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Chapter 3
Spectral analysis of the neutron-star
low-mass X-ray binary 4U 1728−34

– Ming Lyu, Mariano Méndez –
Based on Lyu et al., in preparation
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3.1 Abstract
We used one XMM-Newton plus simultaneous RXTE observation and one Suzaku observation
to study the neutron-star low-mass X-ray binary 4U 1728–34. We fitted the spectra with a self-
consistent model including reflection component off the disc, either from the neutron-star surface
or from the corona. For the first time, the inclination angle of 4U 1728–34 has been accurately
constrained, 33±2 degrees. We also found that the thermal emission from the accretion disc is
not required in the fits. This is likely due to the relatively high column density of the interstellar
medium, which decreases the number of soft disc photons that we observe. Besides, the absence
of the disc emission is also consistent with a scenario in which most of the soft thermal emission
from the accretion disc is reprocessed in the corona, thus the direct disc emission becomes very
weak.

3.2 Introduction
Low-mass X-ray binary systems (LMXBs) consist of a central compact object (a neutron
star or a black hole) and a low-mass (M≤1 M�) donor star. According to the path
they trace in an X-ray colour-colour diagram (CD) or hardness-intensity diagram (HID),
Hasinger & van der Klis (1989) classified the neutron-star LMXBs (NS LMXBs) into two
classes, the Atoll and the Z sources. The Z sources (∼0.5-1 LEdd) are brighter than the
Atoll sources (0.01-0.2 LEdd; e.g. Ford et al. 2000; Done et al. 2007; Homan et al. 2007).
The Atoll sources display three branches in the CD: the island, the lower banana and the
upper banana. The branches in the CD correspond to different spectral states with the
mass accretion rate increasing from the island (hard spectral state) to the upper branch
(soft spectral state).

In the hard spectral state, the inner part of the accretion disc is relatively cool,
∼0.3-0.5 keV (Sanna et al. 2013; Lyu et al. 2014), and contributes less than 20 % of the
total emission below 20 keV. The whole energy spectrum in the hard state is dominated
by a Comptonised component, which is usually described by a power law like model
with a photon index of ∼ 1.6 − 2.5 (Yoshida et al. 1993; Méndez et al. 1997). In the
scenario of the truncated disc model (e.g. Done et al. 2007, and references therein), the
accretion disc in the hard state is truncated far from the central object, thus leading to
a relative low inner-disc temperature and disc emission flux, while in the soft spectral
state, the soft thermal emissions become predominant. There are two possible sources of
thermal emissions in a neutron star system, either the surface of the neutron star (plus
its boundary layer) or the accretion disc. The disc in the soft state extends down to the
inner most stable circular orbit (Shakura & Sunyaev 1973), leading to a high inner-disc
temperature of 0.7-1.0 keV (Sanna et al. 2013; Lyu et al. 2014) and a strong thermal
component. The electrons in the corona are efficiently cooled down through the inverse
Compton scattering process, with seed photons coming from the thermal components.
As a consequence, the Comptonised spectrum becomes steep and has a photon index of
∼2− 2.5 (Miyamoto et al. 1993; Méndez et al. 1997), and little hard emission is detected
in some cases (Gierliński & Done 2003).

Many models have been proposed to explain the neutron-star LMXBs spectra. His-
torically, two main types of models were widely used: (i) the ‘eastern model’ consists of a
multi-temperature thermal emission from the accretion disc plus a Comptonised compo-
nent from the optically thin but geometrically thick corona (Mitsuda et al. 1984, 1989);
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(ii) the ‘western model’ consists of a single-temperature blackbody component from the
surface of the neutron star (and its boundary layer) and a Comptonised spectrum due to
inverse Compton scattering of thermal photons off the hot electrons in the corona (White
et al. 1986).

