
HAL Id: cea-04665126
https://cea.hal.science/cea-04665126v1

Submitted on 30 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

INTEGRAL/IBIS polarization detection in the hard and
soft intermediate states of Swift J1727.8–1613

T. Bouchet, J. Rodriguez, F. Cangemi, P. Thalhammer, P. Laurent, V.
Grinberg, J. Wilms, K. Pottschmidt

To cite this version:
T. Bouchet, J. Rodriguez, F. Cangemi, P. Thalhammer, P. Laurent, et al.. INTEGRAL/IBIS po-
larization detection in the hard and soft intermediate states of Swift J1727.8–1613. Astronomy &
Astrophysics - A&A, 2024, 688, pp.L5. �10.1051/0004-6361/202450826�. �cea-04665126�

https://cea.hal.science/cea-04665126v1
https://hal.archives-ouvertes.fr


A&A, 688, L5 (2024)
https://doi.org/10.1051/0004-6361/202450826
c© The Authors 2024

Astronomy
&Astrophysics

LETTER TO THE EDITOR

INTEGRAL/IBIS polarization detection in the hard and soft
intermediate states of Swift J1727.8−1613

T. Bouchet1 , J. Rodriguez1 , F. Cangemi2, P. Thalhammer3 , P. Laurent1 , V. Grinberg4 ,
J. Wilms3 , and K. Pottschmidt5,6

1 Université Paris Cité, Université Paris-Saclay, CEA, CNRS, AIM, 91191 Gif-sur-Yvette, France
e-mail: tristan.bouchet@cea.fr

2 APC, Université Paris Cité, CNRS, CEA, Rue Alice Domont & Léonie Duquet, 75013 Paris, France
3 Dr. Karl Remeis-Observatory and Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universität Erlangen-Nürnberg,

Sternwartstr. 7, 96049 Bamberg, Germany
4 European Space Agency (ESA), European Space Research and Technology Centre (ESTEC), Keplerlaan 1, 2201 AZ Noordwijk,

The Netherlands
5 NASA Goddard Space Flight Center, Astrophysics Science Division, 8800 Greenbelt Road, Greenbelt, MD 20771, USA
6 CRESST and Center for Space Sciences and Technology, University of Maryland Baltimore County, 1000 Hilltop Circle, Baltimore,

MD 21250, USA

Received 22 May 2024 / Accepted 28 June 2024

ABSTRACT

Aims. Soft γ-ray emission (100 keV–10 MeV) has previously been detected in the hard state of several microquasars. In some sources,
this emission was found to be highly polarized and was suggested to be emitted at the base of the jet. Until now, no γ-ray polarization
had been found in any other state.
Methods. Using INTEGRAL/IBIS, we studied the soft γ-ray spectral and polarization properties of Swift J1727.8−1613 throughout
its outburst.
Results. We detect a highly polarized spectral component in both the hard intermediate state and the early stages of the soft inter-
mediate state above 210 keV. In the hard intermediate state, the polarization angle significantly deviates from the compact jet angle
projected onto the sky, whereas in the soft intermediate they are closely aligned. This constitutes the first detection of jet-aligned
polarization in the soft γ-ray for a microquasar. We attribute this polarized spectral component to synchrotron emission from the jet,
which indicates that some of the jet might persist into the softer states.
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1. Introduction

Black hole X-ray binaries (BHXBs) are compact binary systems
that host a (candidate) black hole accreting matter from a com-
panion star. They are commonly found to be sources of powerful
jets and are therefore dubbed microquasars. Most BHXBs are
transient sources seen to transit between various spectral states.
In the (low) hard state (LHS), the 1–100 keV spectrum is phe-
nomenologically described by a power-law with an exponen-
tial cutoff, interpreted as the thermal Comptonization of photons
from an accretion disk by hot electrons. In the (high) soft state
(HSS), the accretion disk emission becomes dominant below
10 keV and a weak power-law component may be present above
10 keV. Between these two states are the hard and soft interme-
diate states (respectively, the HIMS and SIMS; see, e.g., Belloni
2010; Remillard & McClintock 2006).

