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The pulse-phase resolved spectroscopy at different luminosities using for the study of the matter

distribution in X-ray pulsars requires a new generation of instruments with high timing and spec-

troscopic capabilities. Based on the current results of theanalysis of the emission from transient

X-ray pulsars (e.g., V0332+53) obtained with the RXTE observatory we demonstrated a strong

variability of the source spectral parameters with the pulse phase. We also showed that properties

of the fluorescent iron line emission (particularly a variability of its equivalent width on the time

scale of the pulse period) can be used to investigate the spatial distribution and physical conditions

of the matter around the compact object.
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1. Introduction

Geometrical and physical properties of the matter near the neutron star surface could and
should be reflected in observational properties of the X-ray pulsars emission. Particularly, strong
effects should be seen near the cyclotron energy since the shape of theabsorption line depends
strongly on the viewing angle (see, e.g., [1, 2]). Parameters of the continuum spectrum should
also depend on the viewing angle due to a variable opacity of the accreted matter near the neutron
star surface. Thus the pulse phase-resolved spectroscopy can be used as a tool for the study of the
properties of the matter around X-ray pulsars at different states and luminosities.

The transient X-ray pulsar V0332+53 is one of the brightest transient X-ray sources on the
sky. This fact gives us an unique possibility to perform the pulse phase-resolved spectroscopy of
its emission with a high statistical significance using narrow pulse-phase bins.A very powerful
outburst from this source was detected in 2004-2005 by the RXTE and INTEGRAL observatories
[3, 4]. In the following papers [5, 6] it was shown that the pulse-averaged spectrum of V0332+53
and its parameters are highly variable with the source luminosity. In particular,it was shown
that the cyclotron energy is inversely proportional to the source bolometricluminosity and such a
dependence is the same at both rising and declining parts of the outburst.

Below we summarize briefly current results of the pulse phase-resolved spectroscopy of V0332+53
performed for different luminosity states. More detailed information can be found in the paper of
Lutovinov et al. (in preparation).

2. Observations and Data Analysis

This short report continue series of publications [5, 6, 7] devoted to all-round studies of the
unique outburst from the transient X-ray pulsar V0332+53 in 2004-2005. In this work we are using
the same set of theRXTEobservatory data as in previous one [6], which covers both brightening
and declining parts of the outburst with different luminosity levels.

To derive the pulse phase-resolved spectra from the PCA and HEXTE instruments we used
standard programs of the FTOOLS/LHEASOFT 6.3.2 package and algorithmsdescribed in the
RXTE cookbook1. For observations with high and low intensities photons were folded into 16
and 8-bins pulse profiles, respectively. The obtained pulse-bin spectra were approximated by a
powerlaw model with an exponential cutoff (cutoffpl in the XSPEC package), modified by one or
two harmonics (main and first) of the cyclotron absorption line in the form

exp

(

−τcycl(E/Ecycl)
2σ2

cycl

(E−Ecycl)2 +σ2
cycl

)

,

whereEcycl, σcycl andτcycl are the center, width and depth of the line, respectively [8]. This is
the same model which was used earlier for the analysis of pulse-averagedspectra and reasons of
its choosing were described in [5, 6]. Note, that the first harmonic was confidently observed and
its parameters were restricted not in all data sets, therefore we examined possible effects of its
including in the fit on parameters of the main harmonic and the continuum. As it wasdone for

1http://heasarc.nasa.gov/docs/xte/recipes/cook_book.html
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Figure 1: (left) Dependence of the photon index on the V 0332+53 bolometric luminosity. Green points
correspond to the rising part of the outburst, blue ones – to the outburst decay. (right) The cutoff energyEcut

derived from the continuum model versus the cyclotron line energyEcycl. The error bars correspond to 1σ .

pulse-averaged spectra, the central energy of the first harmonic waseither a free parameter or fixed
to the doubled main harmonic energy. It was found that parameters of the mainharmonic and
continuum do not depend within errors on the higher harmonics.

Finally, to take into account the iron fluorescence line at∼ 6.4 keV a Gaussian line component
was included in the model as well.