4U 1728–34 was first detected by UHURU scans of the Galactic center region in 1976
(Forman et al. 1976). Later Lewin et al. (1976) and Hoffman et al. (1976) detected type I
X-ray bursts from the source, identifying the neutron-star nature of the compact object.
4U 1728–34 was classified as an Atoll NS LMXB (Hasinger & van der Klis 1989), at
an estimated distance of 4.4 − 5.1 kpc, deduced from measurements of the peak flux of
photospheric radius expansion bursts (Di Salvo et al. 2000; Galloway et al. 2003). Migliari
et al. (2003) found a coupling between the disc and the jet in 4U 1728–34 based on a
significant correlation between the radio flux density and the X-ray flux. Spectral analysis
of 4U 1728–34 has been performed using observations from many satellites in the past,
such as Einstein (Grindlay & Hertz 1981), SAS − 3 (Basinska et al. 1984), EXOSAT
(White et al. 1986), SIGMA (Claret et al. 1994), ROSAT (Schulz 1999), BeppoSAX
(Piraino et al. 2000; Di Salvo et al. 2000), ASCA (Narita et al. 2001), RXTE, Chandra
(D’Aí et al. 2006), INTEGRAL (Falanga et al. 2006) and XMM-Newton (Ng et al. 2010;
Egron et al. 2011), BeppoSAX, RXTE (Seifina & Titarchuk 2011), INTEGRAL, RXTE
(Tarana et al. 2011).

In this work we explore the spectral properties of 4U 1728–34 using an XMM-Newton
observation plus a simultaneous Rossi X-ray Timing Explorer (RXTE) observation and
a Suzaku observation. We fitted a self-consistent reflection model to the data to see how
the corona and the neutron-star surface (and its boundary layer) contributed individually
to the reflection spectrum. Finally, we compared the reflection features of the source in
these two observations.

3.3 Observations and data reduction
In this work we used the data from three satellites: one XMM-Newton observation
(ObsID:0671180201) plus a simultaneous RXTE observation (ObsID: 96322-01-01-00)
taken on 2011-08-28, and one Suzaku observation (ObsID:405048010) operated on 2010-
10-04.

The XMM-Newton observation was taken by the European Photon Imaging Camera,
EPIC-PN (Strüder et al. 2001), in timing mode with a total exposure time of about 52
ks. We used the Science Analysis System (SAS) version 14.0.0 to reduce the PN data
with the latest calibration files. We applied the tool epproc to extract calibrated events,
and converted the arrival time of photons to the barycenter of the solar system using
the command barycen. We excluded all events at the edge of a CCD and close to a bad
pixel, and selected only single and double events for the extraction. We selected events
within a 20-column wide box centred on the source position, excluding the central five
columns to eliminate pile up. The background spectrum was extracted from a 2-column
wide box in a source free region in the CCD. We produced the response matrices and
ancillary response files with the commands rmfgen and arfgen, respectively. Finally, we
rebinned the spectrum to ensure a minimum of 25 counts in every bin.

For the RXTE observation we used the Proportional Counter Array (PCA; Jahoda
et al. 2006) data only, since the other instrument, the High Energy X-ray Timing Exper-
iment (HEXTE; Rothschild et al. 1998), was not in a good working condition after 2009.
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We reduced the data using the heasoft package version 6.16 according to the RXTE
cook book1. We applied the tool saextrct to extract PCA spectra from Standard-2 data,
where only the events from the best calibrated detector, PCU2, were selected. We ran
the command pcabackest to generate the PCA background files and pcarsp to produce
the response files. Finally, we applied the dead time correction to the spectra.

We used the Suzaku data taken with two instruments onboard: the X-ray Imaging
Spectrometer (XIS) and the Hard X-ray Detector (HXD). The XIS and HXD detectors
cover an energy range of 0.2 − 12 keV and 10 − 70 keV, respectively. The XIS data
were collected by two front-illuminated (FI) detectors (XIS0 and XIS3) and one back-
illuminated (BI) detector (XIS1). The 1/4 window option and the burst option were
applied to the XIS detectors to limit possible pileup effects.

