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ABSTRACT
We present results of phase- and time-resolved study of iron spectral features in the emission
of the Be/X-ray transient pulsar V 0332+53 during its type II outburst in 2004 using archival
RXTE/PCA data. Coherent pulsations of both fluorescent iron line at ≈ 6.4 keV and neutral
iron K-edge at ≈ 7.1 keV have been detected throughout the entire outburst. The pulsating iron
K-edge is reported for the first time for this object. Near the peak of the outburst, the 3–12
keV pulse profile shows two deep, 𝐹max/𝐹min ∼ 2, and narrow dips of nearly identical shape,
separated by exactly Δ𝜙 = 0.5 in phase. The dip spectra are nearly identical to each other
and very similar in shape to the spectra outside the dips. The iron K-edge peaks at the phase
intervals corresponding to the dips, although its optical depth 𝜏𝐾 ∼ 0.05 is by far insufficient
to explain the dips. The iron line shows pulsations with a complex pulse profile without any
obvious correlation with the total flux or optical depth of the K-edge. Accounting for the
component associated with reprocessing of the pulsar emission by the surface of the donor
star and circumstellar material, we find a very high pulsation amplitude of the iron line flux,
𝐹max/𝐹min ∼ 10. We demonstrate that these properties of V 0332+53 can not be explained by
contemporary emission models for accreting X-ray pulsars and speculate about the origin of
the observed iron spectral features.

Key words: pulsars: individual: V 0332+53 –X-rays: binaries.

1 INTRODUCTION

Be/X-ray binaries (BeXRBs) are binary systems harbouring a neu-
tron star and a fast-spinning early-type star with an equatorial cir-
cumstellar disc (Reig 2011). Such objects are known for their tran-
sient behaviour in X-rays and show two types of outbursting activity
(Reig 2011). Type I outbursts happen periodically when the neutron
star passes a periastron of its eccentric orbit (Okazaki et al. 2002),
with the maximum luminosity reaching up to 1037erg s−1. On the
other hand, giant (Type II) events are rare, not related to any orbital
phase and much brighter than type I (achieving or even surpassing
the Eddington luminosity limit for a neutron star ∼ 1038 erg s−1).
The origin of giant outbursts is not exactly known and is probably
related to mass ejection events from the companion star (Okazaki &
Negueruela 2001). Due to the large range of observed luminosities
during type II outbursts, these objects permit to explore the struc-
ture of the accretion flow around magnetised neutron star in a broad
range of the mass accretion rates. Examining the matter distribution

★ E-mail:sergei.d.bykov@gmail.com

close to the neutron star allows studying the interaction of matter
with highmagnetic and radiation fields near the pulsar and the shape
of the accretion structures formed as a result of this interaction. Be-
sides, the accretion regimes may change with luminosity, which, in
turn, lead to the changes in beaming patterns of the X-ray emission
from the accreting neutron star (eg Basko & Sunyaev 1976). Such
changes directly affect what an observer sees, hence serving as a
probe of the complex physics of magnetized accretion.

In binary systems, some fraction of the primary X-ray emis-
sion may be intercepted by the surrounding relatively cold matter
which leads to the appearance of the reprocessed emission. This
emission, in particular fluorescent iron 𝐾𝛼 (2P-1S) line, can serve
as a powerful tool to study the spatial distribution and ionization
state of the material around the X-ray sources (Basko et al. 1974;
Inoue 1985; Makishima 1986; Fabian et al. 1989; George & Fabian
1991; Gilfanov et al. 1999; Gilfanov 2010; Tsygankov & Lutovinov
2010; Giménez-García et al. 2015; Aftab et al. 2019). The energy
of this line is ≈ 6.4 keV for neutral and low-ionized iron atoms and
increases up to ≈ 7 keV for H-like iron, whilst the corresponding
K-absorption edge energy varies between ∼ 7.1 and ∼ 9 keV re-
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spectively. Iron has a large fluorescent yield (∼30% for low-ionized
ions) and its 𝐾𝛼 line energy falls in the standard X-ray band, i.e.
within the sensitivity range of a plethora of X-ray instruments. The
flux, equivalent width (EW) and shape of the iron line depend on the
relative location of the X-ray source and the reflecting medium, its
area, density, kinematics and ionization state. For example, signifi-
cant progress has been made by applying the ’iron line tomography’
to the High-Mass X-ray binaries (HMXB) (e.g. Nagase et al. 1992;
Day et al. 1993; Giménez-García et al. 2015; Aftab et al. 2019) as
well as low mass X-ray binaries (Gilfanov et al. 1999, 2000; Chu-
razov et al. 2001). In HMXB X-ray pulsars, the list of candidates
for the fluorescent emission production sites includes all main com-
ponents of the accretion flow: the accretion column, the accretion
stream, the Alfven surface (shell), accretion disc, the stellar wind
material, as well as the surface of the massive donor star itself (e.g.,
Inoue 1985).

In some HMXB pulsars, the equivalent width of the iron line
was shown to vary with the rotational phase of the neutron star.
Among others, the pulsating iron line was detected in LMC X-4
(Shtykovsky et al. 2017), Cen X-3 (Day et al. 1993), GX 301-2
(Liu et al. 2018; Zheng et al. 2020), Her X-1 (Choi et al. 1994) and
4U 1538-522 (Hemphill et al. 2014). Interestingly, none of these
sources is a BeXRB.

Several models were proposed to explain these variations. It
was suggested that variations in the line equivalent width may be
caused by the variations in time of the observed columns density
of the cold material in the vicinity of the neutron star (e.g. Inoue
1985; Leahy et al. 1989, and references therein). On the other hand,
the pulsating nature of the iron line may indicate that the matter
is not distributed symmetrically around the pulsar. In this case,
the irradiating flux from the primary varies with the rotation of
the pulsar (Inoue 1985; Day et al. 1993). Shtykovsky et al. (2017)
used phase-resolved spectroscopy to study LMCX-4 and concluded
that the iron line emission possibly comes from the hotspot on the
accretion disc. Studying changes in the emission pattern during the
eclipses of the HMXB pulsar Cen X-3 Nagase et al. (1992) found
that the 6.4 keV line must be produced fairly close to the neutron star
and obtained an upper limit for the distance between the fluorescent
matter and the X-ray source of ∼ 1 lt-sec (light second). Later,
Kohmura et al. (2001) proposed for this source that the reprocessing
site is the accreting matter flowing along the magnetic field lines
at the distance of ≈ 1.7 × 108 cm from the neutron star. Sanjurjo-
Ferrín et al. (2021) propose the accretion stream in Cen X-3 as a
source of reprocessed neutral iron. Similarly, in GX 301-2 Liu et al.
(2018) detected transient pulsations of iron line flux, suggesting
that the reprocessing medium might be the accretion stream or the
secondary’s surface. On the other hand, Zheng et al. (2020) argued
that the size of the emission region in this pulsar varies in the range
of ∼ 0–40 light seconds, with the average values consistent with the
distance from the pulsar to the accretion stream from the secondary
star. Endo et al. (2002) found that some fraction of the iron line
emission in GX 301-2 originates in the accretion column itself.
Recently Yoshida et al. (2017) proposed that the modulation of the
iron line intensity may be due to the finite speed of light, and the
effect is determined by the size of reprocessing region.

An important clue for the origin of the iron line may be pro-
vided by its evolution during outbursts of transient pulsars. However,
evidence is still incomplete and controversial. In 4U 0115+63, Tsy-
gankov et al. (2007) found that the equivalent width of the iron line
decreases with the declining luminosity of the pulsar, which was
interpreted as the decrease of the solid angle of the reprocessing
material as seen by the primary emission source. For 1A 1118-615,

on the contrary, it was shown that the equivalent width of the line
was constant during the type II outburst (Nespoli & Reig 2011).

A promising and so far unexplored venue is the spectroscopy of
the iron absorption K-edge. Recently, Yoshida & Kitamoto (2019)
proposed the accretion stream from the inner disc onto pulsar (the
accretion curtain) as a source of low-ionized fluorescent emission
based on the dynamics of iron K-edge absorption in Vela X-1, GX
1+4 and, possibly, in two other pulsars. Their arguments were based
on the variations of the K-edge depth as well as the presence of dips
in the observed count rate (flux) of the sources related to the eclipse
of the emitting region by the accretion column. They suggested that
the matter captured by the magnetic field which co-rotates with
the neutron star can produce the observed variability in K-edge
absorption optical depth. To our knowledge, this is the first and so
far the only detection of the variability of the iron absorption edge
in accretion-powered X-ray pulsars.

Thus, a wealth of information is provided by the X-ray spec-
tral features associated with iron absorption and fluorescence. This
information may help to constrain the geometry of the accretion
column, accretion flow and surrounding material and shed further
light on the emission mechanisms in accreting X-ray pulsars. In the
present paper, we analyse the behaviour of iron spectral features in
Be/X-ray HMXB pulsar V 0332+53 during its type II outburst in
2004.

