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ABSTRACT

We analysed data from five XMM-Newton observations of GX 13+1 to investigate the variability of the photo-ionised absorber in this
source. We fitted EPIC and RGS spectra obtained from the “least-variable” intervals with a model consisting of disc-blackbody and
blackbody components together with a Gaussian emission feature at ∼6.55–6.7 keV modified by absorption due to cold and photo-
ionised material. We found a significant correlation between the hard, ∼6–10 keV, flux, the ionisation and column density of the
absorber and the equivalent width of the broad iron line. We interpret the correlation in a scenario in which a disc wind is thermally
driven at large, ∼1010 cm, radii and the broad line results from reprocessed emission in the wind and/or hot atmosphere. The breadth
of the emission line is naturally explained by a combination of scattering, recombination and fluorescence processes. We attribute the
variations in the absorption and emission along the orbital period to the view of different parts of the wind, possibly located at slightly
different inclination angles. We constrain the inclination of GX 13+1 to be between 60 and 80◦ from the strong absorption in the line
of sight, which obscures up to 80% of the total emission in one observation, and the absence of eclipses. We conclude that either a disc
wind and/or a hot atmosphere can explain the current observations of narrow absorption and broad iron emission features in neutron
star low-mass X-ray binaries as a class.
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1. Introduction

GX 13+1 is a Type I X-ray burster (Fleischman 1985; Matsuba
et al. 1995) with a bright persistent X-ray emission. It is associ-
ated with an evolved late-type K5 iii star, located at a distance of
7 ± 1 kpc (Bandyopadhyay et al. 1999). GX 13+1 is the most
luminous “atoll” source known to date, with an intermediate
luminosity (∼0.1 Eddington luminosity) between the so-called
“Z” low-mass X-ray binaries (LMXBs) and all other “atoll”
sources. Its nature has been debated in the literature because
it shows some features from Z sources, such as 57–69 QPOs
(Homan et al. 1998), persistent radio emission (Grindlay &
Seaquist 1986) and a high accretion rate, and some from atoll
sources, such as the path in the colour–colour diagram. The in-
vestigation of the aperiodic variability of bright persistent X-ray
sources led Reig et al. (2003) to propose a new classification for
LMXBs, depending on the rms amplitude and the slope of their
power density spectra. In these authors’ scheme, GX 13+1 is the
only “atoll” source that has been classified as a Type-I source
(lower rms, rms < 20%, and flatter power spectra, α < 0.9),
a class that includes all “Z” sources. Schnerr et al. (2003) pro-
posed to explain the source’s peculiar spectral and power spec-
tral properties with the presence of a relativistic jet. Paizis et al.
(2006) first detected a hard X-ray tail in the GX 13+1 aver-
age hard X-ray spectrum (>20 keV) by summing all available
INTEGRAL observations. The authors found a correlation for
“Z” sources and bright “GX” atolls (like GX 13+1) between the
X-ray hard tail (40–100 keV) and their radio luminosity, likely

indicating that hard tails and energetic electrons causing the ra-
dio emission may have the same origin, most likely the Compton
cloud located inside the neutron star’s (NS) magnetosphere.

Corbet (2003) found a modulation of 24.065 ± 0.018 d in
RXTE ASM data spanning seven years and suggested that this
may be the orbital period of the system. A similar modulation
was found by Bandyopadhyay et al. (2002) after performing in-
frared photometry of the source. The 24-day period has recently
been confirmed from both the K-band and additional X-ray ob-
servations (Corbet et al. 2010). Other near-infrared (NIR) obser-
vations (Froning et al. 2008) show that the accretion disc is the
dominant emitter in GX 13+1 (∼3/4 of the NIR flux comes from
the disc at the time of those observations).

Ueda et al. (2001) discovered narrow resonant absorption
lines near 7 keV from GX 13+1 using ASCA. The same features
were studied with XMM-Newton by Sidoli et al. (2002), who
found a complex of features identified with resonant scattering
from the Kα and Kβ lines of He- and H-like iron (Fe xxv and
Fe xxvi), H-like calcium (Ca xx) Kα as well as the presence of a
deep (τ ∼ 0.2) Fe xxv absorption edge at 8.83 keV. The absorp-
tion lines were superposed on a broad emission feature whose
energy and breadth were poorly determined, partly because of
the deep Fe Kα features. Chandra HETGS observations (Ueda
et al. 2004) revealed that the features are blue-shifted, which
indicates an outflowing plasma with a velocity of ∼400 km s−1.

GX 13+1 is unusual in that all other LMXB systems that ex-
hibit prominent Fe xxv and Fe xxvi features are dipping sources
(see Table 5 of Boirin et al. 2004). Dipping sources are LMXB
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Table 1. XMM-Newton observations of GX 13+1.

Obs Observation Observation Times (UTC) T C
Num ID Start End (ks) (s−1)

(year month day) (h:mn) (h:mn)

1 0122340101 2000 March 30 14:10 16:58 6.0 674
2 0122340901 2000 April 01 04:29 07:54 8.1 781
3 0122341001 2000 April 01 08:51 11:16 4.6 690
4 0505480101 2008 March 09 15:48 22:50 22.9 843
5 0505480701 2008 March 11 19:00 23:10 12.0 –
6 0505480201 2008 March 11 23:10 27:16 12.4 909
7 0505480301 2008 March 22 02:20 07:15 15.3 818
8 0505480501 2008 March 25 23:01 26:59 11.9 761
9 0505480401 2008 September 5 21:49 26:48 15.5 746

Notes. Results from the first three observations are reported in Sidoli et al. (2002). T is the total EPIC pn exposure time and C is the pn 0.6–10 keV
total count rate after dead-time correction. In all cases the EPIC pn thin filter was used. For obs 5 only RGS and OM data are available.

systems that are observed from close to the plane of the accre-
tion. The dips are believed to be caused by periodic obscuration
of the central X-ray source by structure located in the outer re-
gions of a disc (White & Swank 1982). The depth, duration, and
spectral evolution of the dips varies from source to source and
often from cycle to cycle. The lack of an orbital modulation of
the absorption features outside of the dips indicates that the ab-
sorbing plasma is located in a cylindrical geometry around the
compact object. The important role that photo-ionised plasmas
play in LMXBs was recognised by Boirin et al. (2005) and Díaz
Trigo et al. (2006), who were able to model the changes in both
the narrow X-ray absorption features and the continuum dur-
ing the dips from all bright dipping LMXB observed by XMM-
Newton by an increase in the column density and a decrease in
the amount of ionisation of a photo-ionised absorbing plasma.
Since dipping sources are normal LMXBs viewed from close
to the orbital plane, this implies that photo-ionised plasmas are
common features of LMXBs. Outside of the dips, the properties
of the absorbers do not vary strongly with orbital phase, which
suggests that the ionised plasma has a cylindrical geometry with
a maximum column density close to the plane of the accretion
disc.

Because GX 13+1 exhibits deep Fe absorption features sim-
ilar to the dipping LMXBs, this suggests that GX 13+1 may be
a high-inclination LMXB and that as such the overall X-ray
continuum may be similarly affected. To investigate the ori-
gin of the variability of the absorption and the dipping activity,
we successfully applied for five observations of GX 13+1 with
XMM-Newton, spaced by at least one day. In this paper, we re-
port on this monitoring programme. We include results from the
RGS detectors and the optical monitor, which were not reported
for the early 2000 observations.

2. XMM-Newton observations

The XMM-Newton Observatory (Jansen et al. 2001) in-
cludes three 1500 cm2 X-ray telescopes each with an EPIC
(0.1–15 keV) at the focus. Two of the EPIC imaging spectrome-
ters use MOS CCDs (Turner et al. 2001) and one uses pn CCDs
(Strüder et al. 2001). The RGSs (0.35–2.5 keV, Den Herder
et al. 2001) are located behind two of the telescopes. In addi-
tion, there is a co-aligned 30 cm diameter Optical/UV Monitor
telescope (OM, Mason et al. 2001), providing simultaneous cov-
erage with the X-ray instruments. Data products were reduced
using the Science Analysis Software (SAS) version 10.0. The
EPIC MOS cameras were not used during the observation to

allocate their telemetry to the EPIC pn camera and avoid full
scientific buffer in the latter. We present here the analysis of
EPIC pn data, RGS data from both gratings, and OM data.

Table 1 is a summary of the XMM-Newton observations.
We used the EPIC pn in timing mode. In this mode only one
CCD chip is operated and the data are collapsed into a one-
dimensional row (4.′4) and read out at high speed, the second
dimension being replaced by timing information. This allows
a time resolution of 30 μs. We used the SAS task epfast
on the event files to correct for a charge transfer inefficiency
(CTI) effect that has been observed in EPIC pn timing mode
for high count rates1. Ancillary response files were generated
using the SAS task arfgen following the recommendations
of the XMM-Newton SAS User guide for piled-up observations
in timing mode, whenever applicable. Response matrices were
generated using the SAS task rmfgen.

Light curves were generated with the SAS task epiclccorr,
which corrects for various effects such as vignetting, bad pix-
els, point spread function (PSF) variation and quantum efficiency
and accounts for time-dependent corrections within an exposure,
such as dead time and good-time intervals.

The SAS task rgsproc was used to produce calibrated
RGS event lists, spectra, and response matrices. We also chose
the option keepcool = no to discard single columns that give sig-
nals a few percent below the values expected from their imme-
diate neighbours. Such columns are likely to be important when
studying weak absorption features in spectra with high statistics.
We used the SAS task rgsbkgmodel to compute model back-
ground spectra from RGS background templates. We generated
RGS light curves with the SAS task rgslccorr.

The OM was operated in image+fast mode. The U, UVW1,
and UVM2 filters were used. In this mode the instrument pro-
duces images of the entire 17′ × 17′ FOV with a time resolution
between 800 and 5000 s and event lists with a time resolution of
0.5 s from a selected 11′′ × 11′′ region. The SAS task omfchain
was used to extract light curves of GX 13+1 from the high time
resolution fast mode data. We used a time sampling of 100 s in
the curve extraction to improve the signal-to-noise ratio.

1 More information about the CTI correction can be found in the
EPIC status of calibration and data analysis and in the current calibra-
tion file (CCF) release note Rate-dependent CTI correction for EPIC-pn
timing modes, by Guainazzi et al. (2009), at
http://xmm.esac.esa.int/external/xmm_calibration
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2.1. Pile-up and X-ray loading in the EPIC pn camera

The count rate in the EPIC pn was close to, or above, the
800 counts s−1 level, at which X-ray loading and pile-up effects
become significant.

