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Chapter 1

Introduction

1.1 X-ray binary pulsars. General picture

X-ray binary pulsars (or accreting pulsars) are among brightest sources of X-ray
emission in our Galaxy, with luminosities reaching 10%-10% erg s='. These objects
are close binary systems consisting of a “normal” (main sequence or giant) star and
a very compact neutron star (NS). The latter has a mass of about 1.5M, and a
radius of only ~12-13 km. Supported against gravitational collapse by the pressure
of degenerate nucleons (mostly neutrons), NSs are the densest macroscopic objects
made of ordinary matter. They represent the final points of stellar evolution for the
stars with a mass in the range between ~8 and 20 M. X-ray binary pulsars are
powered by the gravitational energy of matter supplied by the binary companion
star and accreted by the magnetized NS. The magnetic field of the latter is believed
to have a roughly dipole configuration, with a field strength at the stellar surface of
B ~ 10'2 — 103 G. Such a strong magnetic field makes NSs the strongest magnets
in the universe. In the vicinity of a magnetized NS, the accretion flow consisting of
heated ionized gas is channeled by the magnetic field lines toward the polar caps of
the star. In these regions, matter impacts the stellar surface at a velocity of ~0.5c.
As a result of an abrupt deceleration, the plasma is heated to 10’—108 K and radiates
primarily in hard X-rays. Rotation of the NS causes a periodic modulation of the
observed flux — X-ray pulsations.

The configuration of the accretion flow depends on the donor star. In Low Mass
X-ray Binaries (LMXB), where the binary companion is a late type star of a mass
close to or below one solar mass, the most common mode of accretion is via Roche
lobe overflow and an accretion disk (Shakura, 1972; Shakura & Sunyaev, 1973). As
Roche lobe one refers to the equipotential surface which contains the point L; on the
straight line connecting the two stars where the vector sum of the centrifugal force
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Fig. 1.1 Equipotential surfaces in a binary system consisting of stars with masses M,
and M. in the reference frame rotating with the binary. If the stars are approximated by
point-like masses, the potential can be calculated as ¢ = —GM; /ri — GMy/r, — w?r2 2,
where w is the orbital frequency of the binary. The Roche lobe is shown by the solid
curve. In the Lagrange point Ly, the vector sum of the centrifugal force and the
gravitational attraction forces of the two stars vanish.

and the gravitational attraction forces of the stars vanish (Fig. 1.1). If the “normal”
companion fills the Roche lobe, matter from its surface begins to flow through the L,
point towards the NS (“Roche lobe overflow”) and forms a disk-like structure around
the latter — an accretion disk.

In High Mass X-ray Binaries (HMXB), the donor star has a mass above a few
solar masses. Such systems are relatively wide and the donor star usually does not
fill its Roche lobe. The compact star captures matter either from the donor’s strong
stellar wind or from the circumstellar disk around the donor star. Such circumstellar
disks are formed around fast rotating giant stars of spectral types Be or Oe. Binary
systems containing such a star and an accreting pulsar are dubbed Be X-ray binaries
(BeXRB). X-ray emission of accreting pulsars in HMXBs is usually transient, i.e.,
characterized by irregular or periodic outbursts separated by episodes of quiescence.
The variability is attributed either to the orbital motion of the NS in the spatially
inhomogeneous outflow of the donor star or to the time variability of the outflow. In
HMXBs, an accretion disk only forms under certain conditions. Depending on the
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Fig. 1.2 The structure of the accretion flow in an X-ray binary pulsar (accreting
magnetized neutron star).

presence of the accretion disk, accreting binary pulsars are therefore divided into
“disk-fed” and “wind-fed” accretors.

The radius around the NS where the accretion flow is disrupted by the magnetic
field and matter attaches to the field lines is usually referred to as the magnetospheric
boundary or the Alfvén surface. The radius of the Alfvén surface (Alfvén radius) is
defined as the radius Ra where magnetic stresses would balance the ram pressure
of a spherically symmetrical accretion flow (see e.g. Pringle & Rees, 1972):

I 2/7
Fn = (m) ’ (1)

where M is the NS mass, 1 is its magnetic dipole moment, and M is the mass
accretion rate. For a typical accreting pulsar, the Alfvén radius is around 1000 km, i.e.,
a hundred NS radii. It should be noted that Eq 1.1 is a rough measure. The actual
radius if the magnetospheric boundary depends on the geometry of the accretion
flow and on the detailed physics of its interaction with the magnetic field. Obviously,
Ra should be greater than the NS radius to show the phenomenon of accreting pulsar.
This condition is satisfied for the NS surface field B > 108 G.



4 Introduction

Inside the magnetospheric boundary, the accreted matter couples to a subset
of the B-field lines in a configuration which in the case of a dipole field is roughly
azimuthally symmetric about the magnetic pole of the NS (Fig. 1.2). This region
is expected to have an approximately column-like shape and is therefore often
referred to as an “accretion column” (Davidson & Ostriker, 1973; Mészaros, 1992,
and references therein). In the accretion column, the accreted matter is decelerated
from ~0.5¢ to zero. Because of the large amount of liberated kinetic energy, there
can be significant interaction between the radiated photons and the accreted material,
and therefore the structure of the accretion column strongly depends on the X-ray
luminosity (and thus the column’s M). In the deceleration region the bulk kinetic
energy of the plasma is converted to heat and radiation. The region can have a
substantial vertical extension (a fraction of the neutron star’s radius).

Due to the strong B-field in the column, quantum electrodynamical effects be-
come important. While electrons can move freely parallel to the field lines, their
motion perpendicular to the field is quantized into discrete energy levels, the Lan-
dau levels. For typical 10'2 G B-fields, these levels are separated approximately by
AE = Ey, ~ 12keV - (B/10'2 G). The cross section for the scattering of photons off
these quantized electrons shows strong resonances at E.,. and its integer multiples
(Daugherty & Harding, 1986, and references therein). As a result, absorption line-like
Cyclotron Resonant Scattering Features (CRSFs or cyclotron lines) appear in the
X-ray continuum of the sources. Observations of cyclotron lines (measurements
of their centroid energies E.,) provide the only direct way to determine the B-field
strength of NSs.