System V 0332+53

The luminous transient X-ray pulsar V 0332+53 was discovered in
1973 during its bright outburst with a peak intensity of∼ 1.4Crab in
3–12 keV energy band (Terrell & Priedhorsky 1984). The pulsation
period of ∼4.4 s and parameters of orbital motion (orbital period of
∼ 34 days and eccentricity of ∼0.3) were determined later, during
the next less prominent outbursts in 1983-1984 (Stella et al. 1985).
The optical counterpart was found to be an O8-9Ve star BQ Cam
(Honeycutt & Schlegel 1985). Another outburst of the source was
registered in 1989 (Makishima et al. 1990). The significant cyclotron
resonance scattering feature (CRSF) at the energy 28.5 keV was
detected, which allowed estimating the magnetic field strength to
be around ∼ 2.5 × 1012 G.

Based on the optical properties of the source the distance to
the system was initially estimated to be ∼ 7 kpc (Negueruela et al.
1999). More recently, Rouco Escorial et al. (2019) and Arnason
et al. (2021) used Gaia DR2 measurements and derived the distance
of 5.1+0.9−0.7 kpc and 5.1

+0.8
−1.0 respectively. We thus note that majority

of initial studies of V 0332+53 adopted the distance of 7 kpc and
therefore overestimated the source luminosity by a factor of ∼2, if
the true distance to the pulsar is ≈ 5 kpc. In this work we adopt the
Gaia distance of 5.1 kpc.

The next major outburst of V 0332+53 occurred in 2004 and
was fully covered by RXTE observations. Two CRSF harmonics we
detected in the source spectrum, which showed complex evolution
in time and with luminosity (see e.g., Kreykenbohm et al. 2005;
Tsygankov et al. 2006, 2010; Lutovinov et al. 2015). The observed
anti-correlation between the CRSF centroid energy and luminosity
during the outburst can be understood either as the changing height
of the accretion column (Tsygankov et al. 2006; Mushtukov et al.
2015b), or as a result of reflection of the accretion column emission
from the surface of the neutron star (Poutanen et al. 2013; Lutovinov
et al. 2015; Mushtukov et al. 2018). The behaviour of the iron
line emission was studied succinctly in Tsygankov & Lutovinov
(2010). They reported themodulation of iron line flux and equivalent
width with the rotation of the pulsar. They also found long term
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variability of the equivalent width of the iron line which seemed
to correlate with the orbital phase and tentatively interpreted this
fact as fluorescence of the material at the surface of the optical
companion or its circumstellar disc.

Themost recent giant outburst of the source took place in 2015,
followed by a mini-outburst in 2016 (Cusumano et al. 2016; Tsy-
gankov et al. 2016; Baum et al. 2017). In Doroshenko et al. (2017);
Vybornov et al. (2018) it was found that the above-mentioned anti-
correlation between CRSF energy and luminosity breaks at low
fluxes, suggesting the change in accretion regimes (from super- to
sub-critical, see Basko & Sunyaev 1976; Mushtukov et al. 2015a).
Based on all observational data up to 2015, Doroshenko et al. (2016)
obtained the orbital solution of the pulsar which we use in this work
(Table 1). The evolution of the rotational frequency of V 0332+53
with luminosity proposes that the pulsar is accreting from the disc
(Doroshenko et al. 2016; Filippova et al. 2017) and not the wind.

The goal of the present paper is to utilize the information
provided by the spectral features of iron to study the structure of the
accretion flow in the vicinity of the neutron star as well as the overall
distribution of the circumstellar material in the system V 0332+53.
The paper is based on RXTE observations of the type II outburst of
the source in 2004. The paper is structured as follows. The details
of RXTE data reduction are presented in sect. 2. In sect. 3.1 we
investigate the evolution of the flux and equivalent width of the iron
line and of the depth of its K-edge on the time-scales of the outburst.
The pulse-phase-resolved modulations of the iron line and K-edge
parameters are studied in sect. 3.3. In sect. 4 we discuss our results
and constrain the location of the material responsible for absorption
and emission features in the source spectrum. Our conclusions are
summarized in sect. 5

2 OBSERVATIONS AND DATA ANALYSIS

During its 2004-2005 type II outburst, V 0332+53 was moni-
tored by Rossi X-ray Timing Explorer (RXTE) observatory, cov-
ering all phases of the outburst. In this work we use all available
RXTE/PCA (Proportional Counter Array) spectrometer data be-
tween MJD 53336 and MJD 53440, 97 observations in total from
proposals 90014, 90089, 90427.

RXTE/PCA spectrometer (Jahoda et al. 1996) is an array of
five proportional counters sensitive in the energy range 3-60 keV.
It has a total collecting area of 6400 cm2 (for all 5 units) and 20%
energy resolution at 6 keV (depending on the energy binning of
configurations). We reduced RXTE/PCA data following the RXTE
cookbook1 with the standard FTOOLS/HEASOFT v 6.24 package.
Observation-averaged spectra were extracted from the top layer of
PCU2 detector (the best calibrated one) in Standard2 data-mode,
an additional systematic error of 0.25% was added on all channels
due to uncertainties in the telescope’s response (García et al. 2014).
All spectra were fit with xspec package (Arnaud 1996) using 𝜒2
statistics.

There were 72 observations that had data configuration ap-
propriate for phase-resolved spectroscopy in energy range 3–12
keV (data modes E_125us_64M_0_1s, B_16ms_46M_0_49_H and
B_16ms_64M_0_249). The time of arrival of photons was cor-
rected to solar system barycentre, and the Doppler shift due to
orbital motion of a pulsar in the binary was corrected for using

1 https://heasarc.gsfc.nasa.gov/docs/xte/recipes/cook_
book.html

Table 1. Orbital parameters of V 0332+53 (Doroshenko et al. 2016)

Parameter Value

𝑃orb - orbital period 33.850(1) days
𝑎 𝑠𝑖𝑛(𝑖) - semi major axis projection on the line of sight 77.81(7) lt s
e - eccentricity 0.3713(8)
𝜔 -longitude of periastron 277.43(5) deg
𝑇PA - periastron time passage MJD 57157.88(3)

104 6
Energy, keV
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1.02

1.04

da
ta

cu
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90089-11-05-08G
90089-11-04-02G

Figure 1. The ratio of data to exponentially cutoff power-law in the time-
averaged spectra of two observations (90089-11-05-08G, MJD 53365.3 and
90427-01-03-00, MJD 53384.4).

orbital parameters from Doroshenko et al. (2016) (see Table 1). In
the phase-resolved analysis, photons were folded into 16, 12 or 8
phase bins using fasebin FTOOLS/HEASOFT task. In the last four
observations (90014-01-08-(00-03)), pulsations were not detected,
correspondingly no phase-resolved analysis was performed.

All but three observations during the rising part of the
outburst (up to MJD 53360) had E_125us_64M_0_1s configu-
ration (the remaining three were in B_16ms_64M_0_249 data
mode). Between MJD 56383 and 53403 (the declining part of
the outburst) the data suitable for phase-resolved spectroscopy
had B_16ms_46M_0_49_H configuration, and after MJD 53403
it had E_125us_64M_0_1s data mode again. Unfortunately, the
E_125us_64M_0_1s configuration in PCU2 has a corrupt chan-
nel 10 covering ∼ 6.14–6.54 keV energy range, which registers no
photons. As these energies are of primary interest for our study we
had to exclude observations made in this configuration from phase-
resolved spectroscopy of the iron line. In phase-resolved spectra, a
systematic error of 0.4% was added to all channels. The system-
atic error differs from the one used in Standard2 mode because
the data from all three layers of active PCUs were gathered into
one event file in these configurations (B_16ms_46M_0_49_H and
B_16ms_64M_0_249).

Observations with similar pulse profiles and the same config-
uration/detectors were combined using fbadd task, and their phase-
resolved spectra were combined with addspec script (see sect. 3.3
for details about groups).

All that leaves us with 30 observations and 8 groups where we
performed phase-resolved spectroscopy.

3 RESULTS

3.1 Light curve and long-term spectral evolution

Tsygankov & Lutovinov (2010) reported the presence of a strong
iron emission line (𝐸𝑊 ∼ 60−100 eV) in the spectra of V 0332+53.

MNRAS 000, 1–16 (2020)
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To corroborate this result we plot the ratio of the source spectra
obtained in two observations around MJD 53365.3 and 53384.4
to the best-fitting model of a power-law with exponential cutoff
(Fig. 1). The plot reveals a strong emission feature at ∼ 6.4 keV as
well as a depression in the spectrum near ∼ 7 keV which resembles
the behaviour observed in black hole X-ray binaries (e.g. Gilfanov
et al. 1999). Similar to the latter, these features can be associated
with the fluorescent K-𝛼 line and absorption K-edge of low-ionized
iron and, possibly, the lower energy part of the Compton reflection
bump.