Pile-up occurs when more than one photon is read in a pixel
during a read-out cycle. This causes photon loss, pattern migra-
tion from lower to higher pattern types and hardening of the
spectrum, because the charge deposited by more than one pho-
ton is added up before being read out2. In addition, for high
count rates, the offset map calculated at the beginning of an ex-
posure may be contaminated by X-ray events from the source,
the so-called “X-ray loading”. As a consequence pattern migra-
tion from higher to lower pattern types and a shift to lower en-
ergy for all events associated with the contaminated pixel occur3.
Because both X-ray loading and pile-up cause significant spec-
tral distortion, we carefully checked for them before extracting
the spectra.

We used the SAS task epatplot, which utilizes the relative
ratios of single- and double-pixel events, which deviate from
standard values for significant pile-up, as a diagnostic tool in
the pn camera timing mode data and found that all spectra were
affected by pile-up. Next, we extracted several spectra by se-
lecting single- and double- timing mode events (patterns 0 to 4)
but different spatial regions for the source. Source events were
first extracted from a 62′′ – (15 columns) wide box centred
on the source position (Region 1). Next we excluded 1, 3, 5,
and 7 columns from the centre of Region 1 (Regions 2–5) and
extracted one spectrum for each of the defined regions. We ob-
tained spectra free of pile-up once events within the inner five
columns were excluded.

Next, we inspected the pn offset maps to check for X-ray
loading. For each observation, we calculated the so-called
“residual” offset map by subtracting the offset map of a nearby
observation taken with closed filter from the offset map of the
observation. We found that all observations showed effects of
X-ray loading in at least the inner five columns of the PSF. X-ray
loading could be significant in the inner seven columns, but the
noise fluctuations in the individual rows for outer columns are
about the same as the level of excess in the 6th and 7th columns.
Therefore, we extracted the final spectra after excluding events
from the central five columns.

2.2. Background subtraction

There are no source-free background regions in the EPIC pn tim-
ing mode, since the PSF of the telescope extends further than the
central CCD boundaries. The central CCD has a field of view
of 13.′6 × 4.′4 in the pn. The largest column in timing mode is
the one in which the data are collapsed into a one-dimensional
row. Therefore, the maximum angle for background extraction
is 2′, compared to 5′ for imaging modes. Because GX 13+1 is
very bright, its spectrum will not be significantly modified by
the “real” background, which contributes less than 1% to the to-
tal count rate in most of the bandwidth. Conversely, subtracting
the background extracted from the outer columns of the central
CCD will modify the source spectrum, since the PSF is energy-
dependent and the source photons scattered to the outer columns
do not show the same energy dependence as the photons focused

2 See XMM-Newton Users Handbook for more information on pile-up.
3 More information about X-ray loading can be found in the PN X-ray
loading investigation results calibration document by Smith (2004) at
http://xmm.esac.esa.int

on the inner columns. Therefore, we chose not to subtract the
“background” extracted from the outer regions of the central
CCD (see also Done & Díaz Trigo 2010; Ng et al. 2010). We
expect a contribution from the background to the total count rate
of more than 1% below 1.7 keV. Therefore, below this energy
we used only the RGS spectra, for which background templates
were available.

3. Light curves

3.1. EPIC pn and RGS light curves

Figure 1 shows 0.6–10 keV EPIC pn and 0.6–1.8 keV RGS light
curves of five XMM-Newton observations of GX 13+1 per-
formed in 2008 together with three observations performed in
2000, for comparison, with a binning of 64 s.

The EPIC pn light curves are remarkably similar to the si-
multaneous RGS light curves despite the different energy band.
We note that the lower RGS count rate with respect to the pn
count rate in the 2008 observations compared to the 2000 obser-
vations is due to the inoperative CCDs 7 (RGS1) and 4 (RGS2)
since early after the beginning of the mission. All observations
show a high variability. The average count rate changes signif-
icantly from one observation to the next, with values between
∼700 and 900 counts s−1. The count rate variability is not asso-
ciated to significant changes in the spectral hardness for obs 4
and 6. However, obs 1, 3, 8, and 9 show spectral hardening as-
sociated with a decrease of count rate. Obs 6 shows the high-
est count rate, with peaks of up to ∼1100 counts s−1 in the
EPIC pn camera. Obs 8 shows the lowest count rate, with less
than 1 counts s−1 at the beginning of the observation in the RGS,
compared to ∼6 counts s−1 at the end of the observation. This
behaviour could be related to dipping activity. Obs 9 shows a
decrease of count rate at ∼23–24.5 h, which is related to spec-
tral hardening and could again be an indication for dipping
behaviour in GX 13+1.

We next examined the hardness ratio (counts in the 2–10 keV
band divided by those between 0.6–2 keV) as a function of
0.6–10 keV count rate for all observations (Fig. 2). The high-
est hardness ratios correspond to the intervals of low count rate
in obs 1, 3, 8, and 9. This behaviour is typical of deep dipping
states of dippers. A detailed comparison of Fig. 2 with Fig. 4
from Boirin et al. (2005) shows that indeed obs 1, 3, 8 and 9 oc-
cupy the same parameter space in the figure as the deep dipping
state of 4U 1323−62, while obs 2, 4 and 7 resemble the shal-
low dipping states and obs 6 the persistent state. We analyse the
origin of these states in detail in Sect. 4.1.4.

3.2. Light curves from other X-ray missions

To investigate the variability of GX 13+1 further, we extracted
from the High Energy Astrophysics Science Archive Research
Center (HEASARC) light curves from previous GX 13+1 X-ray
observations with the maximum time resolution available. We
did not perform a systematic search of dips in all GX 13+1
archival observations. Instead, we looked for the signature of
dipping episodes in observations where a “bi-modal” behaviour
of the count rate with hardness ratio had been reported in the lit-
erature (Stella et al. 1985; Schnerr et al. 2003). Our goal was to
determine if dipping behaviour may not have been recognized
in previous observations of GX 13+1 and to see if such dip-
ping behaviour, if existent, is associated with a certain state of
the source.
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Fig. 1. a) 0.6–10 keV EPIC pn (dots) and 0.6–1.8 keV RGS (squares) background-subtracted light curves for each GX 13+1 observation with a
binning of 64 s. The left (right) axes show the scale for EPIC pn (RGS). b) Hardness ratio (counts in the 2–10 keV band divided by those between
0.6–2 keV) for the EPIC pn light curves.
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Fig. 2. Hardness ratio (2–10 keV/0.6–2 keV counts) versus 0.6–10 keV
EPIC pn count rate for all observations. Data from obs 1 to 3 are
shown as filled squares, filled triangles, and filled circles, respectively.
Data from obs 4 and 6 to 9 are shown as open squares, open trian-
gles, open circles, crosses and crooked crosses, respectively. Each point
corresponds to a binning of 64 s.

Details on the observations of GX 13+1 from archival X-ray
observations that may show dipping behaviour are given in
Table 2. The light curve corresponding to the RXTE observa-
tion is shown in Fig. 3. The light curve from the EXOSAT
archival observation is shown in Fig. 1 from Stella et al. (1985).
In both observations a decrease of count rate is visible, which is

Table 2. X-ray archival observations of GX 13+1 with potential dip
states.

Date Mission Reference
1983 September 22 EXOSAT Stella et al. (1985)
1998 May 17 RXTE Schnerr et al. (2003)

more pronounced in the soft band. The decrease in the 1–4 keV
EXOSAT (2–4 keV RXTE) light curves is ∼25–30% and is
accompanied by spectral hardening.

Finally we examined the GX 13+1 RXTE All-Sky Monitor
(ASM) 1.5–12 keV light curves, which span more than 13 years
and have a time resolution of 96 s to search for any characteris-
tic signature at the time of appearance of the dips. We corrected
the ASM light curves to the solar system barycentre using the
FTOOL task faxbary and folded the light curves into segments
between 0.1 and 24 days duration, but clear dipping activity was
not detected. A modulation of the ASM data has already been ex-
tensively searched for and it is reported in the literature (Corbet
2003; Corbet et al. 2010). Therefore, we did not look further for
periodic behaviour in the ASM data.

4. X-ray spectra

We extracted EPIC pn and RGS spectra for each observation.
We rebinned the EPIC pn spectra to over-sample the full width
at half maximum (FWHM) of the energy resolution by a factor 3
and to have a minimum of 25 counts per bin, to allow the use
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Fig. 3. 2–4 keV (middle) and 4–9 keV (bottom) RXTE PCA
background-subtracted light curves for an archival GX 13+1 observa-
tion with a binning of 16 s. Top: hardness ratio (counts in the 4–9 keV
band divided by those between 2–4 keV) for the RXTE PCA light
curves shown in the middle and bottom panels.

of the χ2 statistic. To account for systematic effects, we added
a 0.8% uncertainty to each spectral bin after rebinning (we note
that this is equivalent to add ∼2% uncertainty to each spectral
bin before rebinning). We used the RGS spectra with two differ-
ent binnings: in Sect. 4.1 we rebinned the RGS spectra to have
a minimum of 25 counts per bin, to be able to consistently use
the χ2 statistic for both EPIC pn and RGS spectra. In Sect. 4.2
we rebinned the RGS spectra to over-sample the FWHM of the
energy resolution by a factor 3 to be sensitive to narrow fea-
tures and we used the C-statistic (Cash 1979). We performed
spectral analysis using XSPEC (Arnaud 1996), version 12.6.0q.
Since there were no photons in the RGS spectra below ∼0.8 keV,
we used the RGS spectra in the energy interval 0.8–1.8 keV.
We used the pn spectra between 1.7 and 10 keV to exclude en-
ergy bins for which we expect the spectrum to be affected by
background (see Sect. 2.2). To account for absorption by neutral
gas we used the tbabs XSPEC model with solar abundances
(Anders & Grevesse 1989). Spectral uncertainties are given at
90% confidence (Δχ2 = 2.71 for one interesting parameter), and
upper limits at 95% confidence.

