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Abstract

The transient X-ray binary pulsar A0535+262 was observed with Suzaku on 2005 September 14 when
the source was in the declining phase of the August-September minor outburst. This observation confirms
the presence of the electron cyclotron resonance at ∼45 keV with corresponding magnetic field strength
as 4 × 1012 Gauss. The ∼103 s X-ray pulse profile is found to be strongly energy dependent, a double
peaked profile at soft X-ray energy band (< 3 keV) and a single peaked smooth profile at hard X-rays.
The broad-band energy spectrum of the pulsar is described with a Negative and Positive power-law with
EXponential (NPEX) continuum model along with a blackbody component for soft excess. A weak iron
Kα emission line with equivalent width ∼25 eV is detected in the source spectrum. The higher value of
the estimated absorption column density than that of the Galactic value in the direction of the pulsar and
the corresponding higher value of the iron equivalent width suggest that the accretion disk is the probable
reprocessing site to produce the iron fluorescent line. The results obtained from the Suzaku observation
are described in this paper.

Key words: pulsars: binary: individual: A0535+262 - stars: neutron - X-ray: pulsars

1. Introduction

A0535+262 is a 103 s Be/X-ray binary pulsar discov-
ered by Ariel V during a large outburst in 1975 (Coe et
al. 1975). The binary companion HDE 245770 is an O9.7-
B0 IIIe star in a relatively wide eccentric orbit (e = 0.47)
with orbital period of ∼ 111 days and at a distance of
∼ 2 kpc (Finger et al. 1996; Steele et al. 1998). The
pulsar shows regular outbursts with the orbital periodic-
ity. Occasional giant X-ray outbursts are also observed
during which the object was even brighter than the Crab.
103 s pulsations are detected during previous X-ray ob-
servations of A0535+262 in quiescence, outburst, or giant
outbursts. The X-ray spectrum of the pulsar shows cy-
clotron absorption features at 50 keV and 100 keV (with
HEXE/TTM), at 110 keV (CGRO/OSSE) were detected
during various outbursts. These detections did not resolve
whether the magnetic field of the pulsar is 5×1012 G or
1013 G.

The most recent major X-ray outburst was detected in
2005 May/June with the BAT instrument on Swift when
the 15-195 keV count rate was greater than 3 times that
of the Crab Nebula (Tueller et al. 2005). Following the
detection of the recent outburst, the pulsar was observed
with the INTEGRAL, RXTE and Suzaku. The cyclotron
feature at ∼ 50 keV is detected with the Integral which
is confirmed in the Hard X-ray Detector (HXD) spectrum
of Suzaku and the PCA/HEXTE spectrum of the RXTE

(Inoue et al. 2005; Kretschmar et al. 2005; Wilson &
Finger 2005). Results obtained from a detailed analysis of
the HXD spectrum of Suzaku observation of A0535+262
was presented in Terada et al. (2006). In this paper we
discuss the results obtained from the broad-band analysis
of the above observation.

2. Observation

The detection of the recent outburst of A0535+262 on
16 May 2005 with the BAT instrument on Swift prompted
many observatories to observe the pulsar during this pe-
riod. The RXTE/ASM monitoring of the pulsar showed
one major outburst of the pulsar which lasted from 2005
May 06 to June 24. Approximately after one orbital pe-
riod of 111 days, the pulsar was again detected with the
RXTE/ASM and RXTE/PCA with peak luminosity of
about 0.2 Crab (12 ASM counts s−1). During the de-
clining phase of the minor outburst, A0535+262 was ob-
served with Suzaku on 2005 September 14 from 13:40 UT
to 01:00 UT next day. The Target of Opportunity (TOO)
observation was carried out at “XIS nominal” pointing po-
sition for effective exposures of 22.3 ksec with the XIS and
21.7 ksec with the HXD. The XIS was operated in “1/4
mode” which gives a time resolution of 2 sec, covering a
field of view of 17′.8×4′.4.



Fig. 1. The XIS and PIN pulse profiles of A0535+262 from
the Suzaku observation of the minor outburst in 2006
August-September. The errors are estimated for 1 sigma con-
fidence level. Two pulses in each panel are shown for clarity.

