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ABSTRACT

Central compact objects (CCOs) are neutron stars found close to the center of some supernova remnants. A certain number of them
are presumably covered by carbon envelopes. Their unpulsed thermal X-ray emission can originate either from the entire surface
covered by a carbon atmosphere or alternatively from a nonuniformly emitting hydrogen atmosphere. However, the latter scenario
appears unlikely given the available upper limits on the amplitude of pulsations. Here we explore a possibility to further discriminate
between the two scenarios using X-ray polarimetric observations. We compute the polarization degree (PD) for nonmagnetized pure-
carbon and pure-hydrogen atmospheres with effective temperatures of between 1 and 6 MK and find that it can reach up to 25%
and 40% for hydrogen and carbon atmospheres, respectively, in the photon energy band 1-10keV. However, given the available
constraints on possible inhomogeneities of the temperature distribution deduced from models of the X-ray spectrum of the CCO in
HESS J1731-347, the integrated PD appears to be very low for both carbon (<0.25%) and hydrogen (a few percent) compositions
in the energy band of 2—8 keV covered by the recently launched Imaging X-ray Polarimetry Explorer. We therefore conclude that
polarization from CCOs is not expected to be detectable by current facilities, but future detection would strongly support nonuniform

hydrogen composition models.
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1. Introduction

A neutron star (NS) is the product of gravitational collapse of the
iron core of a massive star in the final stages of its evolution fol-
lowed by a supernova explosion. It is therefore not uncommon
to find NSs at the centers of some supernova remnants. Some
of these, the so-called central compact cbjects (CCOs; see, e.g.,
Pavlov et al. 2002, 2004; De Luca 2017), appear to be radio-
quiet, are presumably weakly magnetized, and are detectable
only by their thermal X-ray emission. Their X-ray spectra are
well described by model atmospheres and they are attractive
objects for investigations of NS interiors. Indeed, the distance to
and the age of the host supernova remnant are usually known
with reasonable accuracy, which is important for the investi-
gation of supradense cold-matter properties in NS cores (see,
e.g., Lattimer & Prakash 2016, and references therein) and ver-
ification of NS cooling theory (see, e.g. Yakovlev & Pethick
2004; Potekhin et al. 2015, 2020, and references therein). In
particular, estimates of the observed NS radius are important
for constraining equation of state of cold dense matter (see,
e.g., reviews by Steiner et al. 2013; Suleimanov et al. 2016;
Degenaar & Suleimanov 2018).

There are several CCOs that are probably covered with
carbon envelopes because their observed spectra are well
described with model spectra of pure-carbon atmospheres,
and alternative compositions yield unreasonable NS parame-
ters albeit formally consistent with the observed spectra. This
was first suggested for Cas A (Ho & Heinke 2009), where a
NS hydrogen-atmosphere model required an unreasonably small
radius unless a nonuniform temperature distribution was con-
sidered over the surface. However, the latter option appears to

be inconsistent with the absence of detectable X-ray pulsations
(Pavlov & Luna 2009). At present, we know of at least five
more CCOs where carbon atmosphere composition is plausible;
namely the CCOs in the supernova remnant HESS J1731-347
(Klochkov et al. 2013), as well as G15.9+0.2 (Klochkov et al.
2016), G330.2+1.0 (Doroshenko et al. 2018), G347.3-0.5, and
G350.1-0.3 (Hoetal. 2021). It is not fully clear why their
atmospheres could be pure carbon. We previously suggested
(Doroshenko et al. 2018) that the simplest explanation is that
the progenitors of these NSs were highly evolved stars with low
hydrogen and helium abundances in their outer envelopes; for
example, Wolf-Rayet stars. The supernova explosion then takes
place in a wind-blown bubble devoid of hydrogen and helium,
and so after explosion the hydrogen- and helium-free envelope
can be retained.

However, there is also a possibility that the surfaces of
these CCOs are still covered by hydrogen and have a nonuni-
form temperature distribution (Suleimanov et al. 2017, see also
Elshamouty et al. 2016). Indeed, even in this case, the observed
emission can be unpulsed if the hotter regions are located close
to the rotation axis, or if the line of sight is directed close to the
rotation axis. Nevertheless, the probability of such an unfavor-
able geometry for all six CCOs where carbon atmosphere has
been suggested is very low (Wu et al. 2021). On the other hand,
it cannot be completely excluded for at least some individual
objects, a spectacular example being the CCO in Kes 79, which
has the largest pulsed fraction among all known CCOs, namely
~64%. The high observed pulsed fraction implies a relatively
small size for the emitting hot spots, but at the same time the
pulse-phase-averaged spectrum of this CCO is well fitted by car-
bon atmosphere spectra with the emission area comparable to the
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entire NS surface (Bogdanov 2014). Therefore, the problem of
chemical composition of CCO atmospheres may clearly be more
complex than it appears at first sight.