To quantitatively describe iron spectral features we use amodel
consisting of a power-law with exponential decay (cutoffpl in xspec
package), a gaussian emission line (gauss) and the absorption edge
(edge), xspec formula edge*(cutoffpl+gauss). The line centroid and
the energy of the edge were fixed at 6.4 keV and 7.112 keV, respec-
tively. The broad band spectral shape of V 0332+53 is rather com-
plex and to facilitate the description of the continuum with a simple
model with a minimal number of free parameters, we decided to
limit the energy range for spectral analysis to 3–12 keV.

Making the line centroid energy a free parameter of the
fit (model cutoffpl+gauss), its best-fitting values varied in the
≈ 6.35–6.45 keV range. From our experience, this is within the
accuracy of the PCA instrument in measuring the centroid energy
for the iron line. On the other hand, fixing the line energy at 6.4 keV
and making the energy of the edge a free parameter of the model,
we obtained the edge energy consistent with the value of 7.1 keV in
all observations. This justifies our choice to freeze these parameters
at values expected for the neutral iron.

In HMXBs, emission lines of Fe XXV and Fe XXVI are often
observed (Aftab et al. 2019), which can not be resolved at the PCA
energy resolution. Unfortunately, no useful CCDdata is available for
this outburst of V 0332+53. An XMM-Newton observations during
2015 outburst is quite heavily piled up. However, the consistently
good agreement of the line centroid and position of the K-edge
with the values expected for neutral iron in all analysed PCA data
suggests that contribution of heavily ionized iron is not significant
in this source.

Equivalent hydrogen column density in this source was mea-
sured to be of the order of 𝑁𝐻 ≈ 1022 cm−2 (Tsygankov et al.
2016; Doroshenko et al. 2017). Fixing 𝑁𝐻 at this value in the
spectral fitting lead to poor fit quality with significant deviations at
lower energies. Making 𝑁𝐻 a free parameter of the fit results in the
best-fitting values in the ∼ (0.2–0.5) × 1022 cm−2 range with some
variations throughout the outburst. Although some local absorp-
tion by circumbinary material is, in principle, possible in a binary
system like V 0332+53, insufficient low energy coverage of PCA
instrument and systematic uncertainties in its energy response at
the low energy end do not permit us to make any reliable statement
about the value and time evolution of 𝑁𝐻 . Therefore we chose to
exclude interstellar absorption from the spectral model. This does
not affect the best-fitting parameters of the continuum model in any
significant way. However, absorbing column with 𝑁𝐻 ∼ 1022 cm−2

and cosmic abundance of iron should produce the iron K-edge with
the optical depth of ∼ 0.007–0.015, with the exact value depending
on the cross-section models and assumed abundance on iron along
the line of sight in the direction toward V 0332+53. This value is
comparable, within a factor of ∼ 2–3, with the measured value of
the K-edge depth. However, we clearly see variations of the iron K-
edge depth, long-term, throughout the outburst, and short-term, on
the time-scales corresponding to the rotation period of the neutron
star (Section 3.3). This leaves no doubts that most of iron K-edge

absorption observed in the spectrum of the V 0332+53 originates
in the source itself and not in the interstellar medium (ISM).

In our fits, the spectral width of the line was poorly constrained
but had a value typically ∼ 0.3 ± 0.1 keV. Therefore we fixed the
width at 0.3 keV, a value similar to the results of Caballero-García
et al. (2016); Baum et al. (2017). With applied systematic errors
(sect. 2) majority of spectra have acceptable reduced chi-square
value (the mean value of ≈ 1.1 for 16 dof) However, a few spectra
have large values of the reduced chi-square, sometimes exceeding
∼ 2. Inspection of these spectra showed that large residuals are
observed at the energies below <∼ 5 keV. The deviations of data
from the model have positive as well as negative sign and can not
be universally fixed varying the low energy absorption. Based on
our experience of working with PCA data we believe that, most
likely, they are related to some calibration uncertainties of the PCA
instrument.

Throughout the paper, all confidence intervals for spectral pa-
rameters are calculated for 68% (1𝜎) confidence level (cl), and
upper limits are 90% cl. Table A1 presents the observation log,
configuration and grouping used in phase-resolved spectroscopy,
and results of the observation-averaged spectral analysis – reduced
chi-square value for the model described above, the 3–12 keVmodel
flux and the value of the equivalent width of the iron line, as well
as its intensity.

Fig. 2, panel A shows the evolution of the 3–12 keV flux
and the iron line flux during the outburst. The outburst started
approximately on MJD 53340 (2004 December 1), achieved its
peak flux of 3.5 × 10−8 erg s−1 cm−2 about 20 days later and then
started its gradual decline followed by a fairly sharp drop in the
end of the outburst around MJD 53430, after which observations
of the source were finished. In the end of the outburst, the iron
line flux declined faster than the continuum flux, and the line was
undetectable in the last six observations.

In Fig. 2, panel B the variation of the equivalent width of the
iron line with time during the outburst is shown. At the beginning
of the outburst, the equivalent width had a value of ∼ 65 eV and
started to grow until it reached ∼ 90 eV at the peak of the outburst.
After that, the value of the equivalent width declined to ∼ 70 eV
until it grew again up to ∼ 80 eV in ∼ 10 days. At the end of the
outburst, the value returned to the initial value of ∼50–60 eV. There
is a ’cut-off’ in the end of the outburst, where the equivalent width
drops (EW< 60 eV) in a matter of ∼ 5 days. As the equivalent width
of the line depends on its assumed spectral width (in our case fixed
at 0.3 keV), we also obtained spectral fits for smaller (0.2 keV) and
larger (0.4 keV) line width. We found, as expected, that although
this changes slightly the absolute value of the line EW, the overall
shape of the EW curve is not affected by the moderate changes of
the line width.

In Fig. 2, panel B one can see a hint of periodic variations of
the line EWwith the period of ≈ 30 days, consistent with the orbital
period of the binary system. This behaviour was earlier reported by
Tsygankov & Lutovinov (2010). It could be related to the orbital
motion of the system if, for instance, the reprocessing matter was
located near the optical companion of the pulsar. In Fig. 2, panel B
we plot by the dashed line the line-of-sight projected distance from
the neutron star to the centre of the companion star. As one can see,
the peaks of the line EW roughly coincide with the moments in time
when the distance to the companion star is minimal. This suggests
that some fraction of the iron line originates on the surface of the
donor star or in the material located near it. This will be further
discussed in Section 4.

We report for the first time variability of the depth of the iron
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Figure 2. Panel A: The light curve of V 0332+53 in 2004-2005 outburst. The 3–12 keV flux in units of 10−8 erg s−1 cm−2 is shown as red circles, while the
flux of the iron 𝐾𝛼 line in units of 10−3 phot cm−2 s−1 is presented by green squares. Horizontal black solid lines indicate the observations during which
phase-resolved spectroscopy was carried out. Panel B: The evolution with time of the equivalent width of the iron 𝐾𝛼 line (cyan circles). The line-of-sight
projected distance between the pulsar and the optical companion is plotted with red dashed-dotted line. Solid cyan line shows the approximation of EW data
with the model described by eq. 4, see sect. 4 for discussion. Panel C: Optical depth of the iron K-edge (red squares). Panel D: Morphology of pulse profiles
in the 3–12 keV energy band. Cyan dots demonstrate the quantity 𝑅 = (𝐹max − 𝐹min)/𝐹min for the 3–12 keV pulse profile, and yellow dots show the same but
for iron line flux (see sect. 3.3). Horizontal lines with text present approximate classification of pulse profiles into morphological types (see the description in
sect. 3.2). For reference, the 3–12 keV flux in units 10−8 erg s−1 cm−2 is shown by gray circles in panels B,C,D.

K-edge with time (Fig. 2, panel C). At the beginning of the outburst,
the iron K-edge was not detected in individual observations with
the 90% upper limits typically in the ∼ (0.5–1) × 10−2 range.
Around the peak of the outburst, the K-edge optical depth was
approximately constant at the level of ≈ 0.015–0.02, and started to

decline after MJD 53380 becoming undetectable again after MJD
53390 with the upper limit of ∼ (0.5 − 1) × 10−2. However, after
∼ MJD 53420, approximately after apastron passage, the optical
depth of the K-edge increased significantly within about five days
to ∼ 10 × 10−2 level and then appeared to drop again, although the
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upper limits are not constraining to fully characterise its behaviour.
Interestingly, the iron line was not detected when the K-edge was the
deepest.We note that theK-edge depth expected from the interstellar
absorption appears to be somewhat higher than the upper limits
shown in Fig.2, panel C. This disagreement may be a result of
calibration uncertainties of RXTE/PCA or related to deviations of
the iron abundance from the adopted value, as discussed earlier in
this section.

3.2 Evolution of the pulse profile

For each observation with sufficient time resolution (con-
figurations B_16ms_64M_0_249. B_16ms_46M_0_49_H,
E_125us_64M_0_1s) we measured the pulsation period and
obtained binary-motion corrected pulse profiles of counts rate in
3–12 keV energy band 2.

In the description below we use luminosities measured in the
broad energy range 3-100 keV in Tsygankov et al. (2010); Lutovinov
et al. (2015), but assuming 5 kpc distance.