We followed exactly the steps from the Suzaku Data Reduction Guide2 to reduce all
Suzaku data. We used the tool aepipeline to recalibrate the XIS and HXD events with
the latest calibration files, removed bad pixels and applied the standard GTI selection.
After excluding X-ray bursts, we ran the heasoft tool xselect to extract XIS spectra
from a circular region centered at the position of the source. We found that there was
no pile up in the spectra. The redistribution matrix files (RMFs) and ancillary response
files (ARFs) were generated using the tool xisrmfgen and xissimarfgen, respectively.
Finally, we used the command addascaspec to combine the spectra of XIS1 and XIS3
to produce the FI spectra. For the HXD-PIN data, we applied the tool hxdpinxbpi to
produce the source and background spectra. We applied the dead-time correction to the
source spectrum using the pseudo-events files. Since the non X-ray background (NXB)
has a count rate 10 times higher than the real background, in order to reduce the Poisson
noise, we adjusted the exposure time of the NXB spectra by a factor of 10. Furthermore,
a cosmic X-ray background (CXB) was simulated and added to the NXB to generate
a total background spectrum. Finally, we downloaded the response file from the online
CALDB according to the Suzaku Data Reduction Guide.

3.4 Spectral Analysis
In this work we used XSPEC ver 12.8.2 (Arnaud 1996) to fit the PN and PCA spectra
together in the 0.8 − 25 keV energy range (PN: 0.8 − 10 keV; PCA: 10 − 25 keV), and
the Suzaku spectra in the 1-50 keV energy range (FI/BI: 1− 10 keV; HXD-PIN: 10− 50
keV). We ignored the energy range 1.5−2.5 keV in the FI/BI spectrum due to calibration
problems of the instruments (Rivers et al. 2010; Ushio et al. 2009; Garson et al. 2010).
We used the component phabs to describe the interstellar absorption along the line of
sight, with the solar abundance table of Wilms et al. (2000) and the photoionization
cross section table of Verner et al. (1996). A multiplicative constant factor was applied
to the model to account for possible calibration difference between different instruments.
Finally, we added a 0.5% systematic error to all the spectra in XSPEC.

3.4.1 Direct emission
We first tried two thermal components plus one Comptonised component to fit spectra
(Sanna et al. 2013; Lyu et al. 2014). We selected the model bbody to describe ther-
1 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_book.html
2 http://heasarc.gsfc.nasa.gov/docs/suzaku/analysis/abc/
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mal emission from the neutron-star surface and its boundary layer. We also used the
component diskbb (Mitsuda et al. 1984; Makishima et al. 1986) to fit the emission from
accretion disc. For the Comptonised component we used the thermal comptonised com-
ponent nthcomp (Zdziarski et al. 1996; Życki et al. 1999), with seed photons for the
thermal Compton process coming from the accretion disc. We found that the normalisa-
tions of the diskbb component were consistent with zero in the fits, indicating that this
component was not necessary (Piraino et al. 2000; D’Aí et al. 2006; Seifina & Titarchuk
2011). Therefore, we did not use the diskbb component in the fits.

3.4.2 Reflection emission
When the accretion disc is irradiated by other emission components, the surface of the
disc is likely to be ionised, generating an iron fluorescent emission line. In addition to
that, most of the illuminating flux may be reflected off the disc and form a reflection
spectrum. In most X-ray sources, the Comptonised component produces the illuminating
flux for the reflection. However, in neutron star LMXBs the incident photons for the
reflection process may come from either the neutron-star surface and its boundary layer,
the Comptonised component, or both.

The existence of residuals around 6 − 7 keV (Figure 3.1) in the fits indicates that
reflection from the accretion disc may be present, therefore we added the component
kyrline to model the possible iron emission line in the 6.4 - 6.97 keV range. The
kyrline component (Dovčiak et al. 2004) describes the line profile from an accretion
disc around a black hole with arbitrary spin. We set the spin parameter in all fits to
be 0.15 calculated as a = 0.47/P(ms) (Braje et al. 2000), where P=1/363 s (Strohmayer
et al. 1996) is the spin period of the neutron star in milliseconds.

We also tried a self-consistent model to describe the disc reflection of the irradiation
from the neutron star and the corona. We applied the component bbref (Ballantyne
2004) to describe the reflection spectrum from a constant-density disc illuminated by a
blackbody emitter. For the reflection of the corona emission we selected the component
rfxconv (Done & Gierliński 2006; Kolehmainen et al. 2011), which was developed to
calculate the reflection spectrum from a power-law illuminating flux. The component
rfxconv combines the ionised disc table model from Ross & Fabian (2005) with the
Magdziarz & Zdziarski (1995) Compton reflection code. We set the relative reflection
normalization in the model in XSPEC to be negative so that only the reflected component
is returned. Since the reflection spectrum from the inner part of the accretion disc may
be further smeared by relativistic effects, we convolved the reflected spectrum with the
component kerrconv (Brenneman & Reynolds 2006).

