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1 INTRODUCTION

ABSTRACT

We analysed the X-ray spectra of six observations, simultaneously taken with XMM-Newton
and Rossi X-ray Timing Explorer (RXTE), of the neutron-star low-mass X-ray binary 4U
1636—53. The observations cover several states of the source, and therefore a large range of
inferred mass accretion rate. These six observations show a broad emission line in the spectrum
at around 6.5 keV, likely due to iron. We fitted this line with a set of phenomenological models
of a relativistically broadened line, plus a model that accounts for relativistically smeared and
ionized reflection from the accretion disc. The latter model includes the incident emission
from both the neutron-star surface or boundary layer and the corona that is responsible for
the high-energy emission in these systems. From the fits with the reflection model we found
that in four out of the six observations the main contribution to the reflected spectrum comes
from the neutron-star surface or boundary layer, whereas in the other two observations the
main contribution to the reflected spectrum comes from the corona. We found that the relative
contribution of these two components is not correlated to the state of the source. From
the phenomenological models, we found that the iron line profile is better described by a
symmetric, albeit broad, profile. The width of the line cannot be explained only by Compton
broadening, and we therefore explored the case of relativistic broadening. We further found
that the direct emission from the disc, boundary layer and corona generally evolved in a manner
consistent with the standard accretion disc model, with the disc and boundary layer becoming
hotter and the disc moving inwards as the source changed from the hard to the soft state. The
iron line, however, did not appear to follow the same trend.

Key words: accretion, accretion discs —stars: neutron — X-rays: individual: 4U 1636—53.

re-emitted, these photons produce a reflection spectrum consisting
of a continuum plus a complex line spectrum (see review by Fabian

The X-ray spectrum of low-mass X-ray binaries (LMXBs) shows
evidence of an accretion disc extending down close to the central
object (see e.g. review by Done, Gierlinski & Kubota 2007). The
disc is assumed to be optically thick and geometrically thin, and is
characterized by a thermal spectrum with typical temperatures of
0.2—-1 keV (Shakura & Sunyaev 1973). The thermal disc photons are
Compton up-scattered in a hot coronal gas surrounding the disc and
compact object, giving rise to the hard component usually seen in the
spectrum (e.g. Barret et al. 2000, and references therein). However,
a fraction of these Comptonized photons is backscattered, and they
irradiate the accretion disc. After being absorbed, reprocessed and
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& Ross 2010). Due to the high fluorescence yield and abundance,
an important feature of the reflection spectrum is the Fe Ko line
at ~6-7 keV. As a result of disc rotation and relativistic effects
near the compact object, the reflection spectrum is blurred, with the
Fe line being asymmetrically broadened (Fabian et al. 1989). As
the disc moves close to the central compact object, the relativistic
effects become stronger, and consequently, the red wing of the Fe
line — mainly set by the gravitational redshift at the inner edge of the
disc — extends to lower energies. Hence, modelling of the iron line
profile allows us to measure the size of the inner disc radius, which
determines other spectral and timing properties of the source (e.g.
disc temperature, characteristic frequency of the variability). If the
compact object is a black hole (BH), modelling of the Fe line profile
in the disc-dominated spectral state provides an estimate of the BH
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spin (see e.g. Miller 2007; Reynolds & Fabian 2008), assuming that
the disc is truncated at the innermost stable circular orbit (ISCO).
In case of a neutron star (NS), a measurement of the inner edge of
the disc sets directly an upper limit on the NS radius, as the inner
disc radius has to be larger than, or equal to, the equatorial radius of
the star (see e.g. Bhattacharyya & Strohmayer 2007; Cackett et al.
2008).

Since the first detection of a broad and asymmetric Fe emission
line in the Seyfert-1 galaxy MCG—6-30-15 (Tanaka et al. 1995),
many similar lines have been observed in BH systems, both in active
galactic nuclei (AGN) and in X-ray binaries (see reviews by Fabian
etal. 2000; Miller 2007). In all cases, the line appears to be produced
very close to the BH. Broad Fe lines are also detected in NS systems
although they are weaker than in BH systems. With instruments like
Chandra, XMM-Newton and Suzaku, relativistically broadened Fe
emission lines have been observed in many NS LMXBs (e.g. Piraino
et al. 2007; Cackett et al. 2008; Pandel, Kaaret & Corbel 2008; di
Salvo et al. 2009; Cackett et al. 2010; Egron et al. 2011; see also
Ng et al. 2010 for an almost complete list of NS LMXBs with Fe
lines detected with XMM-Newton).

Relativistically broadened Fe lines in NS spectra are usually
fit using a phenomenological model for either a Schwarzschild or
(maximum) Kerr metric, where the underlying continuum is mod-
elled with a variety of direct emission components (see e.g. Bhat-
tacharyya & Strohmayer 2007; Lin, Remillard & Homan 2007;
Cackett et al. 2008; Pandel et al. 2008). However, as the Fe emis-
sion line is a reflection signature, it should be accompanied with a
reflection continuum extending over a wide bandpass; at the same
time, the line and its reflection continuum should self-consistently
determine the ionization balance of the disc and include Compton
scattering (e.g. George & Fabian 1991; Ross & Fabian 1993; Ross,
Fabian & Young 1999). An inappropriate modelling of the under-
lying continuum, as well as not including any of these processes
in the analysis, could lead to incorrect results from the line mod-
elling. Therefore, a self-consistent ionized reflection model should
be used to study the continuum and Fe emission line in the spectra
of LMXBs. (Note that, depending on the quality of the data, reflec-
tion and phenomenological models could describe the data equally
well, even leading to reasonable results for the phenomenological
model; see e.g. Cackett et al. 2010.) Furthermore, the shape of the
reflection spectrum not only depends on the ionization state of the
surface layers of the disc, but also on the spectral shape of the emis-
sion illuminating the accretion disc. Comptonized emission from
the (disc) corona is the commonly assumed source of irradiation,
but in the case of an accreting NS, the emission from the NS sur-
face/boundary layer, can be as well irradiating the accretion disc.
Cackett et al. (2010) have studied a number of broad Fe emission
lines in NS LMXBs, where they used a blurred reflection model
in which the blackbody (BBODY) component — used to mimic the
emission from the boundary layer — was assumed to be the incident
emission. Cackett et al. (2010) found that this model fits the data
well in most cases, supporting the idea that the boundary layer is
indeed illuminating the disc (see also D’ Ai et al. 2010). In our anal-
ysis (below), we test whether a disc corona or boundary layer was
the most likely source of irradiation. We note that relativistic (plus
Compton) broadening is not the only physical explanation for the
width and the profile of iron lines in compact objects. For instance,
Titarchuk, Kazanas & Becker (2003) proposed that asymmetric line
profiles could originate from an optically thick flow launched from
the disc, which expands or contracts at relativistic speeds. We will
not explore this possibility in the paper, but refer the reader to the
discussion in Ng et al. (2010).
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We study the Fe emission line and the reflection spectrum in
six observations of the NS LMXB 4U 1636—53, taken with the
XMM-Newton and the Rossi X-ray Timing Explorer (RXTE) satel-
lites simultaneously. Besides the direct emission components, we
fit these data using both phenomenological models and a relativis-
tically smeared ionized reflection model in which we investigated
different sources of irradiation. In what follows, we first introduce
the source 4U 1636—53, focusing on quantities relevant for this
paper. In Section 2, we give details on the data used, and the pro-
cedure we followed to reduce them. In Section 3, we describe the
models, and explain the specific aspects of the spectral analysis.
Here, we also summarize the most important findings. We discuss
our results and their implication on the standard accretion disc
model in Section 4. There, we also address the impact of the NS
surface/boundary layer, on the reflection spectrum for the differ-
ent spectral states. Furthermore, in that section we also discuss the
results from the phenomenological line models. In Section 5, we
summarize our results.

1.1 4U 1636—53

Since its discovery in 1974 (Giacconi et al. 1974; Willmore et al.
1974), 4U 1636—53 has been observed over a wide range of wave-
lengths. Photometry of the optical counterpart (V801 Ara) revealed
a short orbital period of ~3.8 hr and a companion star with a mass
of ~0.4 M (van Paradijs et al. 1990; Giles et al. 2002). X-ray
studies of 4U 1636—53 have shown a variety of rapid time variabil-
ity, including (i) thermonuclear X-ray bursts (e.g. Hoffman, Lewin
& Doty 1977; Galloway et al. 2006; Zhang, Méndez & Altamirano
2011), confirming the presence of an NS as the compact object,
(ii) millisecond oscillations during the X-ray bursts, indicating a
spin frequency of ~581 Hz (Zhang et al. 1997; Giles et al. 2002;
Strohmayer & Markwardt 2002) and (iii) kHz quasi-periodic oscil-
lations (kHz QPOs, e.g. Wijnands et al. 1997; Belloni et al. 2007;
Altamirano et al. 2008; Sanna et al. 2012). From Eddington lim-
ited X-ray bursts, assuming an NS mass of 1.4 M) and a stellar
radius of 10 km, Galloway et al. (2006) estimated the distance to
4U 1636—53 to be 6.0 £ 0.5 kpc. Combining burst oscillations
with phase-resolved optical spectroscopy of 4U 1636—53, Casares
et al. (2006) estimated the mass function and mass ratio to be iM) =
0.76 +0.47 M, and g = 0.21-0.34, respectively, where g = M, /M,
with M, the mass of the donor and M, the mass of the NS. Casares
et al. (2006) also showed that for a 0.48 M, donor, the NS mass is
1.6-1.9 M and the inclination i > 60-71°. The latter result is in
conflict with the model of Frank, King & Lasota (1987) as the lack
of X-ray dips in the light curve of 4U 1636—53 sets an upper limit
on the inclination of i < 60°. However, in this model the derived
upper limit for the inclination depends on the location where the
dips are formed, and since the exact geometry is not known the min-
imum inclination to observe dips could be slightly larger. On the
other hand, the inclination could not be larger than ~75° since this
would probably cause eclipses, which are not seen in this source.
4U 1636—53 is a persistent X-ray source, although it shows
variations in intensity up to a factor of 10, following a narrow track
in the colour—colour diagram (CD) and hardness-intensity diagram
(HID; Belloni et al. 2007; Altamirano et al. 2008) with a ~40 d
cycle (Shih et al. 2005; Belloni et al. 2007). The transition through
the CD (or HID) is thought to be driven by changes in the mass
accretion rate. The two distinct spectral states (hard, at the top right
of the CD, and soft, at the bottom of the CD) are attributed to a
different accretion flow configuration. In the soft state, where the
X-ray intensity is high, the disc is hot and ionized, with an inner
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radius extending down to the ISCO (or down to the stellar surface
in case the ISCO is within the NS, see e.g. Done et al. 2007). As
the intensity gradually decreases, the mass accretion rate eventually
becomes too low to ionize the full accretion disc. The outer disc
regions cool down, the viscosity decreases, and the overall mass
accretion rate is reduced. Eventually, mass accretion rate at the
inner regions of the disc should decrease, leading to a receding
inner edge and the X-ray intensity reaches its minimum (Done et al.
2007). The inner regions are likely replaced by a hot corona, and
the spectrum hardens, which is the characteristic that defines the
hard state. In the mean time, the secondary keeps transferring mass
to the disc causing the density and temperature to increase, hence
enhancing the viscous stress, and the mass accretion rate increases
again. Eventually the disc gets ionized, the source rebrightens and
makes a transition to the soft state. Shih et al. (2005) have shown
that this re-brightening cycle for 4U 1636—53 of ~40 d is consistent
with the viscous time-scale in the outer disc.