The evolution of the shape of the pulse profile followed the
pattern typical for transient accreting X-ray pulsars, with complex
evolution of pulse profiles in time as described below. Such be-
haviour has been reported in several pulsars (Tsygankov et al. 2010;
Koliopanos &Gilfanov 2016; Tsygankov et al. 2018;Wilson-Hodge
et al. 2018; Lutovinov et al. 2021) and predicted theoretically as a
result of the switch of the emission diagram from a pencil beam to
fan-shaped beam due to the changes in accretion regime (Gnedin &
Sunyaev 1973; Basko & Sunyaev 1976; Mushtukov et al. 2015a),
although the detailed picture is still debated (e.g. Mushtukov et al.
2018).

At the beginning of the outburst (MJD 53340-50), single-
peaked 3–12 keV pulse profiles were observed in virtually every
observation. A representative pulse profile of this type is shown
in Fig. 3, panel A. The pulse profile in this energy range had one
broad and somewhat asymmetric peak followed by a similarly broad
smooth minimum, the pulsed fraction3 was ∼ 5%. In Tsygankov
et al. (2010) it was shown that the pulse profiles in V 0332+53
depend on the energy range, and in harder channels may become
double-peaked (e.g. 8–14 keV profile at the rising phase of the
outburst is double-peaked). Pulse profile also changes dramatically
near the cyclotron line energy (Tsygankov et al. 2010, fig. 6). These
aspects of V 0332+53 have been a subject of detailed studies pre-
viously (Tsygankov et al. 2006, 2010) and not repeated here.

The transition to the double-peaked profile occurred during the
data gap between MJD 53345-53350 at the luminosity level of ∼
1038 erg s−1. Near themaximumof outburst, atMJD53350 – 53360,
double-peaked profiles had two strong narrow dips and flat maxima,
with the pulsed fraction of nearly ∼ 30%, separated in phase by
Δ𝜙 ≈ 0.5 (Fig. 3, panel B). Interestingly, in two observations 90089-
11-04-(03,04) (MJD 53358.8 and 53360.0) pulse profiles had the
two dips with the same depth which may suggest some saturation
or a full eclipse of the accretion column and the neutron star (see
discussion in Section 4). The peaks were also fairly equal in flux.
Later in the outburst, after the timing data gap inMJD53360–53385,

2 All pulse profiles, phase-resolved spectra best-fitting parameters (includ-
ing photon index, cutoff energy and reduced chi-square value) can be found
at https://github.com/SergeiDBykov/v0332p53_materials aswell
as in the online materials.
3 pulsed fraction, 𝑃𝐹 , defined as 𝑃𝐹 =

𝐹max−𝐹min
𝐹max+𝐹min where 𝐹max/min is the

maximum/minimum value of flux found in a pulse profile.

the breadth of the dips increased and the symmetry between the two
peaks (and dips) disappeared (Fig. 3, panels C,D,E). The pulsed
fraction returned to the initial ∼ 5%. The shape of the pulse profile
evolved in a complicatedmannerwith its complexity increasing (e.g.
Fig. 3, panel F) towards the end of the outburst, until luminosities
as small as ∼ 1/30 of the peak luminosity. As we did not detect the
transition from double-peaked pulse profile to the singe-peaked one
in the end of the outburst, we can conclude that the singe->double-
peaked pulse profile transitions happen at very different luminosities
in the beginning and the end of the outburst (hysteresis behaviour).

We summarize the main features of the pulse profile evolution
in Fig. 2, panel D where show the behaviour of the modulation
amplitude 𝑅 = 𝐹max/𝐹min − 1 and describe the morphology of the
pulse profile at different stages of the outburst.

3.3 Phase-resolved Spectroscopy

Only 28 PCA observations were performed in data modes having
sufficient time resolution and number of energy channels to permit
pulse-phase-resolved spectroscopy of the iron line. In Fig. 2, panel A
the time intervals covered by these observations are marked by two
left-most black horizontal lines. As one can see, no phase-resolved
spectroscopy is possible at the peak of the outburst.

The data were divided into seven groups of observations
with similar pulse profiles and the same configuration/detectors.
The groups cover different parts of the outburst and show differ-
ent behaviour of the pulse profile and parameters of the phase-
resolved spectra (see Table A1 and Fig. 4). The spectrum in
each phase bin was fitted in the 3–12 keV band with the model
edge*(cutoffpl+gauss) in xspec. As suggested by the results of the
spectral analysis of average spectra, we fixed the line energy and
width at values of 6.4 keV and 0.3 keV respectively, and the edge
energy at 7.1 keV (sect. 3.1). It should be noted that, unlike fluores-
cent line energy, the energy of the K-edge depends notably on the
ionization state even for weakly ionized iron (for example increasing
from 7.1 keV for Fe I to 7.6 keV for Fe V), however, the higher edge
energies seem to be excluded by the results of analysis of average
spectra presented in Section 3.1.

Results of phase-resolved spectroscopy are shown in Fig. 4
where we present variations of parameters of interest with the pulse
phase. In particular, we follow a total 3–12 keV flux, shown in each
panel by the dashed histogram, flux and equivalent width of the 6.4
keV iron line and the optical depth of the ironK-edge (shownby solid
histograms in the top, middle and bottom sub-panels respectively).

One of themost interesting findings of thiswork is the detection
of the variable iron line K-edge whose optical depth varies with the
pulse phase. It reveals itself most graphically in data group I. This
data group is the closest to the peak of the pulsar light curve in
our sample, having the largest luminosity (∼ 1.7 × 1038 erg s−1)
among the data sets suitable for phase-resolved spectroscopy. The
pulse profile on this date (around MJD 53354.6) shows two rather
narrow dips of large (and unequal) amplitude separated by ≈ 0.5 in
pulse phase. In the deeper one of the two, observed flux from the
pulsar drops by a factor of ∼ 1.5. Comparing with the collection of
pulse profiles shown in Fig. 3 one may conclude that with further
increase of the luminosity, about 5 days later, on MJD 53360, the
dips became more narrow and equalized in depth. The luminosity
at that time was ∼ 15% larger than in group I. Notably, the dips in
the pulse profile appear to be accompanied by the peaks in the iron
K-edge (Fig. 4, panel A), suggesting that they may be caused by
obscuration of the neutron star by, for example, the accretion flow
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Figure 3. Pulse profiles in the 3–12 keV energy range at different stages of the outburst. Panel A shows a single-peaked pulse profile in the beginning of the
outburst. The pulse profile shown in panel B was obtained near the peak and displays two strong and narrow dips. Panels C, D and E show the subsequent
evolution of the pulse profile during the declining phase of the outburst. Finally, in the panel F, near the end of the outburst, the pulse profile had a complex
shape, seemingly double-peaked. The individual pulse profiles are not synchronised in phase, but shifted to have the main minumum at phase 0.

from the inner disc. This possibility is discussed in detail in the next
section.

Unfortunately, data around the maximum of the light curve
were taken in instrument configurations without 3–12 keV energy
coverage. The next (in time) data set suitable for phase-resolved
spectroscopy (group II, Fig. 4, panel B) was taken a month later, on
MJD 53384, when the luminosity was by a factor of ∼ 1.6 lower
than at themaximum of the light curve and by a factor of∼ 1.5 lower
than in the previous data group discussed above (group I). However,
it still shows a clear peak in the K-edge depth profile coinciding
with one of the two dips in the total flux pulse profile. This trend
continues in the following observations, data groups III, IV and
V, albeit peaks and dips become broader and progressively more
smeared. However, in the last data set (MJD 53390.3, group VI,
Fig. 4, panel D) taken near the end of the outburst at the luminosity
level of ∼ 0.09 × 1038 erg s−1, the pattern changes dramatically
and the peaks of the K-edge absorption depth now coincide with
the peaks of the total flux. Interestingly, at this point, the K-edge
becomes undetectable in the average spectrum.

The iron line flux shows large variations with the pulsed frac-
tion in the ∼ 30% range without evident trends in time and luminos-
ity, see Fig. 4. The pulse-profile shape of the line flux has a rather
complex shape with several minima and maxima, and with less ob-
vious relation to the modulation of the total flux. The equivalent

width generally follows the iron line flux because the variability of
the line is much larger than the variability of continuum emission,
with a typical value of EW of ∼ 50–100 eV. A remarkable property
of the iron line spectral features is the lack of correlation between the
iron line flux and the depth of its K-edge. This behaviour has impor-
tant implications on the geometry of the neutral material producing
these features which are discussed in sect. 4.

After MJD 53420, pulsations were detected only in two obser-
vations (90014-01-07-04 and 90014-01-07-00). For phase-resolved
spectroscopy, we grouped these two observations into data group
VIII. As the iron linewas not detected in these data at all, we used the
spectral model cutoffpl*edgewhich permitted us to carry out phase-
resolved spectroscopy despite the missing channel at the energy 6.4
keV in the PCA instrument configuration E_125us_64M_0_1s used
in these observations.