In several BHXBs, an additional component is sometimes
seen above ∼200 keV (e.g., Grove et al. 1998; Jourdain et al.
2012). It is usually brighter in the LHS and the HIMS (e.g.,
Rodriguez et al. 2015; Cangemi et al. 2023b, and references
therein). This “hard tail” could originate from synchrotron
emission at the base of the jet (Markoff et al. 2005) or from

a hybrid corona of thermalized and non-thermalized elec-
trons (Gierliński et al. 1999). Polarization above ∼400 keV was
first detected in the persistent microquasar Cyg X-1 by the
Imager onBoard the INTEGRAL Satellite (IBIS; Laurent et al.
2011) and INTEGRAL Spectrometer (SPI; Jourdain et al. 2012).
The source was later confirmed to be polarized in the LHS
(Rodriguez et al. 2015), and in the HIMS with AstroSat/CZTI
(Chattopadhyay et al. 2023). These three independent instru-
ments gave compatible polarization angles (PAs) and polar-
ization fractions (PFs) in their overlapping energy ranges (see
Fig. 3 of Chattopadhyay et al. 2023). LHS polarization was also
found in the transients MAXI J1348−630 and MAXI J1820+070
(Cangemi et al. 2023b, hereafter CRB23).

Swift J1727.8−1613 (J1727 hereafter) was discovered as a
γ-ray burst by Swift in August 2023 (Page et al. 2023) and iden-
tified as a BHXB with follow-up observations from the Mon-
itor of All-sky X-ray Image (MAXI) (Nakajima et al. 2023).
The source was extremely bright at peak (up to 8 Crab in the
2–20 keV band), making it one of the brightest BHXBs ever
detected. The source was intensely monitored from the radio to
γ-rays and notably showed the presence of a hard tail in the LHS
and HIMS (Cangemi et al. 2023a). The compact jet has been
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resolved in the radio, and its position angle was estimated to be
−0.60 ± 0.07◦ (Wood et al. 2024).

This Letter is organized as follows: we describe the INTE-
GRAL observations and data reduction in Sect. 2, focusing on
the calibration necessary for the most recent data. We then
present the results of our phenomenological spectral study and
polarization analysis in Sect. 3 and discuss our findings in
Sect. 4.

2. Data reduction and analysis

The journal of the INTEGRAL observations of J1727 is reported
in Table A.1. We used data from IBIS (Ubertini et al. 2003) and
from the Joint European Monitor for X-rays (JEM-X; Lund et al.
2003). IBIS consists of two detector planes, the IBIS Soft
Gamma Ray Imager (ISGRI; Lebrun et al. 2003), sensitive in
the 30–500 keV range, and the Pixellated Imaging Caesium
Iodide Telescope (PICsIT; Labanti et al. 2003), sensitive in the
150 keV–10 MeV range. These detectors can either be used inde-
pendently or together as a “Compton telescope”, which allows
the 200 keV–10 MeV polarization to be probed (Sect. 2.2).

2.1. JEM-X and ISGRI data reduction

ISGRI products were extracted with the INTEGRAL Off-line
Scientific Analysis (OSA) software v11.2, following standard
reduction processes1. For observations after 2020, the ISGRI
calibration is (currently) not up to date. We thus created home-
corrected ancillary response files using recent ISGRI spectra of
the Crab that were adjusted to match the corresponding SPI spec-
tra. The correction is particularly important in the 30–100 keV
band, where ISGRI suffers most from CdTe aging. Fluxes
were obtained for the 30–50, 50–100, and 100–200 keV ranges
from individual pointings, the ∼1700 s long “Science Windows”
(ScWs). We first stacked all ScWs from the same satellite revolu-
tion to obtain source spectra. We added a systematic error of 3%
to each spectral channel as recommended in the User Manual.

To better constrain the continuum, we added the 5–20 keV
spectra from JEM-X unit 1, applying the same revolution-based
stacking as for ISGRI. We included 3% systematic errors on
the spectra that we obtained with the procedure described by
CRB232.

2.2. Compton mode and polarization

Photons with energy &200 keV can be Compton-scattered by
ISGRI and absorbed by PICsIT. The energy of the incident radi-
ation can then be deduced from the energy deposited in both
layers of IBIS (see Forot et al. 2007, 2008). It is also possible
to reconstruct the azimuthal scattering angle, φ, from the inter-
action points on both detectors, such that the PA of the incident
radiation can be reconstructed.

