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ABSTRACT

In this paper we report on a long multi-wavelength observational campaign of the supergiant fast X-ray transient prototype
IGR J17544-2619. A 150 ks-long observation was carried out simultaneously with XMM-Newton and NuSTAR, catching the source in
an initial faint X-ray state and then undergoing a bright X-ray outburst lasting approximately 7 ks. We studied the spectral variability
during outburst and quiescence by using a thermal and bulk Comptonization model that is typically adopted to describe the X-ray
spectral energy distribution of young pulsars in high mass X-ray binaries. Although the statistics of the collected X-ray data were
relatively high, we could neither confirm the presence of a cyclotron line in the broad-band spectrum of the source (0.5-40 keV),
nor detect any of the previously reported tentative detections of the source spin period. The monitoring carried out with Swift /XRT
during the same orbit of the system observed by XMM-Newton and NuSTAR revealed that the source remained in a low emission state
for most of the time, in agreement with the known property of all supergiant fast X-ray transients being significantly sub-luminous
compared to other supergiant X-ray binaries. Optical and infrared observations were carried out for a total of a few thousand seconds
during the quiescence state of the source detected by XMM-Newton and NuSTAR. The measured optical and infrared magnitudes were
slightly lower than previous values reported in the literature, but compatible with the known micro-variability of supergiant stars. UV
observations obtained with the UVOT telescope on-board Swift did not reveal significant changes in the magnitude of the source in

this energy domain compared to previously reported values.

Key words. X-rays: binaries

1. Introduction

Supergiant Fast X-ray Transients (SFXTs) are a subclass of su-
pergiant high-mass X-ray binaries (SgXBs) mostly known for
their peculiarly short X-ray outbursts, lasting a few hours at
the most, and the much reduced average X-ray luminosity com-
pared to the so-called classical SgXBs (see, e.g., Walter et al.
2015, for a recent review). In both classical SgXBs and SFXTs,
the bulk of the X-ray emission is due to the accretion of the
supergiant star wind onto a compact object, typically a neu-
tron star (NS). The origin of the extreme X-ray variability
of the SFXTs is still not well understood, but it is gener-
ally believed that the short outbursts are triggered by the pres-
ence of dense clumps in the stellar wind surrounding the NS
(in’t Zand 2005; Walter & Zurita Heras 2007; Negueruela et al.
2006; Oskinova et al. 2012; Bozzoetal. 2016), while the
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reduction in the average luminosity can be ascribed to dif-
ferent mechanisms that inhibit the accretion for a large frac-
tion of the time. The proposed mechanisms comprise either a
magnetic and/or centrifugal gating (Grebenev & Sunyaev 2007;
Bozzo et al. 2008), or the onset of a quasi-spherical settling ac-
cretion regime (Davies & Pringle 1981; Shakura et al. 2012).

IGR J17544-2619 is the prototype of the SFXTs and was
discovered in 2003 with INTEGRAL during a 2 h long flare
(Sunyaev et al. 2003). Since then, the source has been show-
ing the most extreme X-ray variability among all other objects
of the same class. It is characterized by an orbital period of
4.9 days (Clark et al. 2009), one of the shortest measured among
the SFXTs, and a quiescent X-ray luminosity that can be as
several times ~10%? erg s~!(in’t Zand 2005). Bright outbursts
from IGR J17544-2619 were observed on many occasions by
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different instruments (see, e.g., Sguera et al. 2006; Rampy et al.
2009; Romano et al. 2011, and references therein). So far, the
most luminous event was caught by Swift in 2014 reaching ap-
proximately 3 x 103 erg s~!in the 0.5-10 keV energy range
(assuming a source distance of 3.5 kpc; Pellizza et al. 2006;
Rahoui et al. 2008). In the paper reporting the discovery of such
intense X-ray emission (Romano et al. 2015), the authors sug-
gested that a temporary accretion disk could have formed around
the NS, as the high luminosity recorded is virtually impossible
to be reached in a wind-fed system. In the same paper, evidence
of a possible pulsation at 11.6 s was reported, but never con-
firmed (as well as the previous hint at 71 s; Drave et al. 2012). A
likely cyclotron line at 17 keV has been discovered in a NuSTAR
observation carried out in 2013 (Bhalerao et al. 2015), making
IGR J17544-2619 the first SEXT for which a direct measurement
of the magnetic field is available (B ~ 1.5 x 10'> G). The prop-
erties of the supergiant companion hosted in IGR J17544-2619
were recently investigated in depth by Giménez-Garcia et al.
(2016), confirming it to be a O9I supergiant.

In this paper, we report on a 150 ks-long observational
campaign performed in the direction of IGR J17544-2619 using
XMM-Newton and NuSTAR simultaneously. During these obser-
vations, the source remained in a very low quiescent state for
most of the time, and then, toward the end of the observations, it
underwent a bright outburst comprising three distinct short flares
lasting in total approximately 7 ks. We took advantage of the
high statistics and good energy resolution of the instruments on-
board XMM-Newton and NuSTAR to investigate the properties
of the source’s X-ray emission during the quiescence and out-
burst periods. We also report on the results of the Swift/XRT
monitoring performed for approximately one week around the
time of the XMM-Newton and NuSTAR observations and cover-
ing more than one orbital revolution of the system. We summa-
rize the data analysis techniques in Sect. 2 and present the results
in Sects. 3 and 4. The results of several optical and infrared ob-
servations carried out during the source quiescent period caught
by XMM-Newton and NuSTAR are summarized in Sect. 5. Our
discussion and conclusions are provided in Sect. 6.

2. X-ray data analysis
2.1. XMM-Newton

The XMM-Newton observation of IGRJ17544-2619 began
on 2015-03-20 05:00:31 UT and lasted until 2015-03-21
20:17:09 UT (OBSID: 0744600101; PI: E. Bozzo), resulting in
a total exposure time of ~141 ks (i.e., approximately 30% of the
source orbital period). The EPIC-pn and MOS1 cameras were
operated in full frame, while the MOS2 was in timing mode.
Data were also collected with the two grating instruments RGS1
and RGS2. All observation data files (ODFs) were processed
using the XMM-Newton Science Analysis System (SAS 15.0)
following standard procedures'. The observation was heavily af-
fected by a flaring background during the first ~120 ks. Remov-
ing the high background time interval resulted in an effective
exposure time of approximately 60 ks for all the EPIC cameras
and the two RGSs. The regions used for the extraction of the
source spectra and lightcurves were chosen for all instruments
to be centered on the best known position of IGR J17544-2619,
as reported by in’t Zand (2005). The source displayed a large
variability in X-rays (more than three orders of magnitudes, see

I http://www.cosmos.esa.int/web/xmm-newton/

sas-threads
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Fig. 1. Top: XMM-Newton MOS2 lightcurve of IGR J17544-2619 in
the 0.5-10 keV energy band. The lightcurve has not been filtered
for the high flaring background time intervals. The insert shows a
zoom in the outburst of the source occurring towards the end of the
observation and comprised of three distinct flares. The time bin of
the main lightcurve is 100 s, while for the lightcurve in the insert
we used a time bin of 50 s. The start time of the main lightcurve
is 2015 March 20 at 06:02:34 UTC (57 101.2518 MIJD), while the
start time of the zoomed lightcurve in the insert is 2015 March 21 at
15:48:44 UTC (57 102.6588 MJD). Bottom: NuSTAR FPMA lightcurve
in the 5-10 keV energy band. The time bin is 100 s and the start time
is 2015 March 20 at 1:06 UTC (57 101.0458 MJD). The inset shows a
zoom into the flaring part of the NuSTAR lightcurve (in this case the start
and the bin times are the same as those of the inset in the top figure).

