localization of the break would come only from
a consistent treatment, and is particularly important to explain the
COMPTEL upper limits observed in some magnetar sources (Kuiper
etal. 2006; Rea et al. 2007b). Moreover, if hard tails are due to a sec-
ondary population of ultrarelativistic electrons confined close to the
stellar surface (as proposed by Baring & Harding 2007), resonant
scattering would occur at much higher values of the magnetic field,
B > Bqgp, which makes the need of a completely QED treatment
of the cross-section even more necessary. Same holds for computa-
tions aimed at assessing the role of ions in shaping the spectra. As
previously discussed (see Section 2.2), positively charged ions are
expected to populate the twisted magnetosphere, but whether these
particles can effectively shape the X-ray spectra is mainly related to
the role of those ions located close to the star surface. The inclusion
of this effect, however, requires the knowledge of the full QED res-
onant cross-section for protons/ions which at present has not been
investigated in detail.

Future work needs to address this issue, among others. Clearly, in
order to include the relativistic treatment of the scattering process
in the ERF, having a tested, reliable Monte Carlo code which can be
easily generalized is of fundamental importance and this has been
our second motivation in undertaking this study. In order to extend
our computation of resonant electron cyclotron scattering to the rel-
ativistic regime, we are already completing a detailed investigation
of the QED resonant cross-section. This will be then implemented in
our Monte Carlo code and results will be presented in forthcoming
papers (Nobili, Turolla & Zane, in preparation).
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