1.2 Open questions and motivation

Beyond the basic description of the magnetosperic boundary in the previous section,
there is no consensus on how or where exactly the matter attaches to the field lines
and flows to the NS surface, or on the interaction of the field with the accretion
disk outside the magnetospheric radius. As already mentioned, the magnetospheric
radius may differ substantially from Ra, depending on the detailed physics of plasma
penetrating the magnetosphere. In many studies dealing with disk-fed pulsars, matter
is assumed to leave the accretion disk in a narrow transition zone at the inner
disk edge, thereafter flowing along magnetic field lines (see e.g. Anzer & Boerner,
1983; Ghosh & Lamb, 1979; Wang, 1987). However, detailed numerical magneto-
hydrodynamical simulations have so far been performed only for low-magnetized
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NSs (B ~ 108 G). They indicate a complicated geometry of the Alfvén surface. An
example of such simulations by Romanova et al. (2008) is shown in Fig. 1.3.

The configuration of the accretor’s magnetic field at/around the magnetospheric
boundary, which is still uncertain, is essential for the dynamical interaction of the
compact star with matter in the accretion disk. It might determine the possibility of
matter outflows from the inner disk regions along the open (going to infinity) magnetic
field lines. Such open field lines are believed to exist at the regions outside the
magnetospheric boundary where the angular frequency of the accretion disk is much
lower than that of the magnetosphere rotating with the angular frequency of the NS
(Lovelace et al., 1995). Figure 1.4 shows the magnetic field configuration around the
magnetospheric boundary of an accreting pulsar adopted in Lovelace et al. (1995)
which | considered to be the most realistic in my research.

Also for the polar emitting regions (accretion columns), there is no agreement on
the dimensions and shape of the emitting column or on the physical conditions inside
the X-ray emitting region such as the vertical velocity and temperature profiles. Both
are expected to depend on M and on the B-field strength and configuration. While in
many models the vertical extension of the emitting region is assumed or derived to
be small compared to the NS radius (e.g., Kraus, 2001; Mészaros, 1992), alternative
models assume the height of the column comparable or even exceeding the radius
of the star (Doroshenko et al., 2010; Leahy, 2003). The shape of the column is
also highly debated in the literature. A possibility of a “hollow column” or a “hollow
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cone” was suggested, e.g, by Lyubarskii & Syunyaev (1988), Leahy (2003), and
Kraus (2001). A luminous halo might form around the accretion column (Davidson &
Ostriker, 1973; Lyubarskii & Syunyaev, 1988) and the radiation from the polar cap
and the halo can be scattered in the upper accretion stream (Brainerd & Meszaros,
1991; Soffel et al., 1985). Finally, Poutanen et al. (2013) recently suggested that
cyclotron responance features in the spectra of accreting pulsars are formed in the
radiation reflected off the NS surface.

Observations of accreting NSs are the ultimate way to test the models for the
physics of the magnetospheric boundary and of the accretion column. The tremen-
dous progress of the observational techniques has been achieved in the field of X-ray
astronomy over the recent years driven by the operation of modern orbital X- and
gamma-ray observatories such as Rossi XTE, INTEGRAL, Swift, Suzaku, Chandra,
XMM-Newton, and NuSTAR. The delivered observational data of unprecedented
quality (high spatial, energy, and timing resolution, broad spectral coverage, high
photon statistics) allowed the new analysis technuques to be applied which revealed
the previously unknown properties of accreting pulsars which require further develop-
ments of the theoretical models describing these objects. As a result, the interest in
X-ray binary pulsars was renewed in the recent years, especially because of mounting
evidences for deviations of the observed properties from the basic picture. | am
involved in the research, which addresses the detailed physics of the most intriguing
regions of accreting pulsars, the polar emitting structures (accretion columns) and the
magnetospheric boundary, which are responsible for the majority of the observational
properties of these sources.



Chapter 2

Magnetospheric boundary

2.1 Angular momentum exchange between the accre-
tion disk and the neutron star

Under a simplified assumption that the plasma at the inner edge of the accretion disk
immediately acquires the angular velocity of of the neutron star while attaching to the
field lines, the evolution of the star’s angular frequency wys is determined by the flux
of the angular momentum at the inner disk radius assumed to be of the order of Ra
(Pringle & Rees, 1972):

%/MNS _ M(GMRy)?, (2.1)

where M and / are the neutron star's mass and moment of inertia. The Alfvén radius
Ra depends on the mass accretion rate M (see Eq. 1.1) which is proportional to the
X-ray flux (Sect. 1.1). One, therefore, expects the following dependence of the pulse
period derivative P of an accreting pulsar (spin-up rate) on its X-ray luminosity Lx in
this simple model:

—P=LY. (2.2)

In this picture, accretion can only take place if the Keplerian angular frequency of
matter at the inner disk rim wg(Ra) is lower than that of the NS, wyns. In this case, the
co-rotation radius Rg, where the Keplerian angular frequency is equal to that of the
magnetosphere (Rc = [GM/wns]'/®), stays outside Ra. In the opposite case, when
wk(Ra) < wns, accretion is inhibited by centrifugal forces. Such a regime is often
referred to as “propeller” (lllarionov & Sunyaev, 1975).