For some objects, such as the CCO in HESS J1731-347,
finding an unambiguous solution to this problem may be espe-
cially relevant. Recently, Doroshenko et al. (2022) found that
even under the assumption of a pure-carbon atmosphere, the NS
needs to be relatively compact and light. In particular, the mass
of ~0.8 M, was estimated assuming a uniformly emitting carbon
atmosphere, which opens up the intriguing possibility that the
CCO might actually be a more exotic object, such as a strange
(quark) star. As in the case of other CCOs, the central object
could also be a NS with more standard parameters if a nonuni-
form temperature distribution over the surface is assumed and
the pulsations are not detectable due to an unfavorable viewing
geometry.

Here, we try to clarify whether or not the geometry and
chemical composition of the NS atmosphere can be constrained
using an independent observational window opened with the
launch of the Imaging X-ray Polarimetry Explorer (IXPE) in
2021 (Weisskopf et al. 2022). Indeed, while a uniformly emit-
ting NS surface is not expected to produce any observable polar-
ization, emission coming from compact hot spots covered by
an atmosphere may exhibit some polarization. We study the
local polarization properties of carbon and hydrogen NS atmo-
spheres and compute the expected polarization of nonuniform
NS models with various chemical compositions in conjunction
with parameter settings that reproduce the observed spectrum
of the CCO in HESS J1731-347 (Doroshenko et al. 2022). We
find that the resulting PD is, in any case, relatively low when
integrated over the NS surface and unlikely to be detected with
current instrumentation. On the other hand, a detection of the
polarization from this CCO could still be feasible in the future
and would strongly favor the nonuniform hydrogen model.

2. Method
2.1. Calculation of local polarization

Considering that the magnetic fields of CCOs are believed to
be low, we ignore possible existing magnetic fields in CCO
atmospheres, consider electron scattering as the only source of
polarization, and ignore circular polarization. The radiation field
depends on the photon energy and cosine of the zenith angle
u = cosa but is independent of the azimuth, resulting in a
Stokes U parameter being equal to zero. Thus, the radiation field
can be fully described by two intensities /; and ,, which rep-
resent two independent streams of oppositely polarized light:
one in the meridional plane formed by the normal to the local
surface and the photon momentum, and one perpendicular to
that plane, respectively (see Chandrasekhar 1960). The model of
the atmosphere depends very little on polarization; therefore, to
compute polarization properties we take the precomputed atmo-
sphere models (Suleimanov et al. 2014). We then solve the radia-
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tive transfer equation written here for the vector I = (
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Fig. 1. Angular dependences of the specific intensities in two polar-
ization modes (top panel) and PD (bottom panel) for pure-electron-
scattering semi-infinite atmosphere. Lines correspond to our calcula-
tions. Solid and dashed lines in the top panel are for /; and I,, respec-

tively. Circles at the bottom panel are the exact Chandrasekhar-Sobolev
solution (Chandrasekhar 1960; Sobolev 1963).

where Ap = kg/(ksc + kg) is the energy-dependent albedo for
single scattering, that is, the ratio of the scattering to the total
opacity. The true opacity kg arises mainly due to bremsstrahlung
and photoionization. The optical depth here is defined for the
electron scattering only, because it does not depend on energy,
that is,

@

with 7 = 0 at the atmosphere surface and m being the column
density. Sources of thermal radiation are described by the Planck
function Bg. For the precomputed atmosphere model, we already
have the dependencies of Ag and Bg on 1.