We extracted intervals of low variability for all observations,
using the hardness ratio and the count rate of the observations
as a criterion. For obs 7 there are no significant variations of
hardness ratio or count rate during the observation. Therefore
we only consider one interval for this observation. We divided
obs 4, 6, 8, and 9 into two intervals each (“high” and “low”)
and examined the spectra separately. A quick look shows that
while for obs 4, 8, and 9 both intervals show significant spec-
tral changes, the two intervals of obs 6 are only different in the
normalisation factors. Therefore we continued the analysis for
obs 6 only with one interval. We continued the analysis for obs 4,
8, and 9 only with the “high”, less variable, intervals, for which
we could accumulate a sufficient, >5 ks, net exposure time.

4.1. EPIC and RGS spectral analysis

4.1.1. Phenomenological model

We first examined the spectra of the low-variability interval
separately for each observation. We combined the RGS spec-
tra (RGS1 and RGS2, order 1) and the EPIC pn spectrum and

fitted them with a model consisting of a disc blackbody and a
blackbody component modified by neutral material. A constant
factor, fixed to 1 for the pn spectrum, but allowed to vary for
each RGS spectrum, was included multiplicatively to account
for cross-calibration uncertainties.

The residuals showed strong absorption lines near 7 keV su-
perposed on a broad emission feature and weak absorption fea-
tures at ∼1.8 and 2.3 keV. The latter are most likely caused
by residual calibration uncertainties (after using the SAS task
epfast), due to an incorrect application of the CTI correction
in the EPIC pn camera when high count rates are present4. We
modelled these features with two Gaussian absorption compo-
nents and do not discuss them further. However, we note that
these features, if they are caused by residual uncertainties of the
CTI correction, indicate that the energy gain could be compro-
mised in the whole energy band. Detailed plots of the residu-
als from the best-fit continuum model around the Fe K region
are shown in Fig. 4. Absorption features from highly ionised
species of iron, such as Fe xxv and Fe xxvi Kα and Kβ are ev-
ident. A broad iron emission line is visible in all observations.
Both the absorption and emission features show significant vari-
ations among observations, with obs 6 and 7 showing the most
ionised species in absorption and the weakest line in emission.
Obs 4 and 9 show the strongest line in emission and a prominent
absorption edge at ∼9 keV, which we identify with absorption
from Fe xxv and Fe xxvi.

We first evaluated the effect of the continuum in the absorp-
tion and emission features in a model-independent manner cal-
culating the ratio among the spectra for all observations with
respect to obs 6 (see Fig. 5). Obs 7 shows a similar spectral
shape to obs 6 and a flux lower by ∼10% throughout the en-
ergy band. Above ∼6 keV, obs 4, 8, and 9 show a significant
deficit of photons with respect to obs 6 and 7. Below ∼5 keV,
obs 8 and 9 show the lowest fluxes. Interestingly, obs 4 shows
the lowest 6–10 keV flux of all the observations but the highest
1.5–5 keV flux together with obs 6. This analysis indicates that
the hard, ∼6–10 keV, flux might be correlated with the ionisa-
tion of the absorption features and the significance of the broad
emission line. As the hard flux increases from obs 4 to obs 9, 7
and 6 the significance of the broad emission line decreases and
the absorption features become weaker and reveal an increase of
ionisation in the plasma. Obs 8 shows an intermediate hard flux
and broad emission line, but the least ionised absorption features,
indicating that the flux below ∼5 keV may play an important role
in the ionisation of the absorbing plasma.

To quantify the relation between the significance of the
emission and absorption features and the changes in the con-
tinuum, we next included in the model Gaussian absorption
and emission features and absorption edges to account for
the residuals near 7 keV. The total model consisted of disc
blackbody and blackbody components, one Gaussian emis-
sion feature at ∼6.6 keV, and four Gaussian absorption fea-
tures at the energies of Fe xxv and Fe xxvi Kα and Kβ, mod-
ified by photo-electric absorption from neutral material and
by absorption edges at the energies of Fe xxv and Fe xxvi
(tbabs*edge1*edge2*(diskbb+bbodyrad+gau1+gau2+gau3
+gau4+gau5), hereafter Model 1). The fits with Model 1 were

4 We note that while the use of epfast is recommended by the
EPIC calibration team, the recent discovery that the count-rate de-
pendency of the CTI may be caused by X-ray loading implies that
the epfast correction may improve, but not completely solve, the
CTI calibration deficiency (for more details, see “Evaluation of the
spectral calibration accuracy in EPIC-pn fast modes” at
http://xmm.esac.esa.int/external/xmm_calibration).

A50, page 5 of 17

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219049&pdf_id=3
http://xmm.esac.esa.int/external/xmm_calibration


A&A 543, A50 (2012)

Fig. 4. Ratio of the data to the continuum model at the Fe K region for obs 4 (upper-left), 6 (upper-middle), 7 (upper-right), 8 (lower-left), and 9
(lower-middle). The dotted vertical lines indicate from left to right the rest energy of the transitions of neutral Fe, Fe xxv Kα, Fe xxvi Kα, Ni xxvii
, Fe xxv Kβ, Ni xxviii, and Fe xxvi Kβ.

Fig. 5. Ratio of EPIC pn GX 13+1 spectra from obs 4, 7, 8, and 9 with
respect to obs 6.

acceptable, with χ2
ν between 1.0 and 1.2 for ∼530–700 d.o.f. for

obs 4–9. The parameters of the Gaussian emission and absorp-
tion features and edges for the best fit with this model are given
in Table 3.

We can infer some properties of the absorber from the equiv-
alent width (EW) of the absorption features, the depth of the
edges and the predominance of a given ion. For example, the
depth of the Fe xxv edge indicates that obs 4 and 9 have a col-
umn density of ionised plasma significantly higher than obs 6–8.
The ratio of the Fe xxv and Fe xxviKα to Kβ lines in obs 4 shows
saturation of the lines, indicating most likely a column density
above 1023 atom cm−2 5. The ratio of the EW of the Fe xxv to
Fe xxvi lines determines the ionisation of the plasma and shows
that obs 6 and 7 have a highly ionised plasma and that obs 8
has the least ionised plasma. Confirmation of the ionisation is
given by the low-significance absorption features at ∼1.88 keV
in obs 8 and 9, which we identify with Si xiii, and at ∼2.62 keV
in obs 4, 8 and 9, which we identify with S xvi. Obs 8 also shows

5 The exact column density at which the absorption lines reach satura-
tion depends on the velocity broadening of the lines (see e.g. Fig. 1 of
Tombesi et al. 2011).
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Fig. 6. EW of the broad emission line compared to the narrow ab-
sorption lines of Fe xxvi Kα (upper-left), Fe xxvi Kβ (upper-right),
Fe xxv Kα (lower-left), and Fe xxv Kβ (lower-right).

small features at ∼2.0, 2.5 and 4.2 keV, which we identify with
Si xiv, S xv, and Ca xx. Taking the above into account we can
also examine the relation between emission and absorption lines.
The EW of the broad emission line is correlated with the EW of
the narrow absorption lines (see Fig. 6). Obs 6 and 7 show the
faintest emission line and the thinnest absorbing plasma. Obs 4
and 9 show instead the strongest emission lines together with
the highest column density of ionised plasma. The EW of the
emission and absorption lines for obs 8 are intermediate between
obs 4 and 9 on one side and obs 6 and 7 on the other side. Finally,
the column density of the ionised plasma increases as the plasma
becomes less ionised for obs 4, 6, 7, and 9. This is expected since
obs 6 and 7 are likely to have a fraction of fully ionised plasma
that reveals itself only through electron scattering. Instead, for
obs 8 the decrease in the column density with respect to obs 4
and 9 cannot be explained simply by a change in ionisation and
indicates that at the time of obs 8 the column density is lower.
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Table 3. Parameters of the most significant absorption lines and edges and of the broad emission line detected in the EPIC pn spectra of obs 4–9.

Observation No. 4 6 7 8 9
Comp.

Parameter
gau1

Egau (keV) 6.53 +0.11
−0.09 6.63± 0.13 6.60 +0.10

−0.14 6.65 +0.08
−0.11 6.71± 0.08

σ (keV) 0.72 +0.14
−0.16 0.74± 0.19 0.62 +0.20

−0.09 0.61± 0.18 0.60+0.13
−0.11

kgau (10−3 ph cm−2 s−1) 12± 4 8± 2 6± 3 9± 2 11± 2
EW (eV) 185± 62 108± 27 84± 42 139± 31 177± 32

gau2

Egau (keV) 6.75 +0.02
−0.05 – 6.73 (f) 6.71± 0.02 6.73± 0.02

σ (keV) <0.04 – 0.008 +0.002p
−0.008 <0.07 <0.05

kgau (10−4 ph cm−2 s−1) 12± 3 – 4± 3 16+4
−8 14± 4

EW (eV) 20± 5 – 6± 5 24 +6
−12 21± 6

gau3

Egau (keV) 7.02± 0.06 7.03± 0.02 7.00± 0.01 7.02± 0.02 7.03± 0.01
σ (keV) <0.03 0.07± 0.05 <0.06 <0.04 <0.06
kgau (10−4 ph cm−2 s−1) 23± 4 20± 5 22± 3 18± 4 24 +4

−6
EW (eV) 41± 7 30± 8 34± 5 32± 7 42 +7

−11
gau4

Egau (keV) 7.91 +0.46
−0.15 – – 7.91± 0.05 7.84 +0.10

−0.06

σ (keV) 0.003 +0.007p
−0.003 – – 0.005 +0.095p

−0.005 0.03 +0.07p
−0.03

kgau (10−4 ph cm−2 s−1) 11± 4 – – 5± 3 5± 4
EW (eV) 33± 12 – – 15± 9 13± 10

gau5

Egau (keV) 8.24 +0.04
−0.06 – 8.20± 0.10 8.34± 0.05 8.26± 0.04

σ (keV) 0.1 +0p
−0.1p – 0.1 +0p

−0.1p <0.097 0.02 +0.08p
−0.02p

kgau (10−4 ph cm−2 s−1) 10± 4 – 6± 3 5± 2 7± 3
EW (eV) 37± 15 – 15± 8 18± 7 25± 11

edge1

E (keV) 8.83 (f) 8.83 (f) 8.83 (f) 8.83 (f) 8.83 (f)
τ 0.18± 0.03 <0.04 <0.04 <0.05 0.08± 0.04

edge2

E (keV) 9.28 (f) 9.28 (f) 9.28 (f) 9.28 (f) 9.28 (f)
τ <0.03 0.04± 0.03 0.04± 0.03 <0.05 <0.09

χ2
ν(d.o.f.) 1.08 (574) 1.11 (694) 1.03 (678) 1.07 (530) 1.18 (561)

Notes. f indicates that a parameter was fixed. The width of the absorption features was constrained to be <∼0.1 keV and of the broad emission feature
to <∼1 keV. p indicates that the error of a parameter pegged at the limit imposed. gau1 corresponds to the broad emission feature and gau2–gau5

to narrow absorption features. The energy of the Fe xxv feature of obs 7 was unconstrained because of its low significance. Therefore, we fixed its
energy considering that it would show a similar blueshift as the Fe xxvi feature for the same observation.

