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ABSTRACT

Magnetars are neutron stars that host huge, complex magnetic fields which require supporting currents to flow along the closed
field lines. This makes magnetar atmospheres different from those of passively cooling neutron stars because of the heat deposited
by back-flowing charges impinging on the star surface layers. This particle bombardment is expected to imprint the spectral
and, even more, the polarization properties of the emitted thermal radiation. We present solutions for the radiative transfer
problem for bombarded plane-parallel atmospheres in the high magnetic field regime. The temperature profile is assumed a
priori, and selected in such a way to reflect the varying rate of energy deposition in the slab (from the impinging currents and/or
from the cooling crust). We find that thermal X-ray emission powered entirely by the energy released in the atmosphere by
the magnetospheric back bombardment is linearly polarized and X-mode dominated, but its polarization degree is significantly
reduced (down to 10 per cent—50 per cent) when compared with that expected from a standard atmosphere heated only from the
cooling crust below. By increasing the fraction of heat flowing in from the crust the polarization degree of the emergent radiation
increases, first at higher energies (~10 keV) and then in the entire soft X-ray band. We use our models inside a ray-tracing
code to derive the expected emission properties as measured by a distant observer and compare our results with recent IXPE

observations of magnetar sources.

Key words: polarization —radiative transfer — stars: atmospheres — stars: magnetars.

1 INTRODUCTION

Powered by their own magnetic energy, soft y-repeaters (SGRs)
and anomalous X-ray pulsars (AXPs) are two groups of isolated
neutron stars which together make up the class known as magnetars
(Duncan & Thompson 1992; Thompson & Duncan 1993). They are
typically characterized by persistent X-ray luminosities L =~ 10—
103 ergs™!, spin periods P ~ 1-12s (with the exception of the
transient source 3XMM J185246.64+003317, that has been proposed
to have a period of 23 s, see Hambaryan et al. 2015) and exhibit
period derivatives P ~ 1071310715 s~!, from which ultra strong
magnetic fields B ~ 10'3-10" G can be inferred.

Magnetars are expected to have internal magnetic fields more
complex than a pure dipole, with both a poloidal and a toroidal
component. The stresses exerted on the crust by the latter induce
the formation of local twists in the external magnetic field, which
becomes non-potential and needs to be supported by currents flowing
along the closed field lines. Photons emitted from the cooling
surface undergo repeated resonant Compton scatterings (RCSs) with
the moving particles, producing a thermal + power-law spectrum
in agreement with observations (the RCS paradigm; Thompson,
Lyutikov & Kulkarni 2002, see also Turolla, Zane & Watts 2015).

Due to the strength of the magnetic field, magnetar emission is
expected to be linearly polarized in two normal modes, referred
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to as the ordinary (O), with electric field vector oscillating in the
plane of the propagation direction and the local magnetic field,
and the extraordinary (X) one, with the electric vector oscillating
perpendicular to the same plane. The large difference in the opacities,
which are much lower for the X-mode, is at the basis of the expected
large polarization of radiation coming from a strongly magnetized
plasma (see e.g. Harding & Lai 2006; Gonzdlez Caniulef et al.
2016; Potekhin, Ho & Chabrier 2017). Additionally, vacuum also
contributes to shape the optical properties of the medium. This results
in the occurrence of vacuum birefringence and the appearance of the
vacuum resonance, where the polarization modes may switch (Adler
1971; Ho & Lai 2003; Lai & Ho 2003). Both these effects strongly
influence the polarization of radiation as measured at infinity.

Imaging X-ray Polarimetry Explorer (IXPE; Weisskopf et al.
2022), a joint NASA-ASI space mission and the first telescope
devoted to a systematic study of the sky in polarized X-rays, has
observed four magnetars to date; the AXPs 4U 0142461 (Taverna
et al. 2022), 1RXS J170849.0—400910 (hereafter IRXS J1708 for
short, Zane et al. 2023) and 1E 22594586 (Heyl et al. 2024), and the
SGR 1806—20 (Turolla et al. 2023). Polarization has been detected
for all the sources, albeit to different levels of confidence (see also
Taverna & Turolla 2024, for a review).

Both 4U 0142+61 and 1RXS J1708 show polarization properties
which are highly energy dependent. 1RXS J1708 was found to have
a constant polarization angle while the polarization degree increases
from ~20 per cent at 2-3 keV to ~80 per cent at 6-8 keV (Zane
et al. 2023). On the other hand, 4U 0142+61 exhibits a polarization
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degree of ~15 per cent at 2—4 keV and ~35 per cent at 6-8 keV,
dropping to zero at 4-5 keV where the polarization angle swings by
90°, indicating a switch of the dominant polarization mode from low
to high energies (Taverna et al. 2022). Only a marginally significant
polarization degree of 31.6 4= 10.5 per cent was detected in the 4—
5 keV range for SGR 1806—20, with 30 upper limits of 24 per cent
and 55 per cent in the 2—4 and 5-8 keV bands, respectively (Turolla
etal.2023). 1E 22594586 was found to have a mild, phase-dependent
polarization degree, ranging from =0 to ~25 per cent (Heyl et al.
2024).

