
 

 

 University of Groningen

Discovery of a broad iron line in the black hole candidate Swift J1753.5-0127, and the disc
emission in the low/hard state revisited
Hiemstra, Beike; Soleri, Paolo; Mendez, Mariano; Belloni, Tomaso; Mostafa, Reham;
Wijnands, Rudy
Published in:
Monthly Notices of the Royal Astronomical Society

DOI:
10.1111/j.1365-2966.2009.14461.x

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2009

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Hiemstra, B., Soleri, P., Mendez, M., Belloni, T., Mostafa, R., & Wijnands, R. (2009). Discovery of a broad
iron line in the black hole candidate Swift J1753.5-0127, and the disc emission in the low/hard state
revisited. Monthly Notices of the Royal Astronomical Society, 394(4), 2080-2088.
https://doi.org/10.1111/j.1365-2966.2009.14461.x

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 22-05-2019

https://doi.org/10.1111/j.1365-2966.2009.14461.x
https://www.rug.nl/research/portal/en/publications/discovery-of-a-broad-iron-line-in-the-black-hole-candidate-swift-j175350127-and-the-disc-emission-in-the-lowhard-state-revisited(1c95407c-b24e-4e9e-9b73-60f91a43d055).html


Mon. Not. R. Astron. Soc. 394, 2080–2088 (2009) doi:10.1111/j.1365-2966.2009.14461.x

Discovery of a broad iron line in the black hole candidate Swift
J1753.5−0127, and the disc emission in the low/hard state revisited

Beike Hiemstra,1� Paolo Soleri,2 Mariano Méndez,1 Tomaso Belloni,3 Reham Mostafa4

and Rudy Wijnands2

1Kapteyn Astronomical Institute, University of Groningen, PO Box 800, 9700 AV Groningen, the Netherlands
2Astronomical Institute Anton Pannekoek, University of Amsterdam, Kruislaan 403, 1098 SJ Amsterdam, the Netherlands
3INAF – Osservatorio Astronomico di Brera, Via E. Bianchi 46, I-23807, Merate (LC), Italy
4Department of Physics, Fayoum University, PO Box 63514, Fayoum, Egypt

Accepted 2009 January 5. Received 2009 January 2; in original form 2008 August 15

ABSTRACT
We analysed simultaneous archival XMM–Newton and Rossi X-ray Timing Explorer observa-
tions of the X-ray binary and black hole candidate Swift J1753.5−0127. In a previous analysis
of the same data, a soft thermal component was found in the X-ray spectrum, and the presence
of an accretion disc extending close to the innermost stable circular orbit was proposed. This
is in contrast with the standard picture in which the accretion disc is truncated at large radii
in the low/hard state. We tested a number of spectral models and found that several of them
fit the observed spectra without the need of a soft disc-like component. This result implies
that the classical paradigm of a truncated accretion disc in the low/hard state cannot be ruled
out by these data. We further discovered a broad iron emission line between 6 and 7 keV in
these data. From fits to the line profile we found an inner disc radius that ranges between ∼6
and 16 gravitational radii, which can be in fact much larger, up to ∼250 gravitational radii,
depending on the model used to fit the continuum and the line. We discuss the implications of
these results in the context of a fully or partially truncated accretion disc.

Key words: accretion, accretion discs – stars: individual: Swift J1753.5−0127 – X-rays:
binaries.

1 IN T RO D U C T I O N

Swift J1753.5−0127 (Swift J1753) was discovered with the Swift
Burst Alert Telescope on 2005 June 30 as a hard X-ray source
(E > 15 keV; Palmer et al. 2005). Swift J1753 was also detected at
energies below 10 keV with the Swift X-Ray Telescope, and in the
ultraviolet (UV) with the Swift UV/Optical Telescope (Morris et al.
2005; Still et al. 2005). Using optical spectroscopy, Torres et al.
(2005) found double-peaked Hα emission lines, which indicate that
the system is a low-mass X-ray binary. The source was also detected
in radio, which might be evidence of jet activity (Fender, Garrington
& Muxlow 2005; Cadolle Bel et al. 2006). Based on the hard spectral
behaviour, Cadolle Bel et al. (2005) proposed that Swift J1753 is
a black hole candidate (BHC). Although it is generally assumed
that Swift J1753 contains a black hole, there is yet no dynamical
confirmation of its nature. Bearing this in mind, in the rest of this
paper we treat Swift J1753 as a BHC.

Rossi X-ray Timing Explorer (RXTE) and INTEGRAL observa-
tions showed that Swift J1753 never left the low/hard state (LHS)

�E-mail: hiemstra@astro.rug.nl

during the whole outburst (Cadolle Bel et al. 2007; Zhang et al.
2007). The LHS of X-ray binaries is characterized by a hard power-
law X-ray spectrum (photon index, � ∼ 1.7; e.g. Méndez & van
der Klis 1997; Remillard & McClintock 2006), which is usually
interpreted as the result of Comptonization of thermal photons
from an optically thick accretion disc by hot electrons (e.g. Esin,
McClintock & Narayan 1997). Observations of sources with low
absorption provide evidence that in the LHS the accretion disc is
cool and is truncated at a large radius (e.g. McClintock et al. 2001).
In the last years, a contribution of a jet to the X-ray emission in the
LHS has been considered (Markoff, Falcke & Fender 2001; Fender,
Belloni & Gallo 2004).

