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ABSTRACT

Recent observations with the Imaging X-ray Polarimetry Explorer (IXPE) of two anomalous X-ray
pulsars provided evidence that X-ray emission from magnetar sources is strongly polarized. Here
we report on the joint IXPE and XMM-Newton observations of the soft y-repeater SGR 1806—20.
The spectral and timing properties of SGR 1806-20 derived from XMM-Newton data are in broad
agreement with previous measurements; however, we found the source at an all-time-low persistent
flux level. No significant polarization was measured apart from the 4-5keV energy range, where a
probable detection with PD = 31.6 & 10.5% and PA = —170.6ﬂ22j8 was obtained. The resulting
polarization signal, together with the upper limits we derive at lower and higher energies (2-4 and
5-8keV, respectively) is compatible with a picture in which thermal radiation from the condensed star
surface is reprocessed by resonant Compton scattering in the magnetosphere, similar to what proposed
for the bright magnetar 4U 0142+61.

Keywords: X-rays: stars — stars: magnetars — techniques: polarimetric

1. INTRODUCTION pulsars, characterized by long spin periods (P ~ 1-
125s), high spin-down rates P ~1071-10"ss"! and
the emission of short, energetic bursts of hard X-/soft
gamma-rays. The huge inferred values of the (spin-
down) dipole field (B ~ 1010 G), the lack of a
* Deceased detected binary companion and a persistent X-ray lu-

Soft y-repeaters (SGRs) and anomalous X-ray pulsars
(AXPs) form together a small class of Galactic X-ray



minosity, Lx ~ 1030-10%ergs™!, typically in excess

of the spin-down power, indicate that these sources are
magnetars, ultra-magnetized neutron stars powered by
their own magnetic energy (Duncan & Thompson 1992;
Thompson & Duncan 1993, see also Turolla et al. 2015;
Kaspi & Beloborodov 2017 for reviews and Olausen &
Kaspi 2014 for a catalogue of magnetar sources').

Because of the super-strong magnetic fields they host,
the opacities of the two normal polarization modes are
way different so the X-ray emission from SGRs/AXPs is
expected to be highly polarized (up to ~ 80%; Fernédndez
& Davis 2011; Taverna et al. 2014, 2020; Caiazzo et al.
2022). Theoretical predictions were finally tested when
the NASA-ASI Imaging X-ray Polarimetry Explorer
(IXPE; Weisskopf et al. 2022), the first satellite de-
signed to provide imaging polarimetry in the 2-8keV
band, observed the two brightest magnetar sources, the
AXPs 4U 0142461 and 1RXS J170849.0-400910 (here-
after 1IRXS J1708 for short) during the first year of op-
erations. Polarization was clearly detected in the 2-8
keV band at the =~ 13.5% level in the former and to a
much higher degree, ~ 35%, in the latter (Taverna et al.
2022; Zane et al. 2023).

In both sources the polarization strongly depends on
energy. In 1RXS J1708 it monotonically increases from
~ 20% up to =~ 80% at constant polarization angle, pos-
sibly indicating that 2-8 keV photons come from regions
of the star surface with different properties: a magnetic
condensate (either solid or liquid) and an atmosphere
(Zane et al. 2023). On the other hand, in 4U 0142461
it first decreases from ~ 15% to zero at around 4-5keV
where the polarization angle swings by 90°, and then
rises to &~ 35%, suggesting that thermal radiation from
a condensed surface patch is then reprocessed by reso-
nant Compton scattering (RCS; Thompson et al. 2002;
Ferndndez & Thompson 2007; Nobili et al. 2008) onto
mildly relativistic electrons flowing in the star’s twisted
magnetosphere (Taverna et al. 2022, an alternative in-
terpretation in terms of mode switching in a magnetized
atmosphere was recently put forward by Lai 2023).

Polarization measurements in strongly magnetized
neutron stars can probe vacuum birefringence, a strong-
field, quantum electrodynamics (QED) effect predicted
more than 80 years ago but never experimentally tested
as yet (see e.g. Heyl & Shaviv 2000, 2002, and references
therein). Although previous magnetar observations are
in agreement with QED predictions, no smoking-gun
evidence for vacuum birefringence was found, mostly

I Available online at
http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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because thermal emission in both 4U 0142461 and
1RXS J1708 comes from a fairly limited area of the
star surface, so its intrinsic polarization is preserved
at infinity anyway, even if no vacuum birefringence is
present (see van Adelsberg & Perna 2009; Santangelo
et al. 2019).

