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ABSTRACT

We report on the discovery of mHz quasi-periodic oscillations (QPOs) from the high-mass
X-ray binary (HMXB) IGR J19140+4-0951, during a 40 ks XMM-Newton observation per-
formed in 2015, which caught the source in its faintest state ever observed. At the start of the
observation, IGR J191404-0951 was at a low flux of 2 x 107'? erg cm~2 s~! (2-10 keV; Lx
=3 x 10* erg s™! at 3.6 kpc), then its emission rose reaching a flux ~10 times higher, in
a flare-like activity. The investigation of the power spectrum reveals the presence of QPOs,
detected only in the second part of the observation, with a strong peak at a frequency of 1.46
4 0.07 mHz, together with higher harmonics. The X-ray spectrum is highly absorbed (Vg
= 10>} cm~?), well fitted by a power law with a photon index in the range 1.2-1.8. The
re-analysis of a Chandra archival observation shows a modulation at ~0.17 &= 0.05 mHz, very
likely the neutron-star spin period (although a QPO cannot be excluded). We discuss the origin
of the 1.46 mHz QPO in the framework of both disc-fed and wind-fed HMXBs, favouring
the quasi-spherical accretion scenario. The low flux observed by XMM-Newton leads to about
three orders of magnitude the source dynamic range, overlapping with the one observed from
Supergiant Fast X-ray Transients (SFXTs). However, since its duty cycle is not as low as in
SEXTs, IGR J191404-0951 is an intermediate system between persistent supergiant HMXBs

and SFXTs, suggesting a smooth transition between these two sub-classes.

Key words: stars: neutron — X-rays: binaries — X-rays: individual: (IGR J191404-0951).

1 INTRODUCTION

IGR J191404-0951 (formerly known as IGR J19140+4-098) was dis-
covered in 2003 March during an INTEGRAL observation targeted
on the microquasar GRS 19154105 (Hannikainen, Rodriguez &
Pottschmidt 2003; Hannikainen et al. 2004). A follow-up observa-
tion with RXTE PCA detected the source at 107!° erg cm™2 57!
(2-10 keV) and 2 x 10710 erg cm~2 57! (10-60 keV). The source
was variable on time-scales longer than 100 s, with a power-law
spectrum (Ng = 6 x 10*2 cm™2, photon index, I", of 1.6) and an iron
line complex (equivalent width EW = 550 eV; Swank & Markwardt
2003). The flux dynamic range of 150 in the energy band 1-20 keV
(Rodriguez et al. 2006), the iron line and the absorbing column
density properties were interpreted as indicative of a high-mass X-
ray binary (HMXB) nature (Hannikainen et al. 2004; Rodriguez
et al. 2005; Prat et al. 2008). This suggestion was strengthened by
the discovery of a periodicity of 13.558(4) d (epoch of maximum
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flux on MJD 51593.4 & 0.32) in the RXTE ASM light curve, likely
the orbital period of the system (Corbet, Hannikainen & Remillard
2004). A refined period of 13.552(3) d was later determined by Wen
et al. (2006), again analysing RXTE ASM data.

The confirmation that IGR J191404-0951 is indeed an HMXB
came from the identification of the optical counterpart, the star
2MASS 19140422+-0952577, which was possible thanks to the
Chandra sub-arcsec X-ray position (in’t Zand et al. 2006). Several
authors investigated its optical/infrared properties (in’t Zand et al.
2006, Hannikainen et al. 2007, Nespoli, Fabregat & Mennickent
2007, Chaty et al. 2008, Nespoli, Fabregat & Mennickent 2008,
Rahoui et al. 2008, Torrejon et al. 2010), all confirming an early-
type supergiant companion. The most recent optical photometry
performed by Torrejon et al. (2010) indicates a B0.5 Ia star located
at a distance of ~3.6 kpc.

The possible identification with the X-ray source EXO 19124097
(Lu et al. 1996, Lu et al. 1997), suggested by several authors (Han-
nikainen et al. 2004, 2007, in’t Zand et al. 2004, 2006) appears
rather uncertain (see Section 4.1 for a discussion of the available
literature). However, RXTE ASM (Corbet et al. 2004) and
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BeppoSAX WEC (in’t Zand et al. 2004) detected it at earlier times,
before the INTEGRAL discovery.