4.1.2. Photoionised plasma model

The strength of the absorption features shown in Table 3 indi-
cates that the continuum may be significantly affected by the
absorbing plasma. Therefore, to quantify the above changes in
a more physical manner, we substituted the absorption features
and edges by the component warmabs, which models the ab-
sorption caused by a photoionised plasma in the line of sight.
This component not only accounts for the narrow absorption
features evident near 7 keV but also modifies the overall con-
tinuum shape at regions where the spectral resolution is not suf-
ficiently high to resolve individual features. We note that the
warmabs model does not include Compton scattering, in con-
trast to the xabs model in the SPEX package (Kaastra et al.
1996). The contribution of Compton scattering is expected to be
significant when modelling the changes between persistent and
dipping emission (Boirin et al. 2005; Díaz Trigo et al. 2006).
Therefore we added the component cabs to the model, which
accounts for non-relativistic, optically-thin Compton scattering.
We forced the column density of the cabs model to be equal
to the column density of the warmabs component multiplied by
a factor of 1.21. The latter factor accounts for the number of

electrons per hydrogen atom for a material of solar abundances
(Stelzer et al. 1999). The non-relativistic approximation of cabs
will overestimate the scattering fraction at high energies, and
therefore it should not be used when broad band energy data are
available. Moreover, the column density of the warmabs compo-
nent sets only a lower limit to the amount of Compton scattering
since there may be fully ionised material that cannot be identified
via line absorption but still contributes to Compton scattering.

Our final model consisted of disc blackbody and blackbody
components and one Gaussian emission feature at ∼6.6 keV,
modified by photo-electric absorption from neutral and ionised
material (tbabs*cabs*warmabs*(diskbb+bbodyrad+gau),
hereafter Model 2).

The fits with Model 2 were acceptable, with χ2
ν between 1.0

and 1.2 for ∼550–700 d.o.f. for obs 4–9. The parameters of the
best-fit with this model are given in Table 4 and the residuals
of the fit and unfolded spectra are shown in Figs. 7 and 8. For
each observation, we used the best-fit continuum before adding
the broad emission line and the photo-ionised absorber as an
ionising continuum for the latter. The density of the plasma
was set to be n= 1013 cm−3 following Ueda et al. (2004). The
luminosity was defined in the 0.013–13.6 keV band for each
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a)

b)

a)

b)

a)

b)

a)

b)

a)

b)

Fig. 7. Obs 4, and 6 to 9 are shown from left to right and from top to bottom. a) 1.7–10 keV EPIC pn (black), and 0.8–1.8 keV RGS1 (green)
and RGS2 (blue) GX 13+1 spectra fitted with a disc-blackbody (diskbb), a blackbody (bbodyrad) and a Gaussian (gau) component modified by
absorption from neutral (tbabs) and ionised (cabs*warmabs) material. b) Residuals in units of standard deviation from the above model.

Fig. 8. 0.8–10 keV unfolded spectra. Solid, dashed, dot-dashed and dot-dot-dashed lines represent the contribution of the total model, disc,
blackbody, and Gaussian components, respectively.

spectrum. Interestingly, the value of the ionisation parameter
for obs 4 in Table 4 does not reflect the relative variations in
the ionisation of the plasma compared to obs 6–9 that we in-
ferred in Sect. 4.1.1. The most likely reason for this is that the
model that we are using as an ionising continuum for the pho-
toionised absorber is not appropriate. If this is true, we expect
to find the larger discrepancy between the ratio of Fe xxv and
Fe xxvi lines and the ionisation parameter in obs 4, since this ob-
servation shows a column density for the ionised plasma higher
by more than a factor of two compared to the other observa-
tions, which will cause severe obscuration of the continuum.

Therefore, we again re-fitted all spectra, but used the ionising
continuum of obs 6 for all observations. We chose obs 6 as the
more realistic continuum since it has the most highly-ionised
plasma and consequently more transparent to the incident radi-
ation. We obtained log (ξ) = 4.18± 0.15, 4.39± 0.17, 4.33 +0.11

−0.15,
4.00 +0.10

−0.19 and 4.09 +0.11
−0.15 erg cm s−1 for obs 4, 6–9, respectively.

The other parameters and the quality of the fit did not change,
as expected. These values are consistent with the line ratios of
different species inferred from Table 3, and Fig. 4 and therefore
we use these values instead of those in Table 4 in the remaining
sections of this paper.
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Table 4. Best fits to the 0.8–1.8 keV RGS and 1.7–10 keV EPIC pn persistent spectra for all observations using the tbabs*cabs*warmabs*
(diskbb+bbrad+gau) model.

Observation No. 4 6 7 8 9
Comp.

Parameter
dbb

kTdbb (keV) 0.86 +0.59
−0.07 1.16 +0.19

−0.07 1.15 +0.14
−0.08 1.80+0.11

−0.14 0.77 +0.06
−0.04

kdbb [(Rin/D10)2 cos θ] 492 +168
−369 226 +51

−54 201 +20
−44 38± 8 622 +188

−110
bb

kTbb (keV) 1.24± 0.02 1.66+0.24
−0.03 1.60 +0.08

−0.02 1.21+0.08
−0.10 1.28± 0.01

kbb [(Rin/D10)2] 310 +37
−154 74 +8

−35 81 +7
−31 113+34

−38 272 +16
−21

gau1

Egau (keV) 6.56 +0.10
−0.07 6.71 +0.12

−0.16 6.63± 0.11 6.59 +0.07
−0.15 6.69± 0.06

σ (keV) 0.88 +0.12p
−0.07 0.77+0.23p

−0.15 0.72 +0.08
−0.12 0.78 +0.17

−0.09 0.77 +0.06
−0.08

kgau (10−4 ph cm−2 s−1) 0.023± 0.006 0.008 +0.004
−0.002 0.007 +0.003

−0.001 0.014 +0.005
−0.003 0.017± 0.003

EW (eV) 299± 77 91 +48
−23 88 +38

−13 195 +70
−42 235± 42

tbabs
Nabs

H (1022 cm−2) 2.86± 0.05 2.86± 0.02 2.92± 0.02 2.77± 0.05 2.87 +0.06
−0.04

warmabs
Nwarmabs

H (1022 cm−2) 17.2 +10.3
−6.8 6.6 +3.2

−2.7 6.6 +2.9
−0.4 6.0+6.6

−2.0 7.1+0.5
−2.3

log (ξ) (erg cm s−1) 4.41 +0.11
−0.19 4.39± 0.17 4.34 +0.22

−0.08 3.97 +0.19
−0.06 4.23± 0.10

σv (km s−1) 580 +165
−75 3390 +1785

−2210 2130 +1220
−920 480 +490

−175 975 +970
−710

v (km s−1) –2310 +420
−360 –3690 +300

−600 –2160 +270
−180 –2130± 480 –2400 ± 360

χ2
ν(d.o.f.) 1.11 (586) 1.12 (701) 1.04 (686) 1.09 (548) 1.23 (575)

Ftot
2−10 keV (10−09 erg cm−2 s−1) 9.6 9.5 8.7 8.0 8.3

Fgau
2−10 keV (10−11 erg cm−2 s−1) 24.3 7.9 7.1 14.7 17.6

Exposure (ks) 5.2 8.9 13.5 6.5 6.7

Notes. The column density of the cabs component was tied to the column density of the photo-ionised absorber (see text). kbb, kdbb and kgau are
the normalisations of the blackbody component, disc blackbody and Gaussian emission feature, respectively. kTbb and kTdbb are the temperatures
of the blackbody and disc blackbody, respectively. Egau and σ represent the energy and width of the Gaussian feature. Nabs

H and Nwarmabs
H are the

column densities for the neutral and ionised absorbers, respectively. ξ, σv, and v are the ionisation parameter (in units of erg cm s−1), the turbulent
velocity broadening, and the average systematic velocity shift of the absorber (negative values indicate blueshifts). Ftot is the unabsorbed total flux,
and Fgau is the unabsorbed emission Gaussian flux. The width (σ) of the Gaussian emission line gau was constrained to be ≤1 keV in the fits.

Finally, we note that obs 4, 8, and 9 still show small residuals
after the fit at the energies of ∼2.45 and 2.62 keV (see Fig. 7),
which we identify with absorption from S xv and S xvi. Since we
account for all absorption features with the self-consistent model
warmabs, the existence of residuals indicates that the abundance
of sulphur is most likely higher than the solar value. Another
possibility would be the presence of a second absorber with a
lower ionisation degree, but in this case, we should also observe
residuals for other elements in the plasma. We did not attempt to
fit the sulphur abundances because they are not very significant,
but we note that an overabundance of the S/Fe ratio with respect
to the solar value was also pointed out by Ueda et al. (2004)
based on Chandra HETGS data. Ueda et al. (2004) argued that
this overabundance might indicate an underestimation of the col-
umn density of Fe because the reemission lines were excluded.
Our data may be showing the same scenario, since we also ob-
serve low residuals at the energy of the Fe xxvi edge, which
could disappear with an increase of the column density of Fe.
Alternatively, the remaining residuals at the Fe xxvi edge in obs 4
and 9 could represent the limit of applicability of the warmabs
model for high column densities (warmabs assumes a uniform
ionisation for the absorber even for a high column density, which
is not self-consistent). A small absorption feature also remains at
∼1.88 keV in obs 8 and 9, which could be Si xiii, or systematic
residuals at the Si edge owing to a deficient CTI calibration (see
Sect. 2).

4.1.3. Choice of continuum model

In the previous section we showed that using the same ionising
continuum for all observations caused a significant change in the
value of ξ for obs 4 and 9 and smaller, non-significant, changes in
the other observations. From this, we infer that at least for obs 4
and 9 the continuum may not be unique. Continua that result in
a similar quality of the fit in the 2–10 keV band may yield sig-
nificantly different ionising continua when they are extrapolated
to the 0.013–13.6 keV energy band.