Further magnetar observations with IXPE are re-
quired to address this issue and also to provide fresh
insight into the similarities/differences among magnetar
sources. Here we report on the simultaneous IXPE and
XMM-Newton observations of the prototypical magne-
tar SGR 1806—20. The XMM-Newton and IXPE obser-
vations are detailed in §2 and the results of the timing,
spectral and polarimetric analyses are presented in §3.
Discussion follows in §4.

2. OBSERVATIONS

First identified as a high-energy transient in the
KONUS data over 40 years ago (Mazets et al. 1981),
SGR 180620 was shortly after realized to be a repeater
(Atteia et al. 1987; Kouveliotou et al. 1987; Laros et al.
1987). The source, located at about 8.7kpc from the
Sun (Bibby et al. 2008), is a regular and prolific emitter
of short bursts clustered in active periods, one of which
occurred in 2004 and culminated on 2004 December 27
with the emission of the most powerful giant flare (GF)
observed so far from a magnetar (L =~ 10%7 ergs™!; Hur-
ley et al. 2005; Palmer et al. 2005).

SGR 1806-20 spins with a period P =~ 7.5s; the pe-
riod derivative increased from P = 8 x 10~'1ss™! to
5x 1071%ss~! in 2000-2011 and then went back to the
“historical” value (see Younes et al. 2017). The latter
implies a surface (dipole) field of B = 8 x 101 G, the
highest ever recorded. The steady X-ray emission in the
0.5-10 keV range, Lx ~ 103 ergs—! (for the assumed
distance of 8.7kpc), is well described by the superposi-
tion of a blackbody (BB) and a power law (PL) compo-
nent, with (slightly variable) temperature kT = 0.6 keV,
blackbody radius ~ 1-2km and spectral index I" = 1.6
(Mereghetti et al. 2005b; Woods et al. 2007; Younes et al.
2015, 2017). The power law tail extends, seemingly un-
broken, into higher energies (up to & 200 keV; see, e.g.,
Mereghetti et al. 2005a; Younes et al. 2017). The pulse
profile is double-peaked with a pulsed fraction PF =~ 3—
8% in a wide energy range (Woods et al. 2007; Younes
et al. 2015, 2017).

The emission of a bright burst detected by several
instruments on 2023, February 23 (Brivio et al. 2023;
Mereghetti et al. 2023) marked the onset of a renewed
period of activity from SGR 1806—20. To catch the
source in an active state, IXPE observed SGR 1806-20
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starting on 2023, March 22. In addition a DDT pointing
with XMM-Newton was activated.

2.1. XMM-Newton

SGR 1806—20 was observed with the European Photon
Imaging Camera (EPIC) on board the XMM-Newton
satellite starting on 2023-04-07 00:18:48 UTC for an ex-
posure time of about 45 ks. The EPIC-pn (Striider et al.
2001) was operating in Full Frame mode (FF; timing
resolution of 73.4ms). The MOS cameras (Turner et al.
2001) were set in Small Window mode (SW; timing res-
olution of 0.35s).

Standard procedures were applied in the extraction
of the scientific products. Time intervals of high back-
ground activity were removed, resulting in a net expo-
sure of 34.9ks and 40.5ks for the pn and the MOSs, re-
spectively. We collected the source photons from within
a circle of radius 42”. The background level was esti-
mated from a circular region of radius 100" centered far
from the source, on the same CCD for the pn and, due to
the reduced window, in a different CCD for the MOSs.
We checked for the potential impact of pile-up with the
EPATPLOT tool and found a negligible pile-up fraction
of ~ 0.4%. The response matrices and ancillary files
were generated by means of the RMFGEN and ARFGEN
tasks, respectively. The final source spectra were ob-
tained by using SPECGROUP, rebinning the channels by a
factor of three in order to match the intrinsic EPIC spec-
tral resolution and imposing a minimum of 25 counts
in each channel. Background-subtracted and exposure-
corrected light curves were extracted using EPICLCCORR.
The EPIC photon arrival times were referenced to the
Solar System barycenter. The source was found at a
count rate of 0.354(3) ctss™! (here and in the following
uncertainties are reported at 1o confidence level, unless
specified otherwise).