Since the absorbing column density is an order of magnitude
higher than the interstellar one (Nespoli et al. 2008; Prat et al.
2008), IGR J191404-0951 was suggested to belong to the so-called
highly obscured HMXBs unveiled by INTEGRAL satellite (Kuulk-
ers 2005).

In this paper, we report on the discovery of mHz quasi-periodic
oscillations (QPOs) in an XMM-Newton observation performed in
2015 October, together with a re-analysis of Chandra archival data.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Chandra

A Chandra observation of IGR J191404-0951 was carried out on
2004 May 11 (obs. ID 4590) for a total exposure time of 20.1 ks (in’t
Zand et al. 2006). The source was positioned in the back-illuminated
ACIS-S3 CCD and the instrument was operated in full-imaging
timed-exposure mode (with no gratings), with a frame time of 3.24 s.
We generated new level 2 event files using the Chandra Interactive
Analysis of Observations (c140) software version 4.7 and following
standard procedures. Since our results for the spectral analysis are
essentially consistent with those of in’t Zand et al. (2006), to which
we refer the reader, in this paper we give only some details on the
timing analysis that led to the discovery of the modulation of IGR
J19140+4-0951 (Section 3.1).

2.2 XMM-Newton

The XMM-Newton Observatory carries three 1500 cm? X-ray tele-
scopes, each with an European Photon Imaging Camera (EPIC)
detector at the focus. Two of the EPIC detectors use MOS CCDs
(Turner et al. 2001) and one uses pn CCDs (Striider et al. 2001).
Reflection grating spectrometer (RGS; 0.4-2.1 keV) arrays (den
Herder et al. 2001) are located in the telescopes with MOS cameras
at their primary focus.

The source position was observed by XMM-Newton on 2015
October 26-27 for a net exposure of 40.2 ks (Obs. ID 0761690301).
The EPIC pn camera was operated in full frame mode, while both
the MOS cameras were in small window mode. The data were
reprocessed using version 14 of the Science Analysis Software
(sas) with standard procedures. Given the high absorption in the
source direction which severely affected the observed emission up to
2 keV, the RGS data led to insufficient counts to afford a meaningful
spectroscopy, so we will not discuss them further.

The EPIC field of view (FOV) was contaminated by the stray
light coming from a bright source outside the FOV (Fig. 1), very
likely the microquasar GRS 1915+4105.

For the spectral analysis, we used EPIC data. We extracted source
counts from circular regions with radii of 25 arcsec radius (EPIC
pn and MOS2) and 30 arcsec radius (MOS1), using PATTERN
from O to 4 (mono- and bi-pixel events) in the pn, and from 0
to 12 (up to 4-pixel events) in both MOS cameras. Background
counts were obtained from similar circular regions, offset from the
source position. Since the pn operated in full frame mode, it was
possible to optimize the choice for the background region nearby the
source, to subtract better the stray light contamination (see Fig. 1).
Background regions from different CCDs, farther away from the
source, were selected in both MOS cameras, which were operated in
small window mode. However, the choice of the background spectra
seemed not to affect significantly the spectral results: we obtained
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Figure 1. Close-up view of the central part of the EPIC pn image (2—
12 keV). Sky coordinates are RA and Dec. (J2000). Two white circles mark
the extraction regions for the background (thin circle) and the source counts
(thick circle). Stray light contamination from a bright source outside the
FOV is evident.

similar spectral parameters fitting only pn spectrum compared to
analysis of the joint pn and MOS spectra together.

The background level was stable along the observation, so no
further filtering was applied. Appropriate response matrices were
generated using the sas tasks ARFGEN and RMFGEN. All spec-
tral uncertainties are given at 90 per cent confidence level for one
interesting parameter. Spectra were grouped so to have a minimum
of 25 counts per bin. We fitted the three EPIC spectra simultane-
ously, adopting normalization factors to account for uncertainties in
instrumental responses. Fluxes are quoted adopting the pn camera
response matrix. In the spectral fitting, we adopted the interstel-
lar abundances of Wilms, Allen & McCray (2000) and photoelec-
tric absorption cross-sections of Balucinska-Church & McCammon
(1992), using the absorption model TBABs in XSPEC.

3 ANALYSIS AND RESULTS

3.1 Timing analysis of Chandra data

In the 2004 Chandra observation of IGR J19140+0951, in’t Zand
et al. (2006) noticed a possible modulation with a period of about
6.5 ks. Indeed, a signal at a similar period (~5.9 ks) was discovered
by the detection algorithm of the ChandraACIS Timing Survey
(CATS) project’ during an automatic search of the same data set
(Israel et al., submitted; see also Esposito et al. 2013, 2015).