We linked the ionisation parameter of the disc in rfxconv to the one in bbref, and
assumed solar iron abundance of the disc in both components. Besides, we linked the
temperature of the incident photons in bbref to the temperate of the bbody compo-
nent. The spin parameter and the outer radius of the disc in kerrconv were set to,
respectively, 0.15 and 1000 RG, where RG = GM/c2 is the gravitational radius, with M
the neutron-star mass, and G and c the gravitational constant and the speed of light,
respectively. We constrained the inclination angle in the fits to be less than 60 degree
since no eclipses have ever been observed in this source so far.

We first fit the spectra with the self-consistent model phabs∗(bbody+nthcomp+
kerrconv∗(bbref+rfxconv∗nthcomp)), where both the bbody and nthcomp com-
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Figure 3.1: Residuals in terms of sigmas for the XMM-Newton (upper panel) and
Suzaku (lower panel) observation of 4U 1728−34. We fitted the spectra with the model
phabs∗(bbody+nthcomp+kryline) and then set the normalisation of the kyrline
component in the best fitting results to zero. The iron emission line is significant and
broad in each observation.

ponent were reflected and smeared by relativistic effects. The fit shows that this model is
too complex for the data: The normalization of the reflection component from the Comp-
tonised component rfxconv∗nthcomp became very small and consistent with zero in
the two observations. The possible reason for this is that the data do not afford such a
large number of model components and parameters. Therefore, we then fit the spectra
with the two reflection components separately: phabs∗(bbody+nthcomp+kerrconv
∗bbref) and phabs∗(bbody+nthcomp+kerrconv∗(rfxconv∗nthcomp)).

3.5 Results
In Table 3.1 we show the fitting results using the kyrline model. The blackbody
temperature kTBB, increases from 1.70±0.08 keV in the XMM-Newton observation to
2.23±0.03 keV in the Suzaku observation. The inner radius of the accretion disc in the
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Figure 3.2: Fitting results with the reflection model phabs∗(bbody+nthcomp +
kerrconv∗(rfxconv∗nthcomp)) for the XMM-Newton/RXTE (top) and the Suzaku
(bottom) observations of 4U 1728–34. Each plot shows the fitted spectra and unfolded
model (main panel), and the residuals in terms of sigmas (sub panel). The bbody,
nthcomp and kerrconv∗(rfxconv∗nthcomp) components are plotted with a blue
dashed-dotted, magenta dotted and green dashed-dotted-dotted-dotted line, respectively.
We used a gauss line (black dashed line) to fit residuals due to instrumental effects
around 1 keV in the XMM-Newton observation. Since the FI and BI spectra in the
Suzaku observation are mostly on top of each other in the plot, here we do not plot the
FI spectra for clarity. The residuals are rebinned for plotting purposes.
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Table 3.1: Best-fitting results for the phenomenological model. Here we give the unab-
sorbed flux (erg cm−2 s−1) in the energy range 0.5 − 100 keV. All errors in the Tables
are at the 90% confidence level unless otherwise indicated.

Model Comp Parameter XMM-Newton Suzaku
phabs NH(1022cm−2) 4.55±0.23 4.90±0.03
bbody kTBB(keV) 1.70±0.08 2.23±0.03

Norm (10−3) 6.1±1.3 6.9±0.2
Flux (10−10) 6.0±1.1 5.8±0.1

kyrline incl (◦) 60+0∗
−3 26.3±1.8

Rin(Rg) 13.8±5.5 6.5+0.4
−1.0∗

Eline(keV) 6.50±0.09 6.97+0∗
−0.01

β 2.5±0.2 4.0±0.3
Norm (10−3) 3.7±0.4 1.6+0.3

−0.1
Flux (10−10) 0.43±0.06 0.16±0.02

nthcomp Γ 2.02±0.06 2.26±0.01
kTe(keV) 3.4±0.2 7.2±0.4
kTdbb(keV) 0.35+0.13

−0.25∗ 0.15+0.06
−0.05∗

Norm 0.8±0.2 0.7±0.1
Flux (10−10) 48.0±3.4 34.2+0.3

−1.2
χ2
ν(χ2/dof) 1.18 (205/174) 1.07 (3044/2838)