Fig. 1), and thus the size and shape of the extraction regions for
all instruments had to be carefully changed for different time in-
tervals.

We used a circular region during periods in which the source
count-rate was <0.5 cts s~} for the MOS1 and <2.0 cts s~! for
the pn®. At higher count-rates, an annular region was used to
avoid pile-up issues. The size of the inner hole of the annuls
was changed from 50 to 450 pixels depending on the bright-
ness of the source. The external radius of both the circular and
annular region was also varied with this source intensity, rang-
ing from 650 pixels during the quiescent period to 1000 pixels

2 https://heasarc.gsfc.nasa.gov/docs/xmm/uhb/epicmode.
html


http://www.cosmos.esa.int/web/xmm-newton/sas-threads
http://www.cosmos.esa.int/web/xmm-newton/sas-threads
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629311&pdf_id=1
https://heasarc.gsfc.nasa.gov/docs/xmm/uhb/epicmode.html
https://heasarc.gsfc.nasa.gov/docs/xmm/uhb/epicmode.html

E. Bozzo et al.: Multi-wavelength observations of IGR J17544-2619 from quiescence to outburst

during the brightest part of the flares. For each pn and MOS1
spectra in which the correction for pile-up was needed, the re-
moval of such effects was verified by comparing the results of
the spectral fits with the MOS2 data. The latter, being in timing
mode, was not affected by pile-up even during the peak of the
flares (we cross-checked this finding by using the SAS EPAPLOT
task). The background spectra and lightcurves were extracted
for all EPIC cameras by using regions close to the position of
IGR J17544-2619 but not contaminated by the source emission.
All lightcurves were corrected for any remaining instrumental
effect (e.g., vignetting) by using the EPICLCCORR task. Through-
out this publication we indicate uncertainties on all quantities at
90% confidence level, unless stated otherwise.

We show the MOS2 lightcurve of the source in the
0.5-10 kev energy range in Fig. 1, as this one is not affected
by pile-up. As anticipated in Sect. 1, the source remained in a
low emission state for the initial 120 ks of the observation and
then underwent a 7 ks long outburst, comprising three fast flares
occurring approximately during the periastron passage (see de-
tails in Sect. 6). The first flare was much fainter than the fol-
lowing two (by a factor of 10-20). The average 0.5-10 keV
count-rate of the source during the quiescent period in the MOS2
was of 0.090+0.001 cts s~!, while the peak count-rate regis-
tered during one of the three flares achieved 82 + 12 cts s~ when
the lightcurve was binned at 10 s. In Fig. 2 we also show the
hardness ratio (HR) of two MOS2 lightcurves extracted in the
0.5-2.5 keV and 2.5—-10 keV energy bands. An adaptive rebin-
ning has been used, following the same technique adopted in
a number of our previous papers (see, e.g., Bozzo et al. 2013),
to achieve a minimum signal-to-noise ratio (S/N) of 15 at each
point.

Evidence for coherent and quasi-coherent oscillations in the
XMM-Newton data were searched for using event files from the
source where the arrival times of all photons were barycentre-
corrected. No significant detection could be found in the all ac-
cessible frequency range (~107>-300 Hz).

2.2. NuSTAR data

IGR J17544-2619 was observed by NuSTAR from 2015
March 20 at 00:51:07 to March 21 at 20:01:07 (UTC;
PI: Bhalerao). The Target of Opportunity observation (OB-
SID 90001005002; PI: Bhalerao) was triggered in order to ob-
tain as much simultaneous data as possible with the scheduled
XMM-Newton observation (see Sect. 2.1). After having applied
all the good time intervals (GTI) to the NuSTAR data account-
ing for the Earth occultation and the South Atlantic Anomaly
passages, we obtained an effective exposure time of 61.3 ks and
62.8 ks for the Focal Plane Modules A and B, respectively. The
data were processed using Nustardas v1.5.1, and CALDB dated
2015 September 4. The source photons were extracted from a
60 arcsec circle centred on the source, while the background
was evaluated using polygonal extraction regions on the same
chip. In NuSTAR FPMB, the source region was contaminated
by stray light. We selected a background region with the same
level of contamination to ensure that this stray light did not af-
fect our results. The average source count-rate recorded for most
of the observation was approximately 0.1-0.2 cts s~! (3-80keV
energy band), yielding nearly 100% live time. During the source
outburst at the end of the observation, a count-rate as high as
~50 counts/s was measured.

We show in Fig. 1 the entire NuSTAR lightcurve of
IGR J17544-2619 as observed by the FPMA in the 5-10 keV
energy band, while in Fig. 2 we report a zoom in the NuSTAR
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Fig. 2. Lightcurves in different energy bands and the corresponding
hardness ratio obtained from the flaring part of the XMM-Newton (top)
and NuSTAR (bottom) observations. In both cases an adaptive rebinning
has been used to achieve S/N = 15 in each bin. We do not show the
quiescent portion of the lightcurve, as there, the statistics were much
lower than during flares and thus no meaningful HR resolved spectral
analysis could be carried out. Here the start time of the NuSTAR and
XMM-Newton lightcurves are the same. The third flare could not be de-
tected by NuSTAR due to visibility constraints. In the top figure, we
highlighted the 20 intervals in which the HR-resolved spectra analyzed
in Sect. 3 have been extracted with different colors.

lightcurves extracted in the 3—10 keV and 10-30 keV, together
with the corresponding HR. In this plot, an adaptive rebinning
has been used to achieve S/N > 15 in each time bin as for the
XMM-Newton case (see Sect. 2.1). NuSTAR observed only two
of the three flares displayed by the source during the outburst.
The third flare could not be observed due to the satellite visibil-
ity constraints.

Due to the lack of any significant detection in the
XMM-Newton data (see Sect. 2.1) and the known issues affecting
X-ray timing analyses with NuSTAR (see Bachetti et al. 2015,
and references therein), we did not perform detailed searches for
coherent and quasi-coherent modulations of the events recorded
by the FPMA and FPMB.

2.3. Swift data

IGR J17544-2619 was observed by Swift as a ToO campaign
(PI: Romano) aimed at monitoring the general flux level of
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Table 1. Log of all Swift/XRT observations used in the present paper.

Sequence Obs/mode Start time End time Exposure
(MJID) (MID) (s)
00035056169  XRT/PC  57099.2711 57099.4715 3395
00035056170  XRT/PC  57100.6156 57 100.8097 3896
00035056171  XRT/PC ~ 57101.0023  57101.2735 878
00033707001  XRT/PC ~ 57101.0038 57 101.2853 3962
00033707002  XRT/PC  57101.1454 57 101.1569 980
00035056173  XRT/PC  57102.0620 57102.2798 4874
00035056174  XRT/PC  57103.5947 57103.8041 4969
00035056175  XRT/PC  57104.5921  57104.7381 2841
00035056176 ~ XRT/PC  57107.7829  57107.8582 2061

the source around the XMM-Newton observation, with six daily
observations, each 5ks long, starting on 2015 March 18. As
the orbital period of the source is approximately 4.9 days (see
Sect. 1), the XRT (Tueller et al. 2005) and UVOT (Roming et al.
2005) data covered slightly more than an entire orbital revolution
of IGR J17544-2619. The complete log of the XRT observations
is provided in Table 1, while for UVOT we summarize all rele-
vant information in Table 2.