The polarization properties from both 4U 0142+61 and SGR
1806—20 can be explained by the reprocessing of thermal radiation
from a condensed surface by RCS in the star twisted magnetosphere
(Taverna et al. 2020, 2022; Turolla et al. 2023). The polarization
signature of 1RXS J1708 is, instead, compatible with thermal
emission coming from two regions of the surface, one covered
by a standard atmosphere, the other in a magnetically condensed
state (Zane et al. 2023). An alternative model has been proposed
by Lai (2023), according to which the polarization pattern of 4U
0142+61 and 1RXS J1708 could be due to partial mode conversion
at the vacuum resonance in the star atmosphere. A recent, more
comprehensive study of atmospheres with partial mode conver-
sion, however, questions this result (Kelly et al. 2024). Finally,
a baryon-loaded magnetic loop (similar to that proposed for SGR
041845729 by Tiengo et al. 2013) can explain the phase-dependent
absorption line and polarization properties of 1E 22594586
(Heyl et al. 2024).

The suggestion that the low-energy spectral components observed
by IXPE originate in the solid crust was put forward mainly to explain
two features: (a) the relatively modest polarization, and (b) the fact
that they appear to be polarized either in the O mode (as in 4U
0142461 and 1E 2259+586) or in the X mode (as in 1RXS J1708).
These two facts are difficult to explain with standard atmospheric
emission from a passive cooler. However, it is possible that atmo-
spheric models computed under different assumptions provide an
alternative, viable interpretation to the solid surface scenario. For
instance, atmospheres around active magnetars are expected to be at
variance with those of other (strongly) magnetized NSs, inasmuch
the magnetospheric currents (needed to sustain the twisted field)
impact on the star outer layers, depositing heat, a phenomenon
known in literature as ‘particle bombardment’. It has been proposed
(see e.g. Gonzdlez-Caniulef et al. 2019; Mushtukov et al. 2021;
Taverna et al. 2022; Taverna & Turolla 2024) that the extra heat
deposited in the external surface layers may produce (a) a substantial
reduction in the polarization of the emergent radiation, and (b) inner
atmospheric layers characterized by an ‘inverted temperature profile’
(with the temperature decreasing at larger depths), which, in turn,
can give rise to O-dominated emergent radiation (see Section 2). A
self-consistent modelling of magnetar atmospheres, accounting for
the bombardment effect, is therefore warranted to investigate this
possibility and confront spectro-polarimetric data.

An initial investigation into this effect has been carried out by
Gonzélez-Caniulef et al. (2019) who studied the problem of the
thermal structure of a grey, bombarded atmosphere. In this work, we
expand upon these first results, exploring to what extent particle
bombardment influences the frequency dependent properties of
thermal radiation emitted by the atmosphere.

The paper is laid out as follows. In Section 2, we review
the basic characteristics of the expected atmospheric temperature
profile under different assumptions, the physics of heat deposition
by particle bombardment, the atmospheric model calculations and
the assumptions made throughout our investigation. We present
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our numerical results in Section 3 and compare our findings with
observed polarization signatures in Section 4. Finally, discussion
and conclusions are presented in Section 5.

2 THEORETICAL BACKGROUND

2.1 Atmospheric temperature profile

The aim of this paper is to study the propagation of radiation in
a magnetized NS atmosphere accounting for different temperature
profiles, with a focus on how the temperature gradient affects the
polarization signal. We do not self-consistently solve the energy
balance and radiation field, since this would require the development
of a new numerical code, which is beyond the scope of the present
work. The temperature run, instead, is specified a priori, starting
from the results obtained in previous investigations on both passive
and bombarded atmospheres. For the sake of completeness, these are
reviewed below.

A passively cooling neutron star, for which only the release of
internal heat is responsible for the thermal emission, can be assumed
to be covered by an atmosphere that is in local thermodynamic,
radiative and hydrostatic equilibrium. Under these assumptions,
atmospheric models have been computed by several authors (see
e.g. Hernquist 1985; Romani 1987; Pavlov et al. 1996; Ho & Lai
2001). The energy balance equation can be expressed in the form

) art VU U . "
"2 Xo Xo

where, x and U? are the Planck mean opacity and the energy
density, respectively, referred to the normal mode j (here j =1 is
the extraordinary, X, and j = 2is the ordinary, O, one), while yx;, is the
total Planck mean opacity. The basic feature of the resulting temper-
ature profile is that it increases monotonically with increasing depth.
Due to different frequencies decoupling at different temperatures,
this profile produces a typical hardening in the spectrum. Owing
to the lower opacity, the X-mode decouples at higher temperatures
and is therefore expected to dominate the emergent radiation signal
(Pavlov et al. 1994; Harding & Lai 2006; Potekhin 2014).