High signal-to-noise and moderate-resolution spectra of 4U
1636—53 revealed broad, asymmetric Fe emission lines. Pandel
etal. (2008) analysed three XMM—Newton/RXTE observations, once
when the source was in the transitional state (between the hard and
the soft state), and twice when it was in the soft state. In all three
spectra, they found that the Fe line profile is consistent with a
relativistically broadened line coming from the inner disc, which
appeared to be at the ISCO for a non-rotating NS. This finding is
partly contested by Cackett et al. (2010) who fit the same spectra
with a blurred reflection model that includes effects like Compton
broadening and line emission from relevant elements. Cackett et al.
(2010) showed that fitting the spectrum with a self-consistent re-
flection model resulted in slightly larger values for the inner disc
radius than when the spectrum was fitted with the phenomenologi-
cal piskLINE model (Fabian et al. 1989) used by Pandel et al. (2008).
Nonetheless, both the results of Pandel et al. (2008) and Cackett
et al. (2010) are based on data which were not corrected for pileup
effects. As demonstrated by Ng et al. (2010), re-analyses of the same
XMM-Newton data considering pileup and background effects, sug-
gested a different iron line profile. Ng et al. (2010) found that the Fe
lines in the three spectra of 4U 1636—53 used by Pandel et al. (2008)
appeared to be symmetric and could be well fitted with a Gaussian
profile, although, due to the statistics, a relativistic origin of the line
could not be excluded. However, Ng et al. (2010) did not include
the simultaneous RXTE data in their fits, which can affect the Fe
emission line profile that strongly depends on the underlying con-
tinuum. Triggered by the debate about the Fe line in 4U 1636—53,
we obtained and analysed new XMM-Newton/RXTE observations
of 4U 1636—53, and re-analysed the previous XMM-Newton/RXTE
data of 4U 1636—53. We investigated and corrected for instrumental
effects, used a wide bandpass spectrum (0.8-120 keV), and fitted
the Fe emission line with the most commonly used phenomeno-
logical model and with a relativistically blurred ionized reflection
model which self-consistently includes Compton broadening. Ad-
ditionally, for the first time in Fe line studies, we investigated the
contribution of different sources of disc illumination that could pro-
duce the reflection spectrum, and their contribution in the different
spectral states.

All together, 4U 1636—53 is an interesting source exhibiting
several features that could be used to constrain key parameters
like the NS mass and radius, as well as to test the standard NS
accretion picture described by the CD. Comparing the properties of
the Fe line as a function of spectral state — or even more specifically
with the general properties of the spectrum like luminosity, BBODY
temperature of disc and boundary layer — may help us to constrain

the origin of the line emission region. Furthermore, kHz QPOs are
seen to vary in frequency depending on the spectral state of the
source (see e.g. Belloni et al. 2007; Altamirano et al. 2008; Sanna
et al. 2012). Therefore, connecting the position in the CD with
the Fe line properties and the kHz QPO frequencies, may help to
break the degeneracy in the models used to explain the spectral and
timing features in accreting NS systems. In this paper, however,
we focused on the spectral analysis and the Fe line properties as
this requires a careful investigation. In a companion paper (Sanna
etal., in preparation), we combine the results of the spectral analysis
presented in this paper with the timing analysis of the simultaneous
RXTE observations.

2 OBSERVATIONS AND DATA REDUCTION

4U 1636—53 has been observed with XMM—-Newton nine times in
the last decade (between 2000 and 2009). The first two observations
were taken with all CCD cameras operated in imaging mode and
were strongly affected by pileup. In the other seven observations,
of all the CCD cameras only the EPIC-pn (hereafter PN; Striider
et al. 2001) camera was on, operating in timing mode. In this mode,
one of the dimensions of the CCD is compressed into one single
row to increase the read out speed. In our spectral analysis, we only
used the XMM-Newton data taken with PN in timing mode. We
did not include the high-resolution data from the Reflection Grating
Spectrometer in the energy range 0.33-2.5 keV. We note that the
XMM-Newton observation taken on 2009 March 14 had a flaring
high-energy background during the full ~40 ks exposure, and we
therefore did not include this observation in our spectral analysis.

Since 1996 RXTE observed 4U 1636—53 more than a 1000 times;
from 2005 March the source was regularly observed for ~2 ks
every two days (for the first results of this monitoring campaign
see Belloni et al. 2007). For our spectral analysis, we only in-
cluded the ten RXTE observations that were taken simultane-
ously with XMM-Newton. In Table 1, we give an overview of
the observations, labelled in a chronological order. Using the
pointed RXTE/proportional counter array (PCA) observations of the
last ~5 years, in Fig. 1, we show the long-term light curve of 4U
1636—53 on which we marked the moments of the XMM—-Newton
observations used in this paper.

2.1 XMM-Newton data reduction

For the XMM-Newton data reduction, we used the tasks of the
Science Analysis System (sas) version 12.1, applying the latest cal-
ibration files (xmmsas_20120523). To generate the concatenated
and calibrated PN event files we used the meta-task epproc. We
corrected for rate-dependent charge transfer inefficiency effects us-
ing epfast, and we filtered out X-ray bursts, telemetry drops and
intervals of flaring high-energy background. For the latter, we ex-
cluded time-intervals in which the 10-12 keV count rate for single
events (PATTERN = 0) was larger than 1 cts s~'. We generated a time-
averaged source spectrum per observation, using single and double
events only (PATTERN < 4), excluding events at the edge of the CCD
and at the edge of a bad pixel (FLaG = 0), and using events within
a 17-column wide box, centred on the source position, for which
the central three columns were excised in order to correct for pileup
effects (removing ~70 per cent of the detected photons). We ex-
cised the central five columns for Obs. 2 and Obs. 3 (removing ~90
per cent of the detected photons; see Appendix A for details). We
generated the response matrices using the task rmfgen. Following
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Table 1. XMM-Newton/RXTE observations of 4U 1636—53 used in our analysis.

Observation Instrument Identification Number Start date Start time  Exposure (ks)*
Obs. 1 XMM-Newton 0303250201 2005-08-29  18:24:23 25.7
RXTE 91027-01-01-000 16:35:28 26.2 (PCA)
9.0 (HEXTE)
Obs. 2 XMM-Newton 0500350301 2007-09-28  15:44:56 14.3
RXTE 93091-01-01-000 14:47:28 26.9 (PCA)
8.8 (HEXTE)
Obs. 3 XMM-Newton 0500350401 2008-02-27  04:15:37 347
RXTE 93091-01-02-000 03:46:56 25.3 (PCA)
8.3 (HEXTE)
Obs. 4 XMM-Newton 0606070201 2009-03-25  22:59:30 23.8
RXTE 94310-01-02-03 23:00:32 1.9 (PCA)
RXTE 94310-01-02-04 2009-03-26  00:39:28 1.6 (PCA)
RXTE 94310-01-02-05 02:17:36 1.4 (PCA)
RXTE 94310-01-02-02 03:54:24 1.3 (PCA)
2.2 (HEXTE)*
Obs. 5 XMM-Newton 0606070301 2009-09-05  01:57:03 32.8
RXTE 94310-01-03-000 01:17:36 16.6 (PCA)
RXTE 94310-01-03-00 08:20:32 7.3 (PCA)
7.6 (HEXTE)*
Obs. 6 XMM-Newton 0606070401 2000-09-11  08:48:11 21.1
RXTE 94310-01-04-00 08:42:24 18.4 (PCA)

5.7 (HEXTE)*

*Final exposure time after excluding X-ray bursts, detector drops, and background flares; see Sections 2.1

and 2.2 for more details.

“Total exposure time of the combined HEXTE data; see Section 2.2 for more information.
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Figure 1. Long-term light curve of 4U 1636—53 based on pointed RXTE/PCA observations of the last ~5 years. The intensity is the 2-16 keV Crab normalized
PCA count rate (see Section 2.2.2). The numbered points mark the six XMM-Newton observations, with the numbers corresponding to the observations given

in Table 1.

the recommendations given in the sas user guide (Chapter 4.6.1)"
for piled-up observations in timing mode, we produced the ancillary
response files using the task arfgen. For PN timing mode obser-
vations, the point spread function (PSF) of the telescope extends
further than the CCD boundaries, and extracting the background
spectrum from the outer regions of the CCD leads to a spectrum
contaminated with source photons (see Ng et al. 2010; Hiemstra
et al. 2011, for a discussion on contaminated background spectra).
To model the background, we extracted a spectrum from the outer
region of the CCD (RAWX in 5-20) of a ‘blank field’ observa-
tion instead (see Ng et al. 2010; Hiemstra et al. 2011). Based on
similar sky coordinates and column density along the line of sight,
we used the timing mode observation of the BH GX 339—4 (Obs
0085680601), in which the source was not significantly detected,
as our ‘blank field’ for all six XMM—-Newton observations. Finally,
we rebinned the source spectra such that we oversampled the PN

"http://xmm.esac.esa.int

energy resolution by a factor of 3 ensuring that we have a minimum
of 25 counts per bin.

2.2 RXTE data reduction

2.2.1 Energy spectra

For the RXTE data reduction, we used the HEASOFT tools version
6.10, following the recipes in the RXTE cook book.? Applying the
standard screening criteria and excluding time-intervals of detector
drop-outs and X-ray bursts, we used the tool saextrct to extract the
PCA spectra from Standard-2 data, where we only included events
from the third proportional counter unit (PCU2) being this the best-
calibrated detector. We corrected for PCA deadtime, and applied a
0.6 per cent systematic error to the PCA data. The PCA background
was estimated with the tool pcabackest and the response files
were generated using pcarsp. After excluding detector drop-outs

2 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
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and X-ray bursts, we produced the High Energy X-ray Timing
Experiment (HEXTE) spectra for cluster-B events only, using the
script hxt1lcurv. With the tool hxtrsp, we generated the HEXTE
response files. No systematic errors were added to the HEXTE data.
For the observations starting on 2009 March 25 and September 5
(Obs. 4 and Obs. 5, respectively), RXTE did not cover the full
XMM-Newton observation but several shorter exposures were taken
instead. To speed up the fitting, we used the PCA spectrum with
the longest exposure, since all the spectra were consistent with each
other within errors. However, in order to improve the poor HEXTE
statistics we combined the individual HEXTE spectra with the tool
sumpha. Net exposures of the final used PCA and HEXTE data are
given in the last column in Table 1.

2.2.2 Intensity and colours of 4U 1636—53

We calculated X-ray colours and intensity of 4U 1636—53 using the
Standard-2 PCA data. The intensity represents the 2—16 keV count
rate, and soft and hard colours are defined as the count rate ratio in
the energy bands 3.5-6.0 keV/2.0-3.5 keV and 9.7-16.0 keV/6.0—
9.7 keV, respectively. To obtain the exact count rate in each of these
energy bands, we interpolated linearly in channel space. To correct
for the gain changes and differences in the effective area between the
PCUs, as well as to correct for the differences due to changes in the
channel-to-energy conversion of the PCUs as a function of time, we
normalized by the Crab nebula values obtained close in time to our
observations (for details see Kuulkers et al. 1994; Altamirano et al.
2008). We finally averaged the normalized colours and intensity per
PCU for the full observation using all available PCUs.