The XRT data were processed and analyzed using the
standard software (FTOOLS v6.16), calibration files (CALDB
20140709), and methods. All data were processed and filtered
with XRTPIPELINE (v0.13.1). The source remained at a level of a
few x1072 countss~! throughout the campaign, and only flared
up to 0.17 cts s™' on March 22 (obs. 00035156174). As the
source was never affected by pile-up, all events were accumu-
lated within a circular region with a radius of 20 pixels (where
1 pixel corresponds to ~2736), while background events were
accumulated from an annular source-free region with inner/outer
radii of 70/100 pixels centered on the source. When no detection
was achieved in one observation, we calculated the correspond-
ing 30" upper limit by using the SOSTA and UPLIMIT tools avail-
able within XIMAGE, together with the Bayesian method for low
count experiments (Kraft et al. 1991). The XRT lightcurves were
corrected for point spread function losses, vignetting, and were
background subtracted.

The XRT data showed that the source remained in a rel-
atively low X-ray emission state during the entire monitor-
ing campaign. Only a short flare was recorded, reaching ap-
proximately 0.17 cts s~! in the energy band of the instrument.
Excluding this flare, the average count-rate recorded by XRT
from the source was approximately 0.025+0.003 cts s~' in
the 0.5-10 keV energy range. This corresponds to a flux of
2.7x 1072 erg cm™ s~! when an absorbed power-law model
with Ny = 2x 1022 cm™2 and ' = 1 is used for the conver-
sion (see Sect. 3). Due to the relatively low statistics of the XRT
observations, no useful timing and spectral analysis of these data
could be carried out.

UVOT observed IGR J17544-2619 simultaneously with the
XRT using different filters (B, M2, U, V, W1, and W2) in different
observations in order to provide the broadest wavelength cover-
age possible. The data analysis was performed using the UVO-
TIMSUM and UVOTSOURCE tasks included in the FTOOLS soft-
ware. The latter task calculates the magnitude through aperture
photometry within a circular region and applies specific correc-
tions due to the detector characteristics. We provide a summary
of all results in Table 2, where the magnitudes have been com-
puted for each filter by combining data with the same filter in dif-
ferent observations. The reported magnitudes are on the UVOT
photometric system described in Breeveld et al. (2011) and are
not corrected for Galactic extinction. We did not find significant
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Fig. 3. Lightcurves obtained from the Swift /XRT monitoring campaign
performed a few days before and after the XMM-Newton and NuSTAR
observations of IGR J17544-2619 (we mark in black the lightcurve in
the 0.5—-10 keV energy range, in red the lightcurve in the 0.5-2.5 keV
energy range, and in green the lightcurve in the 2.5-10 keV energy
range). The time is measured from the 57102 MJD, as in Fig. 1.
The faint flare recorded by XRT, which is visible above when the
source count-rate reaches approximately 0.17 cts s~!, occurred on
57103.7 MID, that is, roughly one day after the onset of the much
brighter outburst observed by XMM-Newton and NuSTAR. The down-
ward arrows indicate 30~ upper limits on the source count-rate when
IGR J17544-2619 was not detected in the corresponding XRT observa-
tion. We also marked with vertical solid lines the time interval of the
XMM-Newton observation (the NuSTAR observation is nearly simulta-
neous). The vertical, dashed magenta lines indicate the time interval of
the 7 ks outburst detected by XMM-Newton and NuSTAR (see Sects. 2.1
and 2.2).

Table 2. Summary of UVOT results.

MID Filter Magnitude
57103.5639+4.2257 B  14.53+0.03
57104.2429 +3.5599 M2 20.29+0.15
57103.5623 +4.2256 U  15.19+0.03
57104.2397+3.5582 V  12.81+0.02
57103.5647+4.2936 W1 16.63+0.04
57103.5680+4.2281 W2 17.92+0.05

Notes. The indicated uncertainties on the observational times corre-
spond to the time coverage of the combined images obtained with the
same filter in different observations.

differences in the estimated magnitudes of the source in all filters
compared to values obtained during previous monitoring cam-
paigns (and compatible with expected values for the supergiant
star hosted in IGR J17544-2619; Romano et al. 2011).

3. Spectral analysis with phenomenological models

We first extracted the XMM-Newton and NuSTAR spectra aver-
aged during the entire observation and only during the quies-
cent period. When averaged over the entire observation, both the
MOSI and the pn data were heavily piled-up and the compari-
son with the MOS2 data revealed that it was not possible to find
a satisfactorily correction for this issue to obtain compatible re-
sults for all cameras simultaneously. For this reason, we only
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used the MOS2, RGS, and NuSTAR data to analyze the proper-
ties of the source X-ray emission averaged over the entire avail-
able exposure time. During quiescence, the source emission was
too faint to obtain meaningful RGS spectra, and thus we did not
include the corresponding data in the combined XMM-Newton
and NuSTAR fit.

We adopted several different phenomenological models to
describe the broad-band spectra of IGR J17544-2619. Due to the
complex spectral energy distribution in the 0.5-40 keV energy
range (see, e.g., Figs. 4 and 7), we could only achieve acceptable
results by using a combination of an absorbed thermal blackbody
(BBODYRAD in XSPEC) plus a power-law with a high-energy cut-
off (HIGHECUT*POW in XSPEC). This model has often been used
to describe the X-ray emission of highly magnetized accreting
pulsars (see, e.g., White et al. 1995; Coburn et al. 2001). The
thermal component is most likely originating from the NS sur-
face, while the power-law might originate from Comptonization
within its accretion column or other non-thermal processes. A
weak iron K, line at 6.4 keV was detected in the spectra av-
eraged over the entire observational period. This is likely pro-
duced by fluorescence due to the X-ray illumination of the
stellar wind material surrounding the compact object hosted in
IGR J17544-2619, as the measured equivalent width is relatively
small and comparable to that observed in a large number of
wind-fed HMXBs (see, e.g., Bozzo et al. 2008; Torrejon et al.
2010; Manousakis & Walter 2011; Giménez-Garcia et al. 2015,
and references therein). We summarize all results obtained with
the phenomenological model in Table 3 and show in Fig. 4
the unfolded combined XMM-Newton + NuSTAR spectra corre-
sponding to the entire observation and the quiescent period only.

In order to study possible spectral variations that could give
rise to the changes in the HR visible in Fig. 2, we carried out
a hardness ratio resolved spectral analysis of the outburst pe-
riod. We did not carry out the same analysis during the quies-
cent period due to the much-reduced statistics of the data. We
selected 20 different intervals, as shown in the upper panels of
Fig. 2 and fit all of them with the same two-component model
described above. As the third flare was not observed by NuSTAR
due to the satellite visibility constraints, no high-energy cover-
age (>10 keV) was available for the spectra extracted during the
time intervals 11-19. These time intervals are thus not included
among all the broad-band results presented in Table 3.

From the values reported in the table we found that there
was a significant increase in the absorption column density local
to the source immediately before the rise to the second flare in
the outburst (the first one was too faint to reveal any significant
spectral variability). The Ny dropped by a factor of ~1.5 when
the source reached the peak of the flare and then remained vir-
tually constant throughout the rest of the observation. The ther-
mal component is observed to increase in temperature and in ra-
dius toward higher fluxes, where the Comptonization component
clearly becomes dominant. In order to visually show these varia-
tions, we report in Fig. 7 the case of the spectra extracted during
the time interval 6, close to the peak of the second flare, and the
time interval 9, half way through the decay from this flare.

