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Abstract

Magnetars are the most strongly magnetized neutron stars, and one of the most promising targets for X-ray
polarimetric measurements. We present here the first Imaging X-ray Polarimetry Explorer observation of the
magnetar 1RXS J170849.0-400910, jointly analyzed with a new Swift observation and archival NICER data. The
total (energy- and phase-integrated) emission in the 2—-8 keV energy range is linerarly polarized, at a ~35% level.
The phase-averaged polarization signal shows a marked increase with energy, ranging from ~20% at 2-3 keV up
to ~80% at 6-8keV, while the polarization angle remains constant. This indicates that radiation is mostly
polarized in a single direction. The spectrum is well reproduced by a combination of either two thermal
(blackbody) components or a blackbody and a power law. Both the polarization degree and angle also show a
variation with the spin phase, and the former is almost anticorrelated with the source counts in the 2—8 and 2—4 keV
bands. We discuss the possible implications and interpretations, based on a joint analysis of the spectral,
polarization, and pulsation properties of the source. A scenario in which the surface temperature is not
homogeneous, with a hotter cap covered by a gaseous atmosphere and a warmer region in a condensed state,
provides a satisfactory description of both the phase- and energy-dependent spectro-polarimetric data. The
(comparatively) small size of the two emitting regions, required to explain the observed pulsations, does not allow

Zane et al.

to reach a robust conclusion about the presence of vacuum birefringence effects.

Unified Astronomy Thesaurus concepts: Polarimetry (1278); Magnetars (992)

1. Introduction

The launch of the NASA-Agenzia Spaziale Italiana Imaging
X-ray Polarimetry Explorer (IXPE; Weisskopf et al. 2022) in
2021 December opened a new window to our view of the X-ray
sky by adding polarimetry to the spectroscopy, timing, and
imaging as a tool to interpret astrophysical X-ray sources. IXPE
has been in operation for nearly 1 yr now, and already observed
more than 30 X-ray sources belonging to different classes.

Particularly interesting for IXPE observations are magnetars,
a class of isolated neutron stars (NSs) that are powered by their
huge magnetic field (Duncan & Thompson 1992; Thompson &
Duncan 1993). They are characterized by an X-ray luminosity
L~10*"-10*ergs™', spin period P~ 1-12s, and period
derivative P ~ 1073-10""" ss™', implying a dipole field
B~ 10"-10"° G. Magnetars are extremely active sources over
different ranges of luminosities and timescales, from the short-
lived X-ray bursts and powerful giant flares to outbursts, during
which their persistent X-ray flux suddenly increases by a factor
of ~10-1000 and then gradually decays over months—years
(e.g., Rea & Esposito 2011; Coti Zelati et al. 2018).

Magnetar X-ray spectra below 10keV are typically well
reproduced by a two-component model, comprising either two
thermal (blackbody, hereafter BB) components or a thermal
component plus a nonthermal (power-law, hereafter PL) one.
While the BB component(s) is believed to originate from
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(regions of) the cooling star surface, the PL one is usually
interpreted as due to resonant cyclotron scattering (RCS) of
thermal photons off magnetospheric currents flowing in a
twisted magnetic field. In addition, magnetars exhibit a
powerful and highly pulsed nonthermal emission at higher
energies, up to ~100-200 keV, first discovered by International
Gamma-Ray Astrophysics Laboratory (INTEGRAL,; see, e.g.,
Turolla et al. 2015; Kaspi & Beloborodov 2017, for reviews).

Strongly magnetized sources, which electromagnetic emis-
sion is expected to be highly polarized, are ideal targets for
X-ray polarimetry. Emission from highly magnetized NSs is
expected to be linearly polarized in two normal modes, the
ordinary (O) and extraordinary (X) ones, with the polarization
electric vector either parallel or perpendicular to the plane of
the photon direction and the (local) magnetic field. The degree
of polarization depends on the properties of the emission
region, its geometry, magnetic field strength and orientation,
and the dominant radiative processes. This makes X-ray
polarimetry a new, powerful tool to probe the magnetospheric
topology of the magnetar, the state of matter in the star crust,
including whether the star has a bare, condensed surface or is
surrounded by a gaseous atmosphere (see, e.g., Taverna et al.
2020; Caiazzo et al. 2022, and references therein), and even to
test the properties of the QED magnetized vacuum around the
star, such as its birefringence (Heyl & Shaviv 2000, 2002).