As stated above, the situation can be quite different in the case
of magnetars, since returning currents may provide another source
of heat, which is deposited as the back-flowing charges hit the
atmosphere. This effect has been discussed by Gonzalez-Caniulef
et al. (2019) in the low-density plasma regime. Specifically, these
authors computed frequency-integrated (grey) numerical models
under the assumption that the entire observed luminosity is due
to the release of the heat deposited in the external surface layers.
They also assumed that heat is deposited uniformly through a layer
that, from the top of the atmosphere, extends down to a column
density yy, corresponding to the ‘characteristic stopping length’ of
the impinging particles; y, is assumed to be a constant and is taken
as a model parameter. In strict analogy to the approach used in the
literature when investigating stationary, accreting atmospheres (see
e.g. Turolla et al. 1994; Zampieri et al. 1995; Zane, Turolla & Treves
1998), the energy balance equation is modified into

aT? My Qy®@ 11,72
L1 L 2 L (= A)e = —1 @

Xsc 2 Xp Xp CXsc

where (I' — A)c is the Compton heating—cooling term, the inclusion
of which is necessary to ensure the energy balance in the external
layers. In the above expression x. is the mean scattering opacity and

G20z Atenuer g}, uo 1senb Aq 91./6G/2/SSE L/Z/yES/RIOIME/SEIUW/WO0D dNO"OlWSPEDE//:SARY WOL POPEOJUMOQ



8.0 4
—_7
7.8
—_
10
11

e
o
L
oOu B WN R
=]

Log Temp (K)
~
N

7.0 -
6.8 - L
6.6
-4 5 0 2 4 6
Log y (g/cm?)

Figure 1. Temperature as a function of column density for atmospheres
experiencing particle bombardment for different magnetic field strengths B,
luminosities Lo, and stopping column densities yg. The parameters values
for the different models are reported in Table 1.

Wy can be approximated by
Lo

Wiy = 47 R%y, y=Jo ’ 3)
0 Y= Yo

where L is the luminosity observed at infinity and R is the star
radius. The local luminosity at the atmosphere surface is

26M\ !
> ) 4)

L=Lgy (1 —
where M is the neutron star mass. The main problem is then
the calculation of the characteristic stopping length. Gonzilez-
Caniulef et al. (2019) describes in detail the chain of processes
that are expected to contribute to the particle deceleration. Briefly
summarized, impinging particles travel along the magnetic field lines,
scatter and can release a photon. The process is then repeated through
a new scattering until complete deceleration of the primary particle.
The released photons can trigger an electron—positron avalanche and
the energetic secondary particles that are produced heat the layers as
they propagate further through the atmosphere.

These processes, alongside Compton drag, affect the value of the
‘stopping length’. It is worth noting that what we refer to as the
‘stopping length’ is not merely the stopping length of the impacting
particle; instead it refers to the length over which the heat is deposited
in the atmosphere due to the chain of processes described above.
These mechanisms have been discussed in detail by Gonzilez-
Caniulef et al. (2019), who produced numerical simulations and
concluded that, for impinging particles with Lorentz factor y = 10,
the characteristic stopping column density is in the range yy ~ 65—
500 gcm~2. Fig. 1 shows the temperature profile of atmospheres
experiencing particle bombardment as a function of the column
density, as computed by Gonzdlez-Caniulef et al. (2019); the model
parameters are listed in Table 1.

A hot layer is formed at the surface of the atmosphere where
free—free cooling is not sufficient to radiate the heat released by
particle bombardment and thermal equilibrium is instead maintained
by Compton cooling. This hot external layer extends until the density
is large enough for free—free cooling to kick in (Zane, Turolla &
Treves 2000; Gonzalez-Caniulef et al. 2019). It is worth noting that
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Table 1. Parameter values for the models displayed in Fig. 1.
Model B (G) L (erg s7h Yo (g cm~2)
1 3 x 10 103 100
2 3 x 10 103 100
3 4 x 10 1033 200
4 4 x 101 103¢ 70
5 4 x 10 10% 100
6 4 x 101 1036 500
7 3 x 101 5 x 10% 100
8 3 x 10 3 x 103 100
9 3 x 10 5 x 103 200
10 6 x 10 5 x 103 200
11 8 x 1014 5 x 103 200
8.0 4
751
¥ 0]
o
£
<)
= 6.5
o
8
6.0
= — std —— PB+Std
— PB
5.04
“a 22 0 2 3 6
Log y (g/cm?)