This system of equations is solved by the Feautrier method
(Feautrier 1964) with the standard boundary conditions for stel-
lar atmospheres, namely the absence of irradiation at the upper
boundary,

dr = —kscdm,

3

and thermodynamic equilibrium at the bottom of the atmosphere
for each polarization mode:

iE(TZ 0,-uw)=0, u>0,

. B
IE(T:TmaXa/l) = _E( % ) (4)

2

To test our code, we first solved the radiative transfer Eq. (1)

for an almost pure electron-scattering atmosphere, assuming

Kg/ke = 1077, that is, A4z ~ 1-1077. The results shown in

Fig. 1 are in good agreement with the results presented in

Chandrasekhar (1960). The PD is defined here as
I -1

PD ==
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Fig. 2. Dependence of the specific intensities in two polarization modes
(top panel) and PD (bottom panel) on the zenith angle for the atmo-
sphere without sources of photons (Milne’s problem, B = 0). Blue
and red curves correspond to our calculations for 4z = 0.95 and 0.7,
respectively. Solid and dashed lines it the top panel are for /; and I,
respectively. Circles at the bottom panel are the solution presented in
Loskutov & Sobolev (1979).

that is, it is positive when the electric vector is predominantly
perpendicular to the meridional plane.

We also checked our code against the results obtained by
Loskutov & Sobolev (1979) for atmospheres with a fixed value
of Ag and various distributions of the photon sources over the
atmosphere: (1) no photon sources in the atmosphere (Milne’s
problem; all the photons come through the bottom boundary,
B = 0); (2) a constant source of photons over the depth (B = 1);
and (3) a linear dependence of the photon sources over optical
depth (B = 1 + Tyoa1, Where Tyory = 7/Ag). Our results are a close
match to those of Loskutov & Sobolev (1979); see Figs. 2 and 3.
In some models with B = 1 + 7 and B = 1, the PD becomes neg-
ative (i.e., electric vector predominantly in the meridional plane)
at some angles and Ag values as discovered by D.I. Nagirner in
1962 (Dolginov et al. 1979). The solutions for Milne’s problem
at relatively low A =~ 0.6—0.8 exhibit high PD. This effect is
related to the strong beaming of radiation along the normal to
the atmosphere (see Fig. 2). Scattering of this radiation in the
surface layers produces high polarization perpendicular to their
initial direction, that is, parallel to the surface.

2.2. Polarization properties integrated over the surface

Here, we consider a slowly rotating spherical NS with
mass M and radius R and use the formalism developed
in Viironen & Poutanen (2004). We use a coordinate system
defined by the NS rotation axis and the plane passing through the
rotation axis and the line of sight as illustrated in Fig. 4. Here, i is
the inclination angle between rotation axis and line of sight, 8 is

1)/ 1(1)

PD (%)

H=COS

Fig. 3. Dependence of the specific intensities in two polarization modes
(top panel) and PD (bottom panel) on the zenith angle for the atmo-
sphere with constant sources of photons over depth (B = 1). Blue and
red curves correspond to our calculations for Az = 0.95 and 0.7, respec-
tively. Solid and dashed lines in the top panel are for /; and /,, respec-
tively. The case where B = 1 + 7 and Ag = 0.7 is also shown with
magenta curves. Circles at the bottom panel are the solution presented
in Loskutov & Sobolev (1979).

the co-latitude of the considered point, ¢ is the rotational phase,
and i is the angle between the local normal n and the direction
of the escaping photon in a flat space-time k:
cos Y = cosicosf + sinisinf cos ¢. (6)
To obtain the Stokes parameters as observed by a distant

observer, we have to integrate the local Stokes parameters over
the observed part of the NS surface (Viironen & Poutanen 2004):

FE RZ
O =—2fdcos9fd<pcosai)(1+1)73
ug ) D

1
X Ig(a)| PDg(@)cos2(xo +x) |, @)
PDg (@) sin2(yo + x)
where z is the gravitational redshift defined as
2GM
l+z=01-w"? and u="—, 8)
Rc?

D is the distance to the NS, and « is the angle between the
local normal and the direction of the escaping photons. This
angle is smaller than the corresponding angle in flat space-time
¥ because of the light bending. Here, y is the PA of the emitted
radiation in the local basis, which is defined by the plane cross-
ing the surface normal and the line of sight. In our case of elec-
tron scattering, yo = 90°. We use an accurate approximation for
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Fig. 4. Geometry of the problem.

the relation between « and y as proposed by Poutanen (2020a),
where an analytical approximate formula for the lensing factor

1 dcosa

D= 1 —udcosy

C))

was also given.