During an outburst, the mass accretion rate on to the black hole
increases and a transition to the high/soft state (HSS) can occur
(for reviews see Homan & Belloni 2005; McClintock & Remillard
2006). The HSS is dominated by thermal emission below ∼5 keV,
likely produced by an optically thick and geometrically thin accre-
tion disc with an inner radius at, or close to, the innermost stable
circular orbit (ISCO; Shakura & Sunyaev 1973). Due to the in-
crease of thermal photons, the Comptonizing plasma in the system
cools down and the spectrum of the source becomes soft. A part
of the Comptonized photons is reflected off the accretion disc, and
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Figure 1. RXTE/ASM light curve of Swift J1753 with daily points, starting at the outburst in 2005 (MJD 53551). The XMM–Newton/RXTE observation,
∼270 days after the start of the outburst, is represented by the vertical bar. Note that 3 years after the start of the outburst, the source is still active.

produces an iron Kα line between 6 and 7 keV (e.g. Fabian et al.
1989; Laor 1991), where the width of the emission line is related
to the size of the inner disc radius. In this interpretation, if the disc
is truncated at large radii in the LHS, no or narrow iron-emission
lines are expected, whereas the iron line would be broad in the HSS
where the inner disc radius is close to the ISCO and the relativistic
effects are strong.

Recent high-resolution spectral data of the BHC X-ray binaries,
Swift J1753, GX 339−4 and XTE J1817−330, showed a soft ther-
mal component in the spectra while the sources were in the LHS
(Miller, Homan & Miniutti 2006a, hereafter M06; Miller et al.
2006b; Rykoff et al. 2007). It was suggested that the soft compo-
nent is caused by thermal emission from an accretion disc which,
even in the LHS, extends down to the ISCO. The same data set of
XTE J1817−330 was re-analysed by Gierliński, Done & Page
(2008), who showed that the spectrum could also be fit without
the need of a thermal component.

Here, we analysed a simultaneous archival XMM–Newton/RXTE
(the same data as reported in M06) observation of Swift J1753, and
tested whether a thermal disc-like component is required to fit the
X-ray spectra. We explored a range of continuum models, beyond
the models described in M06, with and without a disc component.
We also report on the presence of a broad Fe line in the spectra. In
Section 2, we describe the extraction and reduction of the data; in
Section 3, we present the results of fitting the data with different
continuum models and in Section 4 we discuss the results of the
continuum models and the line components with respect to the issue
of a radially truncated accretion disc.

2 DATA R E D U C T I O N

We analysed archival observations of Swift J1753 simultaneously
taken with XMM–Newton and RXTE on 2006 March 24, i.e.
∼270 days after the start of the outburst. XMM–Newton started
its ∼42 ks observation at 16:00:31 (UT), and the RXTE observation
started at 17:32:16 (UT). In Fig. 1, we show the date of this obser-
vation on top of the All Sky Monitor (ASM) RXTE light curve of
Swift J1753, starting from its outburst in 2005. In the next sections
we describe the procedure that we followed to extract the spectra
for each of the different telescopes.

2.1 XMM–Newton

We reduced the XMM–Newton Observation Data Files (ODF) using
SAS version 7.1.2 and applied the latest calibration files. We ex-
tracted the event files from the European Photon Imaging Camera

(EPIC) instruments: the EPIC-pn (PN) and both EPIC-Metal Oxide
Semiconductor (MOS1 and MOS2) cameras using the tasks EPPROC

and EMPROC, respectively. We applied standard filtering and exam-
ined the light curves for background flares. No flares are present
and we used the whole exposure for our analysis. We checked the
filtered event files for photon pileup by running the task EPATPLOT.
No pileup is apparent in the PN and MOS1 data since both cameras
were operated in ‘timing’ mode. The MOS1 data, however, show
a sharp drop in the histogram in which counts versus RAWX1 are
plotted. This feature is due to a physical damage of some pixels in
the MOS1 camera as a consequence of a micrometeorite impact.
For this reason, we excluded the MOS1 data from our analysis.
The MOS2 camera was operated in ‘full-frame’ mode and suffered
from moderate photon pileup. We therefore excluded the central 22
arcsec region of the source point spread function (PSF) and con-
firmed, using the task EPATPLOT, that the remaining MOS2 data are
not affected by pileup. The ODF files also include high-resolution
spectra at energies below 2 keV, taken with the Reflection Grating
Spectrometer (RGS). Since the PN and MOS cameras cover most
of the range of the RGS spectra, we do not use the RGS data in this
paper.

We extracted source and background spectra by applying the stan-
dard procedures. The source spectrum for the PN data is extracted
using RAWX in [28:48], and the background in [5:25]. For MOS2,
we generated the source spectrum using an annulus with inner ra-
dius of 22 arcsec and outer radius of 68 arcsec centred on the source
location. We extracted the MOS2 background spectrum from a cir-
cular region with a radius of 160 arcsec located 10.5 arcmin away
from the position of the source. We created photon redistribution
matrices and ancillary files for the source spectra using the SAS tools
RMFGEN and ARFGEN, respectively.

We rebinned the source spectra using the tool PHARBN2 (M.
Guainazzi, private communication), such that the number of bins
per resolution element of the PN and MOS2 spectra is 3. We checked
that after rebinning, all channels have at least 15 counts in the en-
ergy range used in our fits. We note that differently from us, M06
grouped the PN data to have at least 10 counts per bin, and they
therefore oversampled the intrinsic resolution of the PN data by a

1 In timing mode, one of the spatial coordinates of the CCD is compressed
in order to increase the time resolution. For XMM–Newton, the spatial co-
ordinate that is not compressed in this mode is called RAWX.
2 The PHARBN tool allows to rebin the energy channels of the spectra for
different instruments taking into account the instrument’s spectral resolution.
It allows to rebin both on minimum number of bins per resolution element
and on minimum number of counts per bin.
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factor of ∼8. The cross calibration between PN and MOS agrees
to 7 per cent from 0.4 to 12 keV,3 and we found that only below
2 keV the systematic difference in the relative effective areas of
these cameras went up to 7 per cent. We therefore added a 7 per
cent systematical error to the PN and MOS2 spectra below 2 keV.