In Fig. 2, we show the HID and CD of 4U 1636—53, with each
point representing the average intensity, hard and soft colours per
observation for a total of 1281 observations, up to 2010 May. In
these diagrams, we also marked the position of the source at the
time of the XMM-Newton observations. Based on the position of
the source in both diagrams, we concluded that Obs. 1 and Obs.
6 were in the hard state, also referred to as the transitional state
(Lin et al. 2007), characterized by a relatively high hard colour
and low X-ray intensity. The positions of Obs. 2—5 were consistent
with the soft state (van der Klis 2006; Lin et al. 2007), where both
colours almost reach their minimum values and the X-ray intensity
is moderate. Following Lin et al. (2007), in the rest of this paper we

0.3 T T T T T
0.25 _
€ o2l -
e
P
‘D 0.15 -
c
[0]
S
0.1 + -
o503
o4 e2
L [ 15} _
0.05 Y
! ! ! ; !
0.6 0.7 0.8 0.9 1 11

Hard Colour (Crab)

refer to Obs. 1 and Obs. 6 as the transitional-state observations, and
we refer to Obs. 2-5 as the soft-state observations.

3 SPECTRAL ANALYSIS AND RESULTS

For the spectral fitting of the XMM-Newton/RXTE data of 4U
1636—53, we used xspec version 12.7.1 (Arnaud 1996). To study
the evolution of the Fe emission line and its underlying contin-
uum as a function of the spectral state, we fit each of the individual
observations with a set of phenomenological models and a relativis-
tically smeared reflection model in addition to the direct emission
components (see following sections for the model description). In
order to study the Fe line properly, we need to have a well-defined
continuum on both sides of the Fe bandpass. For that reason, we
fit the XMM-Newton/RXTE spectra in the 0.8—-120 keV bandpass,
with PN covering the 0.8-11 keV range (from channel 27 up to
channel 267, unless otherwise mentioned), PCA taken in the 10—
25 keV band (from channel 22 and 53), and HEXTE covering the
20-120 keV range (between channels 11 and 45). Spectral uncer-
tainties are given at 90 per cent confidence (Ayx? = 2.706 for a
single parameter).

In all our fits, we included a PHABS component to account for in-
terstellar absorption, using the abundances and photoelectric cross-
section of Wilms, Allen & McCray (2000) and Verner et al. (1996),
respectively. Additionally, to account for flux calibration dispari-
ties between the different instruments, we added a multiplicative
constant to the model.

3.1 Spectral model

3.1.1 Direct emission

Spectral modelling of accreting NSs has been, and still is, a contro-
versial matter. A variety of models have been proposed in the past
years. All models, however, include at least a soft/thermal and a
hard/Comptonized component that vary according with the source
state. The soft/thermal emission comes from the accretion disc and
from the NS surface, and are typically modelled with a multicolour
disc blackbody (piskBB) (Mitsuda et al. 1984) and a BBODY, re-
spectively. The hard/Comptonized emission is probably created by
the up-scattering of soft photons coming either from the accretion
disc, the NS surface or both simultaneously, in the hot electron gas
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Figure 2. Hardness-intensity diagram (leff) and colour—colour diagram (right) of 4U 1636—53. Each grey point represents the averaged Crab-normalized
colours and intensity per observation, for a total of 1281 observations (see the text in Section 2.2.2 for details). The numbered black points mark the position
of the six XMM-Newton observations, with the numbers corresponding to the observations given in Table 1.
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surrounding the central region of the system (usually referred as
corona). The hard emission is modelled with a power law with or
without cut-off at high energies, although thermal Comptonization
models are also widely used.

In this work, we used a multicolour piskBB to fit the thermal
emission from the accretion disc, which was required by the fits,
both in the soft and the transitional state. To model the thermal
emission from the NS surface, we used a single-temperature BBODY
(see Lin et al. 2007). For the hard emission, we used the thermally
Comptonized continuum model NTHcomp (Zdziarski, Johnson &
Magdziarz 1996; Zycki, Done & Smith 1999), which compared to
an exponentially cut-off power law describes more accurately the
high-energy shape and the low-energy rollover, with similar number
of parameters. This model allows us to select the spectral shape of
the source of seed photons between a (quasi-) BBODY and a DISKBB.
During the fitting process, we used either of the thermal compo-
nents as source of seed photons for NTHCcomP. Both options gave
statistically acceptable fits; however, when we linked the emission
from the NS surface/boundary layer to NTHCOMP the BBODY emission
itself turned out to be negligible. We therefore opted for the piSkBB
as the source of seed photons for the NTHCOMP component.

Additionally, the emission coming from the inner parts of the
accretion disc, close to the NS, may be modified by relativistic ef-
fects. For a rotating NS, these effects are similar as for a spinning
BH (Miller, Lamb & Cook 1998) and are approximately described
by a Kerr metric characterized by the dimensionless angular mo-
mentum, a, = c¢J/ (GM?). For the case of an NS, the metric also
depends on the internal structure of the NS, set by the equation of
state (EoS), which is unknown. However, the spin parameter for an
NS can be approximated as a, = 0.47/P (ms) (Braje, Romani &
Rauch 2000). For 4U 1636—53, with v = 581 Hz (Strohmayer &
Markwardt 2002), the spin parameter is ~0.27. This value is con-
sistent with what Miller et al. (1998) found where, for a 500 Hz
rotating NS, a given EoS, and an NS mass of 1.4 M, the spin pa-
rameter is ~0.23. Scaling this value up to a rotation of 581 Hz gives
a, >~ 0.27. To test whether the direct disc emission in the spectrum
of 4U 1636—53 is significantly affected by relativistic effects we
tried, instead of the piskBB, a multitemperature BBoDY model for a
thin, general relativistic accretion disc in a Kerr metric, which also
includes self-irradiation (KErRrBB; Li et al. 2005). However, using
the KERRBB, assuming a distance of 6.5 kpc, an NS mass of 1.4 Mg,
and a, = 0.27, did not significantly improve the fit. Moreover, the
uncertainty in the distance and the NS mass of 4U 1636—53, makes
the outcome of this model less reliable. Therefore, for the rest of
our analysis we only used the pIsKBB component to fit the direct disc
emission.

To summarize, we fitted both the soft and the transitional state
of the source with a multicolour DISKBB, plus a single-temperature
BBoDY and the thermally Comptonized component (NTHCOMP) with
the soft seed photons coming from the accretion disc.

3.1.2 Phenomenological and reflection models for the iron
emission line

Phenomenological models

After fitting the continuum we found several residuals in the whole
PN range, with the most prominent one in the energy range 4-9 keV
around the Fe line emission region. In order to fit these residuals, we
added a Gaussian emission line with the energy constrained between
6.4 and 6.97 keV (Fe K band), while the other parameters of the line
(normalization and width) were free to vary. In all six observations,
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the data were well fitted by this component; however, all the lines
were very broad, showing widths ranging from ~1.0 to ~1.4 keV
(see Table 6 for more details on the fit parameters). Triggered by
this and by previous results on the Fe emission line in 4U 1636—53
(Pandel et al. 2008; Cackett et al. 2010; Ng et al. 2010), we used a set
of phenomenological models describing relativistically broadened
lines. We selected three of the most commonly used models by the
community: DISKLINE, LAOR and KYRLINE.

DISKLINE i8 a relativistic model for a Schwarzschild metric, a, =0,
(Fabian et al. 1989), thought to be suitable for NS with dimension-
less angular parameter lower than 0.3 for which the metric should
only marginally deviate from Schwarzschild (see Miller et al. 1998,
for details on the subject). Note that the pISKLINE model does not
include light bending corrections.

LAOR is a relativistic line model which includes the effects of a
maximally rotating Kerr BH, a, = 0.998, (Laor 1991), including
light bending corrections. Although this model was meant for BHs,
it has been largely used to fit disc lines in the NS systems (see Bhat-
tacharyya & Strohmayer 2007, for comparison between DISKLINE
and LAoR in the NS LMXB Serpens X-1).

The KYRLINE component includes all relativistic effects for the
Kerr metric (Dov¢iak, Karas & Yaqoob 2004). Differently from the
previous two models, the metric changes with the spin parameter,
and can be adjusted for any value of a, between 0 and 0.998. The
line profile is calculated for emission from outside the ISCO only,
and includes the effects of limb darkening.

Reflection model

When X-rays irradiate an optically thick material such as the accre-
tion disc, they produce a reflection spectrum including fluorescence
lines, recombination and other emission (see e.g. Fabian et al. 1989;
Ross & Fabian 1993). When the illuminating flux is high enough
(possibly combined with the thermal BBoDY radiation intrinsic to the
accretion flow) the surface of the accretion disc is expected to be
ionized. The ionization state of the reflecting material determines
the shape of the reflection spectrum (e.g. Ross & Fabian 1993),
and thus it is important to solve for the thermal balance of the
disc. In most X-ray sources the incident emission for the reflection
spectrum is generally a hard power-law spectrum. However, in NS
systems, the emission coming from the NS surface/boundary layer
may contribute as well. As the shape of the reflection continuum
also depends on the incident emission, it is important to investi-
gate the different possible sources of irradiation. Several ionized
reflection models are publicly available within xspec, which self-
consistently compute the ionization and thermal balance according
to the radiation field. In our analysis, we used simultaneously two
different reflection models: REXCONV and BBREFL.

RFXCONV is an updated version of the code in Done & Gierliniski
(20006), using the Ross & Fabian (2005) reflection atables. This
model can be used with any input continuum and has therefore the
advantage of not having a fixed exponential cut-off in the illumi-
nating power law at 300 keV as in the model of Ross & Fabian
(2005). We decided not to reflect the BBODY emission with REXCONV
because this component calculates the ionization balance assuming
that the ionizing spectrum is a power law, and this is not appro-
priate for the case of the reflection of BBoDY emission off the disc.
Instead, we used BBREFL, which provides the reflection spectrum
from a constant density disc illuminated by a BBopy (Ballantyne
2004). Both components also include lines and edges of the most
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important elements and ions which are Compton and thermal broad-
ened depending on the ionization state of the reflecting material.

Since the reflection spectrum may be further smeared by relativis-
tic effects in the inner regions of the accretion disc, we convolved
the reflected emission with a Kerr-metric kernel which includes rel-
ativistic effects (KERRCONV; Brenneman & Reynolds 2006), where
we fixed the spin parameter to 0.27. In this work, we explored how
the corona and the boundary layer contributed individually to the
reflection spectrum. Details on the specific parameters and their
settings are given in Section 3.2, and the results are discussed in
Section 3.4.