There are several reasons for obtaining a “non-realistic” con-
tinuum in the limited XMM-Newton bandpass. First, different
combinations of thermal and non-thermal components can be
used for spectral fitting and the quality of the data does not usu-
ally allow one to distinguish among them. Second, if the broad
Fe line is caused by reprocessed emission, the “reprocessed”
continuum should be also properly accounted for. A last possi-
bility is that changes in the neutral and ionised absorber are mim-
icking a change of continuum, as is the case in dipping sources
(Boirin et al. 2005; Díaz Trigo et al. 2006). We examine these
possibilities in detail below and in the next section.

We substituted the continuum components of the fits re-
ported in Table 4 by alternative non-thermal components. We
found that the quality of the fits did not change. As an example,
obs 6 had a χ2

ν of 1.12 for 701 d.o.f. when fitted with Model 2.
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a)

b)

Fig. 9. Left: a) 1.7–10 keV EPIC pn, and 0.8–1.8 keV RGS1 and RGS2 GX 13+1 spectra fitted with Model 5 (see text). b) Residuals in units
of standard deviation from the above model. Right: 1–10 keV unfolded spectra. Solid, dot-dot-dashed and dot-dashed and dashed lines represent
the contribution of the total model, disc, blackbody and reflection components, respectively. Obs 6–9 are shown in black, blue, green, and red,
respectively.

Substituting the blackbody component by a power-law compo-
nent in Model 2 (tbabs*cabs*warmabs*(diskbb+po+gau),
hereafter Model 3) we obtained χ2

ν = 1.12 for 701 d.o.f.
The photon index, Γ, and normalisation of the power-
law were 2.2± 0.3 and 1.1± 0.4, respectively, and the tem-
perature and normalisation of the disc blackbody compo-
nent 1.85 +0.03

−0.06 keV and 46 +8
−4, respectively. Substituting the

disc blackbody component by a power-law component in
Model 2 (tbabs*cabs*warmabs*(bbodyrad+po+gau), here-
after Model 4) we obtained χ2

ν = 1.14 for 701 d.o.f. The photon
index, Γ, and normalisation of the power-law were 2.27± 0.04
and 3.1± 0.2, respectively, and the temperature and normalisa-
tion of the blackbody component 1.12± 0.02 keV and 281 +4

−9,
respectively. We did not find significant changes in the param-
eters of the narrow features when using different continua. In
contrast, the EW of the Gaussian component increased from
91 +48
−23 eV in Model 2 to 201± 41 and 348 +58

−16 eV in Models 3
and 4, respectively. Finally, substituting the power-law compo-
nent in Models 3 or 4 by a cutoff or broken power-law compo-
nents gave an unconstrained cutoff or break and a similar fit to
the power-law.

We also obtained fits of the same quality when using differ-
ent abundances. However, we obtained a change in the EW and
breadth of the Gaussian component. As an example, in obs 6 the
breadth and EW of the broad emission line increased from 91 +48

−23
to 129 +46

−21 eV when we substituted the solar abundances of
Anders & Grevesse (1989) by those of Wilms et al. (2000) in
Model 2.

In summary, we found that the parameters of the warm ab-
sorber were stable to different choices of continuum components
and abundances. In contrast, the parameters of the broad Fe line
changed significantly, the main reason being that the quality
of the fit before introducing the broad Fe line was worse for
Models 3 and 4 than for Model 2.

4.1.4. Modelling of the broad Fe line and continuum
variability

We examined whether spectral changes between different ob-
servations are caused by variations of the warm absorber and
the reprocessed component instead of variations of the con-
tinuum. A motivation for this is Fig. 2. The resemblance of
this figure with Fig. 4 of Boirin et al. (2005) indicates that
obs 8–9 (7) could be deep (shallow) dipping states with respect

to obs 6 (see Sect. 3.1). If this were true, we expect the con-
tinuum to be relatively stable and the dipping states to have a
less ionised absorber with a higher column density compared
to the persistent ones (Boirin et al. 2005; Díaz Trigo et al.
2006). Indeed, obs 8 and 9 show a less ionised absorber with
visible features of Fe xxv, compared to obs 6 and 7. Similarly,
obs 1–3 show a less ionised plasma than obs 4.

To test the continuum variability, we first substituted
the Gaussian component by the reflionx model (Ross &
Fabian 2005) to account for reflection by an ionised, op-
tically thick, illuminated atmosphere of constant density.
Since reflionx only provides the reflected emission, we also
added a power-law component to account for the direct emission
(tbabs*cabs*warmabs*(diskbb+bbodyrad+po+reflionx),
hereafter Model 5), and coupled the photon index of the illumi-
nating power-law component to the index of reflionx. If the
line is produced by reprocessed emission, Model 5 will yield a
more realistic continuum, necessary to perform a simultaneous
fit to several observations. We note that while reflionx is the
most adequate of the available public models for our purposes
because it self-consistently includes line emission and accounts
for ionised reflection, more recent refined models such as
those presented in García & Kallman (2010) point to important
differences in the resultant spectrum when e.g. new atomic data
are considered (see Sect. 5.2).

For the simultaneous fit we considered obs 6–9 only. We left
out obs 4 since it is in a different track in Fig. 2, together with
obs 1–3, which may already indicate significant changes in the
continuum (a significant increase in Compton scattering owing
to a higher column density of plasma could be also the reason
for the different track of obs 1–4). We imposed the same con-
tinuum for obs 6–9 (including index and normalisation of the
power-law component) and allowed only changes in the neu-
tral absorber and the ionisation degree and normalisation of the
reflection component. We kept the parameters of the warm ab-
sorber fixed to the values shown in Table 4 but with the values of
the ionisation parameter obtained when the ionising continuum
of obs 6 was used to fit all observations (see Sect. 4.1.2). Finally,
we allowed a global difference in normalisation among observa-
tions to account for a potentially different amount of Compton
scattering.

We obtained a good quality for the simultaneous fit of
obs 6–9 (χ2

ν = 1.21 for 2537 d.o.f.). Table 5 shows the best-fit
parameters, and the residuals of the fit and unfolded spectra are
shown in Fig. 9.
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Table 5. Best fits to the 0.8–1.8 keV RGS and 1.7–10 keV EPIC pn persistent spectra for all observations using the const*tbabs*cabs*warmabs*
(diskbb+bbrad+po+reflionx) model (see caption of Table 4 for definitions).

Observation No. 6 7 8 9
Comp.

Parameter
dbb

kTdbb (keV) 0.86 +0.08
−0.06

kdbb [(Rin/D10)2 cos θ] 189 +27
−55

bb
kTbb (keV) 1.23 +0.01

−0.04

kbb [(Rin/D10)2] 199 +25
−13

po
Γ 1.94± 0.02
kpo (ph keV−1cm−2s−1 at 1 keV) <0.006

reflionx
log (ξ) (erg cm s−1) 3.94 +0.06

−0.17 3.83 +0.05
−0.08 3.41± 0.04 3.30 +0.01

−0.04

kreflionx (10−6) 3.1 +0.6
−0.3 3.2 +0.5

−0.3 3.8 +0.5
−0.3 4.6 +0.4

−0.2
tbabs

Nabs
H (1022 cm−2) 3.13± 0.03 3.17± 0.03 3.17± 0.03 2.94± 0.03

const
Const. 1 (f) 1.02± 0.03 1.29± 0.03 1.37 +0.02

−0.05

χ2
ν(d.o.f.) 1.21 (2537)

Notes. Γ is the index of the incident power-law and is coupled to the index of reflionx. kpo is the normalisation of the power-law component
and ξ and kreflionx are the ionisation parameter and the normalisation of the reflection component. The parameters of warmabs and cabs have been
fixed to the values of Table 4.

We were able to model the emission line with the reflec-
tion component and, as expected, the reprocessed component
contributes significantly to the continuum emission. Therefore,
the continuum parameters should be interpreted with caution.
Interestingly, the large difference in the curvature of the spec-
trum at 7–10 keV between obs 6–7 and 8–9 can be well repro-
duced by a difference in the ionisation and normalisation of the
reflected component. In contrast, we were unable to reproduce
the broad iron line with reflection models that consider a black-
body as an incident spectrum because they predict EWs that are
too small compared to the observed lines.

Despite the success of Model 5 to reproduce the various
spectral features of obs 6–9 while assuming a constant contin-
uum, there are still some systematic residuals in the best fit. The
residuals at the absorption edge at the energy of Fe xxvi in obs 9
were already present in individual fits (see Sect. 4.1.2). However,
the simultaneous fits show a slight curvature in the residuals that
is not observed in the individual fits and could be due to short-
comings of the reflection component, a different origin for the
emission line, or an indication for continuum variability. Finally,
if we attribute the differences in the global normalisation con-
stant to Compton scattering of fully ionised plasma, the ∼30%
difference in normalisation between obs 6–7 and 8–9 implies
that obs 6–7 are observed through an extra column density of
>∼1023 cm−2 of fully ionised plasma.

4.2. RGS spectral analysis

We examined the 0.8–1.8 keV (9.9–22.3 Å) first-order
RGS spectra to constrain the NH in the direction of the source
and to search for the signature of narrow absorption and emis-
sion features. We note that the second-order spectra have too few
counts to add any value to the fits.

We were able to fit the RGS spectra of all the observa-
tions with a continuum consisting of a disc blackbody modified

by photo-electric absorption from neutral material. We ob-
tained a C-statistic of between 450 and 571 for ∼434–436 d.o.f.
for obs 4 to 9). The values of NH in units of 1022 cm−2 were
2.72± 0.06, 2.73± 0.05, 2.80 +0.07

−0.03, 2.80± 0.06, 2.76± 0.07 and
2.75 +0.07

−0.05 for obs 4 to 9, respectively. None of the observations
showed significant narrow features.

To evaluate the effect of the chosen continuum in the value
of NH, we substituted the disc blackbody by a power law. We ob-
tained a C-statistic of between 448 and 570 for ∼434–436 d.o.f.
for obs 4 to 9. The values of NH in units of 1022 cm−2 were
2.53± 0.25, 2.53± 0.19, 2.80± 0.19, 2.71± 0.20, 2.41± 0.26
and 2.16 +0.22

−0.16 for obs 4 to 9, respectively.
Finally, to evaluate the effect of the absorption component

in our fit, we substituted the tbabs component by the more re-
cent tbnew component and re-fitted the combined spectra. The
C-statistic and values of NH did not change.