2.2 RXTE

We reduced the RXTE Proportional Counter Array (PCA) and High-
Energy X-ray Timing Experiment (HEXTE) data using the HEASOFT

tools version 6.4. We applied standard filtering and obtained PCA
and HEXTE exposures which are ∼2.3 and ∼0.8 ks, respectively.
Using the tool SAEXTRCT, we extracted PCA spectra from PCU2
only, being this the best-calibrated detector and the only one which
is always on. For the HEXTE data, we generated the spectra using
cluster B events only, since after 2006 January cluster A stopped
rocking and could no longer measure the background. We estimated
the PCA background and measured the HEXTE background using
the standard RXTE tools PCABACKEST and HXTBACK, respectively. We
further built instrument response files for the PCA and HEXTE data
using PCARSP and HXTRSP, respectively. The energy channels of the
RXTE spectra have more than 20 counts per energy bin so that χ 2

statistics can be applied, therefore no channel rebinning is required.
Following M06, we added a 0.6 per cent systematic error to the PCA
spectra using the FTOOL GRPPHA, and did not add any systematic error
to the HEXTE data.

3 DATA A NA LY SIS AND RESULTS

For our spectral analysis of Swift J1753 we used XSPEC v11
(Arnaud 1996). We simultaneously fitted the spectra of the different
instruments, where we restricted the PN and the MOS2 spectra to
an energy range of 0.6–10 and 0.6–9.4 keV, respectively. For the
PCA and HEXTE spectra, we used the energy ranges 3–20 and
20–100 keV, respectively. To investigate the nature of the putative
disc emission in the LHS (as reported in M06), we tested several
models to describe the continuum spectrum of Swift J1753.

3.1 General fit procedure

Each of the spectral continuum models we present below includes
the effect of interstellar absorption in the direction of Swift J1753,
using the PHABS component with cross-sections from Bałucińska-
Church & McCammon (1992) and abundances from Anders &
Grevesse (1989). The total column density in the direction of the
source, as derived from HI data, is NH = 1.7 × 1021 cm−2 (Dickey
& Lockman 1990). Since this column density provides an upper
limit to the interstellar absorption to Swift J1753, we left NH free
to vary during our fits. For an overall normalization between the
different instruments, we multiplied the continuum model by a CON-
STANT component. All model parameters, except these multiplicative
constants, were linked between the different instruments.

In the fit residuals of the PN and MOS2 data, two narrow absorp-
tion lines near 1.8 and 2.2 keV were present. This is most likely due
to a mismatch in the calibration of the edges in the EPIC instru-
ments. To reduce the impact of these features in our fit results, we
fit Gaussian absorption lines, which we found to be at an energy of

3 http://xmm2.esac.esa.int/docs/documents/CAL-TN-0018.pdf

1.82 ± 0.01 and 2.25 ± 0.03 keV, with widths of 0.23 ± 0.15 and
2.0 ± 1.9 eV, respectively.

There appears to be a broad emission line between 6 and 7 keV
in the XMM–Newton/RXTE spectra. (This emission line is best seen
in the PN spectra; MOS2 effective area is a factor of ∼2 smaller
than that of PN, and in this case the effective area has been reduced
due to the excision of the central part of the source PSF to avoid
pileup. On the other hand, the spectral resolution of RXTE is ∼1 keV
at 6 keV.) Similar emission lines, probably due to iron, have been
reported in other BHC (e.g. Miller et al. 2002b) and active galactic
nuclei (e.g. Tanaka et al. 1995). We initially added a Gaussian
component with a variable line width to the spectrum to fit this line,
but there always remained residuals around 7 keV which we could
only eliminate by adding at least another Gaussian to our model. On
the contrary, a LAOR profile (Laor 1991) yields a good fit of the line
and, therefore, in the rest of the paper we use this relativistic line
profile whenever we fit a line to the spectra, although we also tried
different relativistic line profiles as described in Section 3.8. For the
LAOR component we allowed all the parameters to be free to vary,
except the outer disc radius, which we fixed to the default value of
400 Rg (Rg is the gravitational radius of the black hole, defined as
Rg = GM/c2, with G and c the common physical constants and
M the mass of the black hole). Further, we constrained the line
energy to the range between 6.4 and 7 keV, which is the energy
range spanned by the Kα lines from neutral to hydrogen-like iron.

For all fits of the different continuum models, the values of the
parameters and the 90 per cent confidence errors are given in Table 1.
In the text, we only give approximate numbers of the parameters.