2.2. IXPE

IXPE observed SGR 1806-20 from 2023-03-22
05:57:51 UTC to 2023-04-01 18:56:26 UTC and from
2023-04-03 11:41:03 UTC to 2023-04-13 22:20:20 UTC,
for a total on-source time of ~ 947ks. Processed Level
2 (LV2) photon lists, one for each of the three IXPE de-
tector units (DUs), were downloaded from the archive at
HEASARC? and further processed to reduce the back-
ground with respect to the source signal.

Source and background counts were extracted from a
circular region centered on the source position (identified
with the brightest pixel in the IXPE image) with radius
36" and from a concentric annulus with inner and outer

2 https://heasarc.gsfc.nasa.gov/docs/ixpe/archive/

radius of 78" and 240", respectively. In order to discrim-
inate the background events due to charged particles and
high-energy photons without affecting the genuine X-ray
events, we then applied the rejection criteria described
in Di Marco et al. (2023). The counting rate as a func-
tion of time is shown in Figure 1. Time periods during
which the background was larger than 50% of the source
average counting rate are flagged and removed from the
subsequent analysis. This step removes & 6 out of the
total =~ 947 ks of the IXPE observation. Arrival times
were corrected to the Solar System barycenter with the
FTOOL BARYCORR included in HEASOFT 6.31.1, using
the Jet Propulsion Laboratory Development Ephemeris
421 and the International Celestial Reference System
frame.

3. RESULTS
3.1. XMM-Newton Timing and Spectral analysis

Both pn and MOS photon arrival time lists were used
in order to look for the pulsar spin signal. We started
from the timing properties inferred from the most re-
cent spin measurements of SGR 180620 in 2015-2016
(Younes et al. 2017) and extrapolated them to the epoch
of the new XMM-Newton dataset. In particular, we
assumed a spin period P = 7.7501(2)s and a first pe-
riod derivative P = 7.5(2) x 10~ ' ss~!, both referred to
MJD 57202. The linear evolution of the period in 2015—
2016 (see Figure3 of Younes et al. 2017) and the rela-
tively quiet behaviour of the source in the last few years,
suggest that P is constant (or at most slightly vari-
able) since then. Correspondingly, we analyzed the new
XMM-Newton datasets searching for significant peaks
in the 7.7659-7.7712s period range, i.e. accounting for
changes in P and P up to about 6 with respect to the
values reported by Younes et al. (2017).

Only one significant peak with a chance probability
of about 9.60 of not being a statistical fluctuation, and
after having corrected for the number (530) of indepen-
dent sampling periods of the search, was found in the
Rayleigh periodogram. The period is 7.770s. The mod-
ulation is present both in the pn and in the MOS data
alone, confirming that the signal is intrinsic to the source
and not an instrumental artefact. In order to obtain
a more refined measurement we applied a phase-fitting
technique, which resulted in a period of 7.7703(2) s (fre-
quency v = 0.128695(4) Hz); we derived also a 30 up-
per limit on the period derivative, |P| < 2 x 10~7ss~ 1.
The 1-12keV pulse shape is double-peaked, in agree-
ment with the profiles obtained for SGR 1806—20 in the
past (Younes et al. 2015). The pulsed fraction (defined
as the semi-amplitude of the sinusoid divided by the
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Figure 1. Count rate in the 2-8 keV energy range, summed over the three IXPE DUs, as a function of time for two regions in
the field of view, one containing the source and the other only background. Periods in which the background was larger than
50% of the average source rate are identified by vertical white lines and removed by subsequent analyses. The time bin is 5000 s

and 100s for the source and background, respectively.

source average count rate) is PF = 5(1)% (see left panel
of Figure 2).