3.1.3 Residual absorption and emission features

After fitting the spectra with the continuum model plus the rela-
tivistic Fe line profile, the XMM—Newton data still showed some
narrow residuals. especially at low energies. Besides the commonly
seen residuals at the instrumental Si-K and Au-M edges at ~1.8
and ~2.2 keV, respectively, there were a few other clear features ap-
parent in the residuals. All six observations showed absorption fea-
tures at ~0.9 keV, at ~1.5 keV and at ~ 9.2 keV. Taking into account
the moderate PN energy resolution (~70 eV at 1 keV), the ~0.9 keV
feature could be due to absorption by Ne 1x (0.905 keV) or Fe xviu
(0.873 keV), and may possibly be of astrophysical origin. The en-
ergy of the ~1.5keV feature is either consistent with the Fe xxi—xxiv
blend or with the Al-K edge. The effective area curves of the PN
show a strong Al-K edge at ~1.56 keV, which suggests that this
feature is likely an artefact of the PN calibration. The absorption
feature at ~9.2 keV is consistent with the Fe xxvi edge. The above
residuals contributed to an enhanced x2. To improve the fit, we
modelled these residuals with a Gaussian absorption or emission
component. Since the main focus of this paper is the spectrum at
energies near and above the energy of the Fe line, we do not discuss
these lines further. In Obs. 5, we further ignored 11 channels from
the PN data (spread between channels 50 and 148, corresponding to
the energy range ~1.3 to ~4.7 keV), that appeared in the spectrum
like very narrow absorption or emission features.

3.1.4 Fitting procedure

We started fitting the energy range 0.8-100 keV using PN (0.8-
10 keV), PCA (3-20 keV) and HEXTE (20-100 keV) data. From
the fits with the phenomenological model KYRLINE for the line (see
Section 3.1.1 for details about the model), we noticed a mismatch
between PN and PCA data between 4 and 8 keV. To investigate
the mismatch, we allowed the phenomenological model of the line
to vary between PN and PCA, and we found that, except for the
normalization (with the iron line being a factor of ~4 stronger in
the PN than in the PCA spectra), the parameters of the Fe line
were consistent within errors. By letting the line normalization free
between the two instruments the fit improved significantly. The
values of the normalization in PN and PCA were, in both cases,
significantly different from zero. We tested the fits excluding both
PCA and HEXTE data, and we fitted the model previously described
to the PN data only. We found that, for the observations in the
transitional state the line parameters do not change much between
PN and PN+PCA+HEXTE, except for the normalization of the
line and the inner radius of the disc that are marginally larger in
the case we used the three instruments. All continuum components
were statistically required to fit the PN-only spectrum. In the soft
spectra, all the line parameters were consistent within the errors with

being the same. In this case, the direct emission from the corona is
not statistically required by the fit. This is however understandable
given that the PN only extends up to 10 keV and the hard emission
is less important in the soft than in the transitional state.

Based on these comparisons, and to be able to properly con-
strain the underlying continuum and model the Fe line emission,
we proceeded further by including all three instruments in our fits,
excluding the PCA data below 10 keV, where we relied on the PN
data. We further modelled the residual absorption between 9 and
10 keV using an edge with energy free between 9.2 and 9.3 keV,
which could be due to Fe xxvi. The optical depth of the edge varied
between 0.05 and 0.1. Not adding the edge to the fits does not affect
the parameters of the line. The high level of ionization required to
create this feature contrasts with the Fe line energy values found
from the fits, suggesting that this absorption edge might be due to a
calibration mismatch between PN and PCA.

3.2 Parameter settings

3.2.1 Continuum

As we mentioned, we used the DISKBB, BBODY and NTHCOMP cCOmMpo-
nents to model the direct emission coming from the accretion disc,
boundary layer and corona, respectively. The parameters for these
components are the disc temperature at the inner edge, k7, the
temperature of NS surface, kTpp, and the Comptonization photon
index, the electron temperature (high-energy rollover), and the seed
photon temperature (low-energy rollover), I', kT, and kT gy, respec-
tively. Navb, Npp and Nyry are the normalization parameters for the
DISKBB, BBODY and NTHCOMP components, respectively. All the direct
emission parameters were free to vary (except kTg,, Which was set
equal to kT;, of piskBB), but were coupled between the different
instruments.

3.2.2 Phenomenological line models

The phenomenological line models are parametrized by the incli-
nation angle of the accretion disc, i, the rest energy of the line, Ej;pe,
the inner and outer edge of the disc, R;, and R,y the emissivity
index, B (KYRLINE has the option to allow the emissivity index to be
different in the inner and outer disc regions; here, we chose to have
adisc described by a single emissivity index), and the normalization
of the line, Nj;,e, in photons cm~2 s~!. We constrained Eji, to range
between 6.4 and 6.97 keV, and fixed the outer disc radius to be 1000
GM/c?. Using KYRLINE we fitted the data fixing a, to three different
values: 0, 0.27 and 0.998, and limited the inner radius to the ISCO
Ry, > 6,5.12,1.23 GM/c?, respectively.

3.2.3 Reflection model

The ionized reflection emission is characterized by three param-
eters: the scaling reflection factor, Qen, from RFXCONV (Qpen <
0 represents only the reflected component), BBREFL normalization
(flux per emitting area) and the ionization parameter, § = 47tF /ny,
with F the total illuminating flux, and ny the hydrogen number den-
sity. Under the assumption that the reflection region in the accretion
disc has a constant ionization parameter we coupled the ionization
parameter between RFXCONV and BBREFL.

The relativistic effects, determined by the metric and the disc
properties, were included using the KERRCONV component which is
parametrized by the spin parameter, a.., the disc inclination, 6, the
disc inner and outer radius, R;, and R,y (in units of the marginal
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Table 2. Best-fitting results for the reflection model.
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Component  Parameter Obs. 1 Obs. 2 Obs. 3 Obs. 4 Obs. 5 Obs. 6
PHABS Ny (10%) 0.40 + 0.01 0.37 £0.03 0.39 +0.02 0.31 +0.01 0.28 +0.02 0.37 £ 0.01
DISKBB KTin (keV) 0.19 £ 0.01 0.68 =+ 0.03 0.72 £ 0.01 0.70 + 0.03 0.80 £ 0.01 0.40 = 0.05

Navb 5026121876 87731 7473, 3512 12313 259 £ 78
Fq (10711 3.9%0%! 32,9720 351102 151793 37.2%3) 9.5%72
BBODY kTgp (keV) 1.40+0:02 1.95 + 0.02 1.871004 1741002 1.37+02 1.89 + 0.02
Ngg (1073) 09702 57404 2979 6.2703 3.0 31702
Fy (10711) 74553 481408 245784 52474 2131220 26.2+42
NtHCOMP T 1.94 +0.13 242102 2.46 4+ 0.19 2.90 4 0.04 2.0015.7 1.95+09%
KT, (keV) 17.9%31 9.5102 4.5%03 16.573%° 3.0103 164751
NNTH 0.211001 0.1215:0% 0.3610:08 0.31£0.02 0.15%001 0.18 £ 0.05
Fnri (1079) 1.8+04 0.9104 24753 1.8%02 0.8757 1.8702
KERRCONV  f8 2.8792 31103 41712 25+0.1 2.8792 4579
0 (deg) 83.1792 48.0133 85.510:6 70.3%93 87.1791 88.770 ¢
Rin (GM/c?) 12,6713 78130 154 +£2.7 56737 54£0.1 19.1778
RFXCONV  Qpef —-0.987093 —2.1192 0257053 - —0.9210-4 —1.29102
Fyx (10710) 2.11048 11.9£95 19714 - 0.8703 56134
BBREFL  disknorm (10724 1.5+0.1 - 0.013 £ 0.005 1727093 5791006 -
log & 1.007002, 375400 2.877018 1.21 +£0.01 1.0070 03, 2.49 £ 0.04
FpprerL (10710) 1.1+0.1 - 3.4124 26101 4.1.539 -
x2 /) 1.12/(313/278)  1.03(288/279)  1.03 (286/278)  1.08 (301/279)  1.07 (287/268)  1.14 (320/279)
Total flux (10~°) 1.9703 29411 3.0103 24£02 26503 27403
EW (keV) 0.2110:04 0.631047 0.4110:39 0.18+0:2 0361702 0.17 % 0.09

Notes. A * denotes that the error has reached the maximum or minimum allowed value of the parameter. Uncertainties are given at a 90 per cent
confidence level. Qe < O represents reflection only, where the actual reflection normalization is |Qren|. Nabb is defined as (Rin/ D1p)? cos 6, with

Rin in km, D the distance in 10 kpc, and 6 the inclination angle of the disc. Npp is L39/D%0, where L3g is the luminosity in units of 10% ergs

—1

NwrH is in units of photons keV~! em™2 s~! at 1 keV. All the flux values reported represent the unabsorbed flux in the energy range 0.5-130 keV,
all in erg cm~2 s~'. EW represents the equivalent width of the reflection component in the 4-9 keV energy range.

stable radius, Ry ), and the disc emissivity index, 8. The latter could
be different for the inner and outer disc, although we chose to have
a disc described by a single emissivity index. R;,, 6 and g were free
to vary, but we fixed R,y to its default value (400 R,,) and a, to
0.27 (see Section 3.1.1). Given this spin parameter, using equation
(3) in Miller et al. (1998), the ISCO is at ~5.12 gravitational radii,
R, (Ry = GM/c?, this is the first-order approximation valid for spin
frequencies below ~400 Hz). All free parameters in the relativisti-
cally smeared reflection model were coupled between the different
instruments.

The inclination in REXCONV is given as a cosine function and we
fixed cos 6 to a value consistent with the inclination angle in KER-
RCONV obtained from the initial fits of the relativistically smeared
reflection model. For all observations, this initial value for the in-
clination was in the range 63°-69°, which is quite high but still
consistent with the results of Casares et al. (2006). However, for
most of the observations (except Obs. 2 and 4) we found that the
best-fitting values for the inclination inferred from KERRCONV were
larger than 80°, which is too high as no eclipses have been seen in
this source. In Section 4.1, we examine this issue in more detail.
Besides the parameters we directly got from the blurred reflection
models, it is also common to provide the strength of the Fe line,
usually expressed in terms of its equivalent width (EW). However,
as the Fe line is part of the reflection spectrum, it is not possible
to separate the emission line from the underlying reflection contin-
uum. Therefore, we estimated the EW of the reflection continuum

in the region of the Fe line. As the line is broadened, we used the
4-9 keV range as our line region for all six observations. The EW is
defined as flux/contin; with flux being the (unabsorbed) 4-9 keV
flux of the reflection spectrum, and contin the average (unabsorbed)
4-9 keV flux density of the direct continuum. In Table 2, we give
the EW obtained in this way. However, we note that these values
probably overestimate the true EW of the Fe line since flux not only
includes the line photons but also the photons of the underlying
reflection continuum.

3.3 Sources of irradiation

To investigate how the boundary layer and the corona contributed
to the reflection spectrum in 4U 1636—53, we defined our model
as: PHABS'[DISKBB + BBODY + NTHCOMP + KERRCONV*(BBREFL +
REXCONV*NTHCOMP)] (hereafter, model 1), where both the BBoDY and
NTHCOMP components were reflected and relativistically smeared.
We found acceptable fits for the observations, with the reduced x>
ranging from 1.06 to 1.12 for 278 d.o.f. However, for some obser-
vations, we found that one of the two reflection components was
not contributing significantly to the total spectrum. We therefore
investigated the scenario where only one of the two incident com-
ponents, BBoDY or NTHCOMP (hereafter model 2 and 3, respectively),
contributed to the reflected emission.