IXPE first observed a magnetar source, the bright anomalous
X-ray pulsar (AXP) 4U 0142 4 61, in 2022 February. The
polarization signal was clearly detected at ~13% level, with
both the polarization degree and angle exhibiting a strong
dependence on the energy (Taverna et al. 2022). In this paper,
we report on the IXPE observation of a second magnetar, the
AXP 1RXS J170849.0-400910.
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Figure 1. Left: phase- and energy-averaged linear polarization of 1RXS J1708, in terms of the normalized Stokes parameters. Uncertainties are shown at the 68.3%
(1o) confidence level. Circles with center in the origin and increasing radii correspond to increasing values of the polarization degree while different values of the
azimuth to different polarization angles. Right: polarization of 1RXS J1708 in different energy bands, computed with IXPEOBSSIM. Contours identify the 50%
confidence regions for the joint measurement of the polarization degree and angle (which are not independent variables), accounting for statistical fluctuations only.
Orange stars and green crosses show, for the same energy bins, the prediction of the belt+cap and cap+cap models, respectively (see Section 5 for details).

2. Source Properties and Observations

1RXS J170849.0-400910 (1RXS J1708 hereafter) was first
identified in the ROSAT All Sky Survey (Voges et al. 1999),
but only a few years later, ~11 s pulsations were discovered by
ASCA (Sugizaki et al. 1997). Both the large period derivative
(P~2x 10" ss7") and the upper limits inferred for a
possible optical counterpart confirmed the source to be a
member of the magnetar class (Israel et al. 1999). The value of
the period derivative, if interpreted as due to a rotating dipole in
vacuum, yields a dipole magnetic field strength of ~4-5 x
10'*G. The source presents an erratic timing behavior,
characterized by frequent glitching activity that interrupts
periods of steady spin-down (Dib & Kaspi 2014). The X-ray
spectrum has been fitted with an absorbed BB+PL model, with
(slightly variable) photon index I' ~ 2.6, and BB temperature
kT ~0.45keV (Rea et al. 2003, 2007; Krawczynski et al.
2022). The source is radio-quiet. Hard, strongly pulsed X-ray
emission extending up to ~150keV has been detected from
IRXS J1708 with INTEGRAL (Kuiper et al. 2006); a marked
variability in the hardness ratio is also observed (Gotz
et al. 2007).

The distance of the source is uncertain. 1RXS J1708 lies in
the Galactic plane, and the large column density inferred from
X-ray data, ny ~ 1.36 x 10*2 cm ™2, suggests a distance in the
5-10 kpc range (Israel et al. 1999; Rea et al. 2007), although a
smaller value cannot be ruled out, as hinted from spectral fits
with atmospheric models or from reddening measures based on
Two Micron All Sky Survey stars (Perna et al. 2001; Durant &
van Kerkwijk 2006). In this paper, we present the results from
the IXPE observation of 1RXSJ1708 performed from 2022
September 19 05:08 UTC to 2022 September 29 12:00 UTC
and from 2022 September 30 12:52:02 UTC to 2022 October 8
11:17:40 UTC. We complemented the analysis with data from
a Swift X-Ray Telescope (XRT; Burrows et al. 2005) target of
opportunity observation, performed on 2022 October 20 for a

total of 1020 s, and with the most recent NICER (Arzoumanian
et al. 2014) data publicly available (see Appendix A for
details). Our observations and the methods used for data
processing are described in Appendix A.

3. Phase-integrated Polarimetric and Spectropolarimetric
Analysis

No variations in either the source or background were found
during the two IXPE observations (see Appendix A.l);
therefore the combined data are used in the following analysis.
The phase-integrated and energy-integrated polarization in the
2.0-8.0 keV interval, which is the nominal IXPE energy range,
is shown in Figure 1 (left panel) for each detector unit (DU),
and for their combination. The values of the Stokes parameters
were derived with the IXPEOBSSIM suite (Baldini et al. 2022),%’
and they are weighted by the (energy-dependent) effective area
of the instrument. This allows us to correct the measured
polarization, which is convolved with the spectral response of
the instrument, and to obtain the polarization of the incoming
radiation. The circles and the radial lines in Figure 1 mark the

loci of constant polarization degree, PD = /Q* + U? / I, and
polarization angle, PA = arctan(U/Q) /2, respectively. Since
the Stokes parameters are (quasi) normally distributed, we
report the one-dimensional uncertainties at 68.3% confidence
level (10).

The measured polarization angle is ~60° west of north, and
the phase- and energy-integrated polarization degree is
remarkably high, ~35%, that is more than 2.5times the
average X-ray polarization of the only other magnetar observed
to date (Taverna et al. 2022).