Fig. 2 shows the Fourier periodogram that led to the discovery
of the signal in IGR J19140+4-0951, normalized according to Leahy
et al. (1983). The number of searched frequencies is 8192. A peak
at frequency v >~ 0.168 mHz (P = 1/v =~ 5950 s) stands above
the 3.50 significance level, which was estimated taking into account
the number of frequencies searched and the noise components of the
spectrum following Israel & Stella (1996). Given the small number
of modulation cycles sampled by the Chandra observation (roughly

! The CATS project is a Fourier-transform-based systematic and automatic
search for new pulsating sources in the Chandra ACIS public archive. So far
more than half a million light curves were analysed and the effort yielded
dozens of previously unknown X-ray pulsators.
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Figure 2. Power spectrum of IGR J191404-0951 computed from the Chandra/ACIS data of 2004 May 11 (0.5-10 keV). The red horizontal line indicates the
3.50 significance level, which is essentially constant at all frequencies. The inset shows the light curve folded at the period we measured (P = 5937 s).

3.5), to measure the period we simply fitted a sinusoid curve to the
Chandra light curve. This returned the value P = 5937 £ 219 s
(90 per cent confidence level). The inset of Fig. 2 shows the light
curve folded at this period. A pulsed fraction (defined as the semi-
amplitude of the sinusoid divided by the average count rate) of
20 =+ 3 per cent was inferred from the fit.

The quality factor of the signal [defined as Q = v/Av, the ratio
of the frequency v of the peak to its full width at half-maximum
(FWHM) Av] Q ~ 3 is comparable to the typical values of QPOs.
However, we notice that the low Fourier resolution of our data (see
Fig. 2) would not allow us to distinguish the case of a QPO from
that of a strictly coherent pulsation around 0.1 mHz. Furthermore,
see the discussion in Section 4.4 supporting the interpretation of this
signal as the neutron star (NS) spin period. The source flux during
the Chandra observation was around 10~'% erg cm~2 s~! (in’t Zand
et al. 2006), translating into an X-ray luminosity of ~10% erg s™!
at 3.6 kpc.

3.2 Timing analysis of XMM-Newton data

The IGR J19140+4-0951 EPIC pn background-subtracted light curve
in two energy ranges is shown in Fig. 3. It starts with a low, although
quite variable, emission. Then, a flare-like behaviour is present in
the second half of the observation. Folding the whole light curve
at the periodicity found in the Chandra observation, a modulation
is evident in the data. However, it does not provide conclusive
proof that the modulation found in Chandra data is present also in
the XMM-Newton data, since folding EPIC light curve at different
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Figure 3. IGR J191404-0951 EPIC pn background subtracted X-ray light
curves (below and above 5 keV; bin time 256 s), together with their hardness
ratio. Numbers in the lower panel mark the four time intervals chosen for
the temporal selected spectroscopy.

values of the putative period, results in apparent modulation as
well. Moreover, XMM-Newton data are not constraining, as the
upper limit on the pulsed fraction is >100 per cent.

We performed the timing analysis of IGR J19140+4-0951 comput-
ing the power density spectra (PDS) from the EPIC pn data using
custom software under DL in the full EPIC pn energy band (0.1-
10 keV). We produced one single PDS for the entire data set (Fig. 4),

MNRAS 460, 3637-3646 (2016)
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Figure 4. Power spectrum of IGR J19140+0951 computed from the whole XMM-Newton EPIC pn data of 2015 (0.1-10 keV).

between 0.03 mHz (our frequency resolution) and the maximum
possible Nyquist frequency (~6.8 Hz, set by the time resolution of
our observation, ~0.073 s), normalized according to Leahy et al.
(1983) and converted to square fractional rms (Belloni & Hasinger
1990). We did not subtract the contribution due to Poissonian noise,
but we fitted it afterwards.