In Table 3, we summarized the values of x? and number of de-
grees of freedom (d.o.f.) for the different fitting models applied. For
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Table 3. x> and number of degrees of freedom
for three different configurations for the incident
emission. BBREFL models a reflection spectrum
from a disc illuminated by a BBODY. REXCONV is
used to create reflection assuming NTHCOMP as inci-
dent spectrum. The third option includes both con-
tributions from BBopY and NTHCOMP direct emis-
sions. In grey, we highlighted the best-fitting mod-
els chosen for the analysis. See Section 3.2.3 for
more details.

Obs. BBREFL+RFXCONV BBREFL RFXCONV

1 313/278 326/279  334/279
2 286/278 286/279  288/279
3 285/278 326/279  298/279
4 301/278 3017279  327/279
5 287/268 302/269  308/269
6 290/278 290/279  320/279

three out of the six observations (Obs. 1, 3 and 5) the best fit was
obtained by including both reflection from the NS surface/boundary
layer and the corona (model 1). For Obs. 2 and 4, both model 1 and
2 showed the same x> with only 1 d.o.f. of difference. Q.5 in Obs.
2 and 4, was consistent with being zero, hence REXCONV*NTHCOMP in
model 1 was not required to model the data. For Obs. 4, we then de-
cided to use model 2. For Obs. 2, on the other hand, we finally opted
for model 3. Fitting results from model 2 showed that the direct
emission from the NS surface/boundary layer was consistent with
zero within errors. This would imply that the NS surface/boundary
layer, although not directly visible, still contributes to the reflection
spectrum. While this is in principle possible, it is more likely that
the model used to fit this spectrum has too many components, re-
sulting in an over-parametrization of the problem. Taking all this
into account, for Obs. 2, we discarded models 1 and 2, although
statistically preferred, and we selected model 3 instead. The case
of Obs. 6 was very similar to that of Obs. 2 (see 3). Also in this
case, fitting model 1 we found that only the BBREFL component was
significantly contributing to the reflected emission, while switch-
ing to model 2 the direct emission from the NS surface/boundary
layer was not significantly required. As for Obs. 2, we decided to
use model 3. In Fig. 3, we show the spectra and the individual
components of the best-fitting models for the transitional observa-
tions fitted with the reflection model. The top and bottom panels of
Fig. 3 show Obs. 1 and 6, respectively. As previously mentioned, in
Obs. 1 both the reflection from the NS surface/boundary layer (cyan-
dotted line) and corona (light grey triple-dot-dashed line) contribute
significantly, with the latter accounting for ~30 per cent of the re-
flection emission in the 4.0-9.0 keV range. On the other hand, in
Obs. 6 the NS surface contribution to the reflection spectrum is not
required.

In Fig. 4, we show spectra and individual components of the
best-fitting models for the soft-state observations (top left: Obs.
2, top right: Obs. 3, bottom left: Obs. 4 and bottom right: Obs.
5). Obs. 2 is the only soft-state observation where the reflected
spectrum is entirely described by reflection from the corona (light
grey triple-dot-dashed line). Obs. 3, as well as Obs. 5, show con-
tribution from both reflection components, with the corona (light
grey triple-dot-dashed line) contributing ~15 per cent and ~13 per
cent, respectively in the Fe line region. Finally, Obs. 4 is the only
soft-state observation where the corona does not contribute to the
reflected spectrum.

3 }‘ .\ }
i L

X i

o d i

Energy (keV)

Figure 3. The two transitional-state spectra (top: Obs. 1 and bottom: Obs.
6) of 4U 1636—53. Each plot shows the simultaneously fitted XMM—
Newton/RXTE spectra and unfolded model in the main panel, and the residu-
als in units of sigmas in the sub-panel. To account for the direct emission from
the accretion disc, NS surface/boundary layer and corona, this model con-
tains a pDISkBB (black/line), BBopY (blue/dashed) and NTHCOMP (black/dash—
dotted) component, respectively. The relativistically smeared reflected emis-
sion is due to two incident components: the NS surface/boundary layer
(cyan/dotted) and the corona (light grey/triple-dot-dashed).

3.4 Evolution of continuum parameters and line

3.4.1 Continuum parameters

The continuum parameters from the reflection and phenomenolog-
ical models are shown in Table 2 and Tables 4-5, respectively. In
order to study the evolution of the individual spectral components in
relation to the position of the source in the CD, we ordered the ob-
servations according to their colour—colour coordinate S,, which is
thought to be a function of the mass accretion rate (see e.g. Kuulkers
et al. 1994). The order of the six XMM—-Newton/RXTE observations
according with their S, value is: 1-6-2—-3-5-4. Applying this order,
in Fig. 5 we show how several of the spectral parameters changed
with the position in the CD, considering both the reflection model
and a simple relativistic emission model (KYRLINE with angular pa-
rameter fixed to 0.27). From the first panel of Fig. 5, we found that
the disc temperature increased as the source became brighter, con-
sistent with the standard accretion disc model (see e.g. Done et al.
2007, and reference therein). The disc flux (second panel) did not
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Figure 4. The four soft-state spectra (top left: Obs. 2, bottom left: Obs. 4, top right: Obs. 3 and bottom right: Obs. 5) of 4U 1636—53. Each plot shows the
simultaneously fitted XMM-Newton/RXTE spectra and unfolded model in the main panel, and the residuals in sigma units in the sub-panel. Lines and colours

are the same as in Fig. 3.

show a similar trend as the disc temperature, however it is apparent
that the flux is on average lower in the transitional state (Obs. 1 and
6) than in the soft state; although that is more evident when using
the phenomenological model (red stars), it can still be noticed for
the reflection model. From panels 3 and 4, we found that the flux
and temperature of the NS surface/boundary layer did not show any
clear trend with §, in the fits with the reflection model. Note, how-
ever, that the BBoDY flux in the phenomenological model showed a
clear increase between the two source states. The BBopy behaviour
across the CD does not seem to follow the standard scenario, for
which an increase in mass accretion rate should heat up the surface
of the NS. Panels 5-7 show the corona emission properties across
the CD. Both, photon index and flux of the component did not vary
systematically as the source moved from transitional to soft state.
Note, however, that I" from the reflection model in average is larger
in the soft state. On the other hand, the electron temperature (k7.)
of the scattering cloud clearly decreased as mass accretion rate in-
creased (with the exception of Obs. 4 in the reflection model). The
latter result is consistent with the scenario in which, as the source
moves from transitional to soft state, the accretion disc becomes
hotter emitting a larger number of soft photons that will cool down
the electrons in the corona.

3.4.2 Emission line: phenomenological models

The line parameters from the phenomenological models are given
in Table 6. In Fig. 6, we show three representative spectra and

individual components of a transitional-state observation (top: Obs.
1), and two soft-state observations (middle: Obs. 3 and bottom: Obs.
4) fitted with relativistic model KYRLINE with a, = 0.27.

The first thing to notice from the table is the fact that the Fe
line is very well modelled with a simple, symmetric, Gaussian pro-
file. Replacing the Gaussian profile with a relativistic line model
always lead to an increase of x> (with the exception of Obs. 4),
with a maximum A x? between the Gaussian and the other models
of ~32 (for 2 d.of. difference). The Gaussian component, how-
ever, showed always a very broad profile, with a line width be-
tween 1 and 1.4 keV that seemed to increase as the source went
from the transitional state to the soft state, with the exception of
Obs. 4 in which the width dropped to its lowest value of 1 keV.
In Obs. 1, 2, 5 and 6, all the model consistently showed an en-
ergy line at 6.4 keV that implies neutral or lowly ionized iron. In
Obs. 3, KYRLINE gave energy values of ~6.7 keV while the other
models place the line at ~6.4 keV. Finally, in Obs. 4 DISKLINE and
KYRLINE gave an energy value of ~6.4 keV, while GaussiaN and
LAOR gave values larger than 6.7 keV. The inclination was gener-
ally too high given that no dips or eclipses have been observed in
4U 1636—53. All the models showed inclinations larger than 70°,
with most of the values showing an upper confidence limit that
pegged at 90°. We further found that the emissivity index of the
disc was roughly the same for all observations for all the relativistic
models.

In Fig. 7, from top to bottom, we show the evolution of the
EW, inner radius and line flux across the CD for the different

GT0Z ‘/2 1udy o Leljfed 1p isIeAIN T /610°SeuIno piojxo seluw/:dny wolj papeojumoq


http://mnras.oxfordjournals.org/

1154

A. Sanna et al.

Table 4. Obs. 1-3 — Phenomenological models parameters: continuum components.

Obs. 1  Model comp  Parameter GAUSSIAN DISKLINE LAOR KYRLINE O KYRLINE 0.27 KYRLINE 1
PHABS N (102 cem™2)  0.42£0.08 0.3410:03 041701 0.4110% 0.4010%7 0471903
DISKBB KTin (keV) 0.197003 0.18 % 0.06 0.1710:5 0.1810:03 0.181003 0.2070:92

Navb 1664875508 11238138330 270867156 1738717159 18114123283 104981138
Fy (10711 Moy rarl ot nsh nody sy
BBODY kTgp (keV) 1.307003 1.567005 1567004 1.56 + 0.07 1.56 £ 0.07 1.56 + 0.08
Nag (1073) 09£02 133£02 1L1£02 1.1£02 1.1£0.1 1.1£0.1
Fy (10710) 08£02 1.240.1 09£02 09+02 0.9+0.1 09£02
NtHCOMP T 1.85 £ 0.02 1.84 £ 0.06 1.85 £0.01 1.85 £ 0.01 1.85 £ 0.01 1.86 +0.01
kTe (keV) 154113 152408 15.411 154708 153110 155112
Nt 0.19870:008 0.19370:008 0.20170:007 0.19970:004 0.19870:00% 0200 & 0.004
Fr (1079) 21401 2.0152 21401 2,072 2.0708 20407
x2 (x2/v) 1.08 (306/284)  1.18(333/282)  1.09 (307/282)  1.11 (312/282)  1.11 (312/282)  1.12(317/282)
— 0.3 0.2 0.3 0.2
Total flux (10~°%) 22703 22404 2.2707 2.2757 22707 22401

Obs.2  Model comp  Parameter GAUSSIAN DISKLINE LAOR KYRLINE O KYRLINE 0.27 KYRLINE 1
PHABS N (102 em™2) 030 £0.05 0.32 +0.02 0.31 +0.03 0.31 4 0.03 0.31 +0.03 0.321502
DISKBB KTin (keV) 0.65%003 0.67 + 0.02 0.65 + 0.04 0.68 % 0.04 0.67100% 0.6770:53