It is also necessary to note that the integration in Eq. (7) is
performed over the observable part of the surface with cos a > 0.
The values of Ig/(a, 6, ) and PDg (a, 8, ¢) depend on the local
coordinates on the NS surface 8 and ¢ — because we consider a
nonuniform temperature distribution — and also on the angle a.
Now we measure the polarization angle (PA) relative to the main
polarization basis comprising the NS rotation axis and the line
of sight. The PA measured in this frame is expressed using the
rotating vector model (Radhakrishnan & Cooke 1969; Poutanen
2020b), as

sin 6 sin ¢

tan y = (10)

cosisinfcos ¢ —sinicosd’

The final observed PDg and the PAgp = yg are determined
using the total surface-integrated Stokes parameters

VO + Up Us

n2yg=—.
Fg tan 2xe (07

Fortunately, the radiation transport in the gravitational field
of a slowly rotating, spherically symmetric NS does not rotate
the polarization plane of the emitting radiation. We note that this
is not correct for rapidly rotating NSs or for accretion disks (see,
e.g., Connors et al. 1980; Poutanen 2020b; Loktev et al. 2020,
2022). Another favorable circumstance is the weak magnetic
fields of the considered NSs. In the opposite case, we would
have to consider the rotation of the polarization plane because
of the vacuum birefringence in a strong magnetic field (see, e.g.,
Heyl et al. 2003).

We computed examples of pulse profiles and observed PD
and PA from a slowly rotating NS with M = 1.5M; and R =
12 km with one and two antipodal small bright spots. We assume
that the local radiation of the bright spots has the same angu-
lar and polarization distributions as a pure electron-scattering
atmosphere (Chandrasekhar 1960). The computations were per-
formed for an inclination i = 60° and four co-latitudes of the
bright spot 6s, =15°, 45°, 63°, and 90°. The results presented in
Fig. 5 are similar to those from Viironen & Poutanen (2004) who
considered a rapidly rotating NS. The maximum polarization, up

PDg = (11)
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Fig. 5. Normalized monochromatic pulse profiles (top panel), PD (mid-
dle panel) and PA (bottom panel) as a function of the rotation phase of
a slowly rotating NS with M = 1.5 M and R = 12km, and one (solid
curves) or two antipodal (dashed curves) small bright spots on the sur-
face. The radiation from the spots has angular and polarization distri-
butions similar to those of a pure electron-scattering atmosphere. The
computations were performed for inclination i = 60° and four different
spot co-latitudes 6y, = 15° (light blue curves), 45° (red curves), 63° (blue
curves), and 90° (black curves). This figure is similar to Fig. 11 from
Viironen & Poutanen (2004) who considered a NS rotating at 400 Hz.

to 11.7%, is expected from the one spot observed close to the NS
edge (@ ~ 90°), but the observed flux is very low at those rota-
tional phases. The expected polarization from two spots does not
exceed a few percent and again is highest at the flux minima.

3. Results
3.1. Local polarization for carbon atmospheres

We also studied the local polarization properties of radiation
emerging from a carbon model atmosphere using a test model
with T = 2MK and log g = 14.3 that was previously computed
for a model atmosphere grid (Suleimanov et al. 2014). We note
that the model atmospheres were computed following a standard
self-consistent approach and the extensively modified Kurucz’s
code ATLAS (Kurucz 1970). The number densities of various car-
bon ions were computed in all the atmosphere points using a
local thermodynamic equilibrium (LTE) approximation. In the
considered model atmospheres, carbon is not fully ionized and
its hydrogen-like ion is responsible for the absorption edge at
0.45keV.

The emergent spectra of total (I, + ;) specific intensity for
five angles between the photon transport direction and the nor-
mal @, namely for u = cosa = 0.953, 0.769, 0.5, 0.231, and
0.047, are shown in the top panel of Fig. 6. The PD of the
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Fig. 6. Polarization properties of radiation emitted by pure-carbon
atmospheres. Top panel: total specific intensity for Ter = 2MK and
logg = 14.3 at various angles to the normal: ¢ = 0.953 (black), 0.769
(red), 0.5 (light blue), 0.231 (blue), and 0.047 (magenta). Bottom panel:
corresponding energy dependence of the PD for the same five angles.

emergent radiation for the same five angles along the spectral
band are shown in the bottom panel of Fig. 6.