The total fractional variability of the PDS is surprisingly high,
with almost 93 per cent of the emission variable. The PDS shows
a broad-band, possibly flat-top noise component and a clear fairly
narrow feature at ~1.5 mHz, with two other narrow features, ap-
parently harmonically related to the first one. We carried out the
PDS fitting with the xspec fitting package by using a one-to-one
energy-frequency conversion and a unit response. Following Bel-
loni, Psaltis & van der Klis (2002), we fitted the noise components
with a suitable number of broad Lorentzians (in this case one zero-
centred broad Lorentzian and a narrower one at slightly higher fre-
quencies), while we fitted the QPO peaks with narrow Lorentzians.
Even though the three QPO peaks seem to be harmonically related,
we did not link the peak frequencies in the fit. A constant compo-
nent was added to the model to take into account the contribution of
the Poissonian noise. Our fit shows that the strongest peak is highly
significant (4o0') and is centred at 1.46 £ 0.07 mHz, with an FWHM
of 0.25 mHz +0.07 Hz and amplitudes 42( & 5) per cent rms.
The second and third harmonics are detected with a 2.30 and 3.40
significance, respectively, at frequencies consistent with being har-
monics of the strongest peak. The QPO and its harmonics are only
detected in the second part of our observation, in correspondence
of the large flare starting at about 30 ks from the observation start,
while only broad-band noise and Poisson noise are visible in the
first half of the observation. Since the QPO is detected at very low
frequency, the total exposure of our observation limits our analysis
and prevents us from a further investigation of the transient nature
of this feature. We also notice that the QPO shows a dependence on
energy, being clearly present only above 3 keV.

Since our observation is affected by stray lights caused by the
presence of a close-by bright source out of the FOV [probably

MNRAS 460, 3637-3646 (2016)

the bright black hole (BH) binary GRS 19154-105], we performed
some additional timing analysis on the background emission as well,
in order to exclude possible contamination from GRS 19154105
or other sources in the field. Following the steps outlined above,
we computed PDS from the background emission, both close to
the source and on a CCD region that is highly contaminated by the
stray lights emission. In both cases, we did not detect any significant
variability from the background, neither as a broad-band noise nor in
the form of a narrow feature. Therefore, we can reasonably exclude
that the QPO is of instrumental origin or due to contamination from
another, variable, source.

3.3 XMM-Newton spectroscopy

Two background-subtracted EPIC pn light curves of IGR
J191404-0951 in two energy ranges are shown in Fig. 3, together
with their hardness ratio. A clear hardening is present during the
last half of the exposure, where the source intensity is increasing.
Given the hardness ratio variability along the EPIC exposure, we
extracted four time-selected spectra (for each camera) from four
time intervals, as shown in Fig. 3. A joint fit of pn, MOS1, and
MOS?2 spectra with an absorbed power-law model (see Fig. 5) or
adopting a simple absorbed blackbody, resulted in the parameters
reported in Table 1. In the same table (last column), we also report
the spectroscopy of the time-averaged spectrum extracted from the
whole 40 ks exposure.

Besides the flux, there is evidence for a variability in the hard-
ness (power-law photon index or blackbody temperature), while the
absorbing column density remains constant within the uncertainties
(see Figs 6 and 7). Therefore, we next fixed the absorbing column
density to the value obtained in the time-averaged spectroscopy, and
re-fitted the joint pn, MOS1, and MOS2 spectra with a power law or
a blackbody. The results obtained with a fixed column density are
reported in the same table. The spectral hardening with increasing
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Figure 5. Spectral results from the temporal selected analysis. The four spectra correspond to the results reported in Table 1 for the power-law model. From
left to right, top to bottom, count spectra number 1, 2, 3, and 4 are shown, together with their residuals in units of standard deviations from the power-law best
fit. In each panel, the upper spectrum (in black) marks EPIC pn, while lower spectra (in red and green) indicate MOS1 and MOS2, respectively.

flux near the end of the observation is even more evident in this
case.

4 DISCUSSION

We reported here on the results of a 40 ks XMM-Newton observation
of the HMXB IGR J19140+0951, and on the re-analysis of Chandra
archival data. The main result of our work is the discovery of QPOs
in the mHz frequency regime in the XMM-Newton observation,
together with a periodicity in Chandra data that could be ascribed
to the spin period of the NS. Since there are several issues about
IGR J19140+40951 that we would like to discuss, we organize the
discussion in different sub-sections, for clarity.

4.1 Is IGR J19140+0951 associated with EXO 1912+097?

Several papers in literature (Hannikainen et al. 2004, 2007, in’t Zand
et al. 2004, 2006) proposed an association of IGR J1914040951
with a poorly known EXOSAT source, EXO 19124-097. We show
the sky region in Fig. 8, and report in Table 2 the coordinates of
X-ray sources detected by different missions. We note that there is
a typo in the WFC source coordinates reported in the text by in’t
Zand et al. (2004, while the sky position is correctly shown in the

figures by in’t Zand et al. 2004, 2006). Therefore, we list in Table 2
also the correct WFC source coordinates (in’t Zand 2016, private
communication), for clarity.