The spectral analysis of SGR 1806—20 was performed
by fitting simultaneously all the EPIC datasets within
XSPEC (Arnaud 1996). A single component (absorbed)
model, such as a PL or a BB, resulted in a poor fit
(reduced x? ~ 1.3-3.1 for 300 dof). A BB+PL and
a BB+BB model, often adopted to describe the 0.1-
12keV magnetar spectra, yield a good agreement with
the data (reduced x? ~ 1.17 in both cases). The best-
fitting parameters are listed in Table1 and the EPIC
spectra together with the best-fitting BB4+PL model are
shown in the right panel of Figure2. We find that the
addition of a second spectral component is significant
to more than 60. Although the BB+BB and BB+PL
models are equally acceptable on a statistical basis, in
the following we refer to the latter. The BB+PL spec-
tral decomposition has been widely adopted in the past
for SGR 1806—20, and this choice is motivated by the
clear detection of a power law tail e.g. in NuSTAR data
(Younes et al. 2015, 2017). The inferred parameters are
in agreement with the average values obtained in the
past ten years, though the flux was unexpectedly a fac-
tor of about three lower than the average.

3.2. IXPE timing and spectro-polarimetric analysis

After background and solar-flare removal (see §2.2),
no significant changes in both the source and back-
ground counts were detected in the two IXPE pointings,
so that we used the combined data in our analysis.

We searched for pulsations using the Z2 statistics
(Buccheri et al. 1983), which is adequate for double-
peaked pulsed profiles. We joined the event lists
from the three DUs and ran the search using the
quasi-fast folding algorithm described in Bachetti et al.

(2020, 2021). We searched over spin frequencies be-
tween 0.125 and 0.129 Hz, that contained the XMM-
Newton solution, and frequency derivatives |Ugpin| <
4x10712Hzs™'. Given the low number of source counts
(see below), we did not find significant peaks in the
search; we derived a 5.2% pulsed fraction upper limit on
pulsations over the frequency interval indicated above
(Z2 =~ 25; 90% c.l., evaluated following Vaughan et al.
1994). This upper limit is compatible with the detection
with XMM-Newton of a ~ 5% pulsed fraction.

We extracted the Stokes parameters I, Q and U with
the xpbin tool, exploiting the weighted analysis method
(Di Marco et al. 2022) implemented in the latest ver-
sion (30.3) of the IXPEOBSSIM software (Baldini et al.
2022)3.  As a consequence of the limited number of
counts (= 8000 background-subtracted events in the
three DUs), the phase- and energy-integrated (2-8 keV)
polarization degree, PD=+/Q? + U?/I, is 5.7%, below
the MDPgg (Weisskopf et al. 2010), which is about 20%
for this observation and is therefore not significant*. The
polarization angle, PA= arctan (U/Q)/2, is then uncon-
strained. The same conclusion is reached by applying
an analysis as outlined by Strohmayer (2017) within
XSPEC, which provides PD ~ 4.7%.

In order to test if a detectable polarization is present
in some specific energy intervals, we performed an
energy-resolved, phase-integrated (weighted) analysis in
XSPEC. We started by dividing the IXPE working en-

3 https://github.com/lucabaldini/ixpeobssim

4 The minimum detectable polarization (MDP) is the largest signal
expected to be produced by statistical fluctuations only, at a
given confidence level (usually 99%, MDPgg). The result of a
polarization measurement is regarded as significant if it exceeds
MDPgyg.
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Figure 2. Left: The joint XMM-Newton 1-12keV EPIC pn and MOS light curve folded to the best period inferred from the
phase-fitting analysis (see text for details). The colored area marks the 1o uncertainties on the data points. Right: EPIC-pn
(black crosses/lines), MOS1 (blue crosses/lines) and MOS2 (red crosses/lines) spectra of SGR 1806—20 (upper panel), together
with the fitting residuals, in units of standard deviation (lower panel), for the BB4+PL model discussed in the text. The
individual BB and PL components are shown by an orange dash-dotted and gray dashed line, respectively.

Table 1. Results of the XMM-Newton spectral fits.