Figure 2. Temperature as a function of atmospheric column density for a
bombarded atmosphere (purple curve) and a standard cooling atmosphere
(black curve). The cyan line shows a tentative profile for a bombarded atmo-
sphere heated also from below. Here, B = 3 x 10* G, Lo, = 10 ergs™!
and yo = 100 gecm 2.

the extension of this layer does not correspond to the stopping column
density yyp.

As it can be seen, varying B results in no significant change to
the temperature profile (see models 9, 10, and 11 in Fig. 1). On
the other hand, by increasing L., the hot external layer (where
the heat deposited in the bombardment process is dissipated by
Compton cooling) extends deeper into the atmosphere, producing
higher temperatures (models 1 and 2 in Fig. 1). Also, the external
layer becomes hotter and wider by decreasing y, (see again Fig. 1,
models 5 and 6). The most striking feature, common to all cases,
is however the presence of a nearly flat temperature profile in an
extended zone of the atmosphere.

In a more realistic scenario, irradiation from the underlying crust
can also contribute to the emitted luminosity, as is the case of a
passive atmosphere. As a consequence, one qualitatively expects
that at some depth inside the atmosphere the temperature will start
raising inward in response to the heat flowing from the crust. Fig. 2
shows the temperature profile of a standard cooling atmosphere, self-
consistently calculated with the numerical code by Lloyd (2003) for
B =3 x10"Gand Ly, = 10° ergs™!, together with a bombarded
model with the same B and L, (model 1 in Fig. 1). A possible profile
for a bombarded atmosphere heated also from below is shown by the
cyan line.

In a grey, unmagnetized, pure scattering atmosphere the tem-
perature scales with depth as t!/4 ~ y!/4 On the wake of these
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Figure 3. Temperature profiles for different choices of the power-law slope
o = 0.25,0.125, 0.05, —0.05 and matching depth log y. = —2, 0, 2 (dotted,
dash-dotted, and dashed lines, respectively); here the external hot layer is
taken from model 1 in Fig. 1.

considerations, we adopt a simplified approach in which the inner
temperature profile is a power-law with index o ranging from 0.05
to 0.25 and starting at different atmospheric depths y,. Clearly, this
is an oversimplification and is just useful for illustrative purposes.
It has been also speculated that particle bombardment can produce
an ‘inverted temperature profile’, with the temperature decreasing
inward in some layers, and that this may be responsible for an excess
of O-mode photons in the emitted radiation (Gonzélez-Caniulef et al.
2019; Taverna et al. 2022). In order to investigate this, we also
consider slightly negative slopes. The set of temperature models used
in our calculations is shown in Fig. 3. The models are labelled in terms
of ‘equivalent isotropic luminosity’ for visualization purposes. This
value is the model flux multiplied by 47 R? and hence each curve
can be re-scaled once a fraction of the emitting area is specified.

2.2 Model regime

Our model relies on the standard twisted magnetosphere regime
detailed in Beloborodov & Thompson (2007) and Beloborodov
(2013). In this scenario, as is described in Beloborodov & Thompson
(2007), the current needed to circulate around the magnetic field
lines and sustain the twist cannot be carried by electrons/protons
only. Would that be the case, the solution would be described
by a ‘relativistic double layer’ (the simple circuital analogue of a
twisted, current-carrying bundle) in which the potential drop required
to produce the conduction current is huge (®pp ~ 10°GeV) and
electrons are accelerated up to y ~ 10°. In this case, the twist would
decay immediately. Instead, the reason a twist can be sustained is
entirely due to the presence of pairs.

Surface thermal photons with energy € resonantly scatter onto
electrons when

€ y _ B
mec2 1 —fBcos® By’

(&)

where Bg = 4.413 x 1013 G is the quantum critical field, 8 = v/c
is the charge velocity (in units of the speed of light) along the
magnetic field and 6 is the angle between the photon direction and
the magnetic field. In the inner magnetospheric region around a
magnetar, where B > 2B, 1keV photons (typically emitted by the
neutron star surface) scatter onto ¥ > 1000 electrons. The scattered
photons have energy €’ in the MeV range and initially propagate
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along the magnetic field. However, as soon as the photon trajectory
deviates from the field line by a finite angle 6, the condition

2m,c?
’ e
6
sin6 ©)
can be satisfied and the photons convert into pairs via
y+B=e¢"4+e +B. @)

Pair production along the entire circuit efficiently screens the
potential and the ‘twist bundle’ current jg can then be conducted
with @ « $pp. As discussed in these papers (see also Beloborodov
& Thompson 2007; Zane, Nobili & Turolla2011; Beloborodov 2013;
Turolla et al. 2015), a quasi-stationary state develops in which the
particle energy has just the value required to ignite the pair cascade.
For scattering onto soft X-ray photons (~1keV) this is y ~ 1000.