Since in literature, there is some discrepancy in the EXOSAT
source sky coordinates and its associated uncertainty is also un-
clear, we summarize here the two original papers that reported this
detection: Lu et al. (1996) and Lu et al. (1997) [this latter available
only in Chinese].

Lu et al. (1996) analysed EXOSAT Medium Energy array (ME;
2-6 keV) scans of the Galactic plane using a direct demodulation
method. They listed only the source Galactic position, with no as-
sociated positional uncertainty (that we report in row number 4
of Table 2). An updated analysis of the same data, together with
their statistical investigation, was reported in a later paper (Lu et al.
1997), where a bootstrap method was used to derive the source
centroid and its uncertainty. This source position from the origi-
nal EXOSAT data reported by the 1997 paper is listed in Table 2
(row number 5). In row number 6, we list the new centroid and
its associated error radius derived from the bootstrap method (Lu
et al. 1997). From a visual inspection of the EXO 19124097 map
(source 1 in fig. 6 by Lu et al. 1997), we can derive an error ra-
dius of ~10 arcmin (at 95 per cent confidence level) in the source
position.

MNRAS 460, 3637-3646 (2016)
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Table 1. Results of the temporal selected (EPIC pn, MOS 1, and MOS 2) spectroscopy with two simple models, an absorbed power law (PEGPWRLW
in xspEc) and an absorbed blackbody model. Numbers identify the temporal selected spectra as in Fig. 3, while the last column reports on the time-

averaged spectroscopy. Flux is in the 2-10 keV energy range in units of 10~'2 erg cm™~
luminosity in units of 1033 erg s~! (assuming a 3.6 kpc distance), N [in units of 10>2 cm

2 s~ ! and is corrected for the absorption, Ly_joev is the X-ray

—2: raBs model in xspec with Wilms et al. (2000) abundances].

Blackbody temperature, kT, is in keV. Blackbody radius, Rpp, is in km at 3.6 kpc. The uncertainties on Ly_jokev include only the 90 per cent error on

the unabsorbed flux.

Power-law param 1 2 3 4 Time-averaged
Ny 11.6713 1444 15%2 12.617 12.8+08
r 1724515 18753 1673 1207516 1,560
Unabs. Flux 1.98 £+ 0.08 28403 7.6 +0.4 21.6 £0.9 3.89 £ 0.09
Ly 10kev 3.1£0.1 43405 11.8+0.6 335+1.4 6.0+ 0.1
x2/dof 1.088/146 0.649/25 0.983/79 1.013/104 1.126/292
Power-law param 1 2 3 4

Nu 12.8 fixed 12.8 fixed 12.8 fixed 12.8 fixed

r 1867050 1667631 1375516 12255

Unabs. Flux 2.11 +0.05 2.64 +0.14 6.9+0.2 21.7+0.5

x2/dof 1.097/147 0.631/26 1.024/80 1.004/105

BB param 1 2 3 4 Time-averaged
Nu 6.1%7 6.6133 82773 7.0%5% 6.8
T L6TH 182703 Loog 21772 1897008
R 0053708 00537981 00807921 0.1207981 0061038
x2/dof 1.075/146 0.655/25 0.992/79 0.949/104 1.113/292
BB param 1 2 3 4

Nu 6.8 fixed 6.8 fixed 6.8 fixed 6.8 fixed

KT 1.627906 1.81+0:18 2.0104 2.2%01

Roo 0057503 005415667 007375668 012015667

x2/dof 1.084/147 0.630/26 1.031/80 0.941/105

Finally, SIMBAD reports different celestial coordinates for EXO
19124097 (as already noted by in’t Zand et al. 2004, 2006). This is
puzzling, since the reference paper quoted by the SIMBAD website
for the source sky coordinates is indeed Lu et al. (1996). We report
them in Table 2 (and in Fig. 8) as well, but with the caveat that they
are likely wrong or, at least, of unknown origin. Our feeling is that
the SIMBAD source coordinates are simply rounded values from
the EXOSAT name of the source.