Model Nu kTsB, Rpp, ® T |kTss, Norm PL’|Rpp,® Flux® (Obs | Unabs)  x?/dof.
(10?2 cm™?) (keV) (km) | (keV) — | (km) (1072 ergem™2s71)

BB+PL 6.540.3  0.5940.04 1.3733 1.74+0.1  (1.340.3)x10™*  4.340.1|11.34+0.4  351.9/298

BB+BB | 5.740.2  0.70+£0.03 1.240.1 2.4+0.1 0.1140.01 4.340.1|82+0.2  351.2/298

¢ Derived by adopting a 8.7 kpc distance (Bibby et al. 2008).
® In units of countskeV "t em™2s7 1.

¢ The fluxes are estimated in the 0.5-10keV energy range.

ergy band into 6 equal bins (each 1-keV wide). The null higher and this translates into a weaker constraint on
hypothesis probability that the source is unpolarized in PD.
all the energy bins is ~ 22%. In order to improve the counting statistics we merged
We found a signal with PD = 31.6 £+ 10.5% (slightly together the first and last pair of bins and considered the
higher than the MDPgg) and PA = —170.61'%?):18, com- intervals 2-4, 4-5 and 5-8keV. This did not produce
puted East of North, in the 4-5keV range. No signifi- any improvement, resulting again in an upper limit for
cant polarization was detected in the remaining bins. In PD of 24% and of 55% (99% confidence level) at low and
particular, we found only an upper limit of 23% and 45% high energies, respectively. Figure 3 shows the contour
(99% confidence level) in the two neighbouring bins, 3—- plots of the polarization degree and angle in each energy
4 and 5-6keV, respectively. Despite no firm conclusion band, obtained with the XSPEC steppar command by
can be reached about the trend of PD with energy, this assuming the spectral model obtained from the XMM-
may suggest that it increases in going from 3 to 4-5keV. Newton observation. A somewhat different choice for
What happens at higher energies is harder to tell, es- the boundaries of the central interval, e.g. taking the bin

sentially because the lower S/N ratio makes the MDPgg



from 3.5 to 5keV or from 4 to 5.5keV, yields consistent
results.

We also attempted a phase-dependent analysis by
folding the data at the spin period derived from
the XMM-Newton timing and assuming P = 7.5 x
107 ss71 (see §3.1). No significant polarization was
detected after dividing the pulse cycle the into 7 equally-
spaced phase bins. In the next step we restricted to
two phase bins, corresponding to the intervals [0.0, 0.38]
and [0.38, 1.0], selected in such a way as to contain the
secondary and primary peak of the pulse, respectively.
Again no polarization was measured, either considering
the entire 2-8keV band or restricting to low (2-4 keV)
and high (4-8 keV) energies. A negative result was also
found limiting the analysis to the 4-5 keV range, where a
phase-integrated signal was detected at 99% confidence
level. This was expected given that the detection is
marginal even when all the counts are considered.

An unbinned analysis (without background subtrac-
tion; Gonzélez-Caniulef et al. 2023) in the 2-8 keV range
shows that, when marginalized over the various parame-
ters, the median polarization degree is ~ 8.4% and about
lo above zero. This is somewhat less than the MDPgq
of 10% for the observation without binning in phase or
energy.

Fits to IXPE count spectra are rather inconclusive.
Single component models, either an (absorbed) BB or
PL, provide a (formally) acceptable agreement with the
data. However, the BB fit yields a column density of
2.7 x 10?2 cm~2, more than twice lower than that mea-
sured by XMM-Newton and previously reported in the
literature. On the other hand, the parameters derived
from the PL fit are consistent (within a2 1o) with those
from the XMM-Newton BB+PL fit, but this just reflects
the limited IXPE energy range (2-8keV). When a sin-
gle PL model is extended to the entire XMM-Newton
energy band the fit is no longer satisfactory (see §3.1).
A fit with a two component model (BB4+BB or BB4-PL)
leaving all the parameters free to vary is largely uncon-
strained, although by freezing all the parameters (except
the normalizations) to those derived from the XMM-
Newton data provides a good fit (x? = 129.8 for 162
dof).