Polarization measurements of the Crab between 250 and
450 keV are found to be compatible with independent SPI
measurements when applying these corrections (Bouchet et al.
2024). This allowed us to explore the polarization in the
210–300 keV range with INTEGRAL(/IBIS) for the first time.
Appendix B gives a brief overview of the principles of polariza-

1 https://www.isdc.unige.ch/integral/download/osa/doc/
11.2/osa_um_ibis/man_html.html
2 https://www.isdc.unige.ch/integral/download/osa/doc/
11.1/osa_um_jemx/man.html

tion measurements and the estimates of significances and upper
limits.

3. Results

3.1. State classification and spectral evolution

Figure 1 shows the light curves of the entire outburst of
J1727 with data from IBIS/ISGRI (20–200 keV), the 338 MHz
VLA Low-band Ionosphere and Transient Experiment (VLITE;
Peters et al. 2023), and the RATAN-600 radio telescope at
11.2 GHz (extracted from Ingram et al. 2024), as well as the cor-
responding hardness intensity diagram obtained with the MAXI
data. We used the spectral state classification and dates of tran-
sitions reported from the analysis of the Neutron Star Inte-
rior Composition ExploreR (NICER) data (Draghis et al. 2023;
Bollemeijer et al. 2023a,b). The source first rises in the LHS
(revs. 2678 and 2680; see Table A.1) and starts transiting to
the HIMS around MJD 60185 (rev. 2681). The INTEGRAL light
curves decrease rather smoothly until MJD ∼ 60221 (rev. 2694),
at which point we see the occurrence of ∼150–200 mJy 11.5 GHz
radio flares (MJDs ∼60205 and 60221), which occurred around
the time of the transition to the SIMS. The source had small
re-brightenings at high energies around MJDs 60226–60229
(revs. 2695 and 2696) before experiencing a bright radio flare
(MJD 60230) that preceded its global decrease.

We performed a phenomenological analysis of the 5–15 keV
and 35–500 keV JEM-X unit 1 and ISGRI spectra on a
revolution-by-revolution basis with simple models of the XSpec
software (Arnaud 1996): a power-law (powerlaw, hereafter
PL) and a cutoff power-law (cutoffpl, hereafter CPL) for the
continuum. A normalization constant (frozen to 1 for IBIS) was
included to account, in particular, for the differences in IBIS and
JEM-X exposure times, as well as for imperfections in source
reconstruction due to its large brightness. The best model was
retained on the basis of the χ2 value of the fit, and, when sim-
ilarly good fits were obtained with various combinations, we
retained the one with the JEM-X normalization constant clos-
est to 1. We then combined spectra that were close in time
and spectral behavior to obtain a better statistical significance.
Some fits have larger χ2 values, which can be due to the source
becoming fainter at the end of the outburst and thus the relative
background increasing (due to the other sources in this crowded
field), which may produce the residuals at higher energies. The
χ2 values are nevertheless acceptable for our phenomenological
analysis. An overview of the state-based stacked observations
is given in Table A.1. Observations 1–5 and 7 were fitted with
a CPL, covering the spectra up to ∼100 keV, and an additional
PL for Obs. 1–4, covering the excess above ∼100 keV. Observa-
tions 6 and 8 are best described with a single PL. A Gaussian line
(gauss) representing the Fe Kα line was added for Obs. 2–5 (see
Fig. 2, left), and an accretion disk (diskbb) fixed at an inner disk
temperature of 1 keV was added for Obs. 6–8 (see Fig. 2, right).
The results of these phenomenological fits and their statistical
significance are reported in Table 1.

3.2. Polarization properties

Figure 3 shows the temporal evolution of the PF and PA of
our grouped observations in the 210–250 keV and 250–300 keV
ranges. All polarimetric values along with their S/Ns can be
found in Table C.1. All errors are given for a 68% confidence
interval.
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Fig. 1. Evolution of J1727 outburst. Left: Hardness intensity diagrams from the MAXI/GSC data. Data points closest in time to INTEGRAL
observations are highlighted as crosses for those with no polarization, and as black (respectively red) squares for those with a PA misaligned
(respectively aligned) with the jet angle. Right: INTEGRAL/ISGRI ScW-based and radio (VLITE and RATAN) light curves of J1727. In both
plots the numbers show the locations of our grouped observations.

Fig. 2. JEM-X (light blue) and ISGRI (dark blue) spectra. The continuous red lines show the total fit and the dashed red lines the various spectral
components. The inserts show the 210–250 keV polarigrams, with the data points in black and the model in red. Left: Obs. 3 (HIMS). Right: Obs. 6
(SIMS).