As is shown by Beloborodov (2013), at larger distance from the
star surface repeated scatterings can slow down the pairs, thus above a
few neutron star radii the circuit contains mildly relativistic charges
(y ~ 10). It is none the less understood that before being able to
create pairs in the inner region, electrons must reach y > 1000, and
so the parts of the twist bundle closer to the surface of the neutron
star are populated by electrons (and positrons) with a Lorentz factor
of that order. For our work, we assume bombardment by a population
of single velocity charges from close to the surface.

2.3 Radiative transfer

To calculate the emergent X-ray spectrum and polarization degree,
we use the numerical code described in Lloyd (2003), with some
modifications to deal with the case at hand. In particular, we turned
off the self-consistent calculation of the temperature profile, so that
the latter can be fed in input according to the prescription discussed
in the previous section. The radiative transfer equations

dri (k) .

iz X1 (I] (k) — (k) , ®)

are then solved for the two polarization modes, assuming a geo-
metrically thin plane-parallel atmosphere composed of fully-ionized
hydrogen. Here, ; = cos 6k, where 6, represents the angle the ray
makes with the slab normal, the photon momentum k is described
by u and the azimuthal angle ¢, I/ is the monochromatic intensity
for mode j, and x;(k) and n/(k) are the monochromatic opacity
and emissivity, respectively. Thomson scattering and bremsstrahlung
emission/absorption are accounted for, while mode conversion at the
vacuum resonance is neglected for simplicity. An iterative method
is then used to calculate the scattering integrals (see Lloyd 2003, for
all details).

We use a grid of 100 depth and 15 i points, and, at this stage, we
compute models with an aligned magnetic field (so that the azimuthal
angle becomes unnecessary). Our models are computed assuming a
star mass M = 1.4 Mg and radius R = 10 km, equating to a surface
gravity g = 2.4 x 10*cms2.!

Once the emergent intensity and its moments are computed, for
the two modes of polarization, we calculate the intrinsic polarization

'The original bombarded temperature profiles (see Section 2.1) were com-
puted using M = 1 Mg as in Gonzdlez-Caniulef et al. (2019). We checked
that using M = 1 Mg produces only marginal changes in our polarization
results (<2 per cent)
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degree of the emitted radiation, defined as
JX—JP

PDep = —2—4,
TIX+ 0

©
where JX© = JXO)| _; is the emergent mean monochromatic
intensity of X (O) mode photons, such that positive P D, indicates
X-mode dominated emission.

3 RESULTS

In this section, we investigate how particle bombardment and
different heating contributions from the crust affect the polarization
properties of the radiation emerging from a single slab of magnetar
atmosphere.

Fig. 4 shows the mean intensity spectra as a function of energy
for the three temperature profiles presented in Fig. 2. At variance
with the case of a standard cooling atmosphere, panel (b), the
spectrum from a bombarded model, panel (a), is more blackbody-
like, the contributions of the two modes are closer and the proton
cyclotron line (which for these parameters is at about 2 keV) is
not visible. These features are a direct consequence of the presence
of an extended temperature plateau in the bombarded atmosphere
(see again Fig. 2). Since the X-mode opacity is much reduced with
respect to that of the O-mode, X-mode photons decouple deeper
in the layer and carry the imprint of the temperature there. If T
increases with depth (as in the standard cooling atmosphere), this
results in a dominance of X-mode photons, which come from hotter
regions, especially at higher energies where the free—free opacity
drops. On the other hand, if the temperature is constant, X- and O-
mode photons still come from different depths, but their spectra are
much closer to each other (and closer to the same blackbody). The
lack of the proton cyclotron feature in panel (a) can be explained
likewise. The huge opacity at the resonance forces X-mode photons
back to thermal equilibrium, so that their spectrum approaches that
of the O-mode. The appearance of a noticeable absorption feature is
then related to how far apart the X- and O-mode continua are near the
resonance. The spectrum for the combined temperature profile, panel
(c), clearly exhibits intermediate properties among the two extreme
cases discussed above. The cyclotron line is still present, albeit much
reduced, and the X-mode dominates above ~2 keV because photons
of these energies come from the hotter regions, where T increases
inward.