We did not detect pulsations of the K-edge optical depth (Fig.
4, panel E) in these data. One can see that the behaviour of the
K-edge depth pulse profile differs drastically from that observed
in previous data groups. In particular, the null hypothesis of the
constant depth has a fully acceptable 𝜒2 value of 7.8 for 11 dof.
Assuming a sinusoidal pulse profile with the mean value equal to
the K-edge optical depth 𝜏𝐾 measured in the average spectrum in
these observations (≈ 10%) we obtained the 90% confidence upper
limit on the amplitude of 𝜏𝐾 variations of ≈ 60% of the mean value.
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Figure 4. Pulse phase dependence of parameters of the phase-resolved spectra for different groups of observations. See Table A1 for definition of data groups.
On each panel (A,B,C,D) we plot the pulse profile of the flux (3–12 keV) with a dotted black histogram on each sub-panel, the flux of the iron line (green
histograms, top sub-panel) and its equivalent width (blue histograms, lower sub-panel), and the optical depth of the iron K-edge as a function of phase (red
histograms, bottom sub-panel). Panel A shows the group I, the near-maximum part of the outburst (MJD 53350-60). Panel B, C, D show group II, IV and VI
from the declining part of the outburst (MJD >53380). In Panel E we show the pulse profile of the total flux and K-edge depth for the group VIII, where no
iron line was detected in the spectra. All profiles were shifted along x-axis so that the maximum of K-edge optical depth is at phase 0.5.

Due to the rather limited statistical quality of these data, the upper
limit does not seem to be very constraining. However, 𝜏𝐾 pulsations
with the pulse profile similar to those observed in data group II or IV
can be excluded with high confidence. Indeed, assuming the pulse
profile as in panel B in Fig. 4 and re-scaling it to give the observed
value of the mean K-edge optical depth in group VIII, we obtain the
𝜒2 = 113 (11 dof) for the null hypothesis of constant 𝜏𝐾 .

4 DISCUSSION

4.1 Summary of observational picture

The findings of this work can be summarized as follows:

(i) The 3–12 keV pulse profile evolves throughout the outburst
from a single-peaked shape at low luminosity to a double-peaked
one at high luminosity. The reverse transition was not observed
at low luminosities in the end of the outburst. This behaviour is
similar to other accreting transient X-ray pulsars in Be/X systems

(Tsygankov et al. 2007; Epili et al. 2017;Wilson-Hodge et al. 2018),
its features specific for V 0332+53 have been already extensively
discussed elsewhere, including its behaviour at higher energies (Tsy-
gankov et al. 2006).

(ii) Outside the peak of the outburst, the pulse profiles in the
3–12 keV band show a moderate modulation at the level of 𝑅 =

(𝐹max − 𝐹min) /𝐹min ∼ 0.1–0.2. Near the peak of the outburst,
the modulation reaches amplitude of 𝑅 ∼ 1 (Fig. 2, panel D).
Qualitatively, this highly modulated pulse profile can be interpreted
as the single peak profile similar to the one observed in the rising
part of the light curve (panel A in Fig. 3), superimposed on which
are two deep and narrow "absorption" features separated by 0.5 in
pulse phase. In the declining part of the outburst, the pulse profiles
have lowmodulation ∼ 0.1 and double-peaked shape. Pulse profiles
evolve in a complex manner after, possibly having a two-peaked
shape until the end of the outburst.

(iii) The fluorescent iron line at the energy consistentwith neutral
or weakly ionized iron is detected throughout most of the outburst.
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Figure 5. Count rate pulse profile in the 3–12 keV range for observation
90089-11-04-04 having maximum luminosity in our data (for which such a
profile could be constructed) plotted in 128 phase bins (temporal resolution
∼ 0.035 sec). The units along y-axis are arbitrary. The blue line is the pulse
profile, and red line is the same profile shifted by 0.5 in phase. This plot
is intended to demonstrate the striking similarity between the shape and
depth of the two dips and the fact that they are separated by nearly exactly
Δ𝜙 = 0.5 in phase.
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Figure 6. Top panel: Unfolded (with cutoffpl model) spectra of three phase
bins of the pulse profile shown in panel B in Fig. 3 and in Fig. 5, observation
90089-11-04-04. The chosen phase bins (specified in the legend) correspond
to the bottom of the two dips (blue and green circles, phase bins 0/16 and
8/16) and the peak of the pulse profile (magenta circles, phase bin 2/16).
Bottom panel: the ratio to the phase 0 spectrum. The data gap at ∼ 6.5 keV
is due to configuration.

On the long time-scale, its equivalent width shows possible mod-
ulation with the orbital period of the binary (as was noted earlier
in Tsygankov & Lutovinov 2010), varying between ≈ 70–90 eV.
Notably, there is a clear cut-off in the end of the outburst, where the
equivalent width drops down to <∼ 60 eV on the time-scale of about
<∼ 5–10 days.
(iv) The iron line flux pulsates with the rotational period of

the pulsar, varying with the amplitude of 𝑅 ∼ 1, much larger than
oscillations of the total flux. The pulsation amplitude of the iron line
flux remains constant through the outburst, where phase-resolved
spectroscopy was possible.
(v) We detected iron K-edge at the energy 7.1 keV with the opti-

cal depth significantly larger than expected from ISM absorption. Its
optical depth varies with the pulse phase in a manner approximately
anti-correlated with the total flux and also evolves through the out-
burst. Its long-term variation and presence of pulsations prove that
it is mostly caused by the material near the neutron star itself. The
presence of pulsating iron K-edge in V 0332+53 was not reported
before.

4.2 Dips in the pulse profile

The striking feature of the pulse profile at the peak of the outburst
is the presence of two nearly identical dips separated in phase by
exactly 0.5 (panel B in Fig. 3 and Fig. 5 ). The source spectrum in
the dips is (i) nearly identical to the spectrum outside the dips and
(ii) the spectra in the two dips are nearly identical to each other in
shape and normalization (Fig. 5 and 6). These properties and the
narrowness of the dips suggest that they could be caused by shadow-
ing of the (part of) emission region by some scattering (i.e. ionized)
material of moderate optical thickness. They can also arise due to
shadowing of the part of the emission region by an opaque material.
However, similarity of dip and off-dip spectra and, in particular, lack
of any strong absorption features in the dip spectra, suggest that the
dips can not be produced by neutral or weakly ionized absorbing
material of moderate thickness. Similar pulse profiles with very
sharp, luminosity-dependent dip-like features were observed earlier
in several accreting X-ray pulsars such as GRO J1008-57 (Naik et al.
2011), EXO 2030+375 (Epili et al. 2017), A0535+262 (Naik et al.
2008; Jaisawal et al. 2021), GX 304-1 (Jaisawal et al. 2016), 2S
1417-624 (Gupta et al. 2018), 4U 1909+07 (Jaisawal et al. 2020)
and generally associated with the additional absorption of radiation
by matter.

The primary candidate for the obscuring material could be the
flow of matter from the inner part of the disc to the pulsar’s surface
(which is also called accretion curtain, or accretion channel). Indeed,
from the continuity equation one can estimate the electron density
𝑛𝑒 in the accretion curtain at radius 𝑟 as

𝑛𝑒 (𝑟) =
¤𝑀/2

𝑣(𝑟)𝑆(𝑟)`𝑚𝑝
(1)

where ¤𝑀/2 is the accretion rate through one accretion column
assuming that there are two opposing streams as expected for the
dipole configuration of the magnetic field, 𝑣(𝑟) is the velocity of the
accreting matter (in the accretion channel it should be close to the
free-fall velocity, 𝑣(𝑟) ≈ 𝑣ff (𝑟) =

√︁
2𝐺𝑀NS/𝑟), 𝑆(𝑟) is the area of

the flow, ` is the mean molecular weight, 𝑛𝑒 is the electron number
density and 𝑚𝑝 is the proton mass. Expressing the distance from
the neutron star to the part of the accretion flow causing obscuration
as a fraction of the Alfven radius 𝑟 = 𝑎𝑟𝑀 , one can estimate the
area of the stream there as 𝑆(𝑟) = 2𝜋 𝑓 𝑑𝑎𝑟𝑀 , where 2𝜋 𝑓 is the
azimuthal angular size (in radians) of the accretion curtain, 𝑑 << 𝑟
is the thickness of the accretion curtain at this radius. With this
one can express the Thomson optical depth of the accretion curtain
𝜏𝑇 = 𝑛(𝑟)𝜎𝑇 𝑑 as follows:

𝜏𝑇 =
1
4𝜋 𝑓 𝑎

¤𝑀^𝑇
𝑟𝑀 𝑣ff (𝑎𝑟𝑀 ) = 0.1𝐿8/738 𝑅

2/7
6 𝑀

−10/7
𝑁𝑆

𝐵
−2/7
12 𝑓 −1𝑎−1/2

(2)
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where ^𝑇 =
𝜎𝑇

`𝑚𝑝
= 0.34 cm2g−1 is a electron scattering opacity for

solar abundances, 𝜎𝑇 is a electron scattering cross-section , and the
scales are: 𝐿38 for luminosity in units 1038 erg s−1, 𝑅6 for neutron
star radius in units 106 cm, 𝑀𝑁𝑆 for neutron star mass in units of
solar masses, 𝐵12 for neutron star magnetic field in units 1012 G.
The formula for Alfven radius was taken from Frank et al. (2002).