No polarization is detected in Obs. 1. The exposure time is
shorter than for the next combined observation, but the much
higher flux still allows us to put satisfying upper limits of 19%
(respectively 25%) in the 210–250 keV bands (respectively 250–
300 keV) for this LHS observation. We detect polarized signals
in all HIMS observations with PF250−300 ≥ PF210−250 and a rather
stable and similar PA in the two energy ranges in Obs. 2 to 4
(around −45◦). The 210–250 keV (respectively 250–300 keV)
PF increases up to 54±8% (respectively 81±17%) in Obs. 4. Sig-
nificant evolution is visible in Obs. 5, where PA210−250 = −30±7◦
with a decrease in PF. A more detailed view of the energy depen-
dence is shown in Appendix C.

In Obs. 6 (transition to the SIMS), we detect a strong polar-
ized signal in the 210–250 keV band (punpolarized = 0.051%) with
PF210−250 = 62 ± 10% and PA = 3.8 ± 4.6◦. We do not detect

polarization in Obs. 7 with PF210−250 ≤ 29%. In Obs. 8 we find
a quite unconstraining PF210−250 ≤ 77%, but the source signifi-
cance is also much lower.

4. Discussion

4.1. Hard-tail origin

Our spectral analysis of J1727 confirms the presence of a
&100 keV hard tail (Cangemi et al. 2023a) persisting through-
out the whole HIMS (Table 1) in addition to a CPL, inter-
preted as thermal Comptonization, dominating below 100 keV.
At the transition to the SIMS (Obs. 6), the CPL is replaced
by a PL extending out to about 400 keV (Fig. 2, left). Obser-
vation 7 can be fitted with a CPL, but the cutoff energy is
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Table 1. Parameters from 5 to 500 keV spectral fits for the observation groups defined in Fig. 1.

Group # CJEM-X ΓCPL Ecut FluxCPL,30−300 keV ΓPL FluxPL,30−300 keV χ2
ν(d.o.f.)

FPL,210−300

FTotal,210−300

[keV] [10−9 erg cm−2 s−1] [10−9 erg cm−2 s−1]

1 1.79 1.47+0.07
−0.13 33±2 46 2.1+0.2

−0.3 7.1 1.48 (39) 90%
2(†) 0.72 2.00+0.04

−0.11 44+4
−5 33 2.1+0.3

−0.4 7.6 1.08 (40) 90%
3(†) 0.94 2.24+0.07

−0.13 41+4
−4 28 2.2+0.2

−0.3 8.9 0.84 (40) 91%
4(†) 0.89 2.11± 0.03 57+7

−11 23 1.4+0.8
−0.6 3.5 1.03(40) 81%

5(∗) 1.02 2.46± 0.07 152+26
−20 17 – – 1.22 (36) –

6(‡) 0.91 – – – 2.68± 0.02 9.6 1.24 (41) –
7(‡) 1.05 2.51± 0.10 274+163

−76 10 – – 1.31 (40) –
8(‡) 0.91 – – – 2.64± 0.03 5.6 1.77 (41) –

Notes. Missing entries indicate that a component was not required. Errors are the 90% confidence intervals. (∗)JEM-X spectrum ignored below
7 keV due to large instrumental residuals. (†)Gaussian emission line with fixed center at 6.4 keV. (‡)Thermal disk with a fixed temperature of 1 keV.

above ∼250 keV and not well constrained, meaning it could be
modeled by a simple PL like Obs. 6 and 8 if we had access
to better data at higher energies. The presence of a hard tail
on top of Comptonization and the persistence of a &100 keV
PL emission during softer states is similar to the behavior
of Cyg X-1 (McConnell et al. 2002), MAXI J1348−630, and
MAXI J1535−571 (CRB23). The CPL components seems to dis-
appear (quasi-)simultaneously with a radio flare (Fig. 1), which
might indicate that (part of) the Comptonizing plasma is ejected
(see, e.g., Rodriguez et al. 2003, 2008, for similar behavior in
XTE J1550−564 and GRS 1915+105).