3. Analysis and Results

The HXD data of the Suzaku observation of
A0535+262 is already presented by Terada et al. (2006).
Same procedure was followed for the HXD/GSO data re-
duction to obtain the GSO source and background spec-
tra as described in Terada et al. (2006). For HXD/PIN
data reduction, we used the revision-1.2 version of cleaned
event data to obtain the source spectrum. The simu-
lated background events (bgd−a) were used to estimate
the HXD/PIN background for the A0535+262 observa-
tion. The response file, released on 8 August 2006 was
used for spectral analysis. For the XIS data reduction,
we used rev-0.7 data to extract light curves and source
and background spectra. The accumulated events were
discarded when the telemetry was saturated, data rate
was low, the satellite was in the South Atlantic Anomaly
(SAA), and when the source elevation above the earth’s
limb was below 5◦ for night-earth and above 20◦ for day-
earth. Applying these conditions, the source spectra were
accumulated by selecting a circular region of 4′.3 around
the image centroid. Because this extraction circle is larger
than the optional window, the effective extraction region
is the intersection of the window and this circle. The XIS
background spectra were accumulated from the same ob-
servation by selecting rectangular regions away from the
source. The response files and effective area files released
on 2006 February 13 and 2006 April 15 respectively, were
used for the BI and FI XIS detectors. X-ray light curves
of 2 s and 1 s time resolutions were extracted from the
XIS and PIN event data respectively.

3.1. Timing Analysis

Barycenter correction was applied to the light curves
of A0535+262 for the measurement of the pulse period.
Pulse folding and a χ2 maximization method was applied
to the light curves yielding the pulse period of the pulsar
to be 103.375 s (also reported in Terada et al. 2006). The
pulse profiles obtained from the XIS and PIN light curves
are shown in Figure 1 with 1 sigma errors. From the fig-
ure, it is observed that the shape of the pulse profile in
the XIS energy band (0.2–12 keV) is different to that ob-
tained from the HXD/PIN energy band (8-70 keV). The

Fig. 2. The XIS and HXD/PIN pulse profiles of A0535+262
at different energy bands showing the presence/absence of the
dip in 0.6-0.7 pulse phase range. The errors are estimated for
1 sigma confidence level.

dip in the pulse profile is narrow at soft X-rays and broad
in the hard X-ray energy band. To investigate the en-
ergy dependence of the pulse profile of A0535+262, we
generated light curves in different energy bands from XIS
and PIN event data. The light curves are folded with
the pulsar pulse period and the corresponding pulse pro-
files are shown in Figure 2. The secondary dip (in pulse
phase range 0.6-0.7) is found to be very prominent below 1
keV. The width and depth of this dip decrease gradually
with energy upto ∼ 8 keV, beyond which it disappears
from the pulse profile. A gradual decrease in the normal-
ized intensity in 0.9-1.0 & 0.0-0.1 pulse phase ranges (as
shown in the figure) is found at soft X-ray profiles which
finally merged with the dip in phase 0.1-0.3, making the
hard X-ray pulse profiles smooth and single peaked. Pulse
phase resolved spectroscopy would help in understanding
the nature of the secondary dip and the gradual decrease
of normalized intensity with energy prior to the main dip
at phase 0.1-0.3 in the pulse profile of A0535+262.

3.2. Spectral Analysis

During the minor outburst in 2005 August-September,
the X-ray luminosity of A0535+262 was low compared to
the previous observations when the cyclotron absorption
features have been reported so far (Kendziorra et al.
1994; Grove et al. 1995). In spite of the low source
luminosity of the pulsar during the Suzaku observation
on 2006 September 14, the cyclotron resonance scattering
features (CSRFs) were clearly detected in the hard X-ray
spectrum of high sensitive HXD detectors. These results
are explicitly described in the previous paper on this
source (Terada et al. 2006). Here in this paper we
generally concentrate on the broad band spectroscopy of
A0535+262 with Suzaku.

The XIS, PIN, GSO and background spectra were ex-
tracted as described in the beginning of the section.
Appropriate response matrices were used for the spectral
fitting. Events were selected in the energy ranges of 0.3-



3

Fig. 3. Energy spectrum of A0535+262 obtained with the
XIS, PIN, and GSO detectors of the Suzaku observation,
along with the best-fit model comprising a blackbody compo-
nent, Negative Positive Exponential (NPEX) power law con-
tinuum model and a narrow iron line emission and a cyclotron
absorption feature. The bottom panel shows the contribu-
tions of the residuals to the χ2 for each energy bin.

12.0 keV for XIS-1, 0.5-12.0 keV for FIs CCDs (XIS-0, 2,
3), 10-70 keV for the PIN and 45-150 keV for the GSO
detectors. After appropriate background subtraction, si-
multaneous spectral fitting was done using the XIS, PIN
and GSO spectra. All the spectral parameters other than
the relative normalizations, were tied for all the detectors.