Navb 107732 188735 12773 159733 172+38 173738
Fa (1011 B3 eThE et erthS 6oty 614t
BBODY kTgp (keV) 1.76 £ 0.05 1.64 £ 0.03 1.75 £ 0.05 1.68 £ 0.05 1687004 1687003
Nap (1073) 3.879% 6.179% 44101 53£07 5,806 5.8106
Fy (10719) 3.2705% 5.1503 37402 45406 49405 49405
NtHCOMP T 2340.1 21753 23401 22402 22103 22103
kT (keV) 6.170% 54£02 6.2703 5.6704 5.6703 56702
N 020700 010l 02770 o292 o2t 021
Fxi (10°) 217553 L7503 20753 L7263 L7755 1763
x2 (x2/v) 1.05 (298/284)  1.07 (304/282)  1.06 (299/282) ~ 1.07 (301/282)  1.07 (303/282)  1.07 (302/282)
Total flux (10~7) 2.8103 2.8702 2.8103 2.8104 2.8104 2.8%03

Obs.3  Model comp  Parameter GAUSSIAN DISKLINE LAOR KYRLINE O KYRLINE 0.27 KYRLINE 1
PHABS N (102 em™2) 030 +0.01 0.3670:04 0.36 + 0.01 0.36 4 0.01 0.37 + 0.09 0.3670:92
DISKBB KTin (keV) 0.7910:02 0.73 £ 0.01 0.71 + 0.03 0.7310:03 0.73+0:03 0.73%003

Navb 16277° 23713 244 £ 51 24513 253 +38 24418
Fq (1079) 1.2+03 12£0.1 1.1+03 12102 13793 12404
BBODY kTgg (keV) 1.43%0:19 1.48 +0.03 1.33 £ 0.07 1.46+0:08 1.4610:03 1.4670:0
Nag (1073) 6.9+02 9.904 8.2793 9.879: 10.470] 10.310¢
Fy (10719 58417 8.3701 6,970 83704 8.8+08 8.7793
NtHcomp T 1.857003 1.827003 1.82700) 1.807049 17792 18792
kTe (keV) 33+0.1 3.4+0.1 32+0.1 33+0.1 33+0.1 33702
NtH 0.15 + 0.01 0.13+0:94 0.1510:93 0.13 +0.01 0.11 +0.01 0.11+0:04
Fnra (1079) 1.7+£02 1.5%03 1.6%03 15702 15704 13794
x2 (x2/v) 1.09 (306/281)  1.19(333/279)  1.12(314/279)  1.16 (325/279)  1.17 (326/279)  1.17 (328/279)
Total flux (107°) 34 40.5 35193 35703 35703 35403 35107

Notes. All uncertainties are given at 90 per cent confidence level. Ngpp, is defined as (Rin /Dlo)zcos 0, with Ry, in km, Djq the distance in 10 kpc and 6 the
inclination angle of the disc. Npg is L39/D120, where L3 is the luminosity in units of 103 erg s='. Nyry is in units of photons keV~! em=2 s~! at 1 keV.

All fluxes represent the unabsorbed 0.5-130 keV flux in units of erg cm

241

components used to model the Fe Ko line. Gaussian and LAOR
showed the largest EW, although with big errors. Within errors,
we found the values of the EW to be consistent between the dif-
ferent models, and not varying with the source state. In the middle

panel of Fig. 7, we show the inner radius in units of the gravitational
radius, R,. In the panel, we plot three radii representing the ISCO
for the Schwarzschild metric (6R,), the Kerr metric with a, = 0.27
(~5.1 R,) and the Kerr metric with a, = 1 (~1.2 R,). Interesting
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Table 5. Obs. 4-6 — Phenomenological models parameters: continuum components.

Obs.4  Model comp  PARAMETER GAUSSIAN DISKLINE LAOR KYRLINE O KYRLINE 0.27 KYRLINE 1
PHABS Ny (102 em™2) 030 +£0.01 0.30 £ 0.01 0.31£0.02 0.30 £ 0.03 0.30 £ 0.01 0.30 £ 0.01
DISKBB KTy (keV) 0.76 £ 0.03 0.77 £ 0.02 0.74 £ 0.02 0.78 £ 0.02 0.787004 0.78 £ 0.01

Navb 149711 1427 136719 15078 15378 151 £8
Fq (10719 34108 35798 27405 4.0708 41703 4.0+04
BBODY kTgg (keV) 1.67 £ 0.03 1731002 1.72 £ 0.04 1.70 + 0.02 1.70 + 0.02 171 £0.02
Ngg (1073) 8.67,¢ 93+13 7.8 £0.9 9.6+ 1.6 10.1£1.3 10.1733
Fy (10719 58704 62409 52705 6.4+ 1.1 6.8+£0.9 6.7757
ytHcowp T 1.9%03 20£02 2.1703 19704 1.84£03 1.8%03
KT, (keV) 3873 42£02 41402 40£02 3.9703 4.0%7
Nt 0.10 % 0.02 0.09 £ 0.01 0.147503 0.07 £ 0.01 0.06 & 0.01 0.06 + 0.02
Fxi (10710) 6.1777 50703 69773 43113 4253 42173
x2 (x2/v) 1.08 (304/281)  1.06 (297/279)  1.09 (304/279)  1.06 (295/279)  1.06 (296/279)  1.06 (296/279)
Total flux (10~%) 15792 1.579) 1.5+02 1.5+£02 1.5%02 15792

Obs.5  Model comp  Parameter GAUSSIAN DISKLINE LAOR KYRLINE O KYRLINE 0.27 KYRLINE 1
PHABS Ny (102 cm™2)  0.28 4 0.02 0.3015:9 0.2910:09 0.29 + 0.02 0.29 4 0.01 0.29 + 0.01
DISKBB KTin (keV) 0.75 + 0.04 0.75 + 0.01 0.73 + 0.02 0.79 + 0.02 0.79+0:01 0.79+0:03

Napp 71+ 14617, 12013 14671 154710 148111
Fq (10719 L5708 31403 6.1759 104715 10.1 £ 1.0 10.5753
BBODY kTgp (keV) 1.97 £0.13 1.68 £ 0.02 167709 1.63 £ 0.03 1.63 £0.02 1.64 £+ 0.03
Ngg (1073) 4.970¢ 6.7155 44+07 74+ 1.1 77+13 74749
Fy (10710 3.0704 4.510 37406 6.2+0.9 6.5+ 1.1 6.2%33
NtHCOMP T 24402 20+0.1 21401 1.9%0) 1.840.1 1.940.1
kTe (keV) 42709 3.6704 347108 3.5102 3440.1 35+0.1
Nnth 0.2910:04 0.18%003 0.23+0:01 0.12 +0.01 0.11+0:03 0.12 4 0.01
Fxti (107%) 11793 10402 197902 13503 13793 13402
x2 (x2/v) 1.12/(304272)  1.22(331/270)  1.15(310/270)  1.17 317/270)  1.18 (320/270)  1.21 (327/270)
Total flux (10~) 3.0103 3.0103 3.0793 3.0192 3.0103 3.0793

Obs. 6 Model comp  Parameter GAUSSIAN DISKLINE LAOR KYRLINE O KYRLINE 0.27 KYRLINE 1
PHABS Ny (102 cm™2) 0324 0.05 0.271003 0.3210:53 0.3170:03 0.3110:08 0.2970:08
DISKBB KTy (keV) 0.32£0.05 0417503 0.33700¢ 0.347008 0.3570:0¢8 0.37 £0.05

Navb 713155 3601187 6441433 611727 5811422 4661357
Fa (10°1) 094 15%5) 10%h LI LI 12739
BBODY kTpp (keV) 1.79 £ 0.13 173100 1.90 + 0.11 1.89 + 0.08 1.88 + 0.02 1.86 + 0.08
Ngg (1073) 1.7£03 2.5103 1.8£0.2 22+0.1 22402 22402
Fp (10719 14402 21753 15402 19402 19402 1.94+02
NtHCOMP [ 1.9+0.1 1.9+0.1 1.9+02 1.9 +£0.1 1.9 +0.1 1.9+0.1
4.2 5.0 4.2 4.5 3.8
KT, (keV) 15.715¢ 145+ 1.8 16.8139 16.8737 165753 162133
Nt 0.23 4 0.02 0.19 +0.01 0.23 £ 0.02 0.22 £ 0.02 0.2270:08 0.21 +£0.01
Fra (107°) 2.3+03 2.1+04 24108 23103 2.3403 2.3+04
x2 (x2/v) 0.93(259/278)  1.06 (291/276)  0.94 (260/276)  0.97 (268/276)  0.97 (268/276)  0.98 (270/276)
Total flux (10~%) 2.6%03 2.6704 26708 26703 2.6103 26702

Notes. All uncertainties are given at 90 per cent confidence level. Ngyp is defined as (Rin/D10)?cos 8, with Ry, in km, Dyq the distance in 10 kpc and 6 the
inclination angle of the disc. Npp is L39/ Dlzo, where L3g is the luminosity in units of 10% erg s~1. NnTq is in units of photons keV=!em=2 s ! at 1 keV.

2 —1

All fluxes represent the unabsorbed 0.5-130 keV flux in units of erg cm™ s
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lowest values of the radius. Although LaoR and KYRLINE with a, =
1 are based on the same Kerr-metric kernel, in four out of six ob-
servations both gave significantly different values of R;,. A similar
consideration is valid also for DISKLINE and KYRLINE with a, = 0.

to notice is that only in Obs. 1 all the phenomenological models
gave a consistent estimate of the inner radius of ~11 R,, while
for the other observations the different models showed significantly
different inner radii. Among the models, LaoR showed generally the
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Figure 5. Evolution of several spectral parameters as the source moves
through the CD. The observations are ordered according to their S, coor-
dinate. From top to bottom, the panels show respectively the evolution of
the piskBB temperature, the disc flux, the BBopY temperature, the BBopyY flux,
NTHCOMP photon index, NTHComP flux and NTHCOMP electron temperature. The
fluxes are unabsorbed in the 0.5-130 keV range in erg cm™2 s~ 1.
Overall, the inner radius did not vary much from Obs. 6 to Obs. 3,
and then significantly dropped in the last two observations.
Finally, the bottom panel of Fig. 7 shows the unabsorbed line
flux in the 0.5-130 keV energy range. The GaussiaN and LAOR com-
ponents showed the largest flux values in all observations. Further-
more, the flux values of both these line models increased from Obs.
6 to Obs. 3, and then decreased down to flux values comparable
to the transitional state ones. DISKLINE and KYRLINE showed a more
clear trend with Sz: the line fluxes increased from the transitional
state to the soft state with the only exception of Obs. 4 where the
flux dropped.

3.4.3 Emission line: phenomenological models versus reflection

As shown in Section 3.4.2, the iron emission line is well fitted by
a symmetric Gaussian profile, characterized however by a large
breadth. In order to explore the broadening mechanism that shapes
the reflection spectrum, we started by fitting the reflection spec-
trum without the KERrRCONV kernel that models the relativistic ef-

fects. The model therefore was (see Section 3.3) PHABS™(DISKBB +
BBODY + NTHCOMP + BBREFL + RFEXCONV*NTHCOMP). The only broad-
ening mechanism in this case is Compton broadening. We found
that in all the six observations the model did not fit well the data,
with x2 varying between 1.3 and 1.7 (with d.o.f. ranging from 271
to 282). From the residuals was clear a strong wiggled-like feature
in the energy range 5 to 8 keV, consistent with the unfitted iron
emission line. By adding the kERRCONV component all the fits im-
proved, as reported in Table 2. We found that the inner radii inferred
from the reflection model are consistent with the values from kyr-
LINE with a, = 0.27. Furthermore, the reflection model gave very
large inclination values, generally larger than 80°, consistent with
KYRLINE (with the only exception of Obs. 2 in which the reflection
model gave an inclination of ~50°). Finally, we noticed that the
EW in the 4-9 keV energy range from the reflection model was
consistent within errors with the EW from the relativistic model
KYRLINE.