The PD is close to zero at photon energies below 1keV
because the contribution of electron scattering to the total opac-
ity is insignificant at these energies. At higher photon energies,
the PDs increase up to their maxima at 10keV and further
decrease to the values typical for a pure electron-scattering atmo-
sphere. These results can be understood using the polarization
estimates presented above for Milne’s problem. The emergent
radiation is increasingly peaked along the normal at photon ener-
gies where the PD is highest; see the top panel of Fig. 6 (see
also Fig. 3 in Suleimanov et al. 2017). At the same photon ener-
gies, the contribution of electron scattering to the total opacity
becomes dominant, Az > 0.5. In such conditions, the escaping
photons scatter a few times after their birth. This means that the
physical conditions close to Milne’s problem provide a high PD,
which exceeds that for a pure electron-scattering atmosphere.
Electron scattering dominates at high photon energies, giving
rise to Ag = 1, as in a pure electron-scattering-dominated atmo-
sphere.

The interpretation proposed above is further confirmed by
the plots shown in Figs. 7 and 8. The top panel of Fig. 7 demon-
strates that the emerging flux is much more peaked along the
normal at the photon energies where the largest polarization
was computed, namely at 3 and 10 keV. The angular distribution
of the emerging radiation at 50keV almost coincides with that
computed for a pure electron-scattering atmosphere (however,
we note that for the temperatures observed for CCOs, there are
almost no photons in this band. The angular distribution of the
radiation at 1keV is more relevant and is also peaked along the
normal. However, the free-free and photoionization processes

T T T T T
—_
-
~
~
—
3
~
T =2MK
logg=14.3
pure C
P
X
N—
@)
~
1 " 1 " 1 " 1

1.0 0.8 0.6 0.4 0.2

HU=COS a

Fig. 7. Dependence of the specific intensities in two modes (top panel)
and of the PD (bottom panel) on the angle to the normal for the same
model atmosphere as in Fig. 6 for four photon energies, i.e., 1, 3, 10, and
50keV, shown by black, red, magenta, and blue curves, respectively.
Black solid and dashed curves coincide.

1.0

0.8

0.6
=04

0.2

0.0

Column density (g cm” )

Fig. 8. Dependence of parameter Az, computed for the same energies
and atmosphere model as in Fig. 7, on the atmosphere depth. Circles
correspond to the approximate depth of the birth place of escaping pho-
tons (Terz = 1). The vertical dotted line marks the approximate last-
scattering depth (74 = 0.5).

completely dominate over the electron scattering in this energy
range, which makes the resulting polarization negligible.

The bottom panel of the same figure shows the distribu-
tions of the PD over the zenith angle at the same four photon
energies. As expected, the polarization at 1keV is close to zero
and the polarization at 50keV coincides with the polarization
dependence of a pure electron-scattering atmosphere. The polar-
ization dependence computed for 10keV is close to the solu-
tion obtained by Loskutov & Sobolev (1979) for Milne’s prob-
lem at Ag ~ 0.8, whereas the polarization dependence computed
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Fig. 9. Dependence of the PD on photon energy for two angles, u =
0.047 (solid curves) and 0.5 (dashed curves), for various effective tem-
peratures of the carbon atmospheres with logg = 14.3 (top panel) and
various surface gravities with T.g = 2 MK (bottom panel).

for 3keV is low at almost all angles and exhibits a significant
increase at large angles (u < 0.2).

Figure 8 helps us to understand the obtained behavior of the
polarization at the presented photon energies. The dependencies
of Ag on the atmosphere depth are also shown. The positions of
the birthplaces of the normally escaping photons, determined by
the condition 7.g g = 1, are shown with the circles. The effective
optical depth is defined as

dreg g = VKke(Kse + kg) dm. (12)

The position of the last scattering is indicated by the verti-
cal dotted line. As expected, Ag is close to 1 at 50keV, and
close to 0 at 1keV at almost all depths. Indeed, we see that
the last scattering depth is above the photon birthplace at pho-
ton energies of 10keV, and therefore the physical picture of the
polarization forming is close to Milne’s problem. Moreover, the
average value of Ag is close to 0.8 above the photon birth-
place. The picture is different for photons at 3 keV. Most of the
normally escaping photons are not scattering, and the resulting
polarization is low at large u. However, the photons escaping
along the surface are scattering a few times because A is large
at the surface layers. This leads to the high PD at low u. The
same effect is weakly seen for the PD at 1 keV.