3.2 A power-law model

The first continuum model we fit was a power-law model (PL). This
model yields a poor fit (χ 2/ν = 845/502). Following M06, we
added a disc blackbody component DISKBB (Mitsuda et al. 1984)
with a best-fitting inner disc temperature of ∼0.4 keV; the reduced
χ 2 in this case is 1.21 (χ 2/ν are given in Table 1). The spectra and
fit residuals of the PL+DISKBB model are shown in the left-hand panel
of Fig. 2. A broad emission line between 6 and 7 keV is apparent in
this figure. We added a LAOR line profile to the PL+DISKBB model and
the fit improved significantly, with a reduced χ 2 of 1.14. To check
whether a fit to the spectrum with only a line and a power-law
component provides a good fit, we fit a PL+LAOR model, without
the DISKBB component. The PL+LAOR model gives a reduced χ 2 of
1.30. In the best-fitting model (i.e. the PL+LAOR+DISKBB model),
the line is required at high confidence as indicated by the fact that
the normalization of the line is 10σ different from zero. The line
in the best-fitting model has an equivalent width of 90.3 eV, and
the DISKBB component is required at a confidence level of more than
8σ . The flux of the DISKBB component is 7.2 × 10−12 erg cm−2 s−1

(0.6–10 keV), where the unabsorbed flux of the best-fitting model
is 3.9 × 10−10 erg cm−2 s−1 (0.6–10 keV). We note that the DISKBB

normalization that we obtained is much smaller than the value that
M06 found, and the contribution from the disc to the total flux that
we found is a factor of ∼3 less than reported in M06.

In the case when the distance, inclination angle of the disc and
mass of the black hole are known, the inner disc radius, Rin, can be
obtained from the DISKBB normalization, ND. However, for the case
of Swift J1753, these parameters are currently not known. Assuming
that the source is closer than 10 kpc and has an inclination lower
than 63◦, since eclipses are not yet reported, Rin � 1.48

√
ND km.

Assuming a black hole mass >3 M�, Rin < 0.33
√

ND Rg. From the
DISKBB normalization, we found a non-truncated disc, while inferred
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Figure 2. XMM–Newton PN (0.3–10 keV), MOS2 (0.3–9.4 keV), RXTE PCA (3–20 keV) and HEXTE (20–100 keV) spectra of Swift J1753. In the lower
panels, the best-fitting residuals of a PL+DISKBB model (left-hand panel) and a PL+LAOR+DISKBB model (right-hand panel) are shown. The LAOR line profile is
fitted to the broad emission line that is apparent in the spectra at around 7 keV.

from the line profile we found Rin ∼ 15 Rg. For an inclination angle
> 85◦, as determined from the line profile, Rin can become much
larger.

3.3 Cut-off power-law model

Next, we added a high-energy cut off to the power-law component.
In the case when we let all the parameters free, the high-energy
cut off became larger than 200 keV. Since this value is outside the
energy range of the spectra, this component is effectively the same
as the simple power law. We therefore did not explore this model
further.

3.4 Broken power-law model

The next continuum model we tried is based on a broken power law
(BKNPL) instead of a power law. The fit of the BKNPL model gives
already a reasonable fit with a reduced χ 2 of 1.20, which is similar
to the value for the fit with a PL+DISKBB model. The break energy is
at 2.9 keV, with a photon index of 1.7 before the break, and 1.6 after
the break. The latter photon index is similar to the photon index of
the power-law component in the PL+DISKBB model.

A LAOR component added to this continuum model gives a re-
duced χ 2 of 1.14, where the break energy and photon indices
are consistent with those in the fit without the line. We note
that the BKNPL+LAOR model fits the spectra equally well as the
PL+LAOR+DISKBB model does, with the parameters of the LAOR com-
ponent being consistent between the two models. The normalization
of the line is more than 3σ different from zero.

To see whether a soft thermal component is required, we
included a DISKBB component to the model. The fit with a
BKNPL+LAOR+DISKBB model gives a reduced χ 2 of 1.12, which is
a marginal improvement of the fit without the DISKBB component.
In contrast with the LAOR component, the DISKBB component is not
significant, with a normalization that is < 3σ different from zero.
The normalization of the line is 6σ different from zero for the
BKNPL+LAOR+DISKBB model. The line in the best-fitting model (i.e.
BKNPL+LAOR) has an equivalent width of 67.5 eV.

We note that the part of the power law before the break at
∼3 keV possibly affects the contribution of the disc blackbody,
and that, therefore, the DISKBB component in the broken power-law
model is not as significant compared with the continuum model
based on a power law without a break.

3.5 Comptonization model

We then replaced the BKNPL component with a model that describes
the hard emission as Comptonization of soft photons in a hot plasma
(COMPTT; Titarchuk 1994). Using a disc geometry for the Comptoniz-
ing material, the COMPTT model gives a poor fit (χ 2/ν = 753/500).
A spherical geometry does not provide a good fit either. Adding a
LAOR component gives a reduced χ 2 of 1.34, with the normalization
of the line being more than 7σ different from zero.

The COMPTT+LAOR+DISKBB model gives a reduced χ 2 of 1.15,
with an inner disc temperature of ∼0.4 keV and a DISKBB normal-
ization that is >3σ different from zero. The line in the best-fitting
model has an equivalent width of 59.9 eV, with a line normaliza-
tion that is >4σ different from zero. We note that the seed photon
temperature of the COMPTT component becomes more than 10 times
smaller than in the case when no DISKBB is added to the continuum.
The 0.6–10 keV flux of this three-component model is 3.9 × 10−10

erg cm−2 s−1, whereas the flux of the DISKBB component is 8.9 ×
10−12 erg cm−2 s−1.

3.6 Reflection models: PEXRAV and PEXRIV

The presence of a broadened Fe emission line between 6 and 7 keV
suggests that the X-ray emission may partly be due to reflection of
hard X-rays by a relatively cool disc. We therefore explored fits to
the data that include this reflection. We first used the PEXRAV and
PEXRIV models, which describe the Compton reflection by neutral
and ionized material, respectively (Magdziarz & Zdziarski 1995).