A puzzling result is found during the time interval 10, which
corresponds to the low count-rate period separating the second
and the third flare. The spectra extracted during this interval
(only partially covered by NuSTAR) are shown in Fig. 5. As the
source flux in this interval dropped significantly, the pn spectrum
was not affected by pile-up. An evident absorption feature is de-
tected at 7.2 keV. By adding a Gaussian absorption component to
the spectrum, we measured a centroid energy of 7.21 +0.14 keV
and a width of 0.2 £ 0.1 keV (the latter being compatible with a

Quiescent Period

10 L

keV (Photons cm™2 s~ keV!)

Energy (keV)
Entire Observation

e Vuw* ey M’W ':N

P, |
M

-wa 'V'w'r"j"‘v," MWM‘@ *. At

keV (Photons cm=2 s~ keV!)

Energy (keV)

Fig. 4. Top: combined XMM-Newton and NuSTAR unfolded spectra ex-
tracted during the first ~120 ks of the observations, when the source
was in a quiescent state. The EPIC-pn is in black, the MOS2 in red, the
MOST1 in green, the FPMA in blue, and the FPMB in cyan. The best
fit model is obtained by using a combination of an absorbed blackbody
plus a power-law with a high energy cut-off (see Sect. 3 for details). The
residuals from the best fit are shown in the bottom panel. Bottom: same
as above but for the spectra accumulated during the entire observational
period. The MOS2 is in black, the FPMA in red, the FPMB in green,
the RGS1 in blue, and the RGS2 in cyan. The same model as above plus
a weak iron emission line at ~6.4 keV, has been used to obtain the best
fit. Residuals from this fit are shown in the bottom panel.

broadening due to the limited energy resolution of the pn). The
estimated equivalent width of the line and the associated uncer-
tainty is 0.23f8:(1)(1) keV, thus suggesting a detection significance
>30. Adding the line to the fit of all spectra in the interval 10
(i.e., the combined fits of MOS1, MOS2, pn, FPMA, and FPMB)
leads to a decrease of the )(fed from /\(rzed/d.o.f. = 0.93/214 (fit
without the line) to /\(fed/d.o.f. = 0.86/211 (fit with the line in-
cluded). This again suggests a detection significance at the level
of 230 according to the F-test included within XSPEC.

The lack of NuSTAR data for the time intervals 11-19
prevented an analysis of the remaining time-resolved spec-
tra comparable to that discussed above. For each interval, the
XMM-Newton data alone could be reasonably well-fitted by
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IGR J17544-2619 (interval #10)
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Fig. 5. XMM-Newton and NuSTAR spectra extracted during the time
interval 10. This is the only interval in which a spectral feature is ob-
served around ~7.2 keV. The best fit model to describe the continuum in
this case is the same mentioned in Fig. 7. The residuals from the best fit
are shown in the bottom panel and no component was added to take the
presence of the feature into account in order to highlight its significance.
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Fig. 6. Results obtained when the time-resolved XMM-Newton data
alone are fitted with a simple absorbed power-law model. From the top
to the bottom panel we show the absorption column density, the power-
law photon index, and its normalization. As discussed in the text, it is
evident that the most prominent spectral changes took place during the
second flare (the first one being much fainter than the other two and
occurring in this figure at approximately ¢+ = 500 s). The uncertainties
on the x axis correspond to the integration times of the spectra 1-20 in
Fig. 2.

6000

using a simple, absorbed power-law model. We verified that us-
ing the two-component models considered above for the broad-
band spectral fits on the time-resolved XMM-Newton spectra
alone always resulted in very poorly constrained parameters. In
order to have a complete overview of the time-resolved spectral
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analysis achievable with XMM-Newton, we thus report in Fig. 6
a plot of all spectral parameters obtained by fitting the XMM-
Newton data (MOS2 plus MOS1 and pn, when available) in the
time intervals 1-20 with a simple absorbed power-law model.
From this plot, it is evident that most of the spectral changes oc-
curred during the second flare, while for the third flare only mi-
nor variations in the absorption column density and power-law
photon index were measured. We were thus lucky to have the
second flare, rather than the third one, observed simultaneously
with NuSTAR.

We note that in neither the time-resolved nor the averaged
spectra could we find a clear indication for the presence of the
cyclotron line at ~17 keV reported previously by Bhalerao et al.
(2015). If a cyclotron line is added to the phenomenological
model used in this section to fit the broad-band spectra of
IGR J17544-2619, the centroid energy of this feature is moved
by XSPEC approximately 8 keV and its width becomes as large
as 2—-3 keV. We did not consider this a reasonable model be-
cause a feature at 8 keV could not be the fundamental energy of
the previously detected cyclotron lines from the source at 17 and
33 keV, and, additionally, the feature was evidently used by the
XSPEC fitting routine to describe the “valley” in the energy range
6—9 keV where the soft and hard spectral components intersect
one another. We thus do not discuss this model further. For com-
pleteness, instead, we tried to fit the two component model used
in the present paper to the combined Swift/XRT and NuSTAR
data reported previously by Bhalerao et al. (2015), where the cy-
clotron line was discovered. We used for the fit the same spectra
extracted by these authors, as the latters are also among the col-
laborators of the present publication.

A fully reasonable fit was obtained with Xfe Jdof. =

0.85/144, Ny = 1.0+03 cm™2, kTgg = 1.07 + 0.04 keV,
E.c = 6.7’:2:2 keV, and Egq = 4.6 = 0.1 keV (we had to
fix I' = —2.5 in the fit as this parameter could not be constrained
and the fit favored a largely negative power-law photon index).
The presence of the cyclotron line remained clearly evident even
from the residuals obtained with this model and we measured a
centroid energy of 16.9 + 0.5 keV, adepth of 0.5 +£0.1 keV, and a
0.5-50 keV X-ray flux of 3.5x 107! erg cm™2 s~! in agreement
with previous findings (Bhalerao et al. 2015). We thus concluded
that, although we could not confirm the presence of the cyclotron
line in IGR J17544-2619 with the newly obtained, strictly simul-
taneous XMM-Newton and NuSTAR observations, this feature
did not disappear from the previous data-set when a different
spectral model was used for the fit (note that the average flux of
the source in the past and present observations is virtually the
same).

4. Spectral analysis with a physical model

As SFXTs are believed to host young, highly magnetized accret-
ing NSs and the spectral analysis above showed the presence
of both a thermal and a non-thermal component in the spec-
trum of IGR J17544-2619, we also attempted a description of
the X-ray emission from this object with a more physical model.
In particular, we adopted the bulk and thermal Comptonization
model (BW) described in detail by Ferrigno et al. (2009). The
model is based on the original calculation of Becker & Wolff
(2007), who computed the X-ray emission emerging from a
cylindrical accretion column, typical of NS hosted in young
high-mass X-ray binaries (and thus also in SgXBs). The model
computes the bulk and thermal Comptonization of the seed pho-
tons that are produced by the bremsstrahlung, cyclotron, and
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Fig. 7. An example of combined XMM-Newton and NuSTAR spectra during the decay from the second flare, as indicated in Fig. 2. We chose the
spectra from the time interval 6 (fop panel) and 9 (bottom panel) as examples to show how the source X-ray spectral emission evolves during
the flare. For the figures on the left, the non-thermal component is described through the usage of a phenomenological HIGHECUT*POW model
in XSPEC. For the panel on the right, the non-thermal component is fit by using the physical BW model (see Sect. 4). In both cases, it is evident
that the non-thermal component dominates the source high-energy emission at higher fluxes (e.g., during the time interval used to extract the
spectrum 6). The thermal component provides an increasingly important contribution to the overall emission during the decay from the flare (e.g.,
during the time interval used to extract the spectrum 9). The relative contribution of the thermal and non-thermal components is different in the
fits performed with the phenomenological and physical spectral models, but the overall picture used to interpret the spectral change is qualitatively
similar.