The polarization properties of J1727 are different in both
states. The PA in the HIMS is stable with time and energy
(Figs. 3 and C.1), whereas the PF increases with energy and
varies with time. The polarization properties change in Obs. 5,
with a significant evolution of the PA and a decrease in the PF.
While the misalignment of the PA with the radio jet may call
into question the association of the hard tail with the radio jet,
similar discrepancies are also seen in, for example, Cyg X-1
(Laurent et al. 2011). The level of the PF in all HIMS observa-
tions is compatible with the maximum PF expected from syn-
chrotron radiation in an ideal case (∼75% for a Γ ∼ 2.1 PL;
Bjornsson & Blumenthal 1982), and it is challenging to recon-
cile PF values above 40% with another emission mechanism.

The difference in position angle between the jet and polar-
ization in the HIMS was discussed by Russell & Shahbaz
(2014), who suggest two main possibilities: a misaligned limb-
brightened spot on the ridge of the jet combined with a large
(>30◦) opening angle at its base (see Fig. 3 of their article),
or an electron distribution with a sharp spectral change and a
nonuniform pitch-angle distribution within the jet, as shown by
Bjornsson (1985) for blazars.

The detection of a polarized signal near the probable tran-
sition toward the SIMS, with a large PF in the 210–250 keV
band (the signal is too weak at higher energies for a meaning-
ful measure), is new and unexpected. In this band, the PA is
aligned with the compact jet axis resolved in the radio. The
quasi-simultaneous occurrence of a radio flare (∼200 mJy at
11.2 GHz), probably associated with a discrete ejection of mate-
rial, suggests an association of the polarized high-energy PL
component with the jet. The 62% PF we measure is also compat-
ible with the maximum expected polarization (80%) from syn-
chrotron emission with a Γ = 2.7 PL. This favors the jet as the
source of the SIMS PL emission, as proposed by Jourdain et al.
(2014) for Cyg X-1. We also note that for synchrotron emission,

50
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250-300 keV
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Fig. 3. Temporal evolution of the J1727 PA (upper panel) and PF (lower
panel) in the 210–250 keV (black) and 250–300 keV (blue) bands. The
radio jet PA is shown in green. The upper limits of the 250–300 keV PF
of Obs. 6–8 are close to 1 and not shown.

the magnetic field interacting with the electrons has to be dis-
tributed orthogonally to the jet axis, and the inclination of the
jet (i.e., the angle between the jet axis and the line of sight)
will likely affect the PF. According to Laing (1980), an incli-
nation angle of at least ∼60◦ is required to achieve this level of
polarization for a randomly distributed magnetic field in a slab
orthogonal to the jet. Blazars dominated by synchrotron emis-
sion in the X-ray were observed to be polarized at a few percent
(Middei et al. 2023) and up to 30% (Kouch et al. 2024) despite
their intrinsically low inclination.

4.2. Simple phenomenological model

To explain the evolution of polarization, we used a phenomeno-
logical two-population toy model on top of the usual inverse
Compton emission. This approach is compatible with both
hypotheses of Russell & Shahbaz (2014) and aims to provide
a simplified framework for our discussion: population 1 inter-
acts with a perpendicular magnetic field, producing synchrotron
emission with PA1 parallel to the jet; and population 2 produces
synchrotron emission polarized at a shifted angle PA2 compared
to population 1 because of a different electron pitch angle. This
simplistic representation is also motivated by the persistence of
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radio emission throughout the whole outburst (Fig. 1), which
may indicate the persistence of some kind of jet.

We can compute different polarized emissions with differ-
ent PAs, PFs (assumed constant with energy for simplicity), and
energy flux distributions ( fi = Fi/Ftot) added together. From the
angle distribution of the emitted photons (Eq. (B.1)), we deduce
the resulting polarization parameters as a function of energy,

PA(E) =
1
2

arctan
( ∑

i fi(E) PFi sin (2PAi)∑
i fi(E) PFi cos (2PAi)

)
(1)

and

PF(E) =

∑
i fi(E) PFi cos (2PAi)

cos (2PA(E))
. (2)

During Obs. 1 (LHS with PF< 25%), the radio flux at
338 MHz is lower by a factor of at least 5 compared to the
next few observations in the HIMS (see Fig. 1, right). The
hard X-ray flux, on the other hand, is much higher, espe-
cially below 100 keV. We can interpret this as the weakly
polarized Comptonized medium being dominant up to 300 keV
in the LHS ( fcomptonized ∼ 1, PFcomptonized ≤ 20%), at
which time the polarized synchrotron emission from the jet is
low. Chattopadhyay et al. (2023) reached the same conclusion
regarding the pure hard state of Cyg X-1 (Γ < 1.78), for which
they find a PF upper limit of 7% in the 100–380 keV energy
range. Unfortunately, our spectral fit has a poor normalization
constant between JEM-X and ISGRI (1.79) as well as a large χ2
value, and the cutoff energy of the CPL is very close to the lower
threshold of ISGRI (35 keV), which prevents us from reliably
interpreting the spectrum.