Even higher polarization degrees are detected by binning the
data in five energy intervals, as reported in the right panel of
Figure 1; here the contours show the 50% confidence regions in

57 https: //github.com/lucabaldini/ixpeobssim
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Table 1
Values of the Measured Polarization Degree and Angle, Obtained with the IXPEOBSSIM Software Suite
2-3 keV 34 keV 4-5keV 5-6 keV 6-8 keV 2-8 keV
PD—sum [%] 217417 413439 58.6737 57.7+8% 85713 351718
PD S/N 12.90 20.20 15.80 8.50 5.80 22.50
PA—sum [deg] —62.6132 —62.4114 —61.811% —60.7433 —60.8+47 —62.1113

Note. Reported values correspond to the sum of the three DUs (the measures of the single DUs are consistent with each other within errors). Uncertainties are obtained
at 68.3% confidence level, assuming that the polarization degree and angle are independent. Signal-to-noise ration (S/N) is calculated by dividing the polarization
degree obtained by combining the results of the three telescopes on board IXPE by its uncertainty.

| Q U
10! 0.0005 0.001
0.0000
0.000
100 -
—0.0005 A
—0.001 -
101 5 -0.0010 A
T T T
> > >
e 2 _0.0015 - £ —0.002 +
10724 n N
1] wn 9]
5 5 —0.0020 A S _0.003 1
o 1"1 [=] o
O 5-.4' o o
10734 — bbody —0.0025 1
----- powerlaw —0.004 A
4+ IXPE/DU1 —0.0030 A
1044 + IXPE/DU2
+  IXPE/DU3 + DUl -0.005{ + DUl
4 Swift/XRT —0.0035 1 DU2 L DU2
+ NICER + DU3 4 DU3
10-° T T T —-0.0040 r r : -0.006 : T T
5.0 5.0 5.0
: : ‘ : !
3 251 3 251 : +‘\ | 3 251 1 i +
= = , +4. t = i + +
T o0l T 00 *.ql ﬂiﬁ,# fﬂmﬁ T 0o m%m %@}%A !
g o0 g o Seges3us ik H ‘ g 0. - .- :
: % PR AT T,
£ 2.5 1 8 -2.5 - ot 4 8 -2.5 1 t !
2 3 3
T 5.0 . . . T 5.0 . . . T 5.0 . . .
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

Energy (keV)

Energy (keV)

Energy (keV)

Figure 2. Joint spectropolarimetric fit of IXPE, Swift/XRT, and NICER data. The Stokes 1, Q, and U energy spectra are obtained by binning the event-by-event
Stokes parameters, calculated following Kislat et al. (2015), according to the measured energy of the event. Q and U are given by the source flux multiplied by the
polarization degree and either the cosine or the sine of twice the polarization angle, respectively. The Stokes 1, O, and U energy spectra convolved with the instrument
response are shown in the left, central, and right panels, respectively. The best-fit model of the form TBABS*(BBODY * POLCONST + POWERLAW *“ POLCONST) is shown
by the solid lines. Fit residuals are shown in the bottom panels; see Table 2 in Appendix B for the fit parameters. Light colored curves are the background of IXPE

detectors.

the polarization degree versus polarization angle plane (see also
Table 1). The polarization degree increases from ~20%
between 2 and 3keV to ~80% in the 6-8 keV energy range.
The polarization angle remains roughly constant in all
energy bins.

We performed a spectropolarimetric analysis making use of
the IXPE, Swift-XRT, and NICER observations (the latter
performed within a month; see Appendix A). We extracted
Swift and NICER energy spectra with the standard data
analysis tools and used IXPEOBSSIM to derive the IXPE I, Q,
and U energy spectra. We use XSPEC (version 12.13.0,
Arnaud 1996) for a joint spectropolarimetric fit of the I spectra
from all three observatories and the Q and U spectra
from IXPE.

We tested two models commonly used to interpret magnetar
soft X-ray spectra, i.e., an absorbed BB+PL and a BB+BB.”®
We started with the BB4-PL model, multiplying the BB and PL
components with a polarization factor constant in energy; the
corresponding XSPEC model is TBABS*(BBODY * POLCONST +
POWERLAW * POLCONST), with abundances from Wilms et al.
(2000). We include multiplicative constant factors for each
IXPE DU and for each observatory, except for IXPE DUI,
which is used as reference. The fit gives a statistically
acceptable x*=410.4 for 408° of freedom (Figure 2). The
best-fit parameter values are reported in Table 2 in Appendix B.