Table 3. Results of the fits to the combined XMM-Newton and NuSTAR spectra extracted in the time resolved intervals with the phenomenological
model.

Parameter All* Quiescent 1 2 3 4 5 6 7 8 9 10° 20
Nu 08+0.06  1.14+0.06 18403  0.96x0.15 18403 1104 1603 1.8+0.2 17402 12405 13558 14203 12402
KkTss 111598 1.08£003  053£001  137+0.08 13+0.1 135+0.14 1743 16202 14402 1102 1102 104201 0.90=0.07
Ns 041003  0.12+0.01 12,648 1.1£0.2 48448 9.9+ 6.833 4.813% 4.213 120+5.5 1147 0704 14103
r 0.42+0.09 -1.373 0.7£0.1 -1.7%9¢ -0.13703 0.3*94 0.8%07 0.927049 0.8+0.1 0.6%03 0.5%03 0.7:03 0704
Eeu 15.2+0.03 122408 173+ 1.1 134£0.6 16.1+0.7 14.6%12 163104 16.0+0.7 157408 15514 152443 16.837 143113
Efola 6.8+0.03 4658 72+13 3901 4706 6.2+48 5809 69+038 70038 63124 85+4.6 6.0:62 71123
Fos-10kev L61E-11 1.8E-12 6.3E-11 5.0E-11 2.2E-10 7.9E-10 2.3E-9 1.6E-9 7.6E-10 5.6E-10 3.8E-10 3.1E-11 1L7E-11
F10-30 kev 1.98E-11 2E-12 1.3E-10 1.3E-10 4.6E-10 1.3E-9 3.7E-9 2.5E-9 1.3E-9 9.9E-10 6.4E-10 8.3E-11 3.1E-11
Xogldof. 1.11/986 1.09/479 1.27/414 1.07/331 0.94/338 1.04/248 0.91/368 1.04/607 0.91/536 1.04/208 0.90/185 0.86/210 1.06/258
Cpn — 1.0 1.00£005  1.03£006  097+0.05  095+0.07 098006 097004  1.03£004 102£008  098+007 094005  1.00+0.05
Cwiosi — 112£003  096+007  1.01+0.08  1.03+0.10  0.85+0.17 — — — — — 0.90+0.09 1.0°
Cwios2 1.0 1.3420.03 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Cras 121+0.07 — — — — — — — — — — — —
Cras 1.10£0.10 — — — — — — — — — — — —
Crpmia 075£001 093004  099£007  1.06£009  1.08£0.07  1.01£007  1.08£006  1.11+004 108005 114010  095£0.08 16202 1.00+0.09
Crpvp 079002  1.11£009  1.05£007  1.03+0.06 114007 100007 113006 111004  L11£05 114009  1.00+0.09 1.8+0.2 1.01+0.10

Notes. In each case, the normalization constant with no indicated uncertainties is the one of the instrument used as a reference in the fit. ® For
these spectra a thin iron line was also included in the fit. The centroid energy of the line is 6.39 + 0.03 keV and the corresponding equivalent width
is 0.073 £ 0.016 keV. ) For these spectra we also included in the fit an absorption line at 7.21 + 0.14 keV with an equivalent width of 0.23*)} keV
and a width of 0.2+0.1 keV. © This value was fixed in the fit as the fit was insensitive to any variation of this parameter within reasonable

boundaries.

blackbody processes taking place within an accreting plasma,
characterized by a constant magnetic field and electron den-
sity. In this situation, the distributions in energy of the cyclotron
and bremsstrahlung photons are generally different. However,
in those cases where the cyclotron energy is comparable to the
temperature of the plasma, the cyclotron emission becomes the
preferred cooling channel. The blackbody emission is assumed
to be concentrated toward the bottom of the accretion column.

We refer the reader to Ferrigno et al. (2009) and Becker & Wolff
(2007) for further details.

The BW model has six free parameters®: the mass accre-
tion rate M, the radius of the accretion column ry, the tem-
perature of the electrons T,, the magnetic field strength B, the

3 In all cases, we fixed the NS mass and radius to the canonical values,
Mys = 1.4 My and Rys = 10° cm. These parameters could not be
constrained in any of the fits.
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Table 4. Results of the fits to the combined XMM-Newton and NuSTAR spectra with the physical model introduced in Sect. 4.

Parameter 3 4 5 6 7 8 9
Ny (IE22cm™)  1.9793 1.3%03 1.2%92 1.2+92 1.1£0.1  1.0+£04  1.0+03
kTpg (keV) 1.5£0.1  1.7£02  1.6+03  15+£02 1401 1.4423 1.2£0.2
Ngg 3.9101 8.3431 2548 19.3703 13.6$9 8.9%3 11.4%5¢
& S.Ofg:(; <15 4.5f§:§ 5.43:;’ 5.7fg’:g 5.7f§’:2 <5.2
s 0.8*02 0.4*93 0.7°9% 0.6"23 0.3+04 0.7+0% <1.0
M p17gs 0.05 0.17 0.48 0.32 0.16 0.12 0.08
T, (keV) 3.2%03 34+03 2.9%02 30£03  34+03 2.8+00 3.74%3
ro (m) <20 47434 65+33 53724 35+18 18+22 19+28
Fb o kev 2.2E-10 7.8E-10 2.4E-9 1.6E-9 7.6E-10 5.6E-10 3.8E-10
Fl) a0 tey 4.6E-10 1.3E-9 3.6E-9 2.5E-9 1.3E-9 9.7E-10 6.6E-10
Xogldof. 0.94/338  1.03/248  0.92/375  1.08/605  0.93/534  1.05207  0.90/185
Cpn 0.96+£0.05 0.96+0.07 0.95+£0.05 097+0.04 104004 1.02+0.07 0.98+0.07
Cmost 1.0£0.1  1.0£0.1 - - - - -
Cro82 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Crpma 1.08+0.08 1.02+0.07 1.06+0.06 1.11£0.04 1.07£0.04 1.14£0.09 0.95+0.09
Crpys 1.13£0.07 1.02£0.07 1.11£0.06 1.11+0.04 1.11+0.05 1.13+0.09 1.00+0.08

Notes. '(“) The mass accretion rate is derived from the 0.5-30 keV X-ray flux using standard equations for the NS accretion, that is, Lx =
GMysM/Rys and Ly = 4nF5_30 xevd® (here Mys and Ryg are the mass and radius of the NS, whilst d is the source distance). ¥ The flux is given
in erg cm™2 s7!. ) The MOS2 was used in all case as the reference instrument, therefore the corresponding normalization constant has been fixed

to unity.

photon diffusion parameter &, and the Comptonization parame-
ter . The last two parameters are defined as:

TTromyC
= ~—127 (1)
M(O—HO—J_) /
5=4 Youlk , )
Ythermal

where m;, is the proton mass, c is the speed of light, o , (o1)
is the electron scattering cross section for photons propagating
parallel (perpendicular) to the magnetic field direction, and ypyx
(Ymerma1) describes the average fractional energy change expe-
rienced by a photon before it escapes through the walls of the
accretion column due to the bulk (thermal) Comptonization. As
in this model the normalization is regulated by both M and ry
and in all fits we fixed the value of the mass accretion rate to
the one estimated from the source broad-band X-ray luminosity
(0.5-30 ke V) with the usual formula Lx = GMysM/Rxs and left
ro free to vary.