The incident spectrum is assumed to be a power law with a
high-energy cut off. Initially, we allowed this cut-off energy to be
free to vary, but it always converged to values much higher than
200 keV, outside the energy range covered by our instruments, and
we therefore used no cut off. Further, we fixed all abundances to
solar and the reflection factor to 1. Compared to PEXRAV, the PEXRIV

model has two extra parameters: the ionization parameter ξ , which
we left free to vary, and the disc temperature, kTdisc, which we fixed
to the default value of 3 × 104 K.

The fit with the PEXRAV model gives a reduced χ 2 of 1.38, and
with the PEXRIV model the reduced χ 2 = 1.30. The PEXRAV/PEXRIV

models include only the effect of bound-free transitions in the re-
flected spectrum. To account for the iron emission line at around
7 keV (caused by bound–bound transitions), we added a separate
LAOR component to the reflection models. The spectral fits improved
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significantly, with a reduced χ 2 of 1.19 and 1.18 for the
PEXRIV+LAOR and PEXRAV+LAOR models, respectively. The normal-
ization of the line is 9σ different from zero in the fit with PEXRAV, and
8σ different from zero in the fit with PEXRIV. The equivalent width
of the line is 181 and 187 eV in the PEXRAV+LAOR and PEXRIV+LAOR

models, respectively.
Adding a DISKBB component to the reflection plus line model gives

a reduced χ 2 of 1.14 for both models, with a best-fitting disc tem-
perature kT in = 0.3 and 0.4 keV for the neutral and ionized models,
respectively. The DISKBB component is statistically not required in
the PEXRAV+LAOR+DISKBB model, with a DISKBB normalization that is
<3σ different from zero. In contrast, for the PEXRIV+LAOR+DISKBB

model, the DISKBB normalization is 7σ different from zero.
The flux of the DISKBB component is 5.1 × 10−12 and 5.5 ×
10−12 erg cm−2 s−1 (0.6–10 keV) for the neutral and ionized
reflection models, respectively.

3.7 Ionized reflection model: REFLION

Since PEXRAV and PEXRIV do not include the contribution of bound–
bound transitions to the reflected spectrum, we also fit the data
with a model that describes the reflection by an ionized, optically
thick, illuminated atmosphere of constant density (REFLION; Ross
& Fabian 2005). The atmosphere is illuminated by a power-law
spectrum with an exponential cut off at high energy (the cut-off
energy is fixed at 300 keV, and hence outside our energy range).
This model includes ionization states and transitions for the most
important ions at energies above 1 eV, like O III–VIII, Fe VI–XXVI and
several others. We fixed the iron abundance to solar. REFLION only
provides the reflected emission, not the direct component, and we
therefore used the REFLION+PL model to fit the spectra, where we
coupled the photon index of the illuminating power-law component
in REFLION to the photon index of the PL.

The REFLION+PL model gives a reduced χ 2 of 1.14. In this case,
we do not need to include a component to fit the line, since the line
is part of the reflected emission. The unabsorbed flux of this two-
component model is 3.9 × 10−10 erg cm−2 s−1 (0.6–10 keV), where
the flux of the power-law component is 3.0 × 10−10 erg cm−2 s−1

(0.6–10 keV). The reflection ratio in the 0.6–10 keV energy range is
0.3. Statistically, a DISKBB component is not required to fit the data;
adding this component gives a reduced χ 2 of 1.13 with a best-fitting
temperature kT in = 0.4 keV and a DISKBB normalization which is less
than 3σ different from zero. The 95 per cent confidence limits for
the DISKBB component imply a disc flux <6.1 × 10−12 erg cm−2 s−1

(0.6–10 keV).
To gain information about the disc radius, we convolved REFLION

with the KERRCONV component (Brenneman & Reynolds 2005). The
KERRCONV kernel is applied to the reflected component to account
for relativistic effects in the disc. We fixed the two emissivity indices
to 3 (i.e. similar to the index that we found in the line profile) and the
break radius to a large value (this is equivalent to a single emissivity
law for the whole disc). We further fixed the outer radius of the disc
to its maximum value. We found that the spin of the black hole is not
constrained by these data, and since we are testing for the possibility
of a truncated disc at a distance that is much larger than the radius of
the ISCO, we fixed the spin to its maximum value of 0.998 and left
the inner radius of the disc free to vary. This allows the disc radius to
float from ∼1.23 Rg to its maximum value. We checked that fixing
the spin to zero did not change the results significantly. In summary,
we allowed only two parameters of KERRCONV to be free: the inner
radius of the disc and the inclination of the disc with respect to
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Figure 3. In the various continuum models fitted to the XMM–
Newton/RXTE spectra of Swift J1753, a broad emission line is apparent
between 6 and 7 keV. Here, we show a zoom in of the PN residuals in the fit
with the PL+LAOR+DISKBB model. To show the broad emission line, we have
set the normalization of the line to zero, and applied an additional rebinning
to the plot.

the line of sight. The (REFLION+PL)∗KERRCONV gives a reduced χ 2

of 1.13, with an inner disc radius of 256 Rg, an inclination angle
consistent with 0◦, and the rest of the parameters consistent with
the model parameters without the KERRCONV kernel.

3.8 The broad iron line at around 7 keV

In previous sections we included a LAOR component to the con-
tinuum model to fit a broad line at around ∼7 keV. The line is
significantly required by the fit, as indicated by the fact that the
normalization of the line is different from zero at a confidence level
of 3σ–14σ , depending on the model we used to fit the continuum.
As shown in the right-hand panel of Fig. 3, the line is extending
from ∼5 up to ∼9 keV, with an equivalent width of ∼60–187 eV,
depending on the continuum model used to fit the spectrum.