The PD also depends on the parameters of the model atmo-
sphere (see Fig. 9), and for example has the highest values for
the lowest effective temperatures. However, at the same time,
the flux level is the lowest at photon energies higher than 1 keV
(see, e.g., Fig. 3 in Suleimanov et al. 2014). The dependence of
PD on the surface gravity is weak.

3.2. Local polarization for hydrogen atmospheres

Polarization of the hydrogen model atmosphere spectra is qual-
itatively similar to that of the carbon model atmosphere spec-
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Fig. 10. Polarization properties of radiation emitted by pure-hydrogen
atmospheres. Top panel: total specific intensity for the hydrogen atmo-
sphere with Ty = 4MK and logg = 14.3 at various angles to the
normal. The black, red, blue, light blue, and magenta curves correspond
to i = 0.953, 0.769, 0.5, 0.231, and 0.047, respectively. Bottom panel:
corresponding energy dependence of the PD for the same five angles.
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Fig. 11. Dependence of the PD on photon energy for two angles, u =
0.047 (solid curves) and u = 0.5 (dashed curves) for various effective
temperatures of the hydrogen atmospheres with logg = 14.3.

tra (see Figs. 10 and 11), although hydrogen is fully ionized
in the considered atmospheres. The polarization is highest in
the energy range of 0.5-5 keV, where a transition between the
free-free opacity and electron scattering occurs. The value of Ag
increases from a very low value to approximately 1, and the PD
is close to the maximum possible values in those conditions, as
discussed in the previous subsection. At photon energies larger
than 10keV, the polarization is close to the polarization prop-
erties of the pure electron-scattering atmosphere. However, the
PDs of the hydrogen model atmosphere spectra are lower than in
the spectra of carbon model atmospheres and do not even reach
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Table 1. Parameters of the two NS atmosphere models with nonuniform
surfaces.

Parameter  Unit carbatm  hatm
Ny 10?2 cm™2 2.29 2.43
T MK 1.40 1.70
T, MK 2.30 4.25
A 0.51 0.977
80 |
/5\0
ﬁ 60
%%
<
g 40 +
=
S
S 20}t
w2
0 "
0 20 40 60 80

Inclination angle i (deg)

Fig. 12. Map of the phase-averaged PD in the 2-8 keV band depending
on the inclination angle and the colatitude of the spot center 6y, com-
puted for the model with the carbon spot carbatm. The curves of equal
PD are labeled.

25% for the coolest model. The peak in the PD is also shifted to
lower energies compared to the carbon atmospheres.

3.3. Polarization properties integrated over the surface for
atmosphere models

To estimate the observable polarization from a distant NS whose
temperature is not uniform over the surface, we consider con-
straints on the geometry and temperatures of the two symmetric
hot spots obtained based on analyses of X-ray spectra for CCO
in HESS J1731-347 (Doroshenko et al. 2022) for hydrogen and
carbon atmosphere models. The parameters of these two models
are listed in Table 1. We fixed the effective temperatures equal to
the previously computed grid model values (Suleimanov et al.
2014, 2017). The parameter f; defines the contribution of the
cold component to the total spectrum:

Fioo = fiXx Fi+ (1= fi) X F>. 13)

To first approximation, f; also defines the relative observed NS
area occupied by the cold component. More specifically, the
spot sizes depend to a certain extent on the chosen inclination
angle i and the co-latitude of the first spot center 6,p; see details
in Suleimanov et al. (2017).

For these parameters, the surface gravity is logg ~ 14.2.
There are no models computed for that log g, and we used model
atmospheres with the closest value, of namely logg = 14.15.
We computed the local PDg for five angles @ (u = cosa are
the same as presented in Fig. 6) for two-component carbon and
two-component hydrogen model atmospheres with the effective
temperatures presented in Table 1 (in both cases, components
correspond to emission from the hot spot and cooler remaining
part of the NS surface).

T T T

80
)
Q
= 60t
oF D ——
>
= ’/ 0,
2 wl L05%
=
S 1%
2
& 20t

ob—t
0 20 40 60

Inclination angle i (deg)

Fig. 13. Same as Fig. 12 but for the model with the hydrogen spot hatm.
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Fig. 14. Relative pulse profiles (top panel), the phase-dependent PD
(middle panel), and the phase-dependent PA (bottom panel) computed
in the IXPE energy band 2—-8 keV for three sets of angles: the spot center
colatitude 6, = 0° and the inclination angle i = 90° (black lines), 6, =
90°, i = 90° (blue curves), and 6y, = 60°, i = 30° (red curves). The
phase-averaged PDs are shown with dashed lines. The global model
hatm (see Table 1) was used.