In the HIMS of Obs. 2–4, population 1 is suppressed in the
soft γ-ray ( f1 � f2 for E > 210 keV) such that PA = PA2. In the
radio to the IR, where the emission is dominated by synchrotron
emission from the jet, f1 � f2, so there must exist an equivalent
energy, Eeq, at which f1(Eeq) ∼ f2(Eeq) between the IR and soft
γ-ray, but this energy band could be dominated by other emission
mechanisms.

In the Obs. 6 SIMS, the second population with misaligned
polarization is suppressed ( f1 � f2 for E < Eeq) and only the
first population emission is seen, therefore producing a parallel
angle, PA = PA1. This is in agreement with the disappearance of
the hard tail seen in the ISGRI spectra. For Obs. 5 at the end of
the HIMS, we also find that the 210–250 keV PA is in between
PA1 and PA2, meaning that there is possibly f1(Eeq) ∼ f2(Eeq)
in this energy range, putting the equivalent energy in the 210–
250 keV range.

In soft X-rays, the PA is aligned with the jet with a PF
between 3 and 4% (Veledina 2023; Ingram et al. 2024), which
is interpreted as an effect of the coronal shape. If the highly
polarized emission in Obs. 6 extends to lower energies, it could
contribute to the polarization while being smeared out by the
accretion disk or corona. Interestingly, optically thin synchrotron
emission has already been invoked to explain the radio to X-ray
spectra of several HIMS sources (see Russell 2012, for a review).

5. Conclusion

For the very first time, a soft γ-ray polarized signal was found
in a BHXB with a PA aligned within a few degrees with the
black hole jet axis. This emission coincides with a radio flare
and was most likely seen during the transition to the SIMS.
The high PF is compatible with optically thin synchrotron emis-
sion, and other emission mechanisms should only marginally

contribute to the overall flux. In the hypothesis of synchrotron
emission, the magnetic field with which the electrons interact
should be orthogonal to the jet axis, similarly to the radio syn-
chrotron emission. We also find a misaligned but stable PA in
the HIMS, with a PF increasing with energy, hinting at a dif-
ferent electron population related to the hard tail seen above
200 keV.

We conclude that the medium producing the soft γ-rays
evolves during the outburst, and that the PL observed in the
SIMS could originate in part from synchrotron emission, sim-
ilar to the hard tail seen in the HIMS.
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Appendix A: Journal of the observations

Table A.1. Summary of the observations. "Rev." is the INTEGRAL
revolution number.

Rev. Start End Exp. time Group State
# (MJD) (MJD) (ks)

2678 60181.8 60182.4 51 1 LHS
2680 60186.6 60187.7 87 2 LHS
2681 60188.5 60189.7 98 2 HIMS
2682 60192.1 60193.0 79 2 HIMS
2683 60194.2 60195.2 87 3 HIMS
2684 60197.6 60198.3 57 3 HIMS
2685 60200.2 60201.0 65 4 HIMS
2686 60203.2 60203.7 41 4 HIMS
2688 60207.4 60208.2 69 5 HIMS
2690 60213.4 60214.3 76 5 HIMS
2691 60214.9 60215.7 74 5 HIMS
2693 60221.5 60222.1 49 6 SIMS
2694 60222.9 60223.5 50 6 SIMS
2695 60226.9 60227.6 63 7 SIMS
2696 60229.6 60230.3 64 7 SIMS
2697 60230.8 60231.5 57 8 SIMS
2698 60233.5 60234.3 69 8 SIMS
2699 60236.2 60237.1 81 8 SIMS