We tried to fit the broad band spectrum of A0535+262
using the NPEX continuum component along with the
cyclotron resonance factor (CYAB) and interstellar ab-
sorption. The relative instrument normalizations of the
four XISs, PIN and GSO detectors were kept free, though
the values of all five parameters are compared to one. All
five parameters of the NPEX continuum component such
as two normalization, two power-law indices, and the ex-
ponential cut-off parameter were kept free. We fixed the
second index (α2) to 3 in the spectral fitting.

The CYAB parameters were set around the value
quoted in Terada et al. (2006). Simultaneous spectral fit-
ting of the 0.3-150 keV spectrum with above model yielded
a poor fit with reduced χ2 of 3.06 for 805 degrees of free-
dom (dof). The presence of significant amount of positive
residuals at low energy (< 1 keV) and at ∼ 6.4 keV al-
lowed us to add a blackbody component for the soft excess
and a Gaussian function for the iron emission line at 6.4
keV. The addition of above two components to the NPEX
continuum model showed significant improvement in the
spectral fitting with reduced χ2 of 1.65 for 800 dof. The
spectral parameters of the best-fit model obtained from
the simultaneous spectral fitting are given in Table 1. The
count rate spectra of the Suzaku observation is shown in
Figure 3 along with the model components (top panel) and
residuals to the best-fit NPEX continuum model (bottom
panel).

4. Discussion

Apart from two RXTE observations and three
BeppoSAX observations during the quiescence, all other
observations of A0535+262 reported so far were made dur-
ing the giant outbursts when the source flux was about

Table 1. Spectral parameters for A0535+262 during 2005
Suzaku observation with 1σ errors

Parameter Value

NH (1021 atoms cm−2) 9.26+0.13
−0.05

kTBB (keV) 0.13±0.01
Iron line Energy (keV) 6.39±0.01
Iron line width (keV) 0.05±0.02
Iron line eq. width (eV) 25±3
Power-law index (α1) 0.78±0.01
Exponential cutoff energy (keV) 8.47+0.03

−0.10

CYAB energy (Ea, in keV) 45.1+1.0
−0.8

CYAB depth 1.65+0.18
−0.13

CYAB width (keV) 9.7+1.9
−1.1

Blackbody fluxa 2.21±0.07
Source fluxb 8.9±0.2

a : in 10−12 ergs cm−2 s−1 unit, and b : in 10−10 ergs
cm−2 s−1 unit and estimated in 0.5-70 keV energy range.

or more than that of the Crab nebula. Suzaku observa-
tion of the pulsar in its intermediate luminosity state with
the high sensitive instruments covering wide energy band
make this observation very much important to study its
properties in soft and hard X-ray energy bands.

During the present observation of the minor outburst,
the pulse profile of A0535+262 is different from that in the
quiescence or during the earlier reported outbursts. The
pulse profile in the hard energy band is known to show
energy and luminosity dependence in outbursts, which is
described in Bildsten et al. (1997) based on the BATSE
observations. The profile tends to be double peaked when
the luminosity is high, eg. >1037 erg s−1 (20–100 keV),
whereas it becomes to show a single peak at 4× 1036 erg
s−1. Current Suzaku observation had even lower lumi-
nosity (2×1035 erg s−1 in 20–100 keV band), and showed
almost sinusoidal profile above 25 keV. This hard band
profile may be understood as the extrapolation of the lu-
minosity dependence observed with BATSE.

On the other hand, the pulse profile in the soft en-
ergy band (<10 keV) is found to be similar to that ob-
tained from the Ginga observation of the 1989 outburst.
The secondary dip prominent only at soft X-rays (<2.5
keV) is also recognized in the Ginga profile. Because the
Ginga observation was made during the outburst when
the source was ∼80 times brighter (Mihara 1995) than the
present observation, the profile may be interpreted that
A0535+262 in outbursts generally contains a secondary
dip like feature at soft X-rays as seen in 2005 Suzaku
observation. As the other observations of A0535+262 in
outbursts focused on the hard X-ray energy ranges, the
secondary dip could have been missed in the pulse pro-
files.