Due to all physical assumptions in the treatment presented
by Becker & Wolff (2007), the BW model is only suited to de-
scribe the X-ray energy distribution of X-ray pulsars with a lumi-
nosity larger than a certain critical value. The latter corresponds
to the luminosity at which the radiation emerging from the NS
surface is able to stop the accreting matter infalling through
the accretion column via a radiation-dominated shock. The pre-
cise value of this critical luminosity is highly debated, but the
most recent calculations presented by Mushtukov et al. (2015)
show that it should not be lower than ~2 x 10%¢ erg s~! for a
NS endowed with a magnetic field similar to that suspected for
IGR J17544-2619 (i.e. ~1.5 x 10'? G, see Sect. 1). At the dis-
tance of IGR J17544-2619, the above luminosity corresponds to
an X-ray flux of ~10™° erg cm™2 s~'. Based on the results ob-
tained in Sect. 3 and on the considerations above, we thus per-
formed fits to spectra 3—9 in Table 3 with the BW model only. A
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blackbody was included in all fits to take into account the pres-
ence of the thermal component emitted from the BW model. The
results of these fits are summarized in Table 4. We note that
the measured parameters of the BW model are comparable to
the values expected for a highly magnetized NS (~10'? G). The
estimated radius of the accretion column is substantially lower
than that measured in the case of the brightest X-ray pulsars (up
to several hundreds of meters; see, e.g., Walter et al. 2015, and
references therein), but in line with the prediction for dimmer
systems, such as Her X-1 (Becker & Wolff 2007).

On the right side of Fig. 7 we show a comparison between
the fits with the physical and phenomenological models to the
spectra 6 and 9, as these were previously considered as two rep-
resentative cases for the spectral changes occurring in the source
X-ray emission during the decay from the second flare (when the
most prominent spectral variability was recorded).

5. Optical and infrared observations

We also obtained optical and infrared data during the long obser-
vations performed with XMM-Newton and NuSTAR. Data were
collected with:

— the Berlin Exoplanet Search Telescope (BEST II), which is
a 25cm aperture Baker-Ritchey-Chrétien system, using a
KAF 16801 4096 x 4096 pixel CCD with a pixel size of
9um and a field of view of 1.7° x 1.7° (see, Kabath et al.
2009, for all relevant information);

— the Bochum Monitoring Telescope4 (BMT), whichisa40cm
Coudé telescope, featuring a SBIG STL-6303 CCD with
3072 x 2048 pixel (each sized 9 um) with a field of view
of 41.2" x 27.5" (Ramolla et al. 2013);

4 http://www.astro.rub.de/Astrophysik/BMT_en.html
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Table 5. Log of optical and NIR observations of IGR J17544-2619.

Filter =~ Telescope Starttime Endtime Exp time
(UT) (UT) (s)
B-V BMT 8:25:58  08:57:16 1900
R-1 BEST 08:35:51  09:18:12 2600
Ks—Jn IRIS 09:06:58  10:06:52 3600

Table 6. Results obtained from the optical and NIR photometry of
IGR J17544-2619.

Filter ~ N frames  Exp. time(s) Magnitude
(This work) (Literature)
B 11 60 14.62 +0.05 14.44 +0.05¢
Vv 7 60 12.89+0.05 12.65 £ 0.05¢
R 9 60 11.76 £0.05 <11.9¢
1 9 60 10.39 +0.05
Jn 20 10 8.77+£0.05 8.71£0.02%; 8.791 +0.021”
Ks 20 10 8.21£0.05 7.99 +0.02%; 8.018 +0.026"

Notes. @ Data from Pellizza et al. (2006). ® Data from the 2MASS
catalogue (Skrutskie et al. 2006).

— the Infrared Imaging System (IRIS) telescope, which is a
80 cm Nasmyth telescope equipped with a HAWAII-1 detec-
tor. The telescope field of view is 12.5" x 12.5" (with a pixel
size of 0”774 x 074), and a filter wheel equipped with stan-
dard 2MASS J, H, K and narrow band filters (Hodapp et al.
2010).

IGRJ17544-2619 was observed with all mentioned instruments
on 2015 March 21 in Johnson BVRI filters and 2MASS Jn and
Ks filters. The coverage in the different filters is specified in
Table 5. All photometric data were reduced using standard Im-
age Reduction and Analysis Facility (IRAF) bias, dark, and flat
field correction routines. Astrometry was provided by SCAMP
(Bertin 2006) and before combining a set of multiple exposures
into a final frame, the data were re-sampled onto a common
WCS frame using SWARP (Bertin et al. 2002). The photometry
was performed on combined frames using a 7’’5 aperture. To ob-
tain absolute calibration in the optical bands, the Landolt star
fields SA 104 and SA 107 (Landolt 2009) were observed. The
field star fluxes were cross-calibrated with the Landolt photom-
etry, taking into account the airmass dependent extinction based
on the atmospheric profile of the Cerro Paranal site obtained by
Patat et al. (2011). In the infrared, available 2MASS AAA pho-
tometry of field stars in our frames was used to directly cross
calibrate the photometry.

We report all photometric results of the averaged frames with
min/max rejection in Table 6. The magnitude of the source in the
observations with different filters was estimated using isolated
field stars and the UCAC-4 photometry. In the Table we indicate
the exposure time of single frame observations for each filter and
the number of frames combined in each case to obtain the final
results. For comparison we also report the results on all filters
that we could find in the literature for IGR J17544-2619.

As all the optical and IR observations of IGR J17544-2619
were obtained several hours before the bright outburst from
the source detected by XMM-Newton and NuSTAR, the results
reported in Table 6 describe the properties of the supergiant com-
panion when the system was in a quiescent state. Comparison

with previous results in the literature reveals that the supergiant
was globally fainter during our observations. However, the dif-
ferences with the previously reported magnitudes are very lim-
ited and likely consistent with the micro-variability observed in
other supergiant systems (see, e.g, the case of IGR J16465-4507,
Chaty et al. 2016).

6. Discussion

In this paper we report on a long multi-wavelength campaign ob-
servation of the SFXT prototype IGR J17544-2619. This source
is known to display one of the most extreme levels of X-ray vari-
ability among other objects in the same class. A remarkable dy-
namic range in the X-ray luminosity was also observed.

IGR J17544-2619 was initially caught by both XMM-Newton
and NuSTAR during an extended quiescent period, which cov-
ered the first ~120 ks of the observations and was characterized
by a luminosity of ~6x 10 erg s~!. During this period the statis-
tics of the data were too low to carry out a time-resolved spec-
tral analysis, and thus a single spectrum was extracted for all
XMM-Newton instruments and for the two FMs of NuSTAR. The
source spectral energy distribution in the X-ray domain could be
well-described by using a combination of a thermal component,
most likely associated with the emission from the neutron star
surface, and a non-thermal component extending up to ~40 keV.
The latter is usually ascribed in similar systems to Comptoniza-
tion processes occurring within the accretion column of the
neutron star. The peculiarly high emission around 10-20 keV
made it very difficult to fit the non-thermal component with any
other phenomenological model other than the HIGHECUT*POW
in XSPEC. This model provided reasonably good fit to all spectra
extracted from both the XMM-Newton and NuSTAR data.