The best-fitting parameters of the line depend on the model that
we used to represent the underlying continuum emission. For in-
stance, for the different best-fitting models in Table 1, the inner disc
radius varies from 5.5 to 14.6 Rg, and the inclination appears to be
constrained to high values, i > 85◦. Such high inclination seems to
be incompatible with the fact that no eclipses have been observed
in the X-ray light curve of Swift J1753. A possible explanation for
this high inclination is that the broad line that we observe is a com-
bination of lines from more than one ionization stage of iron. We
tested this by adding three LAOR profiles to the PL+DISKBB model
as described in Section 3.2, with the energy of each line fixed at
6.4, 6.7 and 6.97 keV, respectively, to account for possible emission
from neutral and lowly ionized, He- and H-like iron, respectively.
We further coupled all the remaining parameters of these three lines
with only the line normalizations left free to vary. This multiple-line
model gives a reduced χ 2 of 1.14, with the 95 per cent confidence
limits of the inclination angles 83◦ and 86◦, and the line normal-
izations of the 6.4 and 6.7 keV lines being consistent with zero. A
more realistic approach would be to link the relative normalizations
of the iron lines such that their ratios would be determined by the
ionization balance in the disc. We note that the REFLION component,
as described in Section 3.7, self-consistently calculates the relative
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intensities of lines from different ionization stages of all elements
in the reflected spectrum by fitting the ionization parameter of the
disc. Recall that the fits of the REFLION component convolved with
KERRCONV in Section 3.7 yield a large inner disc radius (∼250 Rg)
and a low inclination angle (i < 8◦ at 95 per cent confidence level).

The exact values of the line parameters may also depend on the
approximations done to calculate the relativistic profile of the line.
To test this, we tried three other components, besides the LAOR

profile, to represent the line profile: DISKLINE (Fabian et al. 1989),
KERRDISK (Brenneman & Reynolds 2005) and KYRLINE (Dovčiak,
Karas & Yaqoob 2004). We only applied these components to
the PL+DISKBB model, such that we either fit PL+DISKBB+DISKLINE,
PL+DISKBB+KERRDISK or PL+DISKBB+KYRLINE. For all three mod-
els, we left the inner radius of the disc, the inclination and the line
energy free to vary, although the line energy was constrained to
range between 6.4 and 7 keV. We further assumed a disc with a
single emissivity index which we fixed to 3. For the models with
KERRDISK and KYRLINE, we fixed the spin of the black hole to 0.998.
The results are unaffected if we fix the spin of the black hole to zero.
As determined from these relativistic line profiles, the inclination
of the disc is 89.9◦ (with a 95 per cent confidence lower limit of
69.7◦), 90◦ (with a 95 per cent confidence lower limit of 89◦) and
77.6◦ (with the 95 per cent confidence limits of 64.6◦ and 86.1◦)
for the DISKLINE, KERRDISK and KYRLINE profiles, respectively. For
comparison, for the LAOR profile we found a 95 per cent confidence
lower limit for the inclination of ∼84◦ (see Table 1).

The value of the inner disc radius inferred from the line pro-
file also depends somewhat on the model that we used to de-
scribe the line. For instance, the PL+DISKBB+LAOR model gives Rin

= 14.6 Rg, with a 95 per cent confidence upper limit of 19.7 Rg

(see Table 1). For the PL+DISKBB+DISKLINE model, we find Rin =
11.7 Rg, with a 95 per cent confidence range of 6.2–15.5 Rg, whereas
the PL+DISKBB+KERRDISK and the PL+DISKBB+KYRLINE model give
Rin = 1.9 Rg, with a 95 per cent confidence range of 1.7–3.8 Rg, and
Rin = 15.5 Rg, with a 95 per cent confidence range of 11.8–20.1 Rg,
respectively.

We note that we used here the same data as those used by M06,
and our analysis is similar to theirs; while here we report on a
broad iron emission line with an equivalent width of 90 eV. Using
the same continuum model, M06 reported an upper limit of 60 eV
for the Fe line. We repeated the analysis of Swift J1753 where
we applied the same spectral resolution used by M06 (a minimum
of 10 counts per bin), and simultaneously fitted the PN, PCA and
HEXTE spectra with a DISKBB+PL model affected by absorption.
We found best-fitting parameters and reduced χ 2 values consistent
with those in M06. We then added a LAOR component to the model
with the same parameter settings as described in Section 3.1. The
DISKBB+PL+LAOR model gives χ 2/ν = 2003/1951 with the line
parameters consistent with those that we found. The line has a
normalization that is more than 6σ different from zero, and an
equivalent width of 73.5 eV which is, within the confidence limits,
consistent with the 90 eV measurement that we reported.

4 D ISCUSSION

We analysed simultaneous observations of Swift J1753 in the LHS
taken with XMM–Newton and RXTE in 2006 March. At variance
with the results of M06, we can successfully fit the X-ray spectrum
of Swift J1753 with continuum models that do not require emis-
sion from a prominent disc extending down to the ISCO. Models
including emission from a disc component, as proposed by M06,

are also consistent with the data, although for those models where
the disc component is required we found that the flux of the disc is
a factor of 2 to 3 less than in the analysis of M06. Regardless of the
continuum model, we found a broad iron line at around 7 keV with
an equivalent width of 60–187 eV, depending on the model. If the
line is from a single ionization stage of iron and the broadening is
due to relativistic effects near the black hole, then the line profile
implies an inner disc radius between ∼2 and ∼16Rg, depending on
the relativistic line profile (i.e. LAOR, DISKLINE, KERRDISK or KYRLINE)
or the model used to fit the continuum. The inner disc radius can
be larger if the width of the line results from the combination of
lines from different ionization stages of iron, with each of these
lines being broadened by relativistic effects. In fact, a model of
reflection from an ionized disc that calculates the strength of all rel-
evant lines self-consistently, convolved with a kernel that accounts
for the relativistic effects close to the black hole, yields an inner
disc radius of 256 Rg, with a 95 per cent confidence lower limit of
246 Rg.