The energy-dependent polarization degree for the three models
discussed above is shown in Fig. 5. As expected from our previous
considerations, emission from particle bombardment is polarized
in the X-mode but the polarization degree is significantly lower
(~25 per cent) than in a standard cooling atmosphere (almost 100
percent). The model with combined temperature profile results
in a signal with intermediate properties. The polarization degree
exhibits the characteristics of the bombarded model for energies
below ~0.2 keV after which it raises until it attains ~100 per cent
at ~5 keV. The drop in polarization around ~2 keV reflects the
absorption of X-mode photons at the proton cyclotron resonance.
This is much more pronounced than in the passively cooling model
because of the different X-to-O ratio (see also panels b and c in Fig.
4).

We address next the polarization properties of the bombarded
atmosphere models for all the temperature profiles presented in Fig.
1, which cover different magnetic field strengths B, luminosities
Lo and stopping column densities y, (see also Table 1). The
corresponding polarization degree, as a function of the photon energy,
is shown in Fig. 6. As it can be seen, all models essentially follow
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Figure4. Mean intensity (inerg cm~2 s~ keV~!) spectrum of the emergent
radiation as a function of the photon energy E for the three cases described
in Fig. 2, where (a) is the bombarded profile, (b) is the standard cooling
atmosphere and (c) is the bombarded atmosphere also heated from the crust.
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Figure 6. Polarization degree as a function of photon energy E for atmo-
spheres experiencing particle bombardment with temperature profiles shown
in Fig. 1.

the qualitative behaviour exhibited by model 1 which is actually the
one we presented in Fig. 5. The largest departures are for the most
magnetized cases (models 10 and 11) which show a somewhat higher
polarization around 1 keV.

To explore this issue further, we considered the set of (ad
hoc) temperature profiles discussed in Section 2.1, computed by
assuming a particle bombardment profile for B =3 x 10'* G,
Loo = 10% ergs™!, and yo = 100 gcm™2 (model 1 in Table 1) in the
external region below a given column density y,, and a power-law
profile, with index «, for y > y, (see Fig. 3). In order to investigate
the effects of an ‘inverted temperature profile’, we also considered a
power-law with slightly negative slopes.

The results of our radiative transfer calculation are shown in Fig.
7 for different values of y, and «. If the temperature profile at some
point starts increasing with depth, as expected in the presence of
crustal heating, the emergent signal is always dominated by the X-
mode at all frequencies. Models in which the temperature starts
increasing at a lower depth, closer to the top of the atmosphere and
to the Compton-cooled bombarded layers, have larger polarization
degrees in the lower energy range (< 1 keV) when compared with
models with the same value of o but larger y,. Steeper slopes
also results in a polarization degree which increases more rapidly
with energy. However, in all cases we considered, if the internal
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Figure 7. Polarization degree as a function of the photon energy E for at-
mospheres experiencing particle bombardment with the temperature profiles
shown in Fig. 3 (line code is the same here).

temperature profile increases inward (positive «) the emergent signal
tends to be polarized 100 percent in the X-mode at 10 keV.
In contrast, if for some reasons the temperature profile decreases
towards the base of the atmosphere, then a change in the dominant
polarization mode occurs, with an emergent signal that becomes
0O-mode dominated at high energies.

Motivated by this, as a final test, we considered models in
which the external layers (y < 1073 gcm™2) are still assumed to
be heated by particle bombardment (model 1 is assumed in the
following), but the temperature profile follows a broken power
law as y increases. The first power-law component decreases with
depth and extends in an intermediate layer, while the second one
increases inward and is applied to the innermost regions. For the
increasing leg we considered the reference slope oy = 1/4 of the
grey, passive cooling atmosphere, and a case with half this value. For
the decreasing part, we investigated cases with a slightly decreasing

behaviour (@ = —0.05, —0.1, so to mimic a small deviation from
the completely flat profiles of Fig. 1) and two more extreme, albeit
unphysical, cases witho; = —1/4, —1/8. We also explored the effect

of varying the extension of the two regions. The temperature profiles
are illustrated in Fig. 8(a) and the results of the radiative transfer
calculation are shown in Fig. 8(b).