Near the peak of the outburst, the luminosity of V 0332+53
was ∼ 1.9 × 1038 erg/s (Lutovinov et al. 2015, but assuming 5
kpc distance); the azimuthal size of the accretion curtain can be
estimated from the width of the dips in the pulse profile (panel B in
Fig. 3) 𝑓 ∼ 0.2, the strength of the magnetic filed on the surface was
measured at 𝐵 = 2.5 × 1012 G (see sect. 1) and, assuming 𝑎 = 0.5
we obtain

𝜏𝑇 ' 0.9 (3)

We note that this result is close to the one inMushtukov et al. (2017,
equation (3), _ = 0 and 𝜏𝑒 = 𝐿

8/7
39 𝐵

−2/7
12 ) if we take into account

that the azimuthal angle of an accretion channel is not equal to 2𝜋.
Thus, the accretion curtain is sufficiently optically thick to

explain the dips in the pulse profile with the amplitude 𝑅 ∼ 1,
assuming that its material is (nearly) fully ionised. However, the
biggest difficulty of this scenario is the presence of two dips sep-
arated by almost exactly Δ𝜙 = 0.5, see Fig. 3, panel B. Assuming
that the magnetic filed has the dipole geometry, we can not identify
a configuration in which two accretion flows could produce two
nearly identical dips separated by Δ𝜙 = 0.5 in phase (Fig. 5).

Mushtukov et al. (2018) proposed that the dips in the pulse
profile at the highest luminosity are caused by the eclipse of the
accretion column by the neutron star itself. They noticed the fact
that radiation from the accretion column is strongly beamed towards
the surface of the neutron star (Poutanen et al. 2013;Mushtukov et al.
2018). Therefore, during the dip observer receives mainly emission
from the eclipsed accretion column on the opposite side, focused by
the neutron star serving as a gravitational lens (fig. 6 in Lutovinov
et al. 2015). Such a model naturally explains two dips separated in
phase by Δ𝜙 = 0.5. However, in the simplified models considered
in Mushtukov et al. (2018), the dips in the pulse profile are not
symmetric, having different depth. It remains to be seen whether
a more accurate account for the emission diagram of the accretion
column can improve this aspect of the model (Mushtukov et al.
2018). We also note that according to the estimations above, the
accretion flow from the inner disc presents a substantial obstacle for
radiation escaping from the immediate vicinity of a pulsar, even if
its azimuthal expansion 𝑓 is larger than 0.2.

4.3 Pulsating K-edge of iron

The instrument configuration did not permit us to perform phase-
resolved spectral analysis at the highest luminosities, where the dips
were most pronounced. The nearest observation for which this is
possible was carried out on around MJD 53354.6 about ≈ 6 days
earlier. The pulse profile and results of phase-resolved spectral anal-
ysis are shown in panel A of Fig. 4. The two dips are clearly seen in
the pulse profile, albeit of unequal depth and separated in phase by
Δ𝜙 ≠ 0.5. Notably, two clear K-edge absorption peaks coinciding
with the dips in the total flux. The optical depth of the edge is fairly
small, 𝜏 ≈ 0.04, therefore they can not be associated with the ma-
terial producing the dips. Indeed, considering the accretion curtain
as an example, we note that for the solar abundance of cosmic ele-
ments, the optical depth of the iron K-edge is 𝜏Fe−K ∼ 2𝜏𝑇 . Given
our estimate of the Thomson optical depth of the accretion curtain

above (eq. 2), 𝜏𝑇 ∼ 1, this is grossly inconsistent with the observed
depth of the K-edge in the phase-resolved spectrum. The K-edge of
such small depth could result from an addition of a small fraction
of emission reprocessed by neutral material of solar abundance,
for example in the accretion disc or on the surface of the neutron
star near the accretion column (in the latter case the gravitational
redshift should be taken into account). Any such model should also
explain the anti-correlation between the total flux and the depth of
the K-edge. To add to the complexity of the observational picture,
we mention that pulsating K-edge was detected in all analysed data
groups after the peak of the light curve, with a rather complicated
pulse profile. The lack of correlation between the depth of the edge
and flux or equivalent width of the fluorescent iron line suggests
that the line and the edge originate in different locations. Indeed, if,
for example, the reprocessing neutral material was distributed sym-
metrically around the primary source, the optical depth of K-edge
should have been correlated with the equivalent width of the fluo-
rescent line. Obviously, our results exclude such simple geometries.

The surge in the K-edge depth near the end of the outburst (Fig.
2, panel C) is quite interesting. The lack of pulsations of the K-edge
optical depth during this period suggests that the absorbing material
is located sufficiently far from pulsar and, likely, has a different ori-
gin, than pulsating K-edge absorption observed in the earlier stages
of the outburst. The duration of the K-edge surge, ∼ 10 − 15 days,
is about ∼ 1/3–1/2 of the orbital period of the binary, suggesting
that absorbing material may be associated with some circumbinary
material, for example with wind from the donor star. The lack of the
fluorescent line of iron in the spectrum during this period further
supports the scenario that we are dealing with an absorbing screen.
In principle, the spectra in this period may be fitted with a simple
absorbed power-law model, with a rather large hydrogen column
density, 𝑁𝐻 ∼ (2.3–3) × 1022 cm−2. With this fit, some residual
K-edge absorption was still detected in some of the observations.
However, as discussed above, the limited low energy coverage of
RXTE/PCA did not permit us to make a definitive conclusion. Such
absorption enhancements are observed in different X-ray pulsars
(e.g. Hemphill et al. 2014; Jaisawal & Naik 2014; Sanjurjo-Ferrín
et al. 2021; Liu et al. 2021; Ji et al. 2021) and usually related to
the structures like wind or accretion stream through the inner La-
grange point. To our knowledge, such a clear and isolated episode
of increased absorption is detected in Be/X-ray binary system for
the first time.

4.4 6.4 keV line

The modulation of the iron line equivalent width with the orbital
period of the binary, first noted in (Tsygankov & Lutovinov 2010,
their fig. 2 ), and its tentative anti-correlation with the distance
to the companion star (Fig. 2) suggest that some fraction of the
iron line flux originates on the surface of the donor star or in the
neutral material in its vicinity. In this context we note that optical
studies of V 0332+53 suggested the presence of a circumstellar
(decretion) disc (Negueruela et al. 1999; Caballero-García et al.
2016). Although its extent in V 0332+53 is not known, based on
typical parameters of such disks in other systems (Coe & Kirk
2015) we conclude that it can contribute to the fluorescent iron line
emission observed from this source.

To estimate the fraction of emission from donor star and its
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circumstellar disk we fit the equivalent width curve with the model

𝐸𝑊 (𝑡) = 𝐸𝑊0 + 𝐸𝑊star (𝑡) (4)

𝐸𝑊star (𝑡) =
𝑁𝑠𝑡𝑎𝑟

𝐷2star (𝑡)
(5)

where 𝐷star (𝑡) is the distance from the neutron star to the optical
companion, 𝐸𝑊star (𝑡) is the equivalent width of the line produced
at or near the optical companion and modulated with the orbital
period of the binary and 𝐸𝑊0 represent the rest of the iron line
flux. 𝑁star is a normalization factor. This procedure is similar to
the one used in Tsygankov & Lutovinov (2010). During the fitting
procedure we ignored the observations without iron line in spectra
(i.e. after approximately MJD 53420). The model employed here
ignores possible variations of the emission diagram of the pulsar
throughout the outburst, assuming that 𝐸𝑊star (𝑡) is determined only
by the solid angle of the companion star as seen from the pulsar. This
approximation is sufficient for the purpose of this estimate. Fitting
to the data we found 𝐸𝑊0 = 67 ± 2 eV. The best-fitting model is
shown by the solid line in Fig. 2, panel B.

Thus, we find that the equivalent width of the iron line from
the donor star varies between 𝐸𝑊min ≈ 5 and 𝐸𝑊max ≈ 25 eV. This
is consistent with the expectation (Basko et al. 1974). Indeed, the
radius of the donor star in V 0332+53 is probably close to ≈ 21
light sec (nine solar radii) (Negueruela et al. 1999, according to
spectral type), the solid angle subtended by the donor star varies in
the range ΔΩ/4𝜋 ≈ 0.01–0.044. For an isotropic emission diagram
of the primary emission, the equivalent width of the fluorescent
line is 𝐸𝑊max × ΔΩ/4𝜋 with 𝐸𝑊max ∼ 1 keV 4 and will vary
between ∼ 10 and ≈ 44 eV. The observed values are within a factor
of ∼ 2 lower which may be understood as the result of the the
anisotropy of the emission diagram of the pulsar. he presence of
the circumstellar disk around the donor star will further complicate
the picture. Furthermore, the fluorescent line flux depends on the
inclination of the system which was not taken into account in our
simple estimate.