In the equations above, only the spin-up torque due to inflow of angular momentum
at Ra is considered. A more realistic description should take into account spin-down
torques resulting from the interaction of the parts of the accretion disk outside R¢
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Fig. 2.1 The averaged 35d profile of Her X-1 obtained by stacking of a large number
of RXTE/ASM light curves from individual 35d cycles (Klochkov et al., 2006).

with the NS magnetosphere. If the spin-down torque exceeds the spin-up torque, the
NS spins down and the co-rotation radius moves further beyond Ra. This leads to
a decrease of the spin-down torque because the parts of the disk rotating slower
than the NS turn out to be further away from the magnetosphere. If the spin-up
torque is dominating, wys increases shifting Ac inwards. The pulsar is approaching
the centrifugal barrier where the spin-down torque increases. The considerations
above imply the existence of an equilibrium frequency weq Of the accreting NS where
the spin-up and spin-down torques exactly balance. From these considerations, weq
should be reached when the co-rotation radius is close to the Alfvén radius.

| have investigated the evolution of the pulse period in the persistent accreting
pulsar Her X-1 over the the time period of more than five years. | used the publicly
available data from the BAT hard X-ray detector onboard the Swift satellite. The BAT
instrument has a huge field of view of 1.4 steradian and is designed to provide triggers
and accurate positions for gamma-ray bursts. While searching for bursts and other
transient sources, BAT points at different locations in the sky, thus performing an
all-sky monitoring in hard X-rays (see, e.g., Krimm et al., 2013). After an appropriate
processing, the data from BAT can be used to search for a periodic signal from
sources in its field of view.

The X-ray flux of Her X-1 shows a regular alternation of on and off states re-
peating with a period of ~35d. One 35d cycle includes two on states: the main-on
characterized by a peak flux of up to 300 mCrab and the short-on when the flux is
~five times lower (Fig.2.1). The 35d periodicity is believed to be caused by the tilted
and twisted accretion disk precessing with a period of ~35d (e.g., Klochkov et al.,
2006, and references therein). In my work, | measured the pulse period P and its
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Fig. 2.2 Top: Pulse period P of Her X-1 measured with Swift/BAT as a function of time.
The cones around each point indicate the allowed range of the slope corresponding to
the measured P and its uncertainties. Bottom: The X-ray flux of the source measured
with RXTE/ASM during the maximum of the main-on state (it is believed to reflect the

luminosity of Her X-1).

time derivative P for each pulsar’s main-on between 2005 (start of the Swift mission)
and 2009 (time of the publication). In the meanwhile, this work has been continued
as a student project under my coordination. The resulting P and P measurements
are presented in the top panel of Fig.2.2. One can clearly see that the spin-down
episodes (were P goes up with time) are associated with drops in the source’s lu-
minosity (bottom panel of the figure). Such a correlation is expected in the basic

accretion theory since both the luminosity and spin-down rate (—P) are proportional
to the mass accretion rate M (see the beginning of the chapter).

In our work Klochkov et al. 2009 presented in Appendix A, we associated the
spin-down episodes in Her X-1 with increased mass outflows from the inner parts
of the accretion disk. During such episodes, a substantial fraction of matter can
escape the system in the form of a coronal wind ejection along the open field lines.
The escaping material effectively carries away angular momentum leading to the
observed spin-down episodes. An indirect evidence for such a coronal mass ejection
comes from the observed secular change of the system’s orbital period (Staubert
et al., 2009). We have demonstrated that the spin-down power of the neutron star
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lww during the observed spin-down episodes is indeed roughly equal to the angular
momentum carried away by the coronal outflow per unit time for for the mass loss
rate M,; derived from the secular decay of the orbital period:

C

(2.3)

2.2 Flaring activity and oscillations of the magneto-
spheric boundary

At the mass accretion rate below ~10'8g s (Lx < 10% erg s~ '), many pulsar
exhibit flaring behavior or flux oscillation on a time scale of several hours. The most
famous example is probably the series of roughly equidistant flares observed in 1985
with the EXOSAT satellite in the 42 s pulsar EXO 2030+375 (Fig. 2.3). The source
belongs to the class of BeXRBs showing sporadic and/or regular X-ray outbursts
(see Section 1.1). The flares observed with EXOSAT followed the decay of a major
outburst of EXO 2030+375 (Parmar et al., 1989). Other well-known “flaring” X-ray
binary pulsars are LMC X-4 (e.g., Moon et al., 2003b), SMC X-1 (e.g., Moon et al.,
2003a), Vela X-1 (Farst et al., 2010; Kreykenbohm et al., 2008). Flaring behavior
is also the main characteristic of Super Giant Fast X-ray transients (SFXTs), a new
class of HMXBs discovered with the INTEGRAL observatory (see e.g. Sidoli, 2011).
| have studied the data on EXO 2030+375 taken with the INTEGRAL X-/v-ray
orbital observatory (Winkler et al., 2003) granted in response to an accepted Data
Right proposal under my Plship. The source showed quasi-periodic flares on top
of the rising phase of an outburst in 2010-2011 (Klochkov et al., 2010). In our work
Klochkov et al. 2011a presented in Appendix B, we explained the the observed flaring
behavior by oscillations in the mass flow rate towards the polar caps of the NS due to
matter piling up at the inner radius of the accretion disk. When the gas pressure at
the inner disk edge exceeds the magnetic pressure, the reservoir of accumulated gas
is accreted by the NS and the new pile up cycle begins. The period of the resulting
oscillations is expected to be close to the local viscous time scale 7. at the inner disk
radius (which is close to the co-rotation radius). We have demonstrated that for the
parameters of EXO 2030+375 during the observations, 7, at the inner disk radius is
around ~7 hr which is very close to the observed time separation of the flares.

We also noticed an indication of a shortening of the time intervals between the
flares over the rise of the outburst. Such a decrease is naturally expected because
the increased mass transfer rate through the disk results in a shorter re-fill time of the
reservoir. The dependence of the separation time between the flares on the averaged
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Fig. 2.3 A series of flares observed with EXOSAT in EXO 2030+375 a few month
after its major outburst in 1985 (Parmar et al., 1989).
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mass transfer rate through the disk is most probably the reason of the difference in
the oscillation periods between the 1985 EXOSAT observations and our INTEGRAL
2011 observations, ~7 vs. ~4 hr, respectively.