3. Results

3.1 Pulse-averaged spectra

Prior to make the pulse phase-resolved spectroscopy we investigated the evolution of the con-
tinuum parameters with the source luminosity and outburst phase. The dependence of the photon
index on the V0332+53 bolometric luminosity (which was calculated as a luminosity inthe 3−100
keV energy band) is presented in Fig. 1 (left). It is clearly seen a significant hardening of the source
spectrum with the luminosity increase, that is probably due to the increasing size of emitted regions
(accretion columns) and that the observer begin to see their hotter parts.

An another parameter of the continuum is the cutoff energyEcut, that (in a manner) can be
considered as a measure of the electron temperatureTe in the hot continuum-emitting domain. This
quantity should evidently be dependent on the specific kinetic energy gained by the accretion flow
in the neutron-star gravitational potential and deposited near the neutron-star surface. Therefore,
Ecut should be correlated positively withEcycl and negatively with the bolometric luminosityLX .
This fact is illustrated in Fig. 1(right). Note, that no hysteresis behavior is seen in both plots.
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Figure 2: (left) Variability of continuum and cyclotron line parameters (red histograms) with the V0332+53
pulse phase for the source luminosity of∼ 2×1038 erg/s. Corresponding mean pulse profiles in the 20-100
energy band are shown by black histograms. (right) Dependences between different spectral parameters on
the time scale of a pulse period for the observation ID 90014-01-03-020, when the source luminosity was
about 1.5×1038 erg/s. The horizontal axis is expressed in keV.

3.2 Dependence of the spectral parameters on the pulse phase

It was mentioned above that different physical conditions of differentparts of emission regions
and dependence of the emission properties on the viewing angleαobs should lead to the variability
of the spectral parameters with the pulse phase. The typical picture of such a variability is presented
in Fig.2 (left) for the observation ID 90427-01-03-05, when the source luminosity was about 2×
1038 erg/s. A comparison with previous results ([9]), obtained for other luminosities, shows that
the pulse profile keeps the double-peaked shape in a wide luminosity range,but the maximum of
the cyclotron line energy is shifted by∼ 0.25 of the pulse period with the luminosity dropping
(see Fig.2,left and Fig.3 in [9]). We also built several dependencies between different spectral
parameters (Fig.2,right and found that there is a correlation between the photon index and cutoff
energy as well as between the depth of the main harmonic of the cyclotron line and the cutoff
energy. In the same time no pronounced linear increase inσcycl with increasingEcycl is seen in the
pulse phase-resolved spectroscopy, that is agreed with earlier resultsobtained for pulse-averaged
spectra [6].

It is interesting to note, that according to the theory of cyclotron-radiation transfer under
neutron-star conditions (see, e.g., [10]), the cyclotron optical depth atthe main harmonic varies
only slightly with αobs (see Fig.2,left) and can hardly exclude the formation of a resonance scat-
tering feature at fairly largeαobs. Hence, the main harmonic non-detection (see, e.g., [11]) should
rather be related to specific viewing conditions of the line-forming region such as its small visible
area or screening of this region by the neutron star and/or accretion disc/stream.

Finally note, that the pulse phase-resolved spectroscopy gives the unique possibility to trace

4



P
o
S
(
H
T
R
S
 
2
0
1
1
)
0
6
0

Pulse-phase spectroscopy of X-ray pulsars Alexander Lutovinov

Figure 3: Dependence of the equivalent width and normalization (red histograms) of the ironKα line in
the V 0332+53 spectrum on the pulse phase. The pulse profile (continuum emission) is shown by black
histograms.

the evolution of the fluorescent iron Kα -line at the time scales much shorter then the pulse period.
The goal of such investigations can be a study of a spatial distribution of thematter in the vicinity
of the neutron star ([7]). The potential of the usage of the continuum photons reverberation was
successfully demonstrated in the studies of SMBHs in AGNs (see, e.g., [12]).

The iron line equivalent width and normalization changes are presented in line with ones of the
continuum flux over the pulse period during the observation ID 90427-01-03-00, when the source
luminosity was∼2×1038 erg s−1 (Fig.3). The observable time lag between them (∼ 1.5 s) can be
considered as a time-of-flight of the continuum photons from the source tothe reprocessing site (in
this case a distance between them∼ 5×1010 cm is comparable with the outer size of the accretion
disk). Another possible explanation of the observed time lag is a phase lag (arising just due to a
rotation of the neutron star). In this case the illuminating beam cuts the reprocessing site later than
it cuts a direct line of the sight to the observer.
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