If the luminosity dependence of the pulse profile is re-
ally different between the soft and the hard energy band,
different spectral parameters may contribute to form the
pulse profile in different energy band. For example, the
sinusoidal profile above ∼25 keV may be produced by the



modulation of the exponential cut-off energy. Makishima
et al. (1999) suggested that the cyclotron resonance en-
ergy may be correlated with the exponential cut-off en-
ergy in the NPEX model. If this is true, we expect the
pulse-phase dependence of the cyclotron resonance energy.
However, we could not confirm this due to the limited
statistics of the data. In the soft energy band, the black-
body component and the circumstellar absorption seem
to play a main role to determine the pulse profile.

Suzaku observation of A0535+262 is the only observa-
tion of the pulsar till now which covers 0.3–150 keV energy
band and hence provides the best data to test the broad-
band spectral models. The X-ray spectrum of A0535+262
has been described by different continuum models at dif-
ferent energy ranges. Hard X-ray observations during out-
bursts, meant for the study of cyclotron absorption fea-
tures, were fitted by different continuum models such as
optically thin thermal bremsstrahlung, power-law, power-
law with an exponential roll-over, Wien’s law or different
combinations of above components (dal Fiume et al. 1988;
Kendziorra et al. 1994; Grove et al. 1995) whereas the 2–
37 keV spectrum, obtained from the Ginga observation of
the 1989 outburst, was well fitted with NPEX continuum
model (Mihara 1995). Current analysis of the Suzaku

data showed that the NPEX continuum model fits well to
the source spectrum. This confirms that the NPEX model
is successful to reproduce the continuum component in the
energy spectrum for more than two orders of magnitude
in energy range.

Most of the transient Be/X-ray binary pulsars undergo
periodic outbursts due to the enhanced mass accretion
when the neutron star passes through the dense regions
of the circumstellar disk. During the passage, there is ev-
ery possibility of the increase in the absorption column
density during these outbursts. In case of A0535+262,
we found that the absorption column density was higher
than the Galactic column density towards A0535+262 (5.9
× 1021 atoms cm−2) during the minor outburst in 2005
August-September. From BeppoSAX observations of the
pulsar in quiescence, though the estimated value of the ab-
sorption column density was found to be similar to that
of the Galactic column density (Mukherjee & Paul 2005),
during the 1998 RXTE/PCA observations (in quiescence),
the value of the absorption column density was found to be
a factor of about 10 higher to that of the Galactic column
density (Negueruela et al. 2000). During the Ginga ob-
servation of the pulsar in the 1989 outburst, the estimated
absorption column density was found to be ∼4.8 × 1021

atoms cm−2 (Mihara 1995), which is compatible with the
Galactic value. These are only three instances where the
absorption column density of the pulsar is reported so far.
Because the adopted models and the covered energy range
are different for different observations, we should be care-
ful to compare the fitting results of the column density.
Much better sensitivity of the XIS detectors and higher
source intensity during the Suzaku observation make the
estimated value of the absorption column density more ac-
curate. Current Suzaku observation clearly demonstrated
that the source could suffer from extra absorption due to

the circumstellar and/or the accreting matter during the
(minor) outburst.

Broad-band spectroscopy of A0535+262 shows the pres-
ence of a weak iron Kα emission line with ∼25 eV equiva-
lent width. Other than the 1989 Ginga observation, none
of the previous observations of the pulsar could detect the
weak emission line at ∼6.4 keV. The emission line is inter-
preted due to the fluorescent line from the cold ambient
matter in the vicinity of the neutron star. If the cold
matter is distributed spherically symmetric around the
neutron star, the excess column density over the Galactic
value, ∼3×1021 atoms cm−2, would produce an iron emis-
sion line with an equivalent width of only a few eV. The
larger equivalent width we detected may be interpreted
that cold matter has asymmetric distribution, and more
matter is distributed outside the line of sight. We conjec-
ture that the accretion disk is the probable reprocessing
site to produce the iron fluorescent line.

The spectral fitting to the 0.3–10 keV BeppoSAX spec-
tra, during quiescence, yielded a blackbody component of
temperature ∼1.3 keV along with a power-law component
of index ∼1.8 (Mukherjee & Paul 2005). The extremely
high value of quoted blackbody temperature is unusual in
case of accretion powered X-ray pulsars. The spectral fit-
ting of the 0.3–150 keV band Suzaku data obtained from
highly sensitive soft and hard X-ray instruments yielded
more reliable spectral model with fitted parameters well in
the acceptable range of the accretion powered X-ray pul-
sars. The blackbody temperature obtained from Suzaku
observation is ∼0.1 keV which is common for most of the
X-ray pulsars.
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