We have found strong difference in the spectrum-luminosity dependence between
the rising phase of the outburst accompanied by flares and its decay where no flares
were observed. In the proposed mechanism of flares, such a difference is indeed
expected. If the flares are caused by the oscillating inner edge of the accretion disk,
matter from the oscillating disk rim would couple to different dipole field lines of the
NS (and follow them forming a slightly different emitting region on the stellar surface)
compared to the decay part of the outburst where the configuration of the inner disk
rim is presumably stable.

It is interesting to note the rarity of the detected flaring episodes (even considering
the relatively sparse observational coverage). Such a rarity means that the range of
physical conditions needed to initiate the oscillations is very narrow leading to the
serendipitous character of the phenomenon.






Chapter 3

Polar emitting regions

3.1 Luminosity dependence of the emitting region

The most important “outer” parameter of an accreting neutron star is its mass accre-
tion rate M. It determines the energy budget available for radiation (Lx ~ 0.1 Mc? for
a 10km NS) and can thus be straightforwardly assessed from the observed X-ray
flux. Soon after discovery of the first X-ray binary pulsars, it was realized that M
governs the structure and physics of the NS polar emitting regions (Basko & Sunyaev,
1976). It is very advantageous that M varies substantially in most of accreting pulsars,
allowing one to study the “reaction” of the emitting structure on the varying rate of
the mass inflow. Especially intriguing is the observed variation of the CRSF energy
E.,. (reflecting the strength of the B-field at the emission site, see Sect. 1.1) with
luminosity observed in several X-ray binary pulsars (e.g., Mihara et al., 2004; Staubert
et al., 2007; Tsygankov et al., 2010). Such a variation most probably reflects a dis-
placement of the emitting region in the inhomogeneous magnetic field of the NS. This
channel of information about the emitting structure is being actively explored leading
to a number of proposed theoretical models (e.g., Becker et al., 2012; Mushtukov
et al., 2014; Poutanen et al., 2013). Two examples where the variability of the X-ray
spectrum with luminosity can be seen “by eye” are shown in Fig. 3.1.

The most intriguing property of the observed CRSF-luminosity dependences
in X-ray binary pulsars is their apparent bimodality. A strong negative E.. — Lx
correlation has been reported for V 0332+53 (Tsygankov et al., 2010). An opposite
behavior, i.e. a positive E.,; — Lx correlation, has been observed in Her X-1 (Klochkov
et al., 2011b; Staubert et al., 2007), in A0535+26 (Klochkov et al., 2011b; Muller
et al., 2013; Sartore et al., 2015), and for GX304—1 (Klochkov et al., 2012). Also the
sign of the correlation between the hardness of the spectral continuum (reflected by
the photon index I' characterizing the power-law part of the spectrum, F o E~") and
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Fig. 3.1 The X-ray spectra of two accreting pulsars, V 0332+53 (Tsygankov et al.,
2006) and GX304—1 (Klochkov et al., 2012), taken at different luminosities of the
sources. The difference of the spectral shape between the spectra corresponding to
different luminosities can be seen.

Ly is opposite in the two groups of sources. Figure 3.2 shows examples of the found
spectrum—flux correlations in a few accreting pulsars.

The apparent bimodality in the spectral—-flux dependence must reflect different
regimes of accretion. A particular regime is realized in a source depending most
probably on whether its X-ray luminosity Lx is above or below a certain critical
value Lgi ~ (a few) x 10%7 erg s~'. In accreting pulsars radiating above L (“super-
critical” sources), the observed negative E,c — Lx correlation can be explained either
by an increase of the height of the emitting region above the NS surface with Ly
(Becker et al., 2012) or by a varying illumination of the NS surface by the accretion
column assuming that the line is produced in the continuum reflected by the surface
(Poutanen et al., 2013). Below L (“sub-critical” sources), the height of the emitting
region probably decreases with increasing Lx due to a different mechanism of matter
deceleration (Staubert et al., 2007). Such a behavior would explain the positive
Ex — Lx correlation in “sub-critical” sources. My research contributed both to the
observational study of the spectrum—luminosity dependences in accreting pulsars
(Klochkov et al., 2012, 2011b; Mller et al., 2013) and to their theoretical modeling
(Becker et al., 2012, and the next section).

The flux of most accreting pulsars varies by a factor of 1.5-2 from one pulsation
cycle (i.e., the NS rotation cycle) to the next while the flux averaged over many
pulsation cycles remains constant or varies slowly. In our work Klochkov et al. (2012)
presented in Appendix C, | utilized such a “pulse-to-pulse” variability to explore for
the first time the spectrum—luminosity dependences in accreting pulsars on the time
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Fig. 3.2 The dependences of the cyclotron line energy E. . and of the photon index
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analysis and from the long-term variability for four accreting pulsars (four columns)

scales from a fraction of a second to a few second. Some of the dependences shown
in Fig. 3.2 have been revealed in such a pulse-to-pulse analysis. The new technique
allows one to explore the spectrum—luminosity relation in persistent sources whose
luminosity does not change substantially on longer time scales (like, e.g., in Her X-1)
or in short pointed observations during which the averaged flux remained roughly
constant. The pulse-to-pulse method also appears to be more sensitive to the
E.,. — Lx correlations than the traditional analysis where the spectra are averaged
over longer time intervals. In the long-term analysis, the spectral variability on the
short time scale is averaged out leading to an additional smearing of the cyclotron
lines and of other spectral features. Indeed, our analysis revealed a positive Egyc — Lx
correlation in the transient X-ray binary pulsar A 0535+26 where the CRSF was
previously claimed to be constant (second column of Fig.3.2). The correlation in
A 0535+26 has recently been confirmed by Sartore et al. (2015) based on the data
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from INTEGRAL/SPI. A positive E.y — Lx correlation is indeed expected in A 0535+26
because its luminosity during most of its outbursts barely reaches the threshold value
Lcrit-