To conclude, the Chandra position is only marginally consistent
with the EXOSAT source reported by Lu and collaborators (1996,
1997), being outside the EXOSAT 95 per cent error circle.

4.2 Did XMM-Newton catch an X-ray eclipse?

XMM-Newton observed a very low level of X-ray emission from
IGR J19140+0951 during the first ~30 ks of the observation. This
is the faintest state ever observed in this HMXB (2 x 107'2 erg
cm™2 57!, 2-10 keV), translating into a luminosity Ly = 3 x
10** erg s! at a distance of 3.6 kpc (Torrejon et al. 2010). This
could raise the question of a possible eclipse of the X-ray source
by the supergiant companion. The rise in intensity approaching the
end of the observation could suggest the eclipse egress. Assum-
ing the ephemeris MJD 51593.4 + 0.32 (epoch of maximum flux
assuming a sinusoidal model) with the period of 13.558 £ 0.004
d (RXTE/ASM; Corbet et al. 2004) the XMM—Newton observation
spanned an orbital phase interval A¢ = 0.51-0.54 (& 0.12, ex-
trapolating the uncertainties of 0.004 d on the orbital period to the
present epoch). This implies that the XMM—-Newton observation
falls near the minimum of the orbital light curve (¢ = 0 is the max-

MNRAS 460, 3637-3646 (2016)

imum in the light curve). However, the orbital profile reported by
Wen et al. (2006, RXTE/ASM) does not show any evidence for an
eclipse during the X-ray minimum. Moreover, the investigation of
the variability of the intrinsic absorption along the orbit indicates
a non-eclipsing system with a binary inclination around 65° (Prat
et al. 2008). Also our XMM-Newton spectroscopy disfavours the
possibility of an eclipse. The X-ray spectrum of the very faint initial
part of the observation does not show any of the typical properties of
the scattered X-ray emission observed during an eclipse: an emerg-
ing iron line with a large equivalent width and a lower absorption
compared to out-of-eclipse X-ray emission [because the scattering
into the line of sight is by less dense wind material (Haberl 1991)].
A prolonged absorption dip lasting the first half of the observation
is also excluded, since the absorbing column density does not show
evidence for variability along the whole observation.

Therefore, we conclude that the low intensity is intrinsic to the
source, leading to at least 1000 the source dynamic range with
respect to previous observations: Rodriguez et al. (2005) report on
an X-ray flux, corrected for the absorption, reaching 2 x 1077 erg
cm~2 57! in the 1-20 keV energy range (see also Rodriguez et al.
2006 for another dim state, although 10 times brighter than what
we observed with XMM-Newton).

4.3 IGR J19140+40951: an intermediate case between SFXTs
and persistent HMXBs?

It is worth noting that a high dynamic range of three orders of
magnitude in an HMXB is more typical of a Supergiant Fast X-ray
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Figure 6. EPIC time-resolved spectroscopy using an absorbed power-law model (Table 1).

Transient (SFXT; see Sidoli 2013 for a review) rather than of a
persistent HMXB with a supergiant donor (SgHMXB). In SFXTs,
the dynamic range is larger than 100 and it is one of the charac-
terizing properties of the class, together with the low duty cycle (a
few per cent) of their transient and luminous (L > a few 103 ergs™')
X-ray emission (see e.g. Paizis & Sidoli 2014). Rodriguez et al.
(2005), from RXTE and INTEGRAL observations, already pointed
out a substantial variability of the source intensity. We searched in
the public INTEGRAL archive (12.3 yr of data; Paizis et al. 2013) to
get an estimate of the source duty cycle at hard X-rays: the source
position falls within the INTEGRAL/IBIS FOV (within 12° from
the centre) for about 9.68 Ms, and the source is detected for only
12 per cent of the time in the hard band 17-50 keV. We can com-
pare this duty cycle of 12 per cent (17-50 keV), with what observed
with INTEGRAL from other kinds of SgHMXBs (all at similar dis-
tances, 2—4 kpc), reported by Paizis & Sidoli (2014): the percentage
of time spent in activity increases, starting from the most extreme
SEFXTs (~0.1 per cent), to the intermediate SFXTs (~3-5 per cent),
to the transient SgHMXB 4U 1907409 (~23 per cent), up to the
persistent, eclipsing, SgHMXBs Vela X-1 and 4U 1700—377 (76—
79 per cent). These latter two sources are basically always detected
by INTEGRAL when they are not in eclipse. Interestingly, the tran-
sient ‘not so transient’ source 4U 1907409 was suggested to be
a sort of missing link between SFXTs and persistent SgHMXB

because of its intermediate level of activity (Doroshenko et al.
2012). This behaviour was confirmed at hard X-rays with INTE-
GRAL (Paizis & Sidoli 2014). In this respect, IGR J191404-0951
might be another example of a very variable SgHMXB, suggesting
a smooth transition between SFXTs and persistent SgHMXBs.