58 Although BB radiation is not polarized, we assume that the shape of the
thermal (polarized) spectra can be approximated by the Planck function.
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Table 2
Model Parameters for the Joint Spectropolarimetric Fit of IXPE Swift/XRT and NICER Data
Model Parameters Value Model Parameters Value

DUI1 normalization
TBabs nH [10** cm™?]
KTppoay [keV ]

1.0 (frozen)
2.085" 005
0.45461 5007

NOIMbbody 0.00022937 53330438
PDpbody 1.0 (UL
PApbody [deg 1 30.5434

2.967219:992
004101755085
07680040
—60.8119
095670003
08921700045
0.922+9:932

PowLaw photon index
NOIrMpowLaw

P Dpowerlaw

PA powertaw [deg ]

DU2 normalization

DU3 normalization
Swift/XRT normalization

NICER normalization 1.06273913
X 410.4 with 408 d.o.f.
Null prob 45.7%

DU1 normalization
TBabs nH [10** cm 2]
kTpboay1 [keV ]

1.0 (frozen)
139179932
04354° 807

NOMyppody 0.000544073:9000097
PDypody1 0.0607 9035
PApbodyr [deg ] —69.0{¢7
KThpoay2 [keV ] 1.073%353

1OIMppody2 0.000232410:9000082
PDypoay2 0.72810.03%

PAgpoay> [deg ]
DU2 normalization

—61.0114
0.9568793933
DU3 normalization 089223.’8833
Swift/XRT normalization 0.93479032

NICER normalization 1~O75f8f8{%

N 405.8 with 408 d.o.f.
Null prob 52.2%

Notes. Uncertainties are calculated at the 68.3% confidence level for one parameter of interest. The two leftmost columns refer to the model TBABS*(BBODY *
POLCONST + POWERLAW * POLCONST). The normalization of the BB components is defined as L3y /Dy, where Lso is the BB luminosity in units of 10* erg s', and

D is the distance to the source in units of 10 kpc. The PL normalization is in units of counts keV~' cm

TBABS*(BBODY * POLCONST + BBODY “ POLCONST).

25 "at 1 keV. The rightmost two columns are for the model

 In this case, the confidence level for the polarization degree of the BB component is not closed, and it was only possible to set an upper limit (U.L.). The value of this
parameter is poorly constrained: by freezing the value of PDypoqy1 to 0.2 also returns an acceptable fit (see the text for details).

Our fit parameters are in approximate agreement with those
reported in Rea et al. (2007). The different neutral hydrogen
column densities (1~ 2 X 10?cm 2 instead of ~1.4 x
10** cm—?) largely result from the use of a different absorption
model and elemental abundances, TBABS and Wilms et al.
(2000) in our case instead of PHABS and Anders & Grevesse
(1989). We find however a significantly steeper PL than that
from Rea et al. (2007). The PL component dominates over the
BB component at all energies, the latter contributing only
~20% in the 2-8 keV energy range (see Figure 2).

The simultaneous fit of the Q and U energy spectra provides
further insights. We find that the PA associated to the BB
component turns out to be different by ~90° with respect to
that of the PL. This is similar to what IXPE observed in 4U
0142 4 61 (Taverna et al. 2022), and it supports a scenario in
which thermal and nonthermal photons are polarized, one in the
X and the other in the O mode. The changing polarization
degree with energy can be then explained as due to the different
relative contributions of the two orthogonally polarized
components. However, the polarization degree turns out to be
much higher in 1RXS J1708 than that in 4U 0142 4 61. Taken
at face value, the best fit gives a 100% polarized BB
component (see Table 2 in Appendix B). However, the
polarization properties of this component are not well
constrained, and for instance, fixing the polarization degree
of the BB component to 20% still gives an acceptable fit
(x> = 434.2 for 408 degrees of freedom). We infer that the PL
component is linearly polarized to ~ 65%—75%, depending on
the polarization of the BB component. This polarization degree
is much higher than predicted by the resonant scattering
scenario (Taverna et al. 2022). It should be noted that the
assumptions of constant thermal and PL polarization degrees
lead to a significant contribution of the thermal component. The
data can be fit with a single PL. component if we allow for a
polarization degree with a linear energy dependence (we get a

x> =454.3 for 410 degrees of freedom for a PL fit with a
photon index of 3.43 4 0.02); the probability for getting higher
X~ values by chance is ~6.

In the next step, we fitted the data with an absorbed BB+BB
model, again assuming a constant polarization for each additive
component; the correspondent XSPEC model is TBABS*(B-
BODY * POLCONST + BBODY * POLCONST). The result of the fit
is shown in Figure 3 (see again Agpendix A, Table 2). Also in
this case, the fit is acceptable (x~ =405.8 for 408 degrees of
freedom), and the high-energy BB component is highly
polarized, ~70%. The low-energy component is polarized
parallel to the high-energy component. The best-fit model
exhibits low polarization in the cold BB component, and by
fixing the polarization degree to ~20% also provides an
acceptable fit with y* = 422.5 for 409 degrees of freedom. It is
worth noting that requiring a low-energy polarization angle
orthogonal to the high-energy polarization angle gives a low-
energy polarization degree consistent with zero. Therefore, in
this scenario, the observed increase of polarization with energy
stems from the superposition of two parallel polarized
components, a weakly polarized component dominating at
low energies and a strongly polarized component dominating at
high energies, in the IXPE range.