To get a better insight in the accretion disc geometry there are
several factors that must be considered. We know that black hole
binaries show two basic states, the LHS and the HSS (see e.g.
Tananbaum et al. 1972), with transitions in between these states
(see e.g. Homan & Belloni 2005; McClintock & Remillard 2006).
The X-ray emission in the HSS is dominated by a thermal com-
ponent which is usually identified as emission from the accretion
disc. In this state, the inner radius of the disc, Rin, appears to re-
main constant despite large changes of the disc flux (e.g. Tanaka &
Lewin 1995; Méndez, Belloni & van der Klis 1998). Tanaka (1992)
interpreted this lack of change in Rin as a signature of the innermost
stable orbit around a black hole. The black hole spectra in the LHS
are dominated by emission from a power-law-like component; in
those cases where the interstellar absorption towards the source is
low, a soft component with a low temperature (�0.5 keV) appears
to be present in the spectrum (e.g. XTE J1118+480; McClintock
et al. 2001). This component has been interpreted as due to a cool
accretion disc truncated at a large radius (e.g. Chaty et al. 2003).
This picture is strengthened by the fact that during transitions from
the HSS to the LHS the radius of the disc increases with a decreas-
ing disc temperature (Gierliński et al. 2008), suggesting that the
disc recedes and cools down during the transition. Other sources
show a similar behaviour (e.g. Kalemci et al. 2004), but since the
inferred temperatures of the disc are below ∼0.3–0.5 keV, interstel-
lar absorption and inadequate coverage of the low-energy part of the
spectrum make some of those results less secure. Changes of char-
acteristic frequencies in the power density spectra of BHCs during
state transitions (e.g. Homan & Belloni 2005; Méndez & van der
Klis 1997) also seem to support the idea of a receding disc, although
in this case there is no clear-cut explanation about the origin of the
variability (see the discussion in M06), and hence the evidence is
less compelling.

The picture of an accretion disc truncated at large radii in the LHS
is also expected in some models. For instance, in the advection-
dominated accretion-flow (ADAF) model in which the accretion
flow is divided into two zones: a geometrically thin, optically thick
accretion disc with a large inner radius and a vertically extended
inner region, the ADAF region, which is hot and optically thin and
radiates less efficiently (Narayan, McClintock & Yi 1996; Esin,
McClintock & Narayan 1997; see Narayan & McClintock 2008
for a review). This model has been successfully applied not only
to sources in the LHS, but to quiescent sources as well (Narayan
et al. 1996). Some recent work (Meyer, Liu & Meyer-Hofmeister
2007; Liu et al. 2007) suggests, however, that a part of the ADAF
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material may recondense back into a disc, but the contribution of
this condensed disc to the total X-ray luminosity would be small
(Taam et al. 2008).

In the last five years, XMM–Newton and Chandra revealed rela-
tively broad iron emission lines of BHCs with profiles that are con-
sistent with being broadened by relativistic effects near the black
hole (see Miller 2007 for a review). These broad iron lines are gener-
ally detected in the HSS (e.g. GRO J1655−40, Bałucińska-Church
& Church 2000; XTE J1650−500, Miller et al. 2002b; GX 339−4,
Miller et al. 2004; Dunn et al. 2008), in which the disc is thought to
extend down to the ISCO (as described before), and the relativistic
effects are therefore strong. Broad iron emission lines, consistent
with a disc extending close to the ISCO, were also detected in
GX 339−4 in the LHS (Miller et al. 2006b), and in V4641 Sgr
when the source was in an intermediate state (Miller et al. 2002a).
We found a broad iron line in the XMM–Newton/RXTE spectrum of
Swift J1753, making it only the second case of a BHC in the LHS
state showing such a broad line. A relativistic broadened iron line
in this black hole state would be in contradiction with the standard
scenario as described above, in which the disc is truncated at very
large distances from the black hole.

This contradiction appears to be resolved by recent studies of the
BHCs, Swift J1753, GX 339−4 and XTE J1817−330 (M06; Miller
et al. 2006b; Rykoff et al. 2007), that reveal the possible existence
of soft emission below ∼2 keV in these systems. This emission has
been interpreted by these authors in terms of a prominent accretion
disc in the LHS, with temperatures of 0.2–0.3 keV, and inner disc
radii of ∼2–6 Rg. The idea of a cool disc extending all the way down
to the ISCO in the LHS has recently been challenged by Gierliński
et al. (2008) for the case of XTE J1817−330 and by D’Angelo et al.
(2008) for the cases of Swift J1753 and GX 339−4. These authors
pointed out that a truncated disc would be affected by irradiation
from the same Comptonized photons that produce the high-energy
emission, and would therefore appear to be hotter and have a smaller
radius than in the non-irradiated case. This effect was not taken
into account in the fits of M06, Miller et al. (2006b) or Rykoff
et al. (2007). Gierliński et al. (2008) fitted the Swift spectra of XTE
J1817−330 with a simplified model that accounts for irradiation,
and they find that if this effect is not considered, the inner disc
radius is underestimated by a factor of 2–3. D’Angelo et al. (2008)
analysed the case of an ADAF flow inside a truncated accretion disc
and, from qualitative fits to the X-ray spectra of Swift J1753 and
GX 339−4, they concluded that reprocessing of hard photons by
a truncated disc would mimic a soft disc extending down to very
small radii.