A bright outburst abruptly interrupted the source quiescent
state towards the end of the X-ray observations and lasted for ap-
proximately 7 ks. The event comprised three distinct fast flares,
among which the first was the faintest and the other two achieved
a luminosity 1600 times brighter than quiescence. Significant
spectral variability was observed, especially during the second
flare. In particular, the broad-band fits realized by combining
the time-resolved XMM-Newton and NuSTAR data showed that
there was a modest (but significant) increase of the absorption
column density during the rise to the peak of the flare (a factor
of ~1.5), followed by a drop of the column density immediately
after the source reached the peak X-ray flux. This is reminiscent
of what was observed during the bright flare from the SFXT
IGR J18410-0535 (Bozzo et al. 2011). On that occasion the in-
crease in the absorption column density during the onset of the
flare was much larger (by a factor of ~50) however it was also
observed to drop significantly at the peak of the event. The in-
terpretation in this case was that a large clump in the wind of the
supergiant companion encountered the neutron star and partially
obscured the X-ray source before being accreted onto the com-
pact object. The increase in the absorption column density and
the total X-ray luminosity released during the flare were used to
estimate the physical projected size of the clump and its mass.
The drop in the absorption column density around the peak of
the flare could be explained by assuming that the clump material
became significantly ionized when the incident X-ray radiation
exceeded a certain threshold.

The above interpretation could also be applied to explain the
event observed from IGR J17544-2619. However, why a much
lower increase in the column density was measured in the present
case compared to the flare displayed by IGRJ18410-0535
remains puzzling, although the peak flux in the latter event was
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approximately a factor of ten lower than that recorded during
the outburst of IGR J17544-2619. A viable solution could be
to assume that the flare from IGR J17544-2619 was observed
from an unfavorable geometry in which the clump approach-
ing the neutron star was not located along the line of sight
to the observer and thus gave rise to a limited increase in the
measured absorption column density. The presence of different
flares within the same outburst could be ascribed to the pres-
ence of structured clumps or to the accretion of multiple smaller
clumps impacting one after the other onto the compact object
(Walter & Zurita Heras 2007).

This scenario would be in line with our current understand-
ing of the SFXT phenomenology (see Sect. 1), however the
current consensus is that clumps alone cannot be the sole ex-
planation for all the peculiar properties of the X-ray behav-
ior of these sources (see, e.g., Bozzo et al. 2015). It remains
particularly difficult to explain why IGR J17544-2619, as well
as other SFXTs, displays on average a much lower luminos-
ity compared to the value that would be expected if they were
classical SgXBs. The monitoring we performed with XRT dur-
ing the entire orbital revolution of IGRJ17544-2619, during
which also the XMM-Newton and NuSTAR observations were
carried out, showed that the source remained in a relatively
faint X-ray state for most of the time. The average flux of
2.7 x 107'? erg ecm™ s7'recorded by XRT corresponds to
an X-ray luminosity of 4 x 10% ergs~!at the distance of
IGR J17544-2619. As pointed out by Romano et al. (2014a) and
Bozzo et al. (2015), this is orders of magnitudes lower than the
luminosity expected from a classical wind-fed SgXBs having
similar orbital parameters to those of IGR J17544-2619 (see also
Lutovinov et al. 2013). It should thus be argued that some mech-
anism is at work in the SFXTs inhibiting accretion for most of
the time. Among the different possibilities proposed so far and
summarized in Sect. 1, none seem able to satisfactorily explain
all observational properties shown by all SFXTs so far. As dis-
cussed in Walter et al. (2015), it is unlikely that the settling ac-
cretion regime alone could produce a dynamic X-ray range as
high as the one displayed by IGR J17544-2619, as it would re-
quire a large systematic difference in the stellar winds of the
SFXT supergiant companions with respect to those in classical
systems which seem not to be supported by the available ob-
servations. The gating models typically require a large neutron
star magnetic field to be able to reproduce an SFXT-like behav-
ior. As it was recently shown by Bozzo et al. (2016), it is par-
ticularly challenging to explain within the assumptions of this
model the onset of very sporadic bright outbursts if the neu-
tron star magnetic field is not 210'3—10'* G. Although in the
present paper we could not confirm the presence of a cyclotron
line in the X-ray spectrum of IGRJ17544-2619 as found pre-
viously by Bhalerao et al. (2015), the detection of this feature
is not affected by the specific model adopted to fit the source
broad-band spectrum, and thus the estimate of the source’s rel-
atively low magnetic field (B ~ 1.5 x 10'> G) seems robust.
At present, we thus conclude that the X-ray behavior displayed
by IGR J17544-2619 (as well as by the other extreme SFXTs)
is challenging all presently proposed theoretical models® and a
satisfactorily explanation for the exceptional X-ray variability of

> We note that the suggestion by Giménez-Garcfa et al. (2016) accord-
ing to which IGR J17544-2619 could spend most of its time in the so-
called supersonic propeller regime critically depends on the value of the
source spin period, a parameter that is not known yet (two values were
suggested so far and never confirmed, see Sect. 1).
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this object requires additional progress in the development of
current models.

Assuming that the neutron star hosted in IGR J17544-2619
is similar to the X-ray pulsars identified in many other SgXBs
and high mass X-ray binaries (HMXBs) in general, we also at-
tempted to model its high energy emission in Sect. 4 with the
physical model proposed by Becker & Wolft (2007) plus the
contribution of the thermal emission coming from the neutron
star surface. In the BW model the higher energy photons are
produced by the free-free interactions in the magnetic field of
the pulsar and then up-scattered within the accretion column.
With a neutron star magnetic field of ~10'2 G, electrons in the
accretion stream populate the first Landau level by collisional ex-
citation, largely affecting the X-ray spectrum emerging from the
column. Calculations by Riffert & Meszaros (1988) showed that
in the optically thin regime an enhanced emission is produced
at energies close to the local cyclotron energy, while the thermal
breemstrahlung dominates the emission at much lower energies.
In the simplified approach of Becker & Wolff (2007), the breem-
strahlung and the cyclotron emission are considered as separate
contributions in order to linearize an otherwise very complicated
process. For the input spectrum these authors assume a ther-
mal breemstrahlung as well as a delta-shaped emission for the
cyclotron component. The Comptonization of both components
within the accretion column is then realized through a Green’s
function that takes into account the thermal and bulk Comp-
tonization. The implementation of the BW model® within XSPEC
was discussed by Ferrigno et al. (2009) and first tested on the
HMXB 4U 0115+63. The pronounced emission detected from
IGR J17544-2619 around 10-20 keV, which was highlighted in
Sect. 3 as a peculiar feature of the source spectral energy distri-
bution, is elegantly reproduced in the BW model by the broad-
ened cyclotron emission. This corresponds to the large peak visi-
ble in the right-hand plots of Fig. 7 that covers approximately the
energy range 10—20 keV. Note that, as should be expected in this
model, the broadened cyclotron emission is centered around the
centroid energy of the cyclotron feature previously detected in
the X-ray spectrum of IGR J17544-2619 (Bhalerao et al. 2015).