A joint fit of the three Stokes parameters with
the XSPEC model phabsx (bbodyradxpolconst
+powerlawxpolconst), freezing again all the spec-
tral parameters to those of the XMM-Newton analysis,
does not provide any conclusive result. The upper limit
(30 confidence level) on the polarization degree of the
PL is about 57% while the polarization of the BB is
unconstrained. A similar conclusion is reached by trun-
cating the PL at low energies. We remark that, while
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the fit is statistically acceptable in all these cases, noth-
ing can be said about the relative polarization direction
between the two components.

4. DISCUSSION

IXPE observed SGR 1806—20 in two segments for a
total exposure time of about 1 Ms in March—April 2023.
During the second stint, XMM-Newton targeted the
source for about 45ks to provide complementary spec-
tral and timing information. Despite the renewed burst-
ing activity, SGR 180620 was found at a (unabsorbed)
flux level of 1.1 x 10~ ergem ™25~ ! in the 0.5-10keV
band, the lowest ever recorded, although still compati-
ble within the uncertainties with the NuSTAR one re-
ported by Younes et al. (2017). XMM-Newton spectra
are well fitted by an (absorbed) BB+PL model and the
spectral parameters (kTpg = 0.6keV, Rgp = 1.3km,
I' = 1.7) are in broad agreement with those found by
Younes et al. (2017). There is, however, a hint for a
decrease of the BB radius with respect to the values
measured by Younes et al. (2017) in 2015-2016, even if
their NuSTAR data did not allow for a precise deter-
mination of the BB flux, and of a steepening of the PL
with respect to the values measured by XMM-Newton
in the same energy range prior to 2011 (Younes et al.
2015). The period and the upper limit for P we found
are consistent with the past timing history of the source.
The XMM-Newton pulse profile is double peaked with
a pulsed fraction PF ~ 5%, in agreement with previous
measurements, while no pulsations were detected in the
IXPE data.

The low flux level of SGR 1806—20 and the high back-
ground prevented a complete spectro-polarimentric and
timing analysis of IXPE data. No pulsations were de-
tected, with an upper limit of 5.2% on the pulsed frac-
tion. Although poorly constrained, the IXPE spectrum
is compatible with the BB+PL decomposition obtained
from the analysis of XMM-Newton data. No signifi-
cant polarization has been detected integrating over the
source rotational period and in the 2-8 keV energy band.

Interestingly, by restricting the analysis to the 4-5
keV range we found a polarization signal significant at
99% confidence level, with PD =~ 32% and PA ~ —18°.
At lower (2-4 keV) and higher (5-8 keV) energies only
upper limits can be derived on PD, with values at 30 of
24% and 55%, respectively.

Although XMM-Newton spectra are compatible with
both a BB4+PL and a BB4+BB decomposition, the for-
mer is in our opinion favored, as discussed in §3.1. If
the power law tail is associated with RCS, the predicted
polarization degree saturates at 33% in the energy in-
terval where this component dominates (Taverna et al.
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Figure 3. Contour plot of the IXPE polarization degree and angle in different energy bands. The inner and outer contours
mark the regions at 68.3% and 99% confidence level, respectively. The spectral model is frozen to that obtained from the

XMM-Newton observation.

2020). The thermal emission can originate either from
a magnetized, cooling atmosphere, with PD =~ 70-80%
(except for very peculiar viewing geometries, see e.g.
Taverna et al. 2015), or from the bare, condensed sur-
face of the star, in which case a much lower PD < 15—
20% is expected. It has been also proposed that radia-
tion emerging from atmospheres heated from above by
particle bombardment has a modest polarization degree
(comparable to that of the condensed surface, Gonzalez-
Caniulef et al. 2019; Doroshenko et al. 2022).

The constraints placed by the upper limits at low
and high energies, together with a 99%-c.l. polariza-
tion degree of ~ 32% at intermediate energies (where
the thermal and non-thermal component coexist, see
above) are compatible with a picture in which thermal
emission comes from the bare NS surface or from an at-
mosphere heated by backflowing particles. This scenario
was also applied to 4U 0142+61, where a clear 90° swing
of PA with energy was detected, signalling that radia-
tion is dominated by O-mode photons (coming from the
condensed surface/heated atmosphere) at low energies
and by X-mode photons (reprocessed by scatterings) at
higher ones. The two sources may therefore be similar.
Due to the low signal-to-noise ratio, no conclusion can

be drawn about the dependence of the polarization di-
rection on the energy and hence on which polarization
mode is prevailing in a given energy range. However,
emission from a condensed surface/heated atmosphere
can be either mostly in the X- or in the O-mode (de-
pending e.g. on the orientation of the local magnetic
field and the photon energy for the former and on the
temperature gradient for the latter, see Taverna et al.
2022; Zane et al. 2023), so that a swing in PA is not
necessarily expected.