The differences in the structure of the NS polar emitting regions for the luminosities
above and below the critical luminosity are also reflected by the differences in the
pulse profile — the X-ray light curve folded with the spin period of the NS. The shape
of the pulse profile depends on the emission diagram of the emitting regions and on
the orientation of the rotation and magnetic axes of the star with respect to each other
and to the observer. The gravitational light bending in the vicinity of the compact
NS is also important. The dependence of the X-ray spectrum on the NS rotation
phase (pulse-phase resolved spectroscopy) can be used to connect a particular pulse
phase to a certain orientation of the polar emitting region with respect to the observer.
In our work Klochkov et al. (2008) presented in Appendix E, we investigated both
the pulse profile and the pulse-phase resolved spectra of the transient accreting
pulsar EXO 2030+375 at different luminosity levels. The pulse-phase dependences
of the continuum parameters close to the maximum of the outburst, as well as the
evolution of the pulse profiles from the maximum to the end of the outburst, were
found to be consistent with a picture where the pulsar's emission diagram changes
from the fan-beam configuration close to the maximum of the outburst (above L) to
a combination of pencil and fan beams at the end of the decay phase (below Lq).
Such a transition in the emission diagram is indeed expected when a pulsar switches
from the super-critical to sub-critical accretion mode.

3.2 The “critical” luminosity

The critical luminosity L. separating the two accretion modes discussed in the
previous section can be estimated from the parameters of the accreting NS. It
should correspond to the minimal mass accretion rate M at which the photon field
at the polar emitting regions is capable of decelerating infalling plasma to rest.
Below this luminosity, other deceleration mechanisms should play a significant role
(Coulomb interaction, collective plasma effects) leading to a different structure of
the emitting region compared to that at higher luminosities. Above L, infalling
plasma is decelerated via interactions with photons at a certain region above the NS
surface. The deceleration region is often referred to as radiative shock wave (Basko
& Sunyaev, 1976) although it most probably has a substantial vertical extention (e.g.,
numerical calculations by Wang & Frank, 1981).
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In our work Becker et al. (2012) presented in Appendix F, we introduced a
theoretical calculation of the critical luminosity. Our calculations take into account the
energy dependent scattering cross section of photons off electrons in the magnetic
field of the pulsar. The value of the critical luminosity depends, therefore, on the
magnetic field of the NS. As a result, the following expression for L. has been
obtained:

2 1 6

i (fa) () (so%a)
1.4M, 10 km 102G/ °

(3.1)
where A and w are dimensionless coefficients characterizing the geometry of the
pulsar’s magnetospheric boundary (see Appendix F for details). In all accreting
pulsars showing correlations of the cyclotron line energy E.,; with luminosity Ly, the
critical luminosity calculated using Eq. (3.1) is consistent with the sign of the observed
correlation. Namely, the pulsars whose luminosity is below L. show a positive
E.,c — Lx correlation while in the pulsars radiating above L, the E;,c — Lx correlation
is negative (see also the previous section) as it is expected in the described picture
of two accretion modes.

[S;1RN]

A
Loit = 1.49 x 10%7erg s~° (0—1>

In our work Becker et al. (2012), we also investigated the possibility of another
accretion regime expected at lower mass accretion rates where infalling plasma is
stopped by a hydrodynamical gas shock. The corresponding transition from the
Coulomb stopping accretion regime to the gas shock is expected to take place at
a luminosity below ~10% erg s~'. Observational evidences for the existence this
second critical luminosity are still to be found.

3.3 Long-term evolution of the local magnetic field at
the polar regions

The magnetic field of accreting NS is generally expected to decay on a time scale of
>10°yr (e.g., Bhattacharya et al., 1992). The decay is believed to cause the observed
difference of the B-field strength between young accreting pulsars (10'" — 10'3 G) and
the accreting NSs in old low-mass X-ray binaries (108 — 10° G). The corresponding
change of the field strength on the human life timescale is, however, negligible and
is not expected to be revealed by observations. Surprisingly, we have discovered a
clear long-term variability of the CRSF centroid energy (which is proportional to the
magnetic field strength at the emitting region) in one of the best studied accreting
pulsars Her X-1 (Staubert et al. 2014, Appendix G). The discovery has been made
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Fig. 3.3 The centroid energy of the cyclotron resonance line feature E;, measured
in Her X-1 with different instruments as a function of time since the discovery of the
source.

by a comparison of the CRSF measurements by different instruments over the ~35 yr
history of the source observations and taking into account other effects such as the
dependence of the cyclotron line energy on luminosity (Section 3.1) and on the 35d
super-orbital phase of the source. Figure 3.3 shows the CRSF energy E in Her X-1
as a function of time measured with different instruments since the discovery of the
pulsar.

In addition to and independently of the E. . — Lx relation discussed in the previous
sections, the line centroid energy has been significantly evolving since the beginning
of the observations. Specifically, E;, has been systematically decreasing since
~1995 from ~41 to ~37keV, that is, by ~10% in total. To take the E, — Lx depen-
dence into account, we modeled the measured CRSF energy by a linear function
of both time and luminosity Ec = F(t, Lx). The time dependence of the line energy
was found to be characterized by the time derivative dE.,./dt = —0.26 & 0.01 keV/yr,
indicating a significant trend. Even more intriguing, the measured evolution of Ey
includes a jump occurred in the early 1990s which was not accompanied by any other
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noticeable changes in the source properties such as X-ray flux or timing characteris-
tics.