4 DISCUSSION

We fitted the X-ray spectra of six simultaneous RXTE and XMM-
Newton observations of the NS LMXB 4U 1636—53. For the first
time, we used a reflection model in which simultaneously both
the NS surface/boundary layer and the corona were taken to be
the source of irradiation to investigate the relative reflection of
each of them. We further modelled the Fe emission line assuming
different line profiles, both symmetric (GAussiAN) and relativistically
broadened (DISKLINE, LAOR and KYRLINE).

We found that, both in the transitional state and the soft state, the
corona is the most prominent component in the broad-band spec-
trum. The emission from the NS surface/boundary layer is on aver-
age contributing an order of magnitude less than the corona to the
continuum emission. However, the relative contribution of the NS
surface/boundary layer increases going from the transitional to the
soft state. In four out of six observations (Obs. 1 in the transitional
state, and Obs. 3, 4 and 5 in the soft state) the NS surface/boundary
layer is the main source of disc irradiation, accounting for ~70 per
cent and ~80 per cent of the reflected spectrum in the Fe line re-
gion (based on the 4-9 keV unabsorbed flux) in the transitional and
soft state, respectively. The NS surface/boundary layer reflection
spectrum is even more predominant in Obs. 4, where the corona
does not contribute at all to the reflection. This may be due to the
NS surface/boundary layer being the main contributor to the reflec-
tion spectrum simply because it is closer to the inner edge of the
accretion disc where most of the disc emission generates. On the
other hand, it is also likely that part of the photons emitted by the
NS surface/boundary layer interact with the corona by means of
Compton scattering, as a consequence of that what we model as
direct emission from the NS is only an underestimation.

For the other two observations (Obs. 2 in the soft state, and
Obs. 6 in the transitional state), the reflection spectrum originates
entirely from the corona emission. Cackett et al. (2010) analysed
Obs. 1-3 using a blurred reflection model where only the NS sur-
face/boundary layer (fitted with a BBopY component) was assumed
to illuminate the disc. We found that the line properties inferred
from our fits with the reflection model are consistent within errors
with Cackett et al. (2010) findings. The only discrepancy between
the results is related to the logarithm of the ionization parameter for
Obs. 1, which we find to be ~1 while Cackett et al. (2010) find an
ionization parameter of ~2.5. It is not surprising, at least for Obs.
1 and 3, that our results matched Cackett et al. (2010) findings. As
mentioned above, in Obs. 1 and 3, the NS surface/boundary layer
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Table 6. Phenomenological model parameters: Fe line.
Model Eline (keV) o (keV) Incl (°) Rin/Rq B Norm (107%)  Flux (10°")  EW (keV)  x2%/d.o.f.
Gauss 6.4010:07 1.277019 - - - 4.2798 4.3108 0.57703  306/284
DISKLNE 6407002 - 90.019% 10672 —27+01  21+£02 22402 0287008 333/282
LAOR 6.447008 - 863701 108758 44700 2.5104 25104 0357098 307/282
Obs.1  kva,=0  64070% - 86.1107 108729 33%04 24403 2.5%03 0331009 31282
Kya, =027 640709 - 859107 106719 33702 24403 25704 033109 3121282
0.06 0.8 1.9 0.3 0.10
kya, =1  640700° - 85.1%0% 9.9%11] 3153 25+03 26+03 0347000 317/282
GAUsS 6.4010:07 1.3+0.1 - - - 76105 7.8+ 0.59704% 298284
DISKLINE  6.407007 - 72573 1073 27402 32405 33405 0251002 304282
LAOR 6.4010:24 - 868732 4.0%58 4.0%53 6.4+ 0.1 6.5+03 0337037 299/282
Obs.2  kva,=0 640792 - 88.0thlr  e3tll 3408 531909 53709 0421021 3017282
kya, =027 640700, - 839720 125737 3.0107 3.6729 37721 0287002 303282
Kya,=1 64070 - 83.0724 118732 2.9+03 3.6104 37108 0287000 302/282
GAUsS 6.40+0:06 1.4+0.1 - - - 117407 12.0 + 0.7 068703 306/281
DISKLINE  6.407003 - 90.0M00% 8497 27+08  46+04 4.9104 0277004 3331279
LAOR 6.4010:03 - 875753 23702 35+02 9.6103 10.179¢ 0.607035 3141279
Obs.3  kva, =0  6.677005 - 862708 13112 3.6703 44404 47704 0297003 325/279
KY a, =027 6.68 £ 0.07 - 86.1705  13.1713 3.5104 43404 4.6104 0287008 3261279
2.1 3.2 0.5 0.6 0.1 0.18
kya, =1  670£0.1 - 85.672¢  12.9%)7 34503 43754 4.6%7¢ 027% 00 3281279
GAUSS 6.867010F  1.0+02 - - - 29704 3170 0237030 304/281
0.05 4.6 2.8 1.0 1.0
DISKLINE 6.437003, - 734758 601y, —2.6+0.1 26404 28404 0.1940.10  297/279
LAOR 6.727043, - 88.171 % 28702 33709 35+0.1 38701 0287021 304279
Obs.4  kva, =0 643700, - 723%9% 6.0, 24703 24108 2.6 +0.6 0.187008  295/279
KY a, =027 6437007 - 721793 57720 24102 24108 25107 017109 296/279
kva, =1 6447007 - 743173 5314 247102 23708 25708 0177057 296/279
GAUSS 6411000 14+01 - - - 8.6718 8.8+ 8 059102 3041272
DISKLNE  6.407002 - 89.97%9% 65708 —2.6+0.1 3.8700 4.0%03 0.29+0.10  331/270
LAOR 6.4010:00 - 90.0~99* 2.0105 3440.1 6.1 +0.7 6.4 +0.7 0.447938 310/270
0.04 0.9 0.4 0.1 0.10
Obs.5  kva,=0 6407, - 874700 62705, 28402 4605 4.7 0.32704 317/270
kya, =027 640700 - 86.7+1.5 59108 27102 4.5%08 46+0.6 031011 3207270
Kya,=1 6407003 - 89.0119  26+£01 24402 54406 55402 0351013 3277270
Gauss 6.4010:03 12+0.1 - - - 40+ 1.0 41199 0417030 259278
DISKLINE  6.40102 - 90.0M0%  8.0%53.  —25+0.1 24103 25703 025+£0.09 2917276
LAOR 6.401007 - 864703 62+19  38%3 37£06 3.7£06 0397017 260276
Obs.6  kva,=0 640709 - 86.807 122717 33%9¢ 26193 26194 02775% 2681276
0.07 0.7 1.7 0.6 0.08
Kya, =027 640700 - 86.5Ty9 122957 3.3%50% 25+03 26+03 0267008 268/276
Kya,=1 640700 - 858700 121139 31403 25403 25403 0251098 2701276

Notes. A * means that the error was pegged at the hard limit of the parameter range. All uncertainties are given at 90 per cent confidence level. 8 represents

the power-law dependence of the disc emissivity. The normalization of all the models is the line flux in photons cm~2 s~ 1. Line flux represents the unabsorbed
0.5-130 keV flux in units of erg cm~2 s~ . Inner radius is in units of gravitational radius Rg = (GM /c?).

is the predominant source of disc irradiation in the Fe line region,
accounting for 70 per cent and 85 per cent of the reflected spec-
trum, respectively. On the other hand, it is interesting to mention
that although in Obs. 2 we modelled the reflection spectrum assum-
ing the corona as source of irradiation, the line parameters are still
consistent with those of Cackett et al. (2010).

‘We modelled the Fe emission line assuming different line profiles,
both symmetric (GaussiaN) and relativistically broadened (DISKLINE,
LAOR and KYRLINE). We found that all the models fit reasonably well
the data (see Table 6 for all the fitting parameters). The GaussiaN

profile seemed to fit the line better, which suggests a symmetric
profile for the Fe emission line. This result agrees with Ng et al.
(2010), that found the lines from Obs. 1-3 to be symmetric, and that
the Gaussian and the relativistic profile Laor could fit equally well
the line. Ng et al. (2010) suggested that, contrary to previous claims,
the width of the line can be explained by mechanisms other than
relativistic effects, such as Compton broadening. Kallman & White
(1989) showed that iron lines generated in the accretion disc corona
(ADC) are characterized by a symmetric profile due to blending,
Compton scattering and rotation. Kallman & White (1989) further
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Figure 6. Transitional-state spectrum (top: Obs. 1) and two soft-state spec-
tra (middle: Obs. 3 and bottom: Obs. 4) of 4U 1636—53. Each plot shows
the simultaneously fitted XMM-Newton/RXTE spectra and unfolded model
in the main panel, and the residuals in sigma units in the sub-panel. The
continuum emission components are represented as in Fig. 3. The relativis-
tically smeared Fe emission line is fitted with the phenomenological model
KYRLINE with spin parameter a, = 0.27 (violet/triple-dot-dashed).

estimated that Fe lines generated in the ADC could show EW values
up to 100 eV assuming standard parameters. From the fits with the
caussiaN model we found EW values between ~300 and ~700 eV,
which are significantly larger than Kallman & White (1989)
estimates. This indicates that Compton scattering alone cannot ex-
plain the EW from the caussian model. This is also confirmed by the
reflection model; we find that excluding the convolution component
KERRCONV, the reflection model fails to fit the Fe line in the spectrum.
For completeness, we should mention that the EWs reported by Ng
et al. (2010) are significantly lower (between ~30 and ~200 eV)
than the ones we report here, and that Ng et al. (2010) raised doubts
on the Fe line with the largest EW (Obs. 1) being realistic. The
fact that we use a wide bandpass energy spectrum (0.8-120 keV) to
constrain the direct emission explains the differences between our
results and those of Ng et al. (2010). That said, our results suggest
that even though the Fe emission line profile is compatible with be-
ing symmetric, the broad profile requires a broadening mechanism
other than Compton broadening, and therefore the relativistically
broadened interpretation is still compatible with the data.

The inner disc radii measured from the relativistic models range
between 2 and 13 R,. We noticed some differences between models
based on different space—time metrics. LAOR (for maximally rotating
BHs) systematically showed the lowest values of R;,, in the range
2-6 R, (with the exception of Obs. 1 where all the models measured
Riy ~ 11 Ry). DISKLINE, based on a Schwarzschild metric, showed
R;, between 6 and 11 R,, with one observation pegging to the lowest
value. Between the two models, LAOR fits the data statistically better
in most of the observations. Note, however, that for rotating NS
with a, < 0.3 the metric is expected not to deviate much from
Schwarzschild metric (see Miller et al. 1998, for more details),
which is probably the reason why LAOR underestimated the inner
disc radius. Cackett et al. (2010) fitted the emission line profile on
Obs. 1-3 using the pisKLINE model. It is interesting to notice that the
measurement for the inner radius and the EW from Cackett et al.
(2010) are lower than what we reported here. On the other hand, line
energy and emission index are consistent with being the same. The
fact that Cackett et al. (2010) did not apply corrections for pileup
effects and that only used the XMM-Newton data to fit the Fe line,
may be the reasons of these discrepancies with our results.