Results of the phase-resolved spectroscopy show that the iron
line flux pulsates with the rotation period of the neutron star (Fig.
4). Due to the large size of the binary system, ∼ 102 light sec,
much larger than the rotation period of the neutron star, ∼ 4.4 sec,
the pulsating component of the iron line can not originate on (or
near) the surface of the donor star. The complex pulse profiles of
the line flux and equivalent width suggest that the pulsating part of
the iron line must be associated with neutral material located within
� 1 light sec from the neutron star. As estimated above, the total
equivalent width of the fluorescent line originating near the neutron
star can not exceed <∼ 67 eV. On the other hand, the amplitude of
pulsations of the iron line equivalent width is ∼ 50–60 eV. Thus,
the pulsating component of the fluorescent iron line is very strongly
modulated, varying by a factor of ∼ 5−10with the rotational phase
of the pulsar.

Such a strong modulation of the iron line flux seems to be
difficult to explain, if the line was originating due to reflection off

4 for moderate optical depth

𝐸𝑊max = 0.74

∫ ∞
7.1 𝐼 (𝐸) (7.1/𝐸)

2.8𝑑𝐸

𝐼 (𝐸 = 6.4𝑘𝑒𝑉 ) 𝜏 keV

assuming roughly solar abundance (Churazov et al. 1998, formula 2), where
𝐼 (𝐸) [𝑝ℎ𝑜𝑡 𝑠−1𝑐𝑚−2𝑘𝑒𝑉 −1 ] is the spectrum of a source. For a power-
law spectrum with photon index Γ ∼ −0.5 and cutoff energy 𝐸𝑐𝑢𝑡 = 7 keV
(parameters typical for V 0332+53) the above formula gives 𝐸𝑊max ≈ 1.8𝜏
keV. We neglected the effect of CRSF on the flux above 7.1 keV.

the accretion disc, because of its large solid angle as seen from the
pulsar.

A plausible fluorescence site in the vicinity of the neutron star is
the accretion curtain. The solid angle subtended by the two accretion
flows as seen from the emission region equals ΔΩ ∼ 2× 𝜋/2×2𝜋 𝑓 ,
where, as before, 2𝜋 𝑓 the azimuthal angular size (in radians) of
the accretion curtain. Thus, ΔΩ/4𝜋 ∼ 𝜋/2 × 𝑓 ∼ 0.3, assuming
𝑓 ∼ 0.2. Taking into account that the accretion flow is moderately
thick (see above), the maximum value of the equivalent width of
the line it can produce is a few hundred eV, i.e. it can explain the
observed equivalent width of the iron line. As the accretion curtain
can have a rather large ratio of its sizes in the azimuthal and radial
directions, its rotation can easily explain the large modulation of the
iron line, although particular details on the light curve need a much
more detailed consideration with the account for the geometry of
the accretion flows and the emission diagram of the pulsar.

5 CONCLUSIONS

We analysed the data of RXTE/PCA observations of V 0332+53
during its type II outburst in 2004. We paid particular attention to
the variability of the iron spectral features – the fluorescent line at
6.4 keV and K-edge at 7.1 keV and investigated their evolution on
the time-scale of the outburst and their pulsations with the pulsar
period. Detection of the pulsating iron K-edge in V 0332+53 is
reported for the first time in this paper.

Both iron line and edge show a complex dependence on the
pulse phase which can not be self-consistently accommodated in
any of the existing models of emission of accreting pulsars. The
most striking of these features are:

(i) at high luminosity the pulse profiles in the 3–12 keV band
have two deep and narrow dips of 𝐹max/𝐹min ∼ 2 and of nearly
identical shape, separated in phase by exactly 0.5. The source spec-
trum is identical during the two dips and very similar in shape to
the spectrum outside the dips.
(ii) the K-edge peaks at the phase intervals corresponding to the

dips, however, the optical depth of the edge 𝜏𝐾 ∼ 0.05 is by far
insufficient to explain the dips.
(iii) after accounting for the contribution of reflection from the

donor star and any circumstellar material which may be present
near it, the iron line flux shows pulsations of very large amplitude
with the modulation of 𝐹max/𝐹min ∼ 10. The pulse profile of the
line flux does not show any easily identifiable correlations with the
pulse profiles of the total flux or K-edge depth.

V 0332+53 presents rich and unique opportunities and moti-
vation for further development of theoretical models of emission of
accreting neutron stars.
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Table A1 shows an observation log of RXTE/PCA data used
in this work (Group number, Observation ID, exposure, time and
configuration used in phase-resolved spectroscopy), and the main
parameters of spectral fits: reduced chi-squared value (11 dof), flux
and equivalent width of the iron line, and flux in 3–12 keV band,
and the intensity of the iron line.

APPENDIX A: RXTE/PCA OBSERVATION LOG
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Table A1: The log of RXTE/PCA observations of the 2004-2005 outburst of
V 0332+53.