Appendix B: Compton polarization mode

The principles for polarization studies with INTEGRAL/IBIS
have been discussed in several papers (e.g., Forot et al. 2007;
Laurent et al. 2011; Rodriguez et al. 2015, CRB23). In short, we
measure the azimuthal angles φ of each individual scattered pho-
tons (corrected for satellite orientation), and group them into
Np bins between [0, π], using the π-symmetry of the probability
of diffusion for polarized photons. We create a detector image
from each bin of photons according to the position of their first
interaction (i.e. their position on ISGRI). We then de-convolve
the coded mask from each image to obtain the flux from the
source in each polarization bin. This procedure removes the need
for background observations and avoids potential contamination
from other sources in the field of view, as is always the case for
mask deconvolution (Goldwurm et al. 2001). After careful sub-
traction of the spurious flux (Forot et al. 2007), we can fit the
resulting polarigram with the following theoretical model:

N(φ) = C (1 + a cos (2(φ − φ0))), (B.1)

where C is the mean flux in each bin, a the amplitude of modula-
tion, and φ0 the privileged diffusion direction. From these param-
eters we can deduce the PA (measured from north to east on the
sky plane) as φ0 + π

2 mod π and the PF as a/a100, where a100 rep-
resents the modulation from a fully-polarized source, computed
using Monte Carlo simulations3.

With the current PICsIT calibration, we can detect Compton
photons with (apparent) energy deposited in PICsIT below the
energy threshold of the detector. This is due to long term varia-
tions of PICsIT’s gain and offset (EPICsIT = gain·channel+offset)
which is not taken into account in the standard software. To cor-
rect these effects, we used a fixed gain of 7.05 keV channel−1,

3 By convention, all PAs are given here between −90◦ and +90◦.

based on measurements done with the onboard 22Na calibration
source (half-life of 2.6 yrs) during the first years of the mission.
We then computed the offset with the 511 keV internal back-
ground line of the satellite itself for each ScW used in our anal-
ysis.

We determine the probability of a detection based on a prob-
ability density function dP(a, φ) (see, e.g., Forot et al. 2007),
which we first integrate over φ while assuming that the source
is unpolarized (asrc = 0). We then compute the probability for
observations of this unpolarized source yielding a modulation, a,
which is greater than the modulation we measure, ames, by inte-
grating the probability density function from ames to a100. The
resulting probability is

punpolarized = e−k2 ames − e−k2 a100 , (B.2)

where k2 = Npc2/(2 σ2
c), with Np the number of angle bins, c the

count-rate, and σc the standard deviation of c.
Following CRB23 we consider here that polarization is

detected when the S/N of the source in the energy range con-
sidered is above 5

√
Np, and when the unpolarized probability is

less than 1%. In the cases where we have a good enough signal-
to-noise ratio but an insufficient punpolarized, we can reverse
(Eq. B.2) and divide it by a100 to estimate the upper limit of PF,

PFup =

√
− ln (p + exp (−k2 a2

100))

k2 a2
100

. (B.3)

Here p is the probability that the true PF is in fact higher than
PFup. We used p = 1% to match our detection criteria.

Appendix C: Polarization evolution with energy

Despite the variations of PF, we combined Obs. 2 to 4 to look
at the energy dependence of the polarization (Fig. C.1) The PF
increases with energy from 25% to about 60% at 300 keV and
stays between 60 and 80% for higher energies. The PA shows a
good stability with energy around a mean value of −46.0 ± 3.9◦,
suggesting that the polarization in these energy ranges has the
same origin.
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Fig. C.1. Energy dependence of the J1727 PA and PF in the HIMS.
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Table C.1. Polarization results in both energy bands.

210 – 250 keV 250 – 300 keV
Group # S/N PA PF S/N PA PF

% %

1 63.7 - < 19 29.7 - < 25
2 102.4 -45.1 ± 2.9◦ 24 ± 2 55.3 -51.2 ± 3.2◦ 46 ± 5
3 70.5 -49.2 ± 5.1◦ 42 ± 8 43.5 -47.4 ± 6.0◦ 50 ± 10
4 42.7 -44.7 ± 3.9◦ 54 ± 8 26.1 -43.4 ± 5.8◦ 81 ± 17
5 39.6 -30.0 ± 7.8◦ 34 ± 9 20.3 - < 43
6 15.2 3.8 ± 4.6◦ 62 ± 10 9.6 - -
7 19.5 - < 29 10.4 - -
8 13.7 - < 77 7.3 - -

Notes. The detection threshold and upper limits are given as explained in Appendix B.
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