For models with «; < 0.1 (blue and green curves in Fig. 8), the
emergent signal is dominated by the X-mode in almost the entire
energy range, with the exception of the very low energies below
~3 x 1072 keV and, possibly, of the region near the proton cyclotron
energy. This is also true for all models in which the temperature
starts rising at a lower depth (i.e. logy, = 0). The polarization
degree increases with energy (apart from the depolarization which
appears near the cyclotron energy). Higher temperatures deeper in
the atmosphere result in higher polarization degrees across the whole
energy range. The proton cyclotron line is present in all spectra. In
order to produce an O-dominated signal in a wide energy band, a
very steep inverted temperature profile, extending up to the entire
stopping length (i.e. y, = yo = 100 gcm~2) is required, as shown by
the purple and magenta solid lines in Fig. 8. We have only produced
one scenario, when the knee in the broken temperature power law
occurs at logy = 1.7 (magenta dotted curve in Fig. 8) where the
emission switches from O- to X-mode dominated close to the IXPE
energy range (2-8 keV). The dominance switch from O-mode to
X-mode can be seen around the cyclotron energy. However, for this
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Figure 8. Temperature (a) and polarization degree (b) for atmospheres experiencing particle bombardment in the most external layer (same model used in Fig.
3), but with a double power-law temperature profile. The temperature is first assumed to decrease with index o = —0.25, —0.175, —0.1, —0.05, starting from
a depth log y; = —2 and then to increase with index a; = 0.25, 0.125 starting from a depth log y» = 2 (solid lines), log y» = 1.7 (dotted lines) and log y» = 0

(dashed lines).

switch to occur in and around the IXPE energy range a very steep
inverted slope is necessary, and this is therefore an unrealistic model.

4 APPLICATION TO SOURCES

In order to compare our results with the recent observations of
magnetars performed by IXPE, we need to compute the model
spectro-polarimetric properties as seen by a distant observer. To
this aim, we use a ray-tracing technique which sums together the
contributions from the parts of the star surface which are in view
at each rotational phase (Zane & Turolla 2006, see also Taverna
et al. 2015; Gonzdlez Caniulef et al. 2016). In doing this, we first
compute the monochromatic, phase-dependent flux of the three
Stokes parameters /, U, Q and then calculate the observed flux,
polarization degree, \/ Q2 + U?/I, and angle, arctan(U/Q)/2, at
each rotational phase. We assume a core-centred dipole magnetic
field and include general relativistic corrections.

We first address the question of whether particle bombardment
can be a viable explanation for the modest polarization observed
from these sources at low energy, in alternative to condensed surface
emission, as suggested by Taverna et al. (2022) and Zane et al.
(2023). We assume two different geometries for the bombarded
atmospheric patch: a polar cap with semi-aperture of 5°, and an
equatorial region with semi-aperture of 5° in both latitude and
azimuth. This is motivated by the fact that similar geometries have
been invoked to explain the polarization at low energies measured by
IXPE in 4U 0142+61 and 1RXS J1708 (Taverna et al. 2022; Zane
et al. 2023). In both cases, we divided the surface region into two
patches in co-latitude, such that the magnetic field inclination in each
patch is 6 = (0°, 5°) and (85°, 89°) for the cap and the equatorial
spot, respectively. Radiative transfer models have been computed by
accounting for the inclination of the magnetic field, which introduces
an azimuthal dependence in the radiation field. For the calculation,
we used the same grids as in the previous section, and in addition an
azimuthal mesh with 5 points such that the ray direction and magnetic
field is calculated for each (11, ¢) pair (see Lloyd 2003, section 4.2.2,
for more details). Here we discuss the limiting case in which the
emission is produced only by the particle bombardment, since this
is the scenario in which we expect the emergent signal to have a

suitably low polarization degree. We used model 17 from Table 1,
with B =3 x 10" G, Lo, = 10’ ergs™!, and y, = 100 g/cm?. For
the rest of the surface, we assumed unpolarized blackbody emission
at a very low temperature such that the contribution to the total
spectrum is negligible.

Fig. 9 shows the phase-averaged polarization degree, in the 2—
3 keV energy range, as seen by a distant observer, as a function of
the angles that the spin axis makes with the line-of-sight, x, and the
magnetic axis, &, respectively. We find that the maximum observed
polarization degree is ~25 per cent in the polar cap model (Fig. 9a),
while it is slightly lower for the equatorial spot (Fig. 9b). Both of these
are compatible with the polarization properties observed from 1RXS
J1708 in the same energy range. Emission from a hotspot heated by
particle bombardment could therefore explain JXPE measurement at
low energies.

Additionally, the polarization degree observed from 4U 0142+61
could potentially agree with our models. The 90° rotation in po-
larization angle between the low and high energy ranges cannot be
accommodated in this scenario alone. However, including RCS (as
proposed by Taverna et al. 2022), particle bombardment certainly
cannot be ruled out as an explanation for this magnetar either. We
have not produced models of the emission at infinity for the case
from Fig. 8 in which the polarization goes from O-mode dominated
to X-mode dominated at ~3 keV (magenta dotted curve) because
for this to occur an unrealistically, unphysically large decrease in
temperature would be needed and we have no astrophysical reason
to believe that this would ever occur.