Finally, we modelled the Fe line profile with KYRLINE that allows
us to set the spin parameter between 0 (equivalent to a Schwarzschild
metric) and 1 (maximally rotating Kerr BH). We tested three dif-
ferent spin parameter values, a, = 0, 0.27 and 1 (see Section 3.1.1
for details). With these models, we measured values of the inner
disc radius mostly between 5 and 13 R, (with the only exception
of Obs. 5 where for KYRLINE with a, = 1 we found the radius to be
at ~2.5 R,). We found consistent measurements of the inner radius
for all three spin parameters, with only two exception in Obs. 2 and
5, where one of the models significantly deviated from the other
two (see Table 6). It is interesting to mention that KYRLINE with
a, = 1 and LAOR, that are based on the same Kerr metric showed in
general significantly different values for the Fe line parameters (see
Svoboda et al. 2009, for a detail comparison between the models).
Very similar to that, also for KYRLINE with a, = 0 and DISKLINE we
noticed discrepancies in the modelling of the line profile, although
less significant.

None of the line parameters from the relativistic models show
a clear trend with the source state. However, the inner radius of
the disc appears to significantly change for two of the soft-state
observations (Obs. 4 and 5), the two with the largest S, values.
The line flux increased going from the transitional state to the soft
state. The inner radius inferred from the reflection model, which is
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Figure 7. Evolution of the Fe emission parameters of different line models as the source moves through the CD. The observations are ordered according to
their S, coordinate. From top to bottom, the panels show respectively the evolution of the EW, the inner radius in units of the gravitational radius, Ry = GM / 2,
and the line unabsorbed flux in units of 107! erg cm~2 s~!. The Dashed, dash—dotted, and dot—dot-dashed lines (middle panel) represent the 6, 5.1 and 1.2

Ry radii, respectively.

consistent with R;, from KYRLINE with a, = 0.27, did not show any
clear correlation with the source state.

Our findings, both from reflection and phenomenological mod-
els, suggest that at least for 4U 1636—53 the properties of the Fe
emission line, assuming the line profile is broadened by relativis-
tic effects, are not consistent with the scenario in which the inner
truncation radius of the accretion disc changes with the source state.

4.1 Caveats of the analysis

In all cases, the model we used to fit the six XMM-Newton/RXTE
observations of 4U 1636—53, including relativistically smeared
ionized reflection, described the data well, although there are a
few caveats. First, we generally found ionization parameter values
consistent with the presence of moderately or highly ionized Fe
(log & between 1.2 and 3): however, the line energy values from the
phenomenological models were mostly at 6.4 keV consistent with
neutral Fe. This has also been observed by Cackett et al. (2010)
between the reflection model and piskLINE. The combination of the
thermal emission from the disc and the incident emission are con-
sistent with ionization parameters we found, raising then doubts on
the reliability of the line energy values from the phenomenological
models. However, we should keep in mind that with phenomenolog-
ical models we oversimplify the reflection spectrum between 4 and
9 keV by only fitting an emission line while in reality the spectrum
is a superposition of a continuum plus a line spectrum.

Secondly, from all our fits to 4U 1636—53, we found a high
disc inclination, which is at odds with the fact that no eclipses

are detected in this source. From previous analyses of the first
three observations in our sample, Pandel et al. (2008) and Cackett
etal. (2010) also reported similar inclinations, always with an upper
confidence limit pegged at 90°. The high inclination in the analysis
of Pandel et al. (2008) and Cackett et al. (2010) may be partly due to
pileup effects, as pileup hardens the spectrum and possibly extends
the blue wing of the Fe line. Pandel et al. (2008) also suggested that
the broad line could be due to line blending of different ionization
stages of Fe. When they fit the Fe line with a multiple line model,
they found the inclination to be slightly lower (>64°), although it
was still consistent with 90°. Nevertheless, even with a conservative
pileup correction, and fitting a model that self-consistently includes
line blending effects and Compton broadening (the latter was not
included in the model used by Pandel et al. 2008), we still found
very high inclination values. Although fits to PN timing mode data
of other NS LMXBs have revealed well constrained and much lower
inclination angles (see e.g. D’ Al et al. 2009; Iaria et al. 2009; Egron
et al. 2013), it is possible that the PN timing mode data we have
used here are still affected by calibration issues. It would be useful
to perform a spectral analysis similar to the one presented in this
work, but applying it to data taken in different data modes or with
other X-ray missions.

5 SUMMARY

We analysed six XMM-Newton/RXTE observations of the NS
LMXB 4U 1636—53; in two of the observations the source was
in the transitional state, and in the other four the source was in
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the soft state. We used a relativistically smeared ionized reflection
model to study the Fe emission line apparent in all six spectra,
which we used to investigate the relative contribution of the corona
and the NS surface/boundary layer to the reflection continuum. We
found that the NS surface/boundary is the main source of irradiation
in the Fe line region in four out six observations, both in the tran-
sitional (also known as island state) and soft state. In the other two
observations (one in the transitional and the other in the soft state),
the whole reflected spectrum is due to the corona illuminating the
accretion disc.

We also fitted the Fe emission line with a set of phenomenological
models including symmetric as well as relativistically broadened
profiles. We found that, although the relativistic line models fitted
well the data, the symmetric GaussiaN profile gave the best fit in
statistical terms. The best-fitting Gaussian line was, however, in
all cases very broad. Our results suggested that such a broad line
profile is unlikely to be produced by Compton broadening, and
that relativistic broadening may still be necessary. We found that
relativistic models did not consistently modelled the Fe line; this
is especially true for the Laor model. Values of the inner radius
estimated from the reflection models are consistent with the results
from KYRLINE with a, = 0.27. However, the reflection model did
not help solving the issue of the too high inclination values derived
from the Fe line profile.

Finally, we also explored the variation of the direct continuum
emission and the properties of the Fe line as a function of the
source state. According to the standard accretion disc model, as
mass accretion rate increases the disc moves inwards. We found
that the continuum emission overall matched consistently with that
picture, however the inner disc radius inferred from the Fe line did
not show any significant correlation with the source state.
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Figure Al. Data/model ratios in the 3-9 keV energy range, for different
extraction regions used to generate the PN spectra for Obs. 2. Different
colour points represent data from different extraction regions, while coloured
solid lines represent the best-fitting line profiles. We simultaneously fitted
six PN spectra, including also the simultaneous PCA and HEXTE data. We
modelled the Fe emission line using the relativistic line model KYRLINE with
a, = 0.27. The residuals are represented after setting the line normalization
to 0.

APPENDIX A: PILEUP CORRECTION
FOR PN DATA

As reported by, e.g. Ng et al. (2010), data can suffer from pileup
even when the average PN count rate is below the critical pileup
level reported by the XMM-Newton user handbook (800 cts s~!).
Triggered by that we inspected the data set for pileup effects. In
addition to the spectra created for the full 17-column wide box
centred on the source position, we extracted spectra selecting the
same events as before but now excising the central, 1, 3, 5 and 7
columns, respectively. We then used the task epatplot to determine
whether each of these spectra have significant pileup. For Obs. 1
(with a count rate of ~250 cts s~!), we found that excising only
the single central column was sufficient to significantly reduce the
pileup. For the other five (>300 cts s~!) observations, we had to
excise the three central columns to correct for pileup. Unfortunately,
the task epatplot does not provide a quantitative measure of how
pileup affects the spectrum, nor whether the Fe emission line suffers
from that. To investigate the effect of pileup on the Fe emission line,
we fitted the spectra of all data sets, including the simultaneous
PCA and HEXTE data, using a phenomenological model for the Fe
line (for practical reasons we will only discuss results about Obs.
2, that represents the soft state). We fitted simultaneously all the
spectra previously used for the epatplot investigation, where we
excised 0, 1, 3, 5 and 7 columns. We left the continuum spectral
shape parameters (see Section 3.1.1 for details on the model) free to
vary, but we linked them across different spectra, we also included
the simultaneous PCA and HEXTE data. By doing that we forced
the continuum emission to maintain the same spectral shape. We
only left the normalization of all the continuum components free to
vary in all the spectra. We modelled the Fe emission line with the
relativistic model KYRLINE assuming a, = 0.27. The line parameters
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were free in all spectra. The main assumption here is that if the
data are not affected by pileup, the continuum spectral shape will
not vary while excising central columns from the PSF. This, in
principle, should also apply to the Fe line profile. In Fig. Al, we
show the data/model ratio in the energy range 3-9 keV, after setting
the normalization of the iron line to 0. Different colour represent
different excising regions, going from none (black points) to seven
column excised (light-blue points), and solid lines represent the
best-fitting Fe line profile. From Fig. A1, we notice that the line
profile significantly changes with the number of excised columns.
More specifically, we find that the line energy quickly drops from
6.97 to 6.4 keV as the number of columns excised goes from 0 to
3. On the other hand, excising five and seven columns still gives
line energies around 6.4 keV. The inner radius shows a similar
behaviour, as we can notice from the line profile. Fig. Al shows
that pileup strongly affects the Fe line. From these tests, we decided
for this specific observation to correct for pileup by excising five
central columns of the PSF. Summarizing, based on the epatplot
task and this test, we decided to excise three central columns for
Obs. 1, Obs. 4-6, and we excised five columns for Obs. 2 and Obs.
3. Our extraction regions for Obs. 1-3 are more conservative in
comparison with the regions used in previous analysis of the same
data (see Ng et al. 2010).

To further investigate whether pileup affected our data, we fitted
the full spectra (no columns excised) and the spectra where we ex-
cised a number of the central columns, leaving all fitting parameters
of the model (the same model used for the previous test) free to vary.
We found that in all six observations the best-fitting parameters of
some of the spectral components, including the iron line, changed
significantly as we excised more and more central columns of the
PSF, up to a point in which the changes were no longer significant
when we continued excising columns. As an example, for Obs. 2,
we found that the BBODY emission from the NS surface/boundary
layer and the iron line components changed significantly when we
fit the full data (no columns excised) and the data where we excised
the central five columns. More specifically, the temperature of the
BBODY decreases from 1.96 & 0.02 keV when we fitted the spectrum
of the full PSF, to 1.68 & 0.05 keV when we excised the central five
columns. At the same time the inner radius of the disc inferred from
the iron line changed from 28+1% to 12.5 & 2.5 Ry, the line energy
from 6.97*_'8405 t0 6.470! keV, and the line normalization from 0.6 +
0.1 1073 photons cm~2 s~! to 3.6 & 0.4 10~3 photons cm™2 s~
Both the decrease of the BBoDY temperature, and the changes of the
iron line parameters while excising the central columns of the PSF
are consistent with pileup effects.

This paper has been typeset from a TEX/IATEX file prepared by the author.

GT0Z ‘/2 1udy o Leljfed 1p isIeAIN T /610°SeuIno piojxo seluw/:dny wolj papeojumoq


http://mnras.oxfordjournals.org/