Along this line, we explored a simple RCS model,
in which thermal emission comes from two hot spots
placed near the magnetic equator of the bare NS sur-
face, including vacuum birefringence. With this choice
of the emission geometry (similar to that adopted for
4U 0142461), radiation from the magnetic condensate
exhibits a relatively large polarization degree (~ 20% in
the O-mode) at low energies (< 4keV; Taverna et al.
2022). Since the magnetic field in the outer layers
of a magnetar is expected to locally deviate from a
dipole, the surface thermal map is likely different from
the usual (dipolar) one, in which the hotter regions are
around the magnetic poles, and may change in time (see
Tiengo et al. 2013; Borghese et al. 2021, for some ob-



servational evidences; see also De Grandis et al. 2020,
2021 for theoretical considerations). Such a configura-
tion indeed reproduces quantitatively both the observed
XMM-Newton 1-10 keV spectrum and the 2—-8 keV pulse
profile, as well as being compatible with the IXPE de-
tection/upper limits of PD in different energy bins (see
Figure 3).

The low pulsed fraction of SGR 1806-20 points to
a sizable emitting surface area, as further supported
by the inferred BB radius, ~ 2km, rather large com-
pared to that usually seen in other magnetar sources
(Rpp =~ 0.1-1km; Olausen & Kaspi 2014, see references
therein). The actual size of the emitting region depends
on the emission properties of the surface (and also on
the geometry and viewing angle of the source). For
poorly radiating surfaces, like a magnetic condensate,
it is typically larger than Rpp. In the model outlined
above, the (total) size is ~ 3.5km, for an assumed star
radius Rys = 13km. The size of the emitting region is
not per se a primary factor in establishing the intrinsic
polarization properties of the source, which are mostly
determined by the physical processes occurring in the
surface/magnetosphere and by the source geometry. In-
deed, by replacing in our model the magnetic condensate
with a fully ionized, magnetized, H atmosphere produces
too a large polarization degree at lower energies. On
the other hand, the extent to which QED affects the ob-
served polarization depends on the size of the emitting
area. If radiation comes from a limited region, across
which the direction of the B-field changes little, vacuum
birefringence produces almost no detectable effect, i.e.
the predicted polarization at infinity is the same with or
without QED. In case the emitting area has size ~ Rysg,
instead, the polarization computed without QED effects
is quite lower than that with QED. Despite SGR 1806—
20 appears promising in this respect, the low counting
statistics prevented us to test the QED vs. no-QED
scenario.

The quite large upper limit above ~ 5keV does not
rule out different emission scenarios in which the PD is
actually larger than ~ 30%, the value predicted by satu-
rated RCS. Phase-averaged values as high as ~ 55%, for
instance, may hint at the presence of hot gaseous caps
on the star surface, as proposed by Zane et al. (2023) for
1RXS J1708. This possibility would be still consistent
with the spectral properties of the source, given that a
BB+BB model also provides a good representation of
XMM-Newton spectra.
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IXPE observations of magnetars have clearly demon-
strated the capabilities of polarization measurements
in probing the physical conditions in strongly magne-
tized neutron stars. This includes the presence of QED
effects, in favor of which indirect evidences were al-
ready gathered from the analysis of 4U 0142+61 and
1RXS J1708. The emerging picture shows substan-
tial differences in the polarization pattern between 4U
0142461 (and possibly SGR 1806-20) and 1RXS J1708,
signalling that emission at higher energies (~ 4-8keV)
may arise from different physical conditions in the dif-
ferent sources. As the case of SGR 1806-20 shows, col-
lecting enough counts is crucial in providing clear-cut
results. Further progress will require observing a larger
sample of weaker sources which will be possible for IXPE
only with longer exposure times.
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