In our work, we argue that the observed secular E; variation reflects a local
evolution in the magnetic field configuration at the polar regions of the NS. Such
local changes of the magnetic field, that are due to accumulation and spreading of
accreted matter in the magnetically confined accretion mound, can indeed occur on
timescales that are much shorter than the time scale for the global decay of the NS
magnetic field. For instance, the time scale for the Ohmic decay Tonmic = 47 R%0/c?
for a small region like an NS polar cap with B < 1 km can be as short as ~102yr. A
relatively short timescale of 100—1000 yr for the B-field evolution depending on the
equation of state of the NS crust has also been obtained by Priymak et al. (2014).
Another possible cause of the observed variability discussed in Staubert (2014) is a
slight imbalance between the rate on which matter is accreted (gained) and the rate
at which it is lost from the accretion mound — either by leaking to larger areas of the
NS surface or by incorporation into the NS crust.

If the observed temporal evolution of the CRSF energy is indeed associated with
local effects in the vicinity of the polar cap, it is expected that the decrease of Egy.
should stop after some time, probably with an abrupt jump of the local magnetic field
back to the unperturbed value. As mentioned above, such a jump might have indeed
been observed in the early 1990s. However, the relatively sparse time coverage of
Her X-1 by X-ray observations did not allow following the event in detail. Currently,
E.y. is roughly approaching the level it had before the jump in 1990s. Therefore, a
new jump may be expected in the coming years! In this respect, it is interesting to
note an “outlier” — the latest INTEGRAL data point in Fig. 3.3 (the rightmost filled blue
square) located significantly higher than the rest of the neighboring measurements.
Although we cannot rule an unknown instrumental effect (however, we performed a
deep investigation of this data point, see Appendix G), the measurement can indicate
a physical short-term variability of the local B-field configuration which can be a
precursor of a larger jump. It is, therefore, crucially important to continue the Ey
monitoring in Her X-1.






Chapter 4
Conclusions and future plans

In the presented studies of accreting binary pulsars, physics of the magnetospheric
boundary and of the NS polar emitting regions has been addressed. The two regions
are responsible for the majority of the pulsars’ observational properties. The main
channel of information used in our study is the reaction of the magnetospheric
boundary and of the emitting region to the changes of the mass supply rate in the
accretion flow. Specifically, we studied the dependences of the sources’ X-ray spectra,
NS spin period, and quasi-periodic flux oscillations (flaring) on the mass accretion
rate M reflected by the source X-ray luminosity Lx. In addition, our studies for the
first time revealed long-term variations of the observed magnetic field strength in an
accreting X-ray pulsar. The presented research led to the following conclusions about
the physics of accreting magnetized neutron stars.

Magnetospheric boundary. The existence of strong outflows from the inner
regions of the accretion disk has been established. The ejected matter carries away
substantial amount of angular momentum which causes episodes of strong NS spin-
down. In Her X-1 and most probably in other similar Roche-lobe overflowing X-ray
binary pulsars, the outflows must be responsible for a substantial fraction of the
orbital period decay Py, of the binary system. The oscillations of the magnetospheric
radius at a low accretion rate have been observed. Such oscillations cause flaring
activity in transient accreting pulsars at low accretion rates when the mass transfer
rate through the accretion disk starts to increase (e.g., at the beginning of an outburst
in BeXRBs).

Polar emitting region. The two modes of accretion in X-ray binary pulsars
have been established which are characterized by different types of the spectrum-—
luminosity dependences. The mode of accretion depends on the configuration of the
emitting region (accretion column/mound) which is different at luminosities above
and below a “critical” luminosity of a few times 10%” erg s='. The configuration is
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determined by the deceleration mechanism of infalling matter. At higher luminosity
/ mass accretion rate, the infalling plasma is decelerated by the dense photon field
produced in the accretion column. At lower mass accretion rate the matter is most
probably decelerated by Coulomb interactions and collective plasma effects.

Long-term evolution of the NS magnetic field. The decay of the B-field
strength reflected by the energy of the cyclotron absorption feature E firmly estab-
lished in Her X-1, a single example of such a behavior. The variability most probably
reflects local variations of the magnetic field configuration at the magnetic poles of
the NS driven by the accumulation and spreading of the accreted plasma which is
coupled to the magnetic field.

In the future, we plan to develop a two-dimensional numerical model of the accre-
tion column in collaboration with the groups in Dr. Karl Remeis-Sternwarte (Bamberg)
and at Moscow State University. The model should include the temperature, density,
emissivity and velocity distributions over the column such that the X-ray spectrum
and the emitting diagram could be calculated as a function of the mass accretion
rate and compared with the observed dependences. A preliminary version of such a
model is already available and shows a good agreement with the observed behavior
of the pulsars’ X-ray specitra.

On the observational side, we plan to increase the sample of accreting pulsars
showing a clear luminosity-dependences of the X-ray spectrum. Currently, we have a
running student project (by E. Laplace) focused on the study of the spectral hardness
in accreting pulsars as a function of Ly based on the publicly available data from all
sky monitors (RXTE/ASM, MAXI, Swift/BAT). The first results clearly indicate the
existence of two modes in the hardness—luminosity dependences separated by the
aforementioned critical luminosity.

We plan to follow the evolution of the observed B-field strength in Her X-1 in the
next years. The new observations of the source with INTEGRAL and NuSTAR orbital
observatories in response to our observing proposals are scheduled. In parallel, we
plan to search for a similar phenomenon in other accreting pulsars showing cyclotron
lines.
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ABSTRACT

Context. Monitoring of pulse period variations in accreting binawylgars is an important tool to study the interaction betwiben
magnetosphere of the neutron star and the accretion diske Wik X-ray flux of the brightest X-ray pulsars have beercsssfully
monitored over many years (e.g. WRXTE/ASM, CGRO/BATSE, Swift/BAT), the possibility to monitor their pulse timing properties
continuously has so far been very limited.