Total flux (10−10) 54.7±2.5 40.0±0.9

A symbol ∗ means that the error pegged at the hard limit of the parameter range.

kyrline component goes in the opposite way: it is 13.8±5.5 Rg and 6.5+0.4
−1.0∗ Rg in the

XMM-Newton and Suzaku observation, respectively. The inclination angle of the disc
in kyrline in the Suzaku observation is 26.3±1.8 degree, while it pegs at the upper
boundary of 60 degree in the XMM-Newton observation. The total unabsorbed flux in
0.5-100 keV is (54.7±2.5)×10−10 erg cm−2 s−1 and (40.0±0.9)×10−10 erg cm−2 s−1 for
the XMM-Newton and the Suzaku observation, respectively. The nthcomp component
contributes more than 80% of the total flux and hence dominates the energy spectra of
these two observations. The power-law index Γ increases from 2.02±0.06 in the XMM-
Newton observation to 2.26±0.01 in the Suzaku observation, together with the electron
temperature kTe from 3.4±0.2 keV to 7.2±0.4 keV. As shown in Figure 3.1, we detect a
significant and broad iron emission line in the two observations, indicating that reflection
off the accretion disc is significant.

For the fitting results of the reflection model, here we only focus on the results of
the reflection component from the Comptonised component rfxconv∗nthcomp. The
reason for that is that the Comptonised component is the dominant component (see
Table 3.1) in the continuum and hence more likely to illuminate the disc and produce the
reflection spectrum compared with the thermal emission from the neutron-star surface.
We fixed the inclination angle in the XMM-Newton observation to be the same as in the
Suzaku observation since it can not be well constrained; the corresponding fitting results
with reflection of the Comptonised component are shown in Table 3.2.

As shown in Table 3.2, kTBB and the inner radius of the disc, Rin, follow the same
trend as in the fits with the kyrline model: kTBB increases from 1.80±0.01 keV to
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Table 3.2: Best-fitting results for the reflection model. We fixed the inclination angle in
the XMM-Newton observation to the value in the Suzaku observation since this parameter
in the XMM-Newton observation can not be constrained. Here we give the unabsorbed
flux (erg cm−2 s−1) in the energy range 0.5− 100 keV.

Model Comp Parameter XMM-Newton Suzaku
phabs NH (1022cm−2) 4.39±0.02 4.36±0.04
bbody kTBB(keV) 1.80±0.01 2.41±0.06

Norm (10−3) 6.5±0.1 7.6±0.3
Flux (10−10) 5.9±0.2 6.3±0.2

nthcomp Γ 2.043±0.003 2.32±0.05
kTe(keV) 3.41±0.02 9.2±1.2
kTdbb(keV) 0.51±0.01 0.62±0.05

Norm 0.53±0.08 0.25±0.04
Flux (10−10) 39.1+4.2

−0.2 17.5+2.1
−1.5

kerrconv β 3.6+1.0
−0.7 3.4+2.3

−0.5
incl (◦) 33 33±2
Rin(Rms) 3.05+0.64

−0.24 1.73+0.51
−0.26

rfxconv Ωrefl -0.24±0.02 -0.33±0.08
log ξ 3.29±0.09 3.70±0.21

Flux (10−10) 8.7±0.4 6.7±0.1
χ2
ν(χ2/dof) 1.05 (184/175) 1.07 (3039/2838)

Total flux (10−10) 50.1+4.5
−0.1 30.9±0.06

2.41±0.06 keV while Rin decreases from 3.05+0.64
−0.24 Rg to 1.73+0.51

−0.26 Rg from the XMM-
Newton observation to the Suzaku observation. Notice, however, that while the kTBB
values are similar in the fits with both models, Rin is systematically smaller in the fits
with kyrline than with the full reflection model. The power-law index, Γ, in nth-
comp is 2.043±0.003 in the XMM-Newton observation and then becomes 2.32±0.05 in
the Suzaku observation, while the electron temperature in the corona increases from
3.41±0.02 keV to 9.2±1.2 keV. The relative reflection normalization, Ωrefl, of the Comp-
tonised component is 0.24±0.02 and 0.33±0.08 in the XMM-Newton and Suzaku obser-
vation, respectively. The ionization parameter, log ξ, is 3.29±0.09 in the XMM-Newton
observation and 3.70±0.21 in the Suzaku observation. The total unabsorbed flux of the
XMM-Newton observation is 50.1+4.5