5 DISCUSSION AND CONCLUSIONS

In this work, we have investigated the polarization properties
from magnetar atmospheres experiencing particle bombardment.
We computed simplified models using ad hoc assumptions on the
temperature profile, mimicking scenarios in which the emission is
powered by different combinations of particle bombardment and

2The models have been computed in terms of observed effective temperature.
The luminosity is then correctly associated to each surface patch accounting
for the corresponding patch area.
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Figure 9. The phase-averaged polarization degree in the 2-3 keV energy range as function of the two angles x and & for a bombarded atmosphere on top a

polar cap (a) and an equatorial patch (b). See text for model details.

heat injection from the crust. We also considered extreme cases
in which some internal atmospheric layers are characterized by a
smooth, inverted thermal profile that slightly decreases inward. We
have found that particle bombardment can, in principle, produce a
distinct polarization signature.

When assuming that the luminosity is only due to the release of
heat from particle bombardment, with no significant contribution
from the crustal heating, we find that the magnetar X-ray emission
has a polarization degree that remains around 20 per cent below
~0.2 keV, dips slightly and then increases ~ 540 per cent between
1-10 keV. The emission is X-mode dominated.

Unsurprisingly, when the contribution to the total luminosity from
crustal heating is increased, polarization properties tend towards
those of a standard cooling atmosphere. Atmospheres that exhibit
a steeper increase in temperature in the internal layer produce
radiation with higher polarization degrees, while moving inward
the depth at which the temperature starts to increase results in a
less polarized signal. Additionally, inverted profiles, in which the
temperature decreases with depth, may in principle result in O-mode
dominated emission in the X-ray band, although the required slope
appears to be unphysically large. However, in the case of particle
bombardment onto a non-magnetized atmosphere, it has been been
found that particles with low Lorentz factor (y ~ 10) bombarding
the atmosphere can produce heat deposition in a very shallow layer
and give raise to an inner region with a relatively steep inverted
temperature slope (Baubock, Psaltis & Ozel 2019). This study is not
directly applicable to the regime we are using in this work, among
other reasons because in our study we account for the fact that the
length within which heat is deposited is larger than the stopping
length of primary charges (see Section 2.1). An in-depth study and
proper calculation therefore need to be carried out to investigate if
a similar scenario could be possible in the magnetized plasma of a
magnetar atmosphere and if these seemingly unphysical temperature
slopes, required for an O-mode dominated spectrum, can in fact be
produced.

Particle bombardment alone cannot fully explain the polariza-
tion features observed by IXPE in magnetar sources. However,
a bombarded atmosphere combined with other emission models
(like a standard atmosphere, RCS, a condensed surface, etc.) may
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provide a viable explanation for the polarization pattern detected
at low energies. Specifically, in the case of 1RXS J1708, particle
bombardment is in agreement with the emission in the 2-3 keV range.
We speculate that a hotspot heated by particle bombardment coupled
with standard atmospheric emission would be a likely scenario, as
proposed by Zane et al. (2023), as an alternative to the one based on
a combination of gaseous and condensed components. Additionally,
models that combine particle bombardment and magnetospheric RCS
could also potentially explain the emission from both 4U 0142461
and SGR 1806-20. Testing these combined models is outside the
scope of this current paper but is an exciting prospect for future
work.

It is predicted that the external magnetic fields of magnetars
are complex and contain local twists, with particle bombardment
taking place only in a small selection of magnetic co-latitudes.
However, the implementation of a more complex field structure is
not achievable for this work. Instead, we produce the emission at
infinity assuming a global dipolar field in our ray-tracing simulation
and allow contributions to the emission spectrum from only small
patches of the surface. While this simplification of the magnetic
structure will likely have an impact on the polarization spectrum, the
global twist is a well known and commonly used approximation (see
e.g. Thompson et al. 2002; Fernandez & Davis 2011; Taverna et al.
2014). The development of a model including complex magnetic
field structures and the investigation of the magnetic field evolution
are important areas of ongoing and future works.

In principle, to fully probe the effects of particle bombardment
the full thermal and pressure structure of the atmosphere should
be solved coupled with radiative transfer, relaxing the assumptions
of radiative and hydrostatic equilibrium. Additionally, our models
assume a fully-ionized hydrogen plasma and do not include vacuum
contributions to the plasma dielectric tensor. Vacuum birefringence
and mode conversion effects can significantly affect the polarization
properties of the emission around and above the quantum critical field
(Zane et al. 2000; Ozel 2001; Ho & Lai 2003; Ho et al. 2003; Lai &
Ho 2003; Kelly et al. 2024). The focus of this paper was to explore
the potential polarization signatures from particle bombardment on
the atmosphere and further developments will be matter of future
investigations.
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