Aims. In our work we show that th8wift/BAT observations can be used to monitor coherent pulsationsgbitiX-ray sources and use
Swift archival data to study one of the most enigmatic X-ray pslddercules X-1. A quasi-continuous monitoring of the pylegod
and the pulse period derivative of an X-ray pulsar, here Hér, } achieved over a long time4 yr). We compare our observational
results with predictions of accretion theory and use thetedbdiferent aspects of the physical model of the system.

Methods. In our analysis we use the data accumulated BitHt/BAT starting from the beginning of 2005 (shortly after launchiilu
the present time. To search for pulsations and for theiresydent analysis we used the count rate measured HyAheletector in
the entire field of view.

Results. The slope of the correlation between the locally determspgd-up rate and the X-ray luminosity is measured for Her X-1
and found to be in agreement with predictions of basic aicerébrque theory. The observed behaviour of the pulse gedgether
with the previously measured secular decrease of the sisstehital period is discussed in the framework of a modeliasag
ejection of matter close to the inner boundary of the acunedisk.

Key words. X-rays: binaries — stars: neutron — accretion, accretiskdi

1. Introduction with a sensitive X-ray detector. Only between 1991 and 2000
id theBATSE instrument onboar@GRO (Fishman et al. 1989
tgfbvide information about the source’s pulse period on a+eg
lar basis. These data allow&daubert et al(2006 to reveal an
anticorrelation between the pulse period and times of Xty

The persistent accreting pulsar Hercules X-1 was one of
first X-ray sources discovered by théhuru satellite in 1972
(Tananbaum et al. 197%iacconi et al. 1978and since then

it remains one of the most intensively studied X-ray pulséie ¢ j o “switching from aroff-state with low X-ray flux to the
basic phenomenological picture of Her X-1 was establisbeds ¢, :5|iedmain-on state with high flux (such turn-ons regularly
after its discovery: a close binary system consisting of @1 &,.c;r in Her X-1 with a period 0£35 days and are believed to
creting magnetized neutron star with a 1.24 s spin periodangl aysed by a precessing tilted accretion disk around e ne
stellar companion HZ Her (first suggested lbjler 1972) —a . star. see e.gerend & Boynton 1976

main sequence star of the spectral typ ACrampton 1974 In th}s work we present a continuous monitoring of the

;I:;e Sm::Z?n Ogettcveegr?t;ﬁalh C:nnc]plﬁ\?vlorggfs ';/I((-Dr;\,htl:i:rr\]aﬁge(s)t Her X-1 pulse periodP and its local (measured at the time of the
Sy i f thg binary svstem are tr)wle foIIowiﬁ - élﬁfservation) time derivativ® using theSwift/BAT instrument
g}gln %&rlirgcrjnlf ersN 01 7 davs X)iray luminosity of the sou?_ée&arting from 2005 (begin of scientific operation) to 200 W
L p2 10370“’ - 1'f 3é Y £7 K 4 Id | compare the observed pulse period development with that mea
x ~2x10°" ergs’ for a distance o pc Reynolds etal. g, o4 previously witlCGRO/BATSE. The data of the monitoring
1997. The b|_nar_y Or.b'.t is almost circulab(aubert et al. 2009b allowed us to explore for the first time the correlation betwe
and has an inclination ~ 85-8% (Gerend & Boynion 1976 thelocally measured and the X-ray flux of the pulsar and com-

'tl)'hle_z madgtnelt;c field Sggi‘gg‘é’” the st_urfatceéj ?f theﬂ?eutron$ta§are the results with predictions of accretion theory. The o
elieved to be aroun , as estimatéd from the energy 0g /6 g strong spin-down episodes are discussed in the frame

the cyclotron resonant scattering featuFeifnper et al. 1978 ork of a model assuming ejection of matter from the innet par

Like many other X-ray pulsars, Her X-1 exhibits significanj \he accretion disk along the open magnetic field lines.
variation of the pulsation period (i.e. spin rate of the neut

star). Alternation of spin-up and spin-down episodes oretim

scales of several months in this system is superimposed 08 &ypgervations

background of systematic spin-uph(efer et al. 1992Staubert

et al. 2006 Klochkov 2007. The behaviour of the pulsar’s spinFor our analysis, we used the public archival data obtairigd w
period on shorter time scales is not very well studied bezaube Burst Alert TelescopeBAT, 15-150 keV,Barthelmy et al.
such a study would require a continuous monitoring of Her X-2005 onboard theSwift observatory Gehrels et al. 2004 With
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its large field of view (1.4 sterad), tHBAT instrument was origi- ‘

nally designed to provide fast triggers for gamma-ray lsuasd
their accurate positions in the sky4 arcsec). Following such a
trigger, the observatory points in the direction of the hwich
can be then observed with the X-ray and /dptical telescopes
onboard the satellite. While searching for bur8AT points at
different locations of the sky, thus performing an all-sky mong
toring in hard X-rays (measurements of the X-ray flux are pr&
vided by theSwift/BAT team in the form of X-ray light curves 3
for the several hundred bright persistent and transierncegi.
Most of theBAT observations are stored in the form of de-
tector plane maps (histograms) accumulated over the 5-rain e
posure time, which limits the possibilities of timing ansil In
addition to the detector plane histograms, however, theedto T
data contain 64-ms count rates corresponding to the total flu 0 0.5 1 15 2
detected byBAT. If a bright pulsating source with a known pe- Phase
riod falls into the field of view of the instrument, the totalunt _. ] )
rate can be used to search for coherent pulsations of thme_;ou;'%é i’{é? tﬁéagzgszf glﬁ?ﬁ;epnﬂlsoef ﬂ:gﬂ:ilgzegetr?oztﬂ; iunlse
We have used this strategy to measure the 1.24 s pulsationgi@fx-1. The profile is taken at MJD 545083 with ~1200 s inte-
Her X-1 during its main-on states (when the X-ray flux of thgration time.
source is high), repeating everg5 days.