4. Phase-resolved Spectropolarimetric Analysis

The first step of our phase-resolved analysis involved the
determination of an accurate timing solution of the count rate
data (see Appendix C). Using epoch MJD 59850.84175 in the
Barycentric Dynamical Time (TDB) as a reference, this
provided f=0.090795742(5) Hz, f = —1.87(25) x 10713 Hz
s~!. The addition of the second frequency derivative did not
improve the fit significantly. We then used this timing solution
to perform the phase-resolved analysis. To this aim, we
selected photons coming from different rotational phases, and
repeated the procedures of Section 3 with the event files of the
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Figure 3. Same as in Figure 2, for the TBABS*(BBODY * POLCONST + BBODY * POLCONST) model. See Table 2 in Appendix B for the fit parameters.

different phase bins. Rotational phases were ascribed to single
events starting from their arrival times using the IXPEOBSSIM
tool xpphase, and the events in the same phase bins were
then added together with the tool xpselect. Results are
shown in Figure 4 for the total (2-8 keV), low (2—4 keV) and
high (4-8 ke V) energy bands. The source flux exhibits a single-
peaked, nearly sinusoidal profile, as already reported by Rea
et al. (2003); the pulse shape and the pulsed fraction change
with energy. The polarization degree and angle also vary with
phase, and their pulse profiles are different in different energy
bands. The pulse of the polarization degree is broadly
anticorrelated with that of the flux both in the total (2-8 keV)
and low (2-4 keV) energy bands.

On the other hand, in the high-energy interval (4-8 keV), the
modulation of the signal is less significant, and no robust
conclusion can be reached whether this anticorrelation holds at
these energies as well.

5. Discussion

1RXS J1708 and the Vela Pulsar Wind Nebula (PWN; Xie
et al. 2022) are the most strongly polarized IXPE sources
detected so far. The polarization degree of the phase-integrated
emission of 1RXS J1708 increases from ~20% around 2 keV
to ~80% at 7-8 keV. The polarization angle, on the other hand,
stays roughly constant at ~60° (counted west of north). The
polarimetric properties of 1RXS J1708 are quite at variance
with those of the other magnetar observed by IXPE. For both
sources, a BB+PL and a BB4+BB model provide a satisfactory
fit of the IXPE spectrum (see Section 3). However, 4U
0142 4+ 61 exhibits a lower polarization degree, which
decreases to approximately 0 at ~5 keV, where the polarization

angle swings by 90°, and then increases to ~35% around 8 keV
(Taverna et al. 2022).

The swing of polarization angle by 90° and the presence of a
PL tail at higher energies with a value of polarization degree
close to 30% led Taverna et al. (2022) to suggest that the X-ray
emission from 4U 0142 + 61 is in two different normal modes
below and above ~5keV. One possibility that has been
suggested is that the low-energy photons are mostly polarized
in the O mode and come from either a heated equatorial belt on
the condensed NS surface or an atmospheric zone that is hit by
back-flowing, bombarding magnetospheric currents (Gonzalez-
Caniulef et al. 2019), while the high-energy ones are mainly in
the X mode being reprocessed by magnetospheric RCS.

The picture for 1IRXSJ1708 is different. The very high
degree of polarization observed at higher energies cannot be
reproduced by the RCS mechanism, which indicates that RCS
is not present, or, at least, that it does not affect primary
photons much in the IXPE energy range. The lack of a swing in
the polarization angle points to the emission in the 2-8 keV
range being dominated by a single mode. The relative
contribution of the other mode is larger at lower energies,
explaining the lower polarization degree at lower energies. If
we assume that radiation comes from the magnetar surface, a
polarization degree as large as ~70%—-80% (as that observed at
high energies) can be obtained if the star is covered (at least in
part) by an atmosphere (e.g., Gonzalez Caniulef et al. 2016;
Taverna et al. 2020; Caiazzo et al. 2022). Emission, then,
would be thermal, and so the most likely spectral model,
among those compatible with the data (see Section 3), is the
BB+BB one. Standard atmospheric emission, however, is hard
to reconcile with a polarization degree as low as ~20% (unless
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RVM (see the text for the parameter values and other details). Note that data points in the phase-resolved analysis are obtained with IXPEOBSSIM, and therefore

independent on the spectral decomposition.

the viewing geometry is very particular), as it is observed in
IRXS J1708 at low energies. It is nevertheless possible that,
because of a nonhomogeneous temperature distribution, some
regions of the star surface are cold enough to undergo a phase
transition that turns the atmosphere into a magnetic condensate.
Emission from the condensed surface can be either in the X or
in the O mode, but the PD is always modest, <20%, and, if the
condensate coexists with a hotter region that has an atmosphere
on top, this could explain the IXPE observation of
IRXS J1708.