Gr. ObsID Time
MJD

Exposure
s Configuration* 𝜒2

𝑟𝑒𝑑

Eq. width
eV

Flux (3-12 keV)
10−9× erg cm−2 s−1

Iron line int
10−3 phot cm−2 s−1

- 90089-11-01-00 53336.6 160 - 1.06 64+28−34 5.48+0.05−0.03 3.7+1.3−1.6
- 90089-11-01-02 53340.3 2688 - 0.93 67+6−7 8.85 ± 0.02 6.3 ± 0.6
- 90089-11-01-03 53341.1 2912 - 0.78 67 ± 6 10.20 ± 0.02 7.3 ± 0.7
- 90089-11-01-04 53341.8 1760 - 0.54 71+6−8 10.82+0.02−0.01 8.2+0.6−0.8
- 90089-11-02-00 53342.8 11584 - 1.49 75 ± 5 11.70 ± 0.01 9.3 ± 0.4
- 90089-11-02-05 53343.0 1712 - 1.52 76+7−8 11.62 ± 0.02 9.3 ± 0.7
- 90089-11-02-06 53343.1 2288 - 1.51 71+6−7 12.06 ± 0.02 9.1 ± 0.6
- 90089-11-02-01 53343.2 2000 - 1.43 70+8−6 11.96 ± 0.02 8.9 ± 0.6
- 90089-11-02-02 53343.4 1424 - 1.88 83+7−6 12.44 ± 0.02 10.9 ± 0.7
- 90089-11-02-03G 53343.5 10400 - 1.86 77 ± 4 12.28 ± 0.01 10.0 ± 0.5
- 90089-11-02-03 53343.8 11680 - 2.07 77 ± 4 12.63 ± 0.01 10.3 ± 0.5
- 90089-11-02-07 53344.0 1824 - 1.51 69+6−7 12.92 ± 0.02 9.6 ± 0.7
- 90089-11-02-04 53344.5 2816 - 1.48 76+6−5 13.50 ± 0.02 11.0 ± 0.6
- 90089-11-02-10 53344.7 1936 - 2.19 68+9−5 13.96 ± 0.02 10.1 ± 0.7
- 90089-11-02-09 53345.7 2000 - 2.59 67+8−6 15.31+0.03−0.02 10.9 ± 0.8
- 90089-11-02-08 53346.7 1408 - 0.66 66+7−6 16.32 ± 0.03 11.5 ± 1.2
- 90089-11-03-03 53352.8 1152 - 1.15 64+5−6 26.30 ± 0.05 18.5 ± 1.8
- 90089-11-03-04 53353.7 3168 - 0.87 73+5−4 28.04 ± 0.04 22.7 ± 1.5
I 90089-11-03-00G 53354.5 4416 X 0.67 71+4−5 28.60 ± 0.04 22.3 ± 1.5
I 90089-11-03-01G 53354.6 10768 X 0.48 73 ± 4 28.76 ± 0.04 23.3 ± 1.4
I 90089-11-03-02 53354.9 2128 X 0.78 73 ± 6 28.68 ± 0.04 23.1 ± 1.6
- 90089-11-03-05 53355.1 1904 - 0.63 77+6−5 29.21 ± 0.04 25.0 ± 1.7
- 90089-11-04-00G 53356.5 3008 - 0.63 79 ± 4 30.68 ± 0.04 26.8 ± 1.6
- 90089-11-04-01 53357.1 1808 - 0.90 78+6−4 31.40 ± 0.05 27.2 ± 1.8
- 90089-11-04-02G 53358.6 2672 - 0.54 77+5−6 31.83 ± 0.04 27.3 ± 1.7
- 90089-11-04-03 53358.8 1216 - 0.66 77+5−6 31.82 ± 0.05 27.3 ± 2.0
- 90089-11-04-04 53360.0 1600 - 0.98 79+6−4 33.42 ± 0.05 29.6 ± 2.0
- 90089-11-04-05 53361.1 944 - 0.76 75 ± 7 33.52 ± 0.06 28.2 ± 2.3
- 90089-11-05-00G 53363.2 2768 - 0.89 82+4−6 34.77 ± 0.05 32.2 ± 1.9
- 90089-22-01-00G 53363.4 20544 - 0.39 84+6−4 35.32 ± 0.04 33.6 ± 1.7
- 90089-22-01-01G 53364.4 21792 - 0.58 84+3−5 34.78 ± 0.04 33.0 ± 1.6
- 90089-11-05-01 53364.9 1968 - 0.65 88+5−4 35.36 ± 0.05 35.5 ± 2.0
- 90089-11-05-08G 53365.3 15392 - 0.59 93 ± 4 35.55 ± 0.04 37.6 ± 1.7
- 90089-11-05-02 53365.9 624 - 0.63 84+6−7 35.59 ± 0.07 34.2 ± 2.7
- 90427-01-01-00G 53367.2 1584 - 1.03 88+6−4 34.78 ± 0.05 34.6 ± 2.1
- 90427-01-01-01 53368.2 2240 - 0.82 83 ± 5 34.10 ± 0.05 32.3 ± 1.9
- 90427-01-01-02 53368.9 1264 - 0.37 83+4−6 34.38 ± 0.05 32.6 ± 2.2
- 90427-01-01-03 53369.6 1872 - 0.67 78 ± 6 33.84 ± 0.05 29.8 ± 2.0
- 90427-01-02-02 53376.3 688 - 1.39 60+6−7 28.48 ± 0.06 19.1 ± 2.2
- 90427-01-02-03 53376.6 2240 - 0.94 68 ± 6 28.76 ± 0.04 22.0 ± 1.6
- 90014-01-01-00 53378.4 1040 - 0.98 67+5−6 27.33 ± 0.05 20.3 ± 1.9
- 90014-01-01-06 53378.6 1344 - 0.54 77 ± 6 27.09 ± 0.05 23.1 ± 1.7
- 90014-01-01-07 53378.7 1744 - 0.76 71+6−5 26.62 ± 0.04 20.9 ± 1.6
- 90014-01-01-03 53380.5 8144 - 0.76 67 ± 4 23.38 ± 0.03 17.4 ± 1.1
- 90014-01-01-02 53381.0 1376 - 1.23 68+7−6 22.87 ± 0.04 17.2 ± 1.5
- 90014-01-01-01 53381.3 3280 - 1.12 75 ± 5 23.48 ± 0.03 19.5 ± 1.3
- 90014-01-01-04 53381.5 2784 - 0.52 67 ± 5 22.81 ± 0.03 16.8 ± 1.3
- 90014-01-01-05 53381.6 2176 - 0.54 71 ± 6 22.12 ± 0.04 17.2 ± 1.3
II 90427-01-03-00 53384.4 13152 Y 0.66 73 ± 4 19.79 ± 0.02 16.0 ± 0.9
II 90427-01-03-01 53385.0 9776 Y 0.68 70+5−3 19.34 ± 0.02 14.8 ± 0.9
II 90427-01-03-02 53385.3 12272 Y 1.02 70+4−5 19.04 ± 0.02 14.7 ± 0.9
- 90014-01-02-03 53385.9 1200 Y 1.26 75+6−7 18.34 ± 0.04 15.0 ± 1.3
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III 90427-01-03-14G 53385.9 12512 Y 0.70 68+4−5 18.39 ± 0.02 13.7 ± 0.9
III 90014-01-02-00 53386.4 8240 Y 0.76 71+6−4 17.36 ± 0.02 13.5 ± 0.9
III 90427-01-03-05 53386.9 12944 Y 0.94 76+5−4 17.18 ± 0.02 14.3 ± 0.8
- 90014-01-02-10 53387.1 2784 Y 0.92 79+7−4 16.92 ± 0.03 14.7 ± 1.0
IV 90427-01-03-06 53387.3 10880 Y 1.17 77+5−4 16.46 ± 0.02 13.9 ± 0.8
IV 90427-01-03-07 53387.8 9632 Y 1.10 76+5−4 16.07 ± 0.02 13.4 ± 0.8
IV 90014-01-02-08 53388.0 3264 Y 1.31 78 ± 6 15.82 ± 0.02 13.5 ± 0.9
V 90427-01-03-09 53388.3 10912 Y 1.06 81 ± 4 15.48 ± 0.02 13.7 ± 0.8
V 90427-01-03-11 53388.9 9744 Y 0.67 77 ± 5 15.16 ± 0.02 12.8 ± 0.8
- 90014-01-02-15 53389.1 2672 Y 1.11 84+6−5 15.28 ± 0.03 14.0 ± 0.9
V 90427-01-03-12 53389.2 9664 Y 0.85 85 ± 5 15.07 ± 0.02 14.0+0.7−0.8
VI 90014-01-02-13 53390.3 7056 Y 1.35 85 ± 5 14.43 ± 0.02 13.3+0.7−0.8
VI 90014-01-03-00 53391.3 2336 Y 1.28 87+7−5 13.65+0.02−0.01 13.0+0.8−0.9
VI 90014-01-03-01 53393.2 2768 Y 1.08 89+6−7 12.68+0.02−0.01 12.2+0.6−0.8
VII 90014-01-03-020 53394.3 13568 Y 0.98 85 ± 6 12.44+0.02−0.01 11.5+0.3−0.6
VII 90014-01-03-02 53394.6 2032 Y 0.98 79+7−6 12.26 ± 0.02 10.5 ± 0.9
VII 90014-01-03-03 53395.3 6192 Y 1.08 87+5−6 11.50 ± 0.01 10.8+0.5−0.6
- 90014-01-04-00 53398.5 1904 Y 1.03 94 ± 7 9.81 ± 0.02 10.0 ± 0.8
- 90014-01-04-01 53399.6 784 Y 0.73 81+6−12 9.67 ± 0.03 8.5+0.9−1.0
- 90014-01-04-02 53401.4 944 Y 1.23 82+11−10 8.90 ± 0.02 7.9 ± 0.7
- 90014-01-04-03 53403.3 624 Y 1.14 78+12−14 8.08+0.03−0.02 6.7 ± 0.8
- 90014-01-05-00 53405.2 848 - 0.83 83+10−9 8.05+0.03−0.02 7.1 ± 0.7
- 90014-01-05-01 53407.6 7376 - 1.87 85+6−4 7.05 ± 0.01 6.4 ± 0.3
- 90014-01-05-04 53407.8 1472 - 0.82 79+7−8 7.24 ± 0.02 6.1 ± 0.7
- 90014-01-05-05 53408.0 1920 - 1.12 82 ± 9 6.84+0.02−0.01 5.9 ± 0.4
- 90014-01-05-02 53409.3 2864 - 2.59 77+8−6 6.34 ± 0.01 5.1 ± 0.4
- 90014-01-05-06 53411.6 1040 - 0.76 65+12−7 5.31+0.02−0.01 3.6+0.4−0.6
- 90427-01-04-00 53413.1 5616 - 1.52 62+5−6 4.88 ± 0.01 3.2 ± 0.2
- 90427-01-04-04 53413.7 6016 - 1.62 61+6−5 4.56 ± 0.01 2.9 ± 0.2
- 90014-01-06-00 53414.0 1200 - 1.04 54+8−7 4.43 ± 0.01 2.5 ± 0.3
- 90427-01-04-02 53414.2 11392 - 1.67 62 ± 5 4.24 ± 0.01 2.7 ± 0.2
- 90427-01-04-03 53414.5 6736 - 1.46 65+5−4 4.02 ± 0.00 2.7 ± 0.2
- 90427-01-04-05 53414.8 2128 - 1.94 55+8−10 3.89 ± 0.01 2.2+0.2−0.3
- 90014-01-06-01 53416.1 1872 - 1.06 67+13−10 3.37 ± 0.01 2.3 ± 0.4
- 90427-01-04-01 53416.5 5264 - 0.97 56+7−6 3.32+0.00−0.01 1.9 ± 0.2
- 90014-01-06-02 53417.6 1248 - 1.21 64+12−14 2.91 ± 0.01 1.9 ± 0.3
- 90014-01-06-03 53418.5 1616 - 0.73 39+12−14 2.49 ± 0.01 1.0 ± 0.3
- 90014-01-07-01 53419.4 1568 - 1.56 47+13−11 2.16 ± 0.01 1.1 ± 0.3
- 90014-01-07-03 53420.7 1504 - 1.48 42 ± 14 1.90 ± 0.01 0.8 ± 0.3
VIII 90014-01-07-04 53422.6 1888 Z 1.20 < 27 1.37 ± 0.01 < 0.4
VIII 90014-01-07-00 53424.4 2864 Z 0.61 < 38 0.93 ± 0.00 < 0.1
- 90014-01-08-00 53426.5 2384 - 0.76 < 87 0.55 ± 0.01 < 0.2
- 90014-01-08-01 53428.5 2160 - 1.19 < 60 0.37 ± 0.01 < 0.2
- 90014-01-08-02 53430.5 1968 - 0.69 < 16 0.01 ± 0.00 < 0.1
- 90014-01-08-03 53432.4 2176 - 0.32 < 83 0.00 ± 0.00 < 0.1

*: X is for B_16ms_64M_0_249_H configuration, Y is for B_16ms_46M_0_49_H, Z is for E_125us_64M_0_1s
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