7000

6900

6800

one can reconstruct the number of pulsation cycles pasdest in
tween, excluding any mis-counting. In this case, the esétha

To determine the pulse period, we used a method similar to tip4llse arrival times can be analytically modelled. For exiaip
described byStaubert et al(20091). The method includes two the pulse.perlotﬂ> is constant, the expected arrival time of pulse
techniques for the determination of the periegoch folding Numbemis

with ay? search (e.d-eahy et al. 198Bandpul se phase connec- —t P 1

tion (e.g.Deeter et al. 1981 The first one is used to establish thén =b+nk @)
presence of the periodic signal from Her X-1 in tBAT data, \heret, is the arrival time of the “zero™th pulse. In the case
determine the approximate period, and construct pulsel@ofigf non-zero first and second derivatives of the pulse petiu,

(by folding the data with the found period), while the secéd ayrival times are given by (see eStaubert et al. 2009b
subsequently applied to the pulse profiles to determine the p

cise value of the period and its time derivative. 1, 0 1,

As already mentioned, for our analysis we used the totg)= o+ NPo+ 7" PPo + 5" PoPo + ... @
count rates measured IBAT with a time resolution of 64 ms. . . ) o o
All times of the count rates were translated to the solaresyst WherePo, Po, andP, are the pulse period and its time derivatives
barycenter and corrected for binary motion (using our newes &t the timeto respectively. o
bital ephemeris presented$taubert et al. 2009bWe then per- A convenient way to explore the variation of the pulse pe-
formed a period search usimgoch folding in a narrow period riod, often used in the phase connection technique, is te con
interval around the expected pulse peried 37 s). If a strong Struct a so-called (O-C) diagram showing the estimated (ob-
periodic signal was present, we determined the period aed u§erved) pulse arrival time minus the calculated one assyiain
it to construct X-ray pulse profiles for subsequenltse phase ~ constant period (i.e. using Eql)j. An example of such a di-
connection. The integration time in each case was chosen to Bgram measured witBAT during one of the Her X-1 main-on
large enough to obtain a pulse profile withffitient statistics States is shown in Fi@. A straight line in the graph would cor-
(normally~1 ks). A typical profile used in our phase-connectiof£SPond to a constant period defined by the slope of the line. T
analysis is shown in FidL. solid curve indicates a parabolic fit to the data correspugth

To obtain pulse arrival times for the subsequent phase céhconstant positive according to Eq.2) (in the shown case the

nection analysis we have fit all individual pulse profileshagt PEStTitP = 1.4 10%29s).
template profile constructed by superposing the indiviguat
files from the same main-on state. In many cases we ignored 1{1
data at the start and the end of a main-on where the profilés dev
ate noticeably from those obtained in the middle of the nuain- Using the method described in the previous section we deter-
Thus, within one main-on, we restricted our analysis toitinet mined the pulse period and its time derivativ® for most of the
intervals where the shape of the pulse profile does not cremgeHer X-1 main-on cycles observed wiBAT (for other parts of
preciably. Nevertheless, we cannot completely excludsiptes the 35 d cycle the flux was too low for such determinations). At
systematic ffects which might fiect our results due the varia-the time of writing this paper the data are available for theet

tion of the profile shape (see also the Discussion). If therirai  period from March 2005 to May 2009 that covers 45 35d cycles
between the adjacent pulse arrival times is short enough (o{main-on states) of the pulsar. For several cycleB#%E obser-

the uncertainty of the assumed pulse period fBaantly small), vations have relatively poor statistics due to gaps in ttie.d@or
such cycles, only, but noP, could be determined. For the cy-

! http://heasarc.gsfc.nasa.gov/docs/swift/results/ cle with the turn-on at MJD~ 5433968, even the pulse period
transients/ could not be found due to a gap in the data. However, during

3. Timing analysis of BAT data

%ulse period variability
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this cycle Her X-1 was observed with thTEGRAL satellite

(Staubert et al. 2009bSo, we included the value &measured
with INTEGRAL in our data set (since tH&NTEGRAL observa-
tions caught only the end of the main-dhcould not be mea-
sured).

For the main-on starting at MJB 53577.14 only the pulse
period P could be measured witBAT (no P). But the main-
on was simultaneously observed with tiNTEGRAL andRXTE
observatorieslochkov et al. 2008Staubert et al. 2009bThe

value of P measured during these pointings is consistent (with

1o uncertainty) with the value found from tHRAT data. We

consider this agreement as a successful cross-check lretineee

Swift, RXTE, andINTEGRAL observations.
The time evolution of the measured pulse period for t

1263

A close quantitative inspection of all measured value® of
andP leads to the following list of statements about their evolu-
tion with time.

— The pulse period evolution shown in Fjresembles a saw-
tooth where one can distinguish five spin-down and five spin-
up episodes (from comparing adjacent measurements). The
overall mean spin-up rate {®) = —1.8203(3)x 10 ¥ss?

or —15.728(2) nsdl. We note that this is slightly steeper
than the general mean spin-up-69 nsd' observed from
the discovery of the source to the dramatic spin-down event
during theAnomalous Low of 19992000 Klochkov 2007.

The spin-down episodes (with mean spin-down rates be-
tween 095x 1013 and 45x 1012 ss1), lasting from 1 to 3

35 d cycles, are generally shorter than the spin-up episodes
(with mean spin-up rates from@x10713t0 44x10 % ss!)
which last from 3 to 13 35d cycles.

Locally measuredP values, ranging from-11x 10 ¥s s

to +48x 10 s s, show stronger modulation théwvalues
found from comparing the pulse period of adjacent 35d cy-