To explore this scenario, we ran a number of simulations
assuming that the star surface comprises a hot atmospheric
patch at temperature 7Ty, and a warm condensed region at
Twarm; the rest of the surface is again condensed but at a much
colder temperature Tcold.59 We tried several different geome-
tries, leaving as free parameters the inclination of the line of
sight, x, and of the magnetic axis, &, with respect to the spin
axis. This, necessarily oversimplified, picture is mostly meant
to suggest possibilities on how the main feature of a complex

5 This was done to ensure a physically consistent picture, and in the actual
modeling, T.oq = 0.15 keV was assumed. However, the contribution of the
colder zone does not affect the observed spectral and polarization properties.

thermal map may look, and not to provide a diagnostics of the
shape and location of the emitting regions.

The emission from the condensate is treated in the free-ion
limit and for a Fe composition, following Potekhin et al.
(2012). The lack of observed spectral features in the soft X-rays
argues against the presence of a heavy-elements atmosphere
(see the models by Mori & Ho 2007, for B=10""-10"* G). On
the other hand, a light elements composition (mostly hydrogen)
may be expected if the star experienced episodes of accretion—
fallback. We computed emission from a pure hydrogen,
completely ionized atmosphere using the numerical setup
described in Lloyd (2003).°° No mode conversion is assumed
at the vacuum resonance (see, e.g., Ho & Lai 2003). Photons
were then propagated to the observer by using a ray-tracing
method. The effects of vacuum birefringence as photons cross
the star magnetosphere are accounted for.

We tested various configurations and found that there exist at
least two geometrical setups, within the scenario outlined
above, that match well most of the observed properties of
1RXS J1708. The first one (model (A), or “belt plus cap”) is a
variation of the geometry envisaged for 4U 0142+ 61

0 We have a caveat that this is an approximation, because strictly speaking
these models can be applied only for B < 10™ G.
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(Taverna et al. 2022), in which the warm (condensed) region
corresponds to an equatorial belt, and the hot (atmospheric)
region corresponds to a circular, polar cap; the belt, however,
needs to be limited in azimuth in order to reproduce the X-ray
pulse profile. In this case, calculations have been performed
using the general relativistic ray-tracing code discussed in Zane
& Turolla (2006, see also Taverna et al. 2015). In the second
model (model (B), or “cap plus cap”), the warm and hot regions
are two circular spots, with the warm (condensed) one located
about 150° from the spin axis, and a hot (atmospheric) spot
located in the opposite hemisphere and displaced in longitude
by about 90° with respect to the warm one. For this latter
scenario, we used the spectro-polarimetric magnetar model
discussed in Caiazzo et al. (2022), properly extended to
account for different circular regions. We refer to the original
papers for a detailed description of the models and the meaning
of the various parameters.

We found that the values of the parameters that best match
the data are similar in the two cases: Ty~ 0.8keV,
Twarm ~ 0.6 keV (all values are referred to the star surface),
and a magnetic field of ~10'" G (model (B)) or ~5 x 10'* G
(model (A)). Also the values of the geometrical viewing angles
are comparable, y ~ 30°, and £ ~ 10°. The size of the emitting
regions turns out to be somewhat smaller for model (B),
semiaperture ~5° versus ~10° for the atmospheric cap and
semiaperture ~22° of the warm cap as compared to
~30° x 270° of the belt. The observed pulsations require the
size of the emitting regions to be relatively small, and this
places an upper limit on the source distance to about 5 kpc.

QED vacuum birefringence can strongly affect the polariza-
tion properties at infinity, leading to an enhancement in the
polarization degree of the observed signal. However, the extent
to which QED effects are measurable is actually quite sensitive
to the size of the radiating region on the star surface. As
discussed in van Adelsberg & Perna (2009), if emission comes
from a small polar cap, the depolarization due to geometrical
effects is not present, so that the expectations from models
computed with or without vacuum birefringence are quite the
same. In the case of 1RXS J1708, the small size of the two
emitting regions (in particular that of the hot, highly polarized
spot) does not allow for a robust test of vacuum birefringence.