In summary, we obtained consistent values of NH for differ-
ent models of interstellar absorption, but significantly different
values of NH when using different continuum components. This
is expected because of the combination of limited energy band of
the RGS and low statistics of these observations. Therefore, we
conclude that the RGS spectra alone cannot constrain the value
of NH for these observations because of the poor statistics and
the limited bandwidth, necessary to determine the continuum.

To increase the sensitivity to narrow lines and edges, we
combined the RGS spectra of several observations. We added
the RGS1 and RGS2 spectra of obs 4, 8 and 9 (set 1) and
separately of obs 5, 6 and 7 (set 2). The reason to distin-
guish between sets is that the former set of observations shows
possible “obscuration” events (see Sect. 4) and, if confirmed,
these events indicate a plasma with a lower ionisation degree
than the second set of observations. We were able to fit the
resulting spectra with the same model as the individual ob-
servations. We obtained a C-statistic(d.o.f.) of 318(280) and
390(280) and NH = 2.74± 0.04 and 2.78 +0.02

−0.04 × 1022 cm−2 for
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sets 1 and 2, respectively, when using a disc blackbody contin-
uum and of 292(280) and 385(280) and NH = 2.33± 0.15 and
2.67± 0.11× 1022 cm−2 when using a power law.

None of the merged data sets shows any additional nar-
row features, and including absorption from a photo-ionised
plasma in the model does not improve the fit quality. We cal-
culated upper limits for the Mg xii absorption feature detected
in the Chandra observation with an EW of 2 eV (Ueda et al.
2004). Assuming that the feature is narrow (width fixed to 0),
we obtained upper limits to the EW between 1 and 3 eV for
obs 4–8 for a feature without velocity shift. For obs 9 we ob-
tained a non-significant detection of an absorption feature with
EW = 2.5 +2.1

−2.2 eV. Then, we assumed velocity blueshifts up to
4000 km s−1 in steps of 500 km s−1 and calculated upper limits
at the corresponding wavelengths. We obtained upper limits to
the EW between 0.5 and 4.2 eV for obs 4, 7–9. For obs 6 we
obtained a non-significant detection of an absorption feature at a
blueshift of 2000 km s−1 with an EW = 2.0+1.5

−1.6 eV. These results
are consistent with the predicted EW for Mg xii, <∼1 eV, for an
ionised absorber of log ξ >∼ 4, as fitted in the EPIC pn exposures.

4.3. OM data

We extracted images and light curves from the U, UVW1, and
UVM2 filter OM exposures for obs 4–9.

The images show a source in the U filter exposures consistent
with the position of GX 13+1, which is strongest in obs 4 and
weakest in obs 7. The source was not detected in the UVW1 or
UVM2 filters, except for obs 5 where there is a detection with
the UVW1 filter with a magnitude of 20.7± 0.7. For obs 4, 5, 7,
and 8 we obtained average U optical magnitudes of 19.8± 0.4,
19.7± 0.2, 20.8± 0.7, and 20.5± 0.5, respectively. We note that
GX 13+1 is not detected in the U exposures in obs 6 and 9.

Obs 4 showed a significant variation in the U magnitude
with time, from 20.4± 0.4 to 19.2± 0.1 within a 9 ks inter-
val. Unfortunately, we cannot determine a modulation with or-
bital phase because there are only few detections of the source.
Therefore we do not use the OM data any further.

5. Discussion

We analysed five XMM-Newton observations of the LMXB
GX 13+1 taken during 2008 to investigate the variability and
origin of the disc wind of this source.

The 0.6–10 keV EPIC pn lightcurves were highly variable
with two observations showing energy-dependent obscuration,
similar to the classical dipping sources.

The X-ray continua of the “least variable” intervals were
well fitted by a model consisting of a blackbody and disc-
blackbody component absorbed by neutral and ionised mate-
rial. We were able to substitute the blackbody or disc-blackbody
components by a non-thermal component such as a (cutoff)
power-law or a Comptonisation component without significantly
worsening the quality of the fit. However, we found a significant
change in the parameters of the broad emission line when these
non-thermal components were used (see Sects. 4.1 and 5.2).

Lin et al. (2007) showed that the commonly used models
for thermal emission plus Comptonisation were not favoured for
the “soft state” of two atoll sources because they failed to sat-
isfy various desirability criteria, such as the LX ∝ T4 evolu-
tion for the multi-colour disc blackbody component and sim-
ilarity to black holes for correlated timing/spectral behaviour.
Similarly, in a systematic analysis of 16 NS LMXBs observed

with XMM-Newton, Ng et al. (2010) found that a continuum
consisting of a disc blackbody and blackbody component was
favoured in 80% of the cases. In this model, the blackbody
component was interpreted as emission from a radiation pres-
sure supported boundary layer. The data analysed in this work
give further support to a continuum with two thermal compo-
nents. However, we note that because the XMM-Newton effec-
tive area is already very low at ∼10 keV, we cannot decide based
on this data whether an additional power-law component ex-
tending to high energies, like the one detected by INTEGRAL
up to ∼40 keV (Paizis et al. 2006), would be requested above
10 keV. If confirmed, a reprocessed component representing re-
flection by an ionised, optically thick atmosphere illuminated by
a power-law component (see Sect. 4.1.4) gives indirect evidence
of a power-law component that extends to high energies.

Ueda et al. (2004) used a blackbody and disc blackbody to fit
the 3–25 keV RXTE/PCA spectrum of GX 13+1 and obtained a
satisfactory fit, but the values for the temperatures of the disc and
blackbody components were significantly different from those
reported in Table 4. Taking into account the flux and the ionisa-
tion of the disc wind, the RXTE/PCA observation should be in a
similar state to obs 7. However, Ueda et al. (2004) report a tem-
perature of 1.52± 0.03 keV and of 2.56± 0.02 keV for the disc
and blackbody components, much higher than those found in
this work for obs 7. Clearly, the absolute parameters of the con-
tinuum should be taken with caution in fits with limited energy
band coverage.

5.1. Photoionised absorption

Absorption from highly ionised species was found in all
observations of GX 13+1 analysed in this work.

An absorption feature consistent with Fe xxvi was first dis-
covered by ASCA (Ueda et al. 2001). XMM-Newton obser-
vations in 2000 (obs 1–3) showed a complex of absorption
lines and edges consistent with absorption from Ca xx, Fe xxv
and Fe xxvi (Sidoli et al. 2002), similar to the complex found
in obs 4, 8, and 9. Ueda et al. (2004) found additional fea-
tures of S xvi, Si xiv, Mg xii, Mn xxv, Cr xxiv, and Ar xvii in
a later Chandra HETGS observation in 2004 and measured a
blueshift of ∼400 km and an ionisation parameter of log (ξ) ∼
4.1–4.7 for the plasma responsible for the absorption. A plasma
density >∼1013 cm−3 and a launching radius for the wind of
∼1010–1011 cm was inferred.

The depth of the absorption features in the XMM-Newton
2008 observations changed significantly on timescales of a few
days, and more subtle variations are seen on shorter timescales
of a few hours (Sidoli et al. 2002).

We found column densities for the absorber between 6 and
17×1022 cm−2 and ionisation parameters, log (ξ), between 4
and 4.4 erg cm s−1. Obs 4 shows a column density higher by
more than a factor of two with respect to the other observations,
which is poorly constrained. This, and the well-constrained ve-
locity indicate that the lines lie in the saturated region of the
curve of growth, where the EWs of the lines do not depend on the
column density anymore but increase with the velocity broaden-
ing. We observed a correlation between the ionisation parameter
and the turbulent velocity of the warm absorber (see Fig. 10).

We found blueshifts between ∼2100 and 3700 km s−1 for
obs 4–9. These blueshifts seem too large, compared to the shifts
of ∼400 km s−1 obtained by Ueda et al. (2004) for GX 13+1
and of ∼300–1600 km s−1 in microquasars (e.g. Kallman et al.
2009; Ueda et al. 2009; see however Miller et al. 2011 for a
recently reported blueshift of 3100± 400 km s−1 in a Chandra
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Fig. 10. Ionisation parameter of the warm absorber with respect to its
turbulent velocity.

HETGS observation of IGR J17480–2446). Unfortunately, we
did not detect any discrete absorption features from the warm
absorber in the RGS, which has a much better energy resolution
than EPIC. The lack of spectral features in the RGS wavelength
range is consistent with the high degree of ionisation of the ab-
sorber (see Sect. 4.2). Therefore, a more accurate measurement
of the blueshifts is not possible for these observations. However,
it seems plausible that the shifts detected with the pn camera
are overestimated compared to the real blueshifts because of
residual calibration uncertainties (see Sect. 4.1.1).

We can calculate the distance between the ionising source
and the slab, r. Since ξ = L/ne r2 and ne ∼ Nwarmabs

H /d (where
d represents the thickness of the slab of ionised absorbing ma-
terial), we can calculate r as (L/ξ Nwarmabs

H )(d/r). Considering
plausible values of d/r range between 0.1 and 1, we obtain val-
ues of r between 3 × 109 cm and 1 × 1011 cm. Furthermore,
assuming that the value of r probably does not change signif-
icantly between observations, we estimate r as 1–3× 1010 cm,
in excellent agreement with the value obtained by Ueda et al.
(2004) of 2× 1010 cm.