The values of PDg(u) together with the data regarding the
angular distribution of the emerging radiation computed previ-
ously (Suleimanov et al. 2017) were used for computation of
the PD in the IXPE energy band 2-8 keV for models carbatm
and hatm for all possible angles i and 6g,. Maps of the obtained
phase-averaged PD are shown in Figs. 12 and 13. The maximum
PD in both cases is expected at the angles i ~ 90°, 6, ~ 0°, when
the rotation axis is almost normal to the line of sight, whereas
the hot spots are situated near the rotation poles. The secondary,
smaller maximum corresponds to the angle 6, ~ 90°, when the
hot spots are located on the NS equator, and for the same incli-
nation of the observer at i ~ 90°.
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Fig. 15. Phase-dependent normalized Stokes parameters ¢ = Q/F
(black curves) and u = U/F (red curves) for the same three models
as presented in Fig. 14. The top panel corresponds to angles 6, = 0°,
i = 90°, the middle panel to 65, = 90°, i = 90°, and the bottom panel to
angles 6, = 60°, i = 30°. The phase-averaged values g and u are shown
with the dashed lines.
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Fig. 16. Map of the maximum PD in the 2-8 keV band, achievable at
some rotational phases, depending on the inclination angle and the co-
latitude of the spot center 6, computed for the model with the hydrogen
spot hatm. The robust observational limit on the pulsed fraction of 9.7%
is also shown with a thick red curve (see details in Doroshenko et al.
2022). The curves of equal PD are labeled.

The expected maximum polarization ~4.4% for the hatm
model is about 20 times larger than for the model carbatm,
although the local polarization is higher for the carbon model
atmospheres (see previous two subsections). The obvious reason
is the small hot spot sizes in the hatm model (=13° vs. ~60°). In
the case of large spots, the polarization from the opposite parts
of the spots compensate each other more effectively.
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We also present model predictions for variations of the flux,
the PD, and the PA with pulse phase for three pairs of angles
(case 1: 65 = 0° and i = 90°; case 2: Osp = 90° and i = 90°;
case 3: 6, = 60° and i = 30°) for the hatm model; see Fig. 14.
These examples demonstrate that the PD at some pulse phases
can be as high as the maximum phase-averaged PD at the angles
65, = 0° and i = 90°. The highest PD is reached at the minimum
fluxes when the spots are located at the edge of the observed NS
hemisphere. The corresponding values for the normalized Stokes
parameters ¢ = Q/I and u = U/I as a function of the rotation
phase are shown in Fig. 15; their behavior with the rotation phase
explains why the PD averaged over pulse phase is different for
cases 2 and 3 despite the similar amplitude of PD variation over
the pulse phase.

Considering that polarization properties appear to be
strongly variable with pulse phase regardless of the model used,
detection of the polarization at some particular pulse phase might
in principle be easier than in the phase-averaged case. We there-
fore also computed a map of the maximum PD at different rota-
tion phases (Fig. 16). It is clear that the detectability of suffi-
ciently high polarization in separate phase bins could indeed be
promising, with a caveat that no pulsations have been detected
in any of the CCOs in question.

Figure 16 also shows a curve corresponding to the computed
pulsed fraction PF = (Fpax — Fmin)/(Fmax + Frin) = 9.7%.
This value is a strict upper limit on the possible pulsations of
the X-ray flux of the CCO in HESS J1731-347; see details in
Doroshenko et al. (2022). The regions of the angles to the left
and below the curve correspond to PF < 9.7% and these angle
combinations (i, 6s,) are allowed if the assumed model with two
hot hydrogen spots is correct. We therefore calculate a ~98.5%
probability that there is a phase interval where PD exceeds 1%.

4. Discussion and conclusions

We investigated the expected X-ray polarization properties of
nonpulsing CCOs assuming that their surfaces are nonuniform
and covered by pure carbon or hydrogen envelopes with two
symmetric hot bright spots on the surface. We also assumed
that the magnetic field on the NS surfaces is weak and can be
neglected.