Both these models can reproduce the main spectropolari-
metric features observed in 1RXS J1708 by IXPE: namely the
spectrum; the energy dependence of the phase-averaged
polarization degree and angle across the 2-8 keV band (see
Figure 1); the pulse profile in the entire IXPE range (2-8 keV),
and in the 24 and 4-8keV bands; the energy-integrated
polarization degree as a function of phase in the total, 2—4 and
4-8 keV ranges, including the anticorrelation in phase of the
polarization degree and the flux in the total and low-energy
bands (see Figure 1). As it can be seen in panel (H) of Figure 4,
the observed amount of swing in the polarization angle with the
phase can also be explained by both models; the red curve
depicts the best-fit simple rotating vector model (RVM; with
unbinned likelihood analysis, e.g., Gonzdlez-Caniulef et al.
2023). In both the proposed configurations, the model spectra
show no features, in agreement with data (see Figure 4). In
principle absorption features are expected in the spectrum of a
pure hydrogen atmosphere or in that of the magnetic
condensate. However, the strong proton cyclotron line in the
atmospheric component is ~0.6keV in model (B), and is
drowned out by the dominant contribution from the colder belt
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in model (A). Emission from the condensate component
predicts spectral features at low energies (~0.6keV), but at
least for these model parameters, they are too faint to be
detectable in the currently available spectra.

The observed anticorrelation in the phase of the polarization
degree and the flux is due to the relative dominance of two
regions, and to the fact that the (less polarized) condensed zone
is contributing to much of the counts below ~4 keV.

There are, however, some caveats. The surface temperature
of the warm condensed region is very close to that of the hotter
atmospheric patch. Although the conditions for a phase
transition in a strongly magnetized medium are still largely
uncertain, assuming a dipolar magnetic field with polar strength
~5x 10" G, condensation is expected at T'<0.5 and
T<0.9keV at the equator and the pole, respectively, for a
Fe composition (Medin & Lai 2007; see also Figure 1 in
Taverna et al. 2020). This may indicate that, if the hot and
warm regions at the star surface, which are in different phases,
have the same chemical composition, they are very close to the
phase transition. Alternatively, it may indicate that the chemical
composition varies across the surface (as in our models, which
assume a pure hydrogen atmosphere and an iron condensate),
that the real surface temperature map is more complicated than
what is caught in our, necessarily, oversimplified model, or that
there may be departures of the local magnetic field from the
(overall) dipole topology.

As mentioned before, the spectro-polarimetric analysis
indicates that the data are also compatible with a scenario in
which emission is dominated by a nonthermal (PL) component.
Would that be the case, the fact that the polarization degree
decreases at low energies may be due either to the presence of a
second subdominant spectral component with emission in the
opposite polarization mode (e.g., a thermal emission from a
condensed part of the crust) or to the fact that the nonthermal
emission has an intrinsic variation of the polarization properties
with energy. The main reason why we have not attempted to
explore this scenario is that the very high degree of polarization
observed at high energy (~70%-80%) cannot be reconciled
with the physical models commonly proposed to explain the
nonthermal emission from magnetars in the soft X-ray band,
e.g., RCS (saturated RCS only predicts a ~30% level of
polarization). However, it is worth noticing that IRXS J1708
exhibits a strong nonthermal emission at high energies, as
detected in the INTEGRAL band, with extreme variations in
phase and energies, whose origin is still unexplained in terms
of detailed physical models (Kuiper et al. 2006). It could
therefore be possible that this nonthermal component and that
observed in the IXPE band could be similar in origin (but with
varying degrees of manifestation).
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Appendix A
Observational Data and Data Processing

A.l. IXPE

IXPE observed 1RXS J1708 in two segments close in time,
from 2022 September 19 05:08 UTC to 2022 September 29
12:00 UTC and from 2022 September 30 12:52:02 UTC to
2022 October 8 11:17, for a total livetime of ~837 ks. Level 2
(LV2) data, processed to produce suitable inputs for science
analysis, were downloaded from the IXPE archive at
HEASARC.®' One file for each of the three IXPE telescopes
was generated, and they were further processed independently.
Photons’ arrival times are corrected to the solar system
barycenter in TDB scale, with the FTOOL/BARYCORR tool,
included in HEASOFT 6.31, using the object coordinates
stored in the LV2 file, the Jet Propulsion Laboratory
Development Ephemeris 421, and the International Celestial
Reference System reference frame. Background events in the
LV2 files are at first partially rejected. They are identified
starting from topological characteristics of the event, e.g., the
number of hit pixels and the fraction of the energy in the main
track with respect to the total collected for the event. The
events falling outside predefined intervals are tagged as
background and removed. This approach allows to reduce the
background counting rate by more then 30%, at the cost of a
reduction of the source count rate by ~0.5%, which is deemed
negligible for the subsequent analysis (see A. Di Marco et al.
2023, in preparation, for a more detailed description).