4.4 Quasi-periodic oscillations

We discovered QPOs in IGR J19140+4-0951 during the XMM-
Newton observation, with the strongest peak at a frequency of
1.46 = 0.07 mHz, together with its second and third harmonics
(Fig. 4), in the second part of our observation, at an X-ray luminos-
ity ~10* erg s—!. Given its very low frequency, the total exposure
of our observations limits prevented us from a further investigation
of its evolution within the XMM—Newton observation. However, its
absence in Chandra data indicates a transient nature.

QPOs in the range 1 mHz—20 Hz have been observed in several
HMXB pulsars, with persistent and transient X-ray emission (Finger
1998), both with Be- and early-type supergiant companions [see
James et al. (2010) for a list of sources]. Usually these features
are transient. QPOs are also present in low-mass X-ray binaries
(LMXBs), but at much higher frequencies, in the kHz range (van
der Klis 1998). The most popular models explaining QPOs (both
in LMXB and HMXBs) assume the existence of an accretion disc.

MNRAS 460, 3637-3646 (2016)
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Figure 7. EPIC time-resolved spectroscopy using an absorbed blackbody model (Table 1).
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While the Roche lobe-overflow (RLO) in LMXBs guarantees the
formation of a disc, in HMXBs with no RLO its presence is much
more elusive and debated: steady spin-up phases are usually taken
as an evidence for it, while random walk spin behaviour is believed
to indicate a wind-fed system. Spin-up phases are often observed in

MNRAS 460, 3637-3646 (2016)

Be/X-ray binaries systems during their transient luminous outbursts,
where an accretion disc is assumed to form from the dense slow
wind coming from the Keplerian decretion disc of the massive Be
companion. In HMXBs with supergiant companions with radially
outflowing fast winds, the presence of a disc is posed into question.
Usually, both the short-term variability of the X-ray flux and the
pulsar spin period evolution point to accretion from the companion
wind. However, we will discuss QPOs in both kinds of accretion.

Typically, the QPO feature is interpreted as a diagnostic of the
inner radius of the accretion disc feeding the NS and of its interaction
with the pulsar magnetosphere: it could be either the signature of
the Keplerian frequency of an accreting inhomogeneity moving at
the magnetospheric radius, r, [Vopo = Vi(rm); Keplerian frequency
model, hereafter KM; van der Klis 1999, or its beat frequency with
the NS spin [vopo = Vi(rm)—Vspin; beat frequency model, BFM;
Alpar & Shaham 1985; Lamb et al. 1985.

If the periodicity we detected in Chandra data is really the pulsar
spin period, in IGR J191404-0951 the frequency vgpo is much
larger than v, so both BFM and KM predict a similar Keplerian
frequency, vy, at the inner disc radius, r;,. Since

M\
Tin = oM (D
42y}

assuming an NS mass, M, of 1.4Mc), this implies rj, = 1.2-1.3
x 10" cm in IGR J19140+0951. In accreting X-ray pulsars, it is
possible to assume ry, = ry,, where r,, mainly depends on the NS
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Table 2. X-ray sources detected by different X-ray missions, with their coordinates and position uncertainties.

Observations RA (J2000) Dec. (J2000) Error (& conf. level) Ref.

Chandra 19M14m48232  49°52/58729 0.6 arcsec in’t Zand et al. 2006

INTEGRAL 19h14m250 +9°53/3 1.3 arcmin (90 per cent) Cabanac et al. 2004

BeppoSAX/WFC 19213™5858  +9°52/3770 2 arcmin (90 per cent) in’t Zand 2016 (private
communication)

EXOSAT/ME (EXO 19124-097; | = 44226, b = —0265) 19h14m3932 +9°45'5974 None Lu et al. 1996

EXOSAT/ME (DD 19114098; [ = 44228, b = —0°65) 19M14M41547  4+9°47'0372 None Lu et al. 1997