Using the same data as analysed by M06, we found that there
are realistic models that fit the X-ray spectrum of Swift J1753 with-
out the need of a thermal disc-like component extending down to
very small radii. We point out that for our fits we do not consider
the effect of possible irradiation of the disc by high-energy Comp-
tonized photons (D’Angelo et al. 2008; Gierliński et al. 2008). We
can calculate the magnitude of this effect by noting that in the
case of the REFLION+PL model only ∼30 per cent of the power-law
flux is reflected off the accretion disc, and therefore the remaining
∼70 per cent of this flux must be thermalized and re-emitted by
the disc. From our results we deduced that the disc flux due to
this irradiation would have to be ∼2 × 10−10 erg cm−2 s−1 (0.6–
10 keV). However, in the fit with the REFLION+PL model we did not
detect emission from the accretion disc, with an upper limit that
is a factor of ∼25 less than what is expected. (We note that the
discrepancy is even larger given that one should also include the
intrinsic – gravitational – disc flux; see Gierliński et al. 2008.) This

is a challenge to the interpretation of the Fe emission line as due to
reflection.

In the case of GX 339−4, Tomsick et al. (2008) found that the
disc component is significantly required to fit the LHS spectra at
luminosities of 2.3 and 0.8 per cent of the Eddington luminosity,
a factor of ∼2 and ∼7 below the luminosities as probed by Miller
et al. (2006b) for the same source. Tomsick et al. (2008) found in-
ner disc radii of ∼4 Rg; however, following the results of Gierliński
et al. (2008) and D’Angelo et al. (2008), their values would prob-
ably increase by a factor of ∼2–3 if irradiation of the disc by the
Comptonized emission was considered. Tomsick et al. (2008) also
detected broad features due to iron Kα in the LHS of GX 339−4;
their results indicate that if the width of the line is produced by rel-
ativistic effects in the disc, then the line must originate from within
10 Rg of the black hole.

In this work, we used relativistic line profiles to fit the broad
emission line at around 7 keV, although one should bear in mind
that there are alternative models that explain the width and the pro-
file of the iron Kα line without the need of relativistic effects. For
instance, Laurent & Titarchuk (2007) proposed a model that ex-
plain the properties of the iron line in terms of down-scattering of
hard photons in a Comptonizing outflow with optical depth greater
than 1. Done & Gierliński (2006) applied a similar model to fit
BeppoSAX data of the galactic BHC XTE J1650−500. They found
that the line at around 7 keV in the spectrum of a bright LHS obser-
vation can either be fit with a model including extreme relativistic
effects, or by resonance iron K-line absorption from an outflowing
disc wind and an emission line that is compatible with a truncated
disc. On the other hand, Różańska & Madej (2008) calculated atmo-
sphere models for an accretion disc around a supermassive black
hole irradiated by a hard X-ray power law, and they found that
the observed spectrum contains a Compton shoulder that can con-
tribute to the asymmetry and equivalent width of some observed Fe
Kα lines in active galactic nuclei. One should also take into account
that, as we have shown here, the best-fitting profile of the line de-
pends on the underlying continuum assumed to fit the data, which
adds extra uncertainties to the inferred parameters of the disc.

5 C O N C L U S I O N S

We have shown that the X-ray spectrum of Swift J1753 can be fitted
with a continuum model that does not require a disc-like component,
and inferred from the line profile that the disc does not extend down
to the ISCO, but it is consistent with a disc truncated at a few to
a few hundred gravitational radii. However, as demonstrated by
M06, the data of Swift J1753 also allow for fits with models in
which the disc is truncated at radii close to the ISCO, although
irradiation of the disc by the Comptonized emission may affect this
picture (D’Angelo et al. 2008; Gierliński et al. 2008). We found
that in those cases where a disc-like component was required, the
contribution of the disc to the total flux is a factor of 2 to 3 times less
than the flux contribution that M06 found for the disc component.

We have detected a broad iron line in the spectrum of Swift
J1753. The inner radius of the disc deduced from fits to the line,
using a LAOR profile, seems to suggest a disc extending down to 5.5–
12.5 Rg, for the best-fitting models. Fits with different relativistic
line profiles suggest somewhat larger inner disc radii, up to ∼16 Rg

(DISKLINE and KYLINE), or lower Rin, down to ∼2 Rg (KERRDISK),
whereas reflection models smeared by relativistic effects suggest
even much larger radii, Rin ∼ 250 Rg. The XMM–Newton/RXTE
data, as analysed here, do not provide a definitive answer to the
question of whether the accretion disc is truncated at large radii

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 394, 2080–2088

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/394/4/2080/1204823 by U
niversity of G

roningen user on 13 D
ecem

ber 2018



2088 B. Hiemstra et al.

or not, since the answer strongly depends on the continuum and
line model that are used. One should however bear in mind that the
interpretation of the line profile in terms of relativistic effects close
to the black hole is not the only possible one, and other alternatives
do not require a disc extending down close to the ISCO to explain
the shape of the line. It remains to be seen whether this kind of
models can fit the data of Swift J1753 and other sources in the LHS.
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