It should be remarked that the Comptonization of the black
body seed photons coming from the base of the accretion col-
umn and self-consistently accounted for in the BW model yields
a negligible contribution to the computed X-ray emission. As
discussed in Ferrigno et al. (2009), the presence of an evident,
additional soft thermal component in the spectrum of the source
can be interpreted assuming the presence of an extended halo
on the NS surface. This could be produced by either material
arriving on regions of the neutron star surface external to the
column during the accretion process or photons in the accre-
tion stream that heat a sufficiently large fraction of the neu-
tron star surface. From the results of the time resolved spec-
tral analysis carried out with the BW model (see Table 4), we
can conclude that the relative intensity of the black-body and
cyclotron emission components varies with the source luminos-
ity, with the black-body being more prominent when the source
is dimmer. This is compatible with the behavior of thermal and
non-thermal components observed in other X-ray pulsars (see
Ferrigno et al. 2009, and references therein) and with our inter-
pretation that the black-body emission is due to the continuous
heating of the neutron star surface. We mentioned in Sect. 4
that the spectral parameters measured from the fits of the phys-
ical model to the combined XMM-Newton and NuSTAR data lie

® http://www.isdc.unige.ch/~ferrigno/images/Documents/
BW_distribution/BW_cookbook.html.
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between the usual boundaries determined for a number of other
highly magnetized X-ray pulsars (see, e.g., Walter et al. 2015,
and references therein) and therefore cannot easily help in un-
derstanding why SFXTs behave in such an atypical way com-
pared to other wind-fed HMXBs. As discussed and analyzed by
Shakura et al. (2013), the pulse profile of these sources, together
with their energy and time dependence, are probes of the dif-
ferent accretion mechanisms and geometries. This could help to
discriminate among the different theoretical models proposed to
interpret the SFXT behavior, however these investigations are
at present hampered by the lack of spin period measurements
for most of the SFXTs (see Sect. 1). Longer and deeper X-ray
observations are thus needed in order to eventually confirm the
tentative spin period detections reported for IGR J17544-2619
and to sensitively search for pulsations in all other SFXTs. Note
that the presence of a hot, relatively confined black-body com-
ponent on the surface of the NS hosted in IGR J17544-2619, as
well as in a number of other SFXTs, would suggest that pulsa-
tions can be expected from these sources and might have gone
undetected so far mostly due to the very long spin period (see,
e.g., Bozzo et al. 2008, 2010; Sidoli et al. 2009, and references
therein). A similar conclusion was reached by Walter & Ferrigno
(2016), who proposed that the spacing among the different flares
usually detected within the SFXT structured outbursts (gener-
ally a few ks) could be an indication of the NS spin period. If the
magnetic and rotation axes of the NS are closely aligned and the
radiation is beamed in unfavourable directions, then we might
only be able to see pulsations during the brightest outbursts,
while for most of the time the source remains barely detectable.

Interestingly, if we use the most recent ephemeris avail-
able for IGR J17544-2619 (orbital period 4.92693 +0.00036 d
and periastron passage at 53732.65 +0.23 MJD; Smith 2014),
it turns out that the bright outburst observed by XMM-Newton
and NuSTAR falls at the expected phase of the pariastron pas-
sage. This confirms previous findings that most of the outbursts
displayed by IGR J17544-2619 occur when the neutron star is
closer to the supergiant companion and that the orbit of this sys-
tem could be characterized by a non-negligible eccentricity (see,
e.g., Drave et al. 2014; Romano 2015, and references therein).
Although this eccentricity could help in enhancing the X-ray
dynamic range achievable by IGR J17544-2619, it cannot be
the only explanation for the extreme behavior displayed by this
source, as the system orbital period is relatively short and only
a limited eccentricity of <0.2—0.3 can be expected (Walter et al.
2015; Giménez-Garcia et al. 2016).

In SFXTs with orbital periods of only a few days and
characterized by a non-negligible eccentricity, as for exam-
ple IGRJ17544-2619 and IGRJ16479-4514, it was suggested
that the neutron star could get close enough to the super-
giant to largely slow down its wind through X-ray photoion-
ization and lead to the formation of temporary accretion disks
(see Ducci et al. 2010, and references therein). In the case of
IGR J17544-2619, the presence of such structures was first sug-
gested by Romano et al. (2015) based on the peak luminos-
ity achieved during an outburst on 2014 October 10 that was
too high to be produced within a wind-fed system. No direct
evidence of disks in SFXTs has been reported so far. In the
XMM-Newton observations of IGR J17544-2619 during the time
interval 10 (see Fig. 2) we found an intriguing feature at 7.2 keV.
This is reminiscent of the iron absorption lines usually observed
in high inclination low mass X-ray binaries when material is
pulled out from the disk and the X-ray radiation passes through
it, ionizing this absorber before arriving at the observer (see,
e.g., Diaz Trigo & Boirin 2013, and references therein). On one

hand, the presence of this feature could indicate the presence of
at least a temporary disk-like structure’ around the neutron star
in IGRJ17544-2619, opening up the possibility that a different
accretion mechanism, poorly explored so far, could play a role
in regulating the SFXT X-ray variability. On the other hand, it is
quite unlikely that IGR J17544-2619 is observed at high inclina-
tion angles, as the system is characterized by a relatively small
orbital separation but no eclipses are detected in its long term
lightcurve (Romano et al. 2014b). An alternative possibility is
that the material filtering the X-ray radiation could be associated
with the clump being accreted and ionized during the first two
flares of the source X-ray outburst. While this interpretation is
much more in line with the scenario depicted above to interpret
the overall behavior displayed by IGR J17544-2619, we remark
that (to the best of our knowledge) no similar features have so far
been observed in other wind-fed HMXBs. The limited statistics
of the XMM-Newton data during the relatively short and faint
time interval 10, combined with the lack of complete coverage
of this interval by NuSTAR, have prevented us from performing
a more refined study of this feature.

Finally, we also reported on the results of optical and
IR observations carried out during the same orbital revolu-
tion of IGRJ17544-2619 observed in X-rays with Swift /XRT,
XMM-Newton, and NuSTAR. These additional observations cap-
tured the system during the quiescent period and did not reveal
any peculiar changes in the properties of the supergiant com-
panion that could provide help in investigating the mechanism
triggering the bright outburst observed in X-rays. The measured
limited changes in the optical and IR magnitudes of the source
are compatible with the expected micro-variability of supergiant
stars. A similar consideration applies to the UVOT data in the
UV energy range, which provided measurements of the mag-
nitudes in different filters compatible with previous results re-
ported in the literature. We note that the results of more ex-
tended UVOT photometric monitoring campaigns of the SFXTs
were reported previously by Romano et al. (2011) and Romano
(2015), for example. These authors found similar results, with
no significant evidence of changes in the magnitudes of the su-
pergiant stars in the SFXTs even close to the epoch of the dif-
ferent outbursts caught by Swift. Strictly simultaneous and fast
(few seconds) optical, IR, and UV measurements during the
X-ray outburst carried out with large telescopes could help in-
vestigate the presence of particularly massive clumps impact-
ing against the neutron star. However, scheduling these obser-
vations is very challenging as the precise occurrence of SFXT
outbursts cannot be predicted a priori and many periastron pas-
sages of IGR J17544-2619 are observed where no X-ray outburst
is taking place (see the discussion in, e.g., Drave et al. 2014).
The investigation of the spectral properties, rather than of only
the photometric variations, of the SFXT supergiant companions
in the optical, infrared, and ultraviolet domain has been shown
to be able to provide some useful information on the characteris-
tics of their stellar winds compared to those in classical systems
(Giménez-Garcia et al. 2016). However, precise measurements
of the wind properties are still scarce due to the large distances
of the SFXTs that make observations challenging, especially in

7 In principle, the iron emission line detected when the XMM-Newton
and NuSTAR data are averaged over the entire observational period
could also be formed in an accretion disk. However, the fact that the line
is thin and compatible with what is usually observed from other SFXTs
and wind-fed HMXBs suggests that it is more likely produced due to
fluorescence in the supergiant wind material surrounding the compact
object and illuminated by its X-ray emission (see, e.g., Walter et al.
2015).
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the ultraviolet domain. Furthermore, through the performed ob-
servational campaigns so far, it was not possible to identify a
net difference in the stellar wind properties of SFXTs and clas-
sical SgXBs, and thus the tentative discrimination between the
proposed theoretical scenarios in the two classes of sources still
relies upon the largely unknown values of the neutron star pul-
sation periods and magnetic field strength (see discussions in
Bozzo et al. 2016; Giménez-Garcia et al. 2016).
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