The source region is then defined with SAOImage Deep
Space 9 (DS9; Joye & Mandel 2003) as a circle with radius of
1’5. The background is extracted from an annulus centered on
IRXS J1708 with inner and outer radii of 2’5 and 4/0,
respectively. The response to polarization is extracted from
LV2 data with the IXPEOBSSIM package (Baldini et al. 2022),
which implements the algorithms in Kislat et al. (2015) and is

6l https: / /heasarc.gsfc.nasa.gov/docs /ixpe/archive/
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publicly available.®” The spectro-polarimetric analysis is
carried out by feeding the Stokes spectra, generated with the
IXPEOBSSIM tool XPBIN, into XSPEC (Arnaud 1996) and
exploiting the appropriate response matrices available at
HEASARC for modeling the polarization as suggested by
Strohmayer (2017). The lightcurve of 1RXS J170849.0-400910
and of the background during the two IXPE observations is
shown in Figure 5. Note that the first segment is split in two
pointings, the first between 2022 September 19 5:00-7:20 UTC
and the second starting at 2022 September 19 17:30 and ending
at 2022 September 29 12:00. Both components did not show
any indication of either a spectral or polarization variation with
time. To test this, we binned the lightcurves of the Stokes
parameters and background in bins of 20 ks, and we checked
that the variations are compatible with statistical fluctuations
only (the null probability for a fit with a constant is acceptable).
Therefore, we proceeded with the analysis by summing all
the data.

A.2. NICER

In order to complement the IXPE data, we requested a set of
new NICER observations, which have been awarded and
performed a week after the end of the last IXPE observation.
However, all these observations suffered from high optical
loading (resulting from a low Sun angle), and thus were
unusable for our analysis. We therefore resorted to the use of
the NICER archival data, using the most recent available
observations (closest in time to the IXPE observation).
Specifically, for the contemporaneous spectral fitting with
IXPE and Swift spectra, we made use of the observations from
2022 August 21 (observation ID 5593051301).

The data were processed using version 9 of the NICER Data
Analysis Software (NICERDAS) on version 6.30.1 of HEA-
Soft. We applied standard filtering criteria as per the default
cuts with nicer12, resulting in 972 s of filtered exposure. The
spectrum was then binned with optimal binning (Kaastra &
Bleeker 2016) and with a minimum of 25 counts per bin. The
background spectrum was generated using version 7 of the
3C50 model (Remillard et al. 2022). The Response Matrix
Files (RMFs)and Ancillary Response Files (ARFs) were
generated from nicerrmf and nicerarf, respectively.

A.3. Swift

A Swift-XRT target of opportunity observation was
performed on 2022 October 20 for a total of 1020 s in
windowed timing mode. The data were processed using the
standard HEASoft tools, extracting the spectra using xse-
lect, after generating ancillary response file using
xrtmkarf and the latest calibration files available in the
Swift-XRT CALDB. The source was extracted from the
cleaned event file using a centered circular region with a radius
of 17 pixels. The background region was extracted using an off-
centered circular region of the same radius. The extracted source

62 https: //github.com/lucabaldini/ixpeobssim
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Figure 5. Top panel: 1RXS J1708 lightcurve, averaged over the three IXPE telescopes, for the source and the background. The count rate is averaged over 500 s and
integrated over the IXPE nominal energy band, 2.0-8.0 keV. Middle and bottom panels: lightcurve of normalized Stokes parameters; the time bin is 20 ks. In all
panels, variations are compatible with statistical fluctuations only: the null probabilty for a fit with a constant is acceptable.

spectra were binned, requiring each spectral channel to have at
least 25 counts.

Appendix B
Model Parameters from the Spectro-polarimetric Analysis

As discussed in Section 3, there are two possible spectral
decompositions that are both compatible with the data: one
consists of a thermal (BB) component plus a nonthermal (PL),
and the second consists of two blackbodies. The best fitting
model parameters, for the two cases, are listed in Table 2.

Appendix C
Timing Solution

A timing solution of the count rate data has been obtained by
following the procedure from Bachetti et al. (2022). We
first determined an approximate solution and then used the
Pletsch & Clark (2015) maximum likelihood method to refine
it. We determined an approximate first solution with the tool
HENzsearch, running a Z7 search (Buccheri et al. 1983)

10

around the known pulse frequency from Dib & Kaspi (2014).
The pulsar was detected with extremely high significance,
with Z32 ~ 16, 000 (~ 1260, considering 10,000 trials), at
f=0.09079575Hz, and f = —2.28 x 10> Hz s~'. Then,
we used the tool el11£it® v. 0.2 to run a maximum
likelihood fit of the spin solution, using a template for the pulse
profile obtained by a Fourier analysis with 4 harmonics, and
letting only the spin frequency and its first spin derivative vary.
The resulting solution, using epoch MJD 59850.84175 (TDB)
as a reference, is f=0.090795742(5) Hz, f = —1.87(25) x
1013 Hz s~ '. The addition of the second frequency derivative
did not improve the fit significantly: the 3o upper limit on the
second derivative in our observation is ~2 x 10~'° Hz s 2.
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