The characteristics of the wind allow us to distinguish among
the possible launching mechanisms, namely thermal, radiative,
magnetic, or a combination of them. Thermal driving is effective
at large distances from the central compact object, black hole
or NS, where the thermal velocity exceeds the local escape ve-
locity. Thermally driven models are consequently most effective
in producing slow winds at large radii. The distance at which
the wind is launched in GX 13+1, 1–3× 1010 cm, points to a
thermal origin, as discussed by Ueda et al. (2004). Moreover,
the fact that the only known NS LMXBs showing winds are
GX 13+1 (Ueda et al. 2004) and IGR J17480–2446 (Miller et al.
2011) is a logical consequence of the wind-launching mecha-
nism being thermal. Because X-rays heat low density gas to a
temperature T ∼ 107 K, the surface of a heated disc is ex-
pected to either puff up and form a static corona or emit a
thermal wind, depending on whether the thermal velocity ex-
ceeds the local escape velocity (Begelman et al. 1983; Woods
et al. 1996; Proga & Kallman 2002). Woods et al. (1996) esti-
mated that for a radius of ∼2.6× 1010 cm, an isothermal wind
would develop for luminosities above ∼3× 1037 erg s−1, while
such a wind would be inhibited by gravity at lower luminosi-
ties (see their Fig. 17). For larger radii, a steadily heated free
wind could develop already at luminosities below ∼3× 1037 erg
s−1. Proga & Kallman (2002) found that when they included
the radiation force from electron scattering, the radius at which
the maximum mass flux density occurred could be reduced by
a factor of 20 compared to the calculations of Woods et al.
(1996). Taking these values into account, the luminosity, and not

the radius, seems to be the critical parameter for the existence
of a wind in the classical dipping sources. Indeed, all dipping
sources that show ionised absorption for which no significant
blueshifts have been detected (Cottam et al. 2001; Sidoli et al.
2001; Juett & Chakrabarty 2006; Boirin et al. 2005; Iaria et al.
2007) have a luminosity below the one needed for the wind to
overcome gravity in these models (see Table 1 of Díaz Trigo
et al. 2006), with the possible exception of MXB 1658−298,
which has a luminosity close to the critical value. In contrast,
X 1624−490, GX 13+1 and IGR J17480–2446 have luminosi-
ties of 4.7× 1037, 6–9× 1037 and 3.7× 1037 erg s−1, respectively,
close to or above the critical luminosity. From these sources, two
clearly show outflowing winds (see above) and the third one,
X 1624−490, shows a significant blueshift of 607 +354

−342 km s−1 for
the most highly ionised absorbing component in the Chandra
HETGS observations (Xiang et al. 2009). In summary, a ther-
mal wind-launching mechanism can explain the appearance of
hot static atmospheres or slow disc winds in all high-inclination
NS LMXBs and its absence in low-inclination NS LMXBs. We
caution that Compton scattering in a hot atmosphere or disc
wind with column densities above 1022 cm−2 can significantly
reduce the flux of the central source seen by a distant observer.
Therefore, a potential higher luminosity than “observed” (be-
cause the luminosity of the system could be significantly un-
derestimated due to Compton scattering) and the radiation force
from electron scattering for a high column density of highly
ionised plasma, should be always considered before ruling out
the thermal wind-launching mechanism.

Finally, if the thermal wind-launching mechanism is in place
for all NS LMXBs, we expect that a disc wind will develop
for systems brighter than GX 13+1, known as Z-sources, since
their luminosity is well above the critical luminosity. Ueda
et al. (2004) estimated the mass outflow rate in GX 13+1 to
be >∼0.7–2.7× 1018 g s−1. They assumed that the plasma had
an equatorial geometry and was outflowing from both sides of
the disc to define a solid angle of Ω/4π= 0.4. In our obser-
vations, taking a similar solid angle into account, we calcu-
late outflow rates of 0.1–0.2× 1018 g s−1 for an outflow ve-
locity of 400 km s−1, as found by Ueda et al. (2004), and of
0.5–1 × 1018 g s−1 for an outflow velocity of 2000–3500 km s−1,
as found in these observations. This outflow rate is comparable
with the mass accretion rate of 1018 g s−1, as already pointed
out by Ueda et al. (2004), and implies that the disc wind might
play an important role in the whole dynamics of the accre-
tion disc for these bright sources. Proga & Kallman (2002) cal-
culated the mass-outflow rate for a NS accreting at a rate of
1.3× 1018 g/s and found mass-outflow rates between 3.9× 1015

and 0.65× 1018 g/s for different values of X-ray attenuation (see
their Table 1). Unfortunately, from their simulations we can-
not estimate the effect of increasing the mass accretion rate in
the mass-outflow rate for a given value of X-ray attenuation.
However, because for the same attenuation, an increase in accre-
tion rate results in an increase of column density of the ionised
plasma (see e.g. models L2 and H2 in their Table 1) the mass-
loss rate will probably be higher for sources with higher accre-
tion rate, since the radiation pressure from electron scattering
will also increase for these sources.

Although narrow absorption features are not detected in the
Z-sources, most likely because of a lower inclination or due to
fully ionised winds, if we consider other signatures of a disc
wind such as broad iron line emission (see Sect. 5.3) a study
of the strength of the wind in these sources may become pos-
sible and of utmost importance to evaluate the balance between
inflowing and outflowing matter in these systems.
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5.2. Broad iron line emission

We found a broad, σ ∼ 0.7–0.9 keV, emission line in all obser-
vations. The energy centroid varied between 6.55 and 6.7 keV,
consistent with emission of highly ionised species of iron
(Fe xxi–Fe xxv). The EW of the line increased from ∼100 eV
in obs 6 and 7 to ∼300 eV in obs 4.

The absolute breadth and EW of the lines was strongly de-
pendent on the continuum model. As an example, the EW of
the line in obs 6 increased from 91 +48

−23 to 201± 41 (348 +58
−16) eV

when we substituted the disc blackbody (blackbody) compo-
nent by a power-law component in Model 2 (see Sect. 4.1.3).
For this highly absorbed source we also found a dependency of
the breadth and EW of the line on the abundances used, which
caused a significant change in the continuum parameters, espe-
cially in the soft band. For obs 6, we obtained an EW of 91 +48

−23 eV
using solar abundances from Anders & Grevesse (1989) and of
129 +46

−21 eV with abundances from Wilms et al. (2000). In gen-
eral, continuum models that yielded a higher χ2

ν for the fit before
adding the line resulted in broader lines, because the Gaussian
component absorbed the deficiencies of the continuum model.
Hence, it is challenging to investigate the origin of the broad iron
line based on its absolute parameters. In contrast, we can exam-
ine the relative changes of the line among observations, since
any systematic effect caused by our choice of continuum, abun-
dances or spectral analysis should be the same for all observa-
tions. Furthermore, since we are comparing observations of one
source and taken with the same instrument, residual calibration
effects or properties of the source such as inclination should not
affect our conclusions.

The broad Fe lines in NS LMXBs have been extensively
studied (see White et al. 1986; Hirano et al. 1987; Asai et al.
2000; Ng et al. 2010, for systematic studies with different X-ray
observatories). In these systems, broad lines could arise in the
inner accretion disc by fluorescence following illumination by
an external source of X-rays (e.g. the boundary layer where the
accretion disc meets the star), and be broadened by relativistic
effects near the compact object (e.g. Reynolds & Nowak 2003;
Fabian & Miniutti 2005; Matt 2006). Alternatively, they could
originate in the inner part of the so-called accretion disc corona,
formed by evaporation of the outer layers of the disc illumi-
nated by the emission of the central object (e.g., White & Holt
1982; Kallman & White 1989) and be broadened predominantly
by Compton scattering (e.g. Pozdnyakov et al. 1979; Sunyaev
& Titarchuk 1980). A third possibility is that they originate in
a partially ionised wind as a result of illumination by the cen-
tral source continuum photons and are broadened by electron
downscattering in the wind environment (Laurent & Titarchuk
2007). The first interpretation differs from the other two in that
Compton scattering does not suffice to broaden the lines to the
observed values, hence relativistic broadening has to be invoked.
Therefore, to distinguish between the different interpretations it
is key to determine the characteristics of the plasma where the
lines originate, mainly its temperature and state of ionisation, by
comparison with detailed reflection models.

Recently, García & Kallman (2010) presented new models
for illuminated accretion discs and their structure, implement-
ing state-of-the-art atomic data for the isonuclear sequences of
iron and oxygen and increasing the energy, spatial and angu-
lar resolution compared to previous works. They found EWs
of the Fe K emission line between 400 and 800 eV for the
cases with log (ξ) between 1 and 3. The line EWs decreased
rapidly for higher values of ξ, with EW ∼ 40 eV for log (ξ)= 3.8.
The EWs of the lines found in this work range between ∼90

and ∼300 eV, indicating a plasma with log (ξ) between ∼3.7
and 36 (see also Fig. 2 of García et al. 2011), in broad agree-
ment with the values of log (ξ) ∼ 3.3–3.9 found for the reflec-
tion component used to model the emission line in Sect. 4.1.4.
For these values of the ionisation parameter García et al. (2011)
found that the most prominent lines had centroids between 6.65
and 6.74 keV, slightly higher than the values found in this work,
6.56–6.71 keV, but still consistent within the errors.

In summary, we found that the lines observed in this work
can be explained by ionised reflection of the disc. In this model,
the breadth of the lines results primarily from the Compton scat-
tering in the hot atmosphere or corona, and relativistic effects are
not required as a broadening mechanism.

However, the contemporaneous evolution of warm absorp-
tion and broad Fe line emission for the observations analysed
in this work indicates that they probably form in the same en-
vironment, namely the disc wind (see Sect. 5.3). As pointed
out by Sim et al. (2010a), if there is a disc wind we expect a
scattered/reprocessed component that is qualitatively similar to
that produced by standard disc reflection models. In particular,
a moderately strong Fe line is observed in both models. In con-
trast, it is difficult to justify the contemporaneous changes of the
broad iron line and the absorption features if the former is pro-
duced at the inner disc or the boundary layer, as expected in the
classical reflection scenarios, and the latter at the outer disc, as
shown in Sect. 5.1. We note that strong broad Fe lines were pre-
dicted for LMXBs, which had a wind with a Thomson scattering
optical depth close to unity far from the compact object, and
which is illuminated by a hard component (Laming & Titarchuk
2004). In that model, the optical depth in the Fe K continuum is
about 1–3 times higher than that due to electron scattering. The
wind found in obs 4, for which the Fe line is strongest, has a
column density of 2× 1023 cm−2, but this may be only a lower
limit to the real column density. The fact that the absorption lines
are saturated and that the absorption edges are not properly fit-
ted points to a failure of the warmabs model when the optically
thick limit is approached. Therefore the conditions necessary for
a wind origin of the broad line are most likely fulfilled.

Finally, while we cannot ascertain that a hard illumi-
nating component such as assumed by Laming & Titarchuk
(2004) is present in these data because the energy coverage of
XMM-Newton is limited, if there is no hard component, disc
reflection would not be an alternative mechanism, since strong
lines cannot be produced with a soft illuminating component
(see Fig. 3 of Ballantyne 2004).

Therefore, we favour reprocessing in a hot atmosphere or
disc wind as the origin for the broad Fe line in NS LMXBs and
justify this in detail in the next section.