First of all, we calculated the local polarization properties of
pure carbon and pure hydrogen NS atmospheres with low effec-
tive temperatures (Teg ~ 1-6 MK), assuming that polarization
arises due to electron scattering only. We found that the local
polarization is weak at low photon energies (<1keV) where true
opacity (free-free and bound-free transitions) dominates, and
very close to a pure electron-scattering atmosphere at high pho-
ton energies (>10-50keV) where electron scattering dominates.
However, only the first case is of physical relevance as there is no
detectable X-ray emission above ~10keV from any of the CCOs.
Between these two regions, there is an energy band where true
opacity and electron scattering contribute comparable amounts
to the total opacity. The PD of the emergent radiation in that
band exceeds that of a pure electron-scattering atmosphere and
can reach, at the largest zenith angles, up to 15%-25% for hydro-
gen atmospheres and 30%—40% for carbon atmospheres. The PD
is higher for the low-temperature models and weakly depends on
the surface gravity. This kind of amplification of the polarization
at comparable amounts of true opacity and electron scattering
was found by Loskutov & Sobolev (1979) and our computations
confirm their results.

We also studied the polarization properties of the NS mod-
els with nonuniform surfaces that describe the observed X-ray
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spectrum of the CCO in HESS J1731-347 (Doroshenko et al.
2022), assuming standard values of mass and radius of the NS
(M = 14M, and R = 12km). We found that the maximum
expected PD in the IXPE band 2-8 keV is low (<0.25%) for the
model with the carbon surface and two bright spots. The spot
sizes are substantial (about 60°) in that model, and taken together
with a relatively small difference in the temperatures between
the spots and the rest of the NS surface (the polarization of the
cooler models is higher), these lead to the resulting weak polar-
ization. This expected polarization level is barely detectable with
IXPE. Indeed, the estimated IXPE count rate while assuming
the spectral parameters reported in Doroshenko et al. (2022) is
~0.1 count s~! and detecting polarization at the level of ~0.25%
would require exposure of close to 1 gigasecond, even while
neglecting the contribution from the background.

On the other hand, the model with a hydrogen surface and
relatively small spot sizes (~13°) demonstrates a relatively high
maximum PD of up to 4.4% for some geometries. This is already
potentially detectable with IXPE with a ~1 Ms exposure or
future more sensitive facilities like eXTP (Zhang et al. 2016),
although it should be borne in mind that such a high PD is only
reached when the NS spin axis is almost perpendicular to the line
of sight and the hotspot is close to the spin axis.

Periodic pulsations of the X-ray flux of the CCO in HESS
J1731-347 were not found with a strict upper limit of 9.7%
(Doroshenko et al. 2022), meaning that the considered model is
appropriate if the inclination angle i or the spot colatitude 6, (or
both) are sufficiently close to 0°. The phase-averaged polariza-
tion is highest at 6, ~ 0° and i approaching 90°. The probability
of finding a phase-averaged PD of above 1% is about 25%. This
corresponds to a required IXPE exposure of 100 Ms, which is
not realistic. In the opposite case, with 6g, ~ 90° and i close to
0°, the PD has the same high values at all rotational phases. If a
periodic PD increase can also be found, the probability of find-
ing a polarization signal at least in some phases due to favorable
geometry increases to about 98%; however, the observation time
will also need to be increased accordingly to ensure that suffi-
cient exposure is also accumulated within individual phase bins
(provided that the phase can be determined to begin with).

The main conclusion of this work is that PDs of up to a few
percent in the CCO in HESS J1731-347 can be expected for a
hydrogen atmosphere and favorable orientation of the NS. Such
polarization could be detectable with IXPE and future X-ray
polarimetry missions within a reasonable exposure time of a few
million seconds. For a carbon atmosphere, the expected polariza-
tion is lower, and is not detectable with current facilities and is
unlikely to be detectable with the planned future facilities. Thus,
a detection of polarization from the considered object or other
nonpulsating CCOs would be a strong argument in favor of the
NS model covered by a hydrogen envelope with two bright spots.
On the other hand, if the polarization from nonpulsed CCOs is
not detected, this would support the hypothesis that the observed
emission comes from an almost uniformly emitting NS covered
by a carbon envelope, although this nondetection would clearly
not be definitive evidence.

: A&A 673, A15 (2023)

Here, we did not consider the possibility that the magnetic
field is strong at the bright spots, that is, about 102 G, as was
suggested for the CCO in Kes 79 (Bogdanov 2014). The corre-
sponding PD could be much larger in this case. The correspond-
ing computations are nevertheless beyond the scope of the cur-
rent work and will be presented in a separate paper.
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