−0.1×10−10 erg cm−2 s−1, and the flux of the nth-
comp is 39.1+4.2

−0.2×10−10 erg cm−2 s−1. While these two fluxes in the Suzaku observation
are a bit lower, (30.9±0.06)×10−10 erg cm−2 s−1 and 17.5+2.1

−1.5×10−10 erg cm−2 s−1, re-
spectively. The flux of the reflection component is (8.7±0.4)×10−10 erg cm−2 s−1 in the
XMM-Newton observation and (6.7±0.1)×10−10 erg cm−2 s−1 in the Suzaku observation.

3.6 Discussion
In this work we fitted one XMM-Newton plus simultaneous RXTE observation and one
Suzaku observation of the neutron-star LMXB 4U 1728–34. For the first time we used
a self-consistent model including two reflection components off the disc, either from the
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neutron-star surface or from the corona, to describe the spectra when the source was in
transitional state between the soft and the hard state. We found that current data is not
good enough to afford such a complicated model. We then fitted the spectra with the
two reflection components separately.

We found that the inclination angle of the 4U 1728–34 is 33±2 degrees from the results
of the Suzaku observation. This is the first time that this key parameter of the system has
been accurately measured. Egron et al. (2011) analyzed one XMM-Newton observation
of 4U 1728–34 with a reflection model and constrained the inclination angle of the system
to be larger than 44 degrees, which is a bit different from what we measure here. We
noticed that in Egron et al. (2011) the emissivity index and ionisation parameter in the
fits were frozen at β=2.8 and ξ=660 since these two parameters were unstable, probably
due to the lack of high energy (> 12 keV) data. This may be also the reason for the
difference of the inclination angle in this work and that of Egron et al. (2011). Besides, we
found that the inclination angle can not be constrained with the XMM-Newton data in
this work, consistent with the previous findings in Sanna et al. (2013). Sanna et al. (2013)
analyzed another neutron-star LMXB 4U 1636–53 using six XMM-Newton observations
in PN timing mode plus simultaneous RXTE observations and found high inclination
angles in the fits, inconsistent with the upper limit of the 60 degrees deduced from the
absence of the eclipses in 4U 1636–53. They suggested that the PN timing mode data
may be affected by some calibration issues, which leads to high inclination angle in the
fits. The same may be true here.

The fitting results show that the nthcomp component dominated the whole energy
spectrum in both the XMM-Newton and Suzaku observations when the source was in the
transitional state. This agrees with the conclusion in Seifina & Titarchuk (2011) that the
energy spectrum of 4U 1728–34 in all states is dominated by the power-law component.
Seifina & Titarchuk (2011) investigated more than 120 RXTE observations of the 4U
1728–34, and they found that most of the soft thermal emission from the accretion disc
in 4U 1728–34 is reprocessed in the corona, thus the direct disc emission is weak. Our
finding is consistent with this scenario: the thermal emission from the disc in both the
XMM-Newton and the Suzaku observation is not required in the fits. Furthermore, the
absence of the disc emission can also be the consequence of the relatively high column
density, NH, of the interstellar medium along the line of sight to the source, which reduces
the number of soft disc photons that we observe, leading to a weak disc component in
the observed energy spectra.

The reflection fraction Ωrefl in the two observations suggests that less than 1/3 power-
law emission from the corona illuminates the disc and generates the reflection component
in 4U 1728–34 when the source is in the transitional state. Ωrefl increases from the XMM-
Newton observation to the Suzaku observation as the inner radius of the disc decreases.
This is consistent with the lamp post geometry of the corona (ref): As the accretion disc
moves inwards, the area of the accretion disc exposed to the corona along the symmetry
axis above the disc increases, thus the reflection fraction of the Comptonised photons off
the disc increases.
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