EXOSAT/ME (number 1 in Lu97 table 5; [ = 44226, 19h14m30952 49°45'59"4 10 arcmin (95 per cent) Lu et al. 1997

b= —0°65)

EXO 19124097 19h14™m00%0 +9°48'0070 None SIMBAD

dipole magnetic moment (u) and on the mass accretion rate M
(Ghosh & Lamb 1979):

1/7
q — - =2/7
) = @7 x 10°emynuiy MM, @)

rm = M4
m =1\ Gmar

where M = (14M@)M4 is the NS mass, n ~ 0.5-1, M =
(10" gs_l)M13 is the accretion rate, and w3y = ,u/(103° Gem?).
Therefore, in the BFM (and KM) framework, the above value for
rm together with the measured time-averaged X-ray luminosity of
Ly jokev = 6 x 103 erg s7! during the XMM—-Newton observation
(see Table 1), leads to an NS magnetic field strength B ~ (1-4) x
10" G.

To allow accretion, r, should be lower than the corotation
radius [reor = (GM P, /(47)'7], the radial distance where
the plasma in the disc corotates with the NS. Under the al-
ready considered hypothesis that the spin period is really P, =
5937 + 219 s, we obtain a large corotation radius ., = 5.4—
5.6 x 10'° cm, which indeed enables accretion. Since there is
no independent constraint on the pulsar magnetic field, we are
not able to draw any unambiguous conclusion about the QPO
interpretation.

However, given the supergiant donor (where a fast outflowing
wind typically reaches a terminal velocity around 1000 km s~ ')
and its wide orbit (~13.5 d), a wind-fed system is a more plausi-
ble picture for IGR J19140+0951. In this case, a quasi-spherical
settling accretion model for slow X-ray pulsars is applicable
(Shakura et al. 2012). In slow X-ray pulsars with a low X-ray
luminosity (Lx < 10%° erg s~!), the wind matter captured within the
Bondi radius of the NS remains hot and cannot efficiently penetrate
the NS magnetosphere. It accumulates above the magnetospheric
radius, forming a quasi-static hot shell of matter. This extended
quasi-static shell mediates both the accretion rate and the angular
momentum transfer to (or removal from) the NS surface, by means
of large-scale convective motions. The characteristic time-scale for
these motions produces the appearance of QPOs just at the mHz fre-
quencies (Shakura et al. 2012), in agreement with what we observed
in XMM-Newton data.

The fact that the IGR J19140+0951 QPO has a second and a
third (rather than a fourth) harmonic is quite curious (not easy to
make odd harmonics), but this is not unheard of since it is also
the case in many BH LMXBs. Indeed the nature of QPOs’ higher
harmonics is an open problem in BH binaries as well, where QPOs
are very common features and are very well studied, especially at
low frequencies.

It is worth noting that in all QPO models discussed above, the
QPO frequency is expected to be correlated with the accretion rate.
Assuming that the source flux is an appropriate proxy of the accre-
tion rate, we expect to observe a higher QPO frequency at higher

source fluxes. This seems to exclude an interpretation of the signal
observed in the Chandra data (0.17 mHz) as a QPO, because in this
observation the flux was higher (~107'° erg cm~2 s7!) than dur-
ing the XMM-Newton observation where the QPO frequency was
1.46 mHz. This favours the interpretation of the signal at 5937 +
219 s as the NS spin period.

5 CONCLUSIONS

We discovered 1.46 mHz QPO (together with its second and
third harmonics) from the HMXB IGR J191404+-0951 with XMM-
Newton, when the source was in a faint state (~10% erg s7!). As-
suming the current models for the formation of QPOs in HMXBs
(both in disc-fed and in wind-fed systems), given the long orbital
period and the supergiant nature of the donor star (implying a fast
outflowing wind), quasi-spherical accretion from the companion
wind is favoured. In this latter scenario, the QPO is produced by
the convective motions of material captured from the donor wind
that accumulates in a hot shell above the NS magnetosphere. Our
re-analysis of a public Chandra observation shows a modulation at
5937 + 219 s, which we interpret as the spin period of the NS. The
comparison between the low flux shown during the XMM—Newton
observation and previous observations reported in literature, leads to
about three orders of magnitude the dynamic range of the source in-
tensity. It overlaps with the one observed from SFXTs, although the
duty cycle of its luminous activity is not as extreme as in SFXTs.
This suggests that IGR J19140+0951 is an intermediate system
between them and the supergiant HMXBs with persistent X-ray
emission.
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