5.3. A disc wind as a self-consistent scenario
for photoionised absorption and broad iron line emission

Neilsen & Lee (2009) reported a broad emission line in the faint,
hard states and narrow absorption lines in the bright, soft states
of the microquasar GRS 1915+105. Because the hard states ex-
hibit prominent radio jets, which are absent during the soft states,
Neilsen & Lee (2009) argued that the broad emission line arises
when the jet illuminates the inner accretion disc and the ab-
sorption lines originate when the powerful radiation field around

6 We note that these values of log (ξ) cannot be directly compared
with those of the warm absorber, since the models shown in García &
Kallman (2010) have an ionising continuum consisting of a power law
with index 2.
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Fig. 11. Upper panels: EW (upper-left) and width (upper-right) of the broad iron line with respect to the column density of the warm absorber.
Lower panels: EW (lower-left) and energy (lower-right) of the broad iron line with respect to the ionisation of the warm absorber.

the black hole drives a hot wind off the accretion disc. Because
GX 13+1 also shows jets, which are associated with hard states
(Grindlay & Seaquist 1986), we could expect a similar behaviour
regarding the appearance of broad emission lines and narrow
absorption lines as for GRS 1915+105.

In contrast, we observe contemporaneously broad emission
line and narrow absorption lines similarly to most of the classi-
cal dippers, and the emission line becomes stronger as the hard
flux decreases. Moreover, we find that the EW and the width
of the broad Fe line increase with the column density of the
absorber (see Fig. 11, upper panels), a decrease of the EW of
the broad line with the increase of the ionisation parameter of
the absorber (Fig. 11, lower-left panel) and a simultaneous in-
crease in the ionisation of the absorber and the energy centroid
of the broad line (Fig. 11, lower-right panel). We can naturally
explain all these correlations in the frame of a disc wind sce-
nario in which both the absorption and the emission are produced
in the wind (Laurent & Titarchuk 2007; Sim et al. 2010a). In
this scenario, we observe absorption features as we look through
the wind (predominantly in high-inclination sources), while the
radiation scattered in the outflow produces the broad iron line
emission and other distinct features such as a Compton hump,
which will be more or less visible depending on their contribu-
tion with respect to the incident radiation. Higher column den-
sities make scattered/reprocessed radiation more dominant and
consequently we observe a most prominent iron line whenever
the column density of the absorbing plasma is higher and the
ionisation lower. We refer to Sim et al. (2010a,b) for a detailed
explanation of the total spectra expected at different inclinations
and for different characteristics of the wind and summarise the
relevant results below.

At low, <∼45◦, inclinations the wind does not obscure
the X-ray source. However, a significant component of scat-
tered/reprocessed radiation in the outflow is present in addition

to the direct emission and responsible for the broad iron line
emission. The emission is predominantly formed by Fe xxv and
Fe xxvi, since the part of the wind seen at low inclinations is the
inner, highly ionised, surface of the outflow. Sim et al. (2010b)
report emission features that are moderately strong, ∼140 eV
in their example, and which are significantly broadened by the
Doppler motions of the material to a width of σ∼ 0.3 keV.
This is consistent with what Ng et al. (2010) report in a sys-
tematic study of low-inclination (non-dipping) NS LMXBs with
XMM-Newton. First, they report an emission line for 80% of the
sources, i.e. the line is almost ubiquitous. Second, they report a
weighted average energy for the sample of 6.67± 0.02 keV, con-
sistent with Fe xxv, and a width of σ= 0.33± 0.02 keV. Finally
they find EWs between 17 and 189 eV. Indeed, a qualitative com-
parison of Fig. 4 of Sim et al. (2010a) with Fig. 3 of Ng et al.
(2010) indicates that even the shape of the lines looks similar.
In particular, the line of 4U 1705-44 shown in Fig. 3 (third row,
third column) of Ng et al. (2010) is strikingly similar to that
shown in Fig. 4 (upper-left panel) of Sim et al. (2010a).

As the inclination increases to ∼60◦, the hottest and most
ionised layers of the outflow are first intercepted. At this inclina-
tion the material is almost fully ionised and the only important
opacity source is Compton scattering. Owing to the energy de-
pendence of the relativistic Klein-Nishina formula for Compton
scattering, the opacity will be lower and the spectrum will curve
upwards at high energies. Compared to lower inclinations, the
emission feature will be slightly broader because a higher col-
umn density and gradient in velocity fields will be traversed.
Sim et al. (2010b) report widths of around 0.35 keV and ap-
pearance of blueshifted Fe xxvi narrow absorption lines. At even
higher inclinations, the part of the wind seen by the observer is
less ionised and has a higher column density, and consequently
the absorption features of less ionised ions, such as Fe xxv, be-
come deeper. The direct component of the spectrum becomes

A50, page 15 of 17

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201219049&pdf_id=11


A&A 543, A50 (2012)

increasingly dominated by the scattered/reprocessed component,
resulting in prominent emission lines with EWs of up to 400 eV
(Sim et al. 2010b). This is consistent with the results of this work
and of previous works on classical dippers (i.e. high-inclination
sources), in which narrow absorption lines and broad iron lines
are observed simultaneously (e.g. Sidoli et al. 2001; Parmar et al.
2002; Boirin et al. 2005; Díaz Trigo et al. 2009). Boirin et al.
(2005) and Díaz Trigo et al. (2006) found that a highly ionised
absorption plasma is ubiquitous for these sources and inferred
that such an equatorial plasma must be present in all LMXBs.
Since the plasma will develop as a wind or not depending on the
size of the system and on its luminosity (see Sect. 5.1), in cases
where the thermal wind cannot develop due to the low luminos-
ity of the central source the scattering will be produced in the
hot, static, atmosphere that is revealed through absorption lines.

A caveat of the scenario outlined above may be the relevance
of radiation pressure in the disc wind. Sim et al. (2010a,b) con-
sidered parameters typical of AGN for the disc wind simulations,
for which radiation pressure and line-driving is considered to
be more important than for LMXBs (see e.g. Proga & Kallman
2002). For example, the inner launching radius is expected to be
smaller for AGN and the blueshifts of the absorption lines larger.
However, the high column density of the absorber in obs 4 in-
dicates that electron scattering and therefore radiation pressure
is non-negligible and that shielding could be even relevant for
some parts of the wind. An extrapolation of the region of emis-
sion line formation found by Sim et al. (2010b) of 4.7× 103 rg

to GX 13+1 yields a radius of ∼109 cm, very close to the es-
timated launching radius of the wind of ∼1010 cm. Therefore,
dedicated simulations for disc winds with parameters appropri-
ate to LMXBs are now of utmost importance to allow spectral
modelling and confirm this scenario.

5.4. Orbital period dependence of the wind

We found significant variability both within each observation
and among all observations analysed in this work. If the disc
wind scenario outlined in the previous section is correct, we can
naturally explain the spectral differences as different parts of the
wind being probed at different phases, i.e. changes in the col-
umn density and ionisation of the warm absorber/wind in the
line of sight and of the reprocessed component drive the spectral
variability among observations.

Corbet et al. (2010) reported a modulation of ∼24 d based
on RXTE/ASM data spanning 14.2 years. They also found that
the modulation is not constant. For example, their Fig. 6 indi-
cates that for some time intervals the dominant peak is ∼24 d,
but for others the peak lies below (third panel from the bottom)
or above (second panel from the bottom). The fact that a modu-
lation is observed in X-rays (Corbet et al. 2010) indicates most
likely a high inclination for the source. Although regular dip-
ping has not been reported for GX 13+1, this could be due to the
long orbital period of ∼24 d and the lack of a precise ephemeris.
While modulation in NIR can be explained e.g. by a modula-
tion of the companion (but note that Froning et al. (2008) at-
tribute 3/4 of the NIR flux to the disc), it is difficult to explain a
periodicity in X-rays without invoking structure in the accretion
disc or its atmosphere. Furthermore, the detection of intensity
drops of up to 80% in the light curves of GX 13+1, which are
energy-dependent, strongly resembles the so-called dipping be-
haviour of high-inclination sources (see e.g. Fig. 1 of Díaz Trigo
et al. 2006). Therefore, interpretations of the spectral/timing be-
haviour of the source in the context of Doppler boosting of a
jet pointing directly towards us (Schnerr et al. 2003) are very

unlikely in the light of the 2008 XMM-Newton observations.
Instead, we favour an inclination for the system of ∼60–80◦.

Corbet et al. (2010) concluded that the X-ray modulation
could be caused by dipping behaviour and that the structure
causing the modulation should not be phase-locked. In classical
dippers, the dips recur at the orbital period of the system and are
believed to be caused by periodic obscuration of a central X-ray
source by a structure located in the outer regions of a disc result-
ing from the impact of the accretion flow from the companion
star into the disc (White & Swank 1982). However, the struc-
ture is locked at phase ∼0.8 (considering phase 0 as the phase at
which the disc is eclipsed by the companion).

We therefore propose a warped, tilted and precessing disc
as the origin for the variability of the X-ray modulation. Díaz
Trigo et al. (2009) explained the appearance and disappearance
of dips in XB 1254−690 as well as the changes in the optical
emission by invoking a precessing warped disc, similar to the
one in Her X-1 (Gerend & Boynton 1976). A warped disc in
GX 13+1 together with a high inclination for the system would
explain both the detection of a modulation in X-rays and the fact
that the structure causing it is not phase-locked. Furthermore,
the warp would imply that the line of sight is slightly different
at different phases, explaining that we see different parts of the
wind along the orbital period. The warp could have been caused
by the disc wind, as in the case of Her X-1 (Schandl 1996) or
simply by a critical illumination of the disc (Foulkes et al. 2010).

6. Conclusions

We find that:

– the disc wind in GX 13+1 originates at large radii, ∼1010 cm,
and is consistent with being thermally driven, consistent with
work by Ueda et al. (2004);

– the broad iron line can be explained by reprocessed emis-
sion in a hot atmosphere, and Compton scattering is the main
source of its breadth;

– contemporaneous changes of the broad iron line and the
warm absorber point to an origin in the same disc wind. In
particular, the broad iron line is too strong to be reproduced
by reflection at the inner disc if we assume illumination from
the boundary layer and reprocessing in a hot atmosphere,
corona, or wind illuminated by a harder, power-law-like con-
tinuum is needed;

– strong energy-dependent obscuration, found for first time
in GX 13+1, and the absence of eclipses, combined with
the spectral type of the companion, indicate an inclination
of 60–80◦. The emission and absorption features expected
in the disc wind scenario for this inclination are consistent
with the observed ones. This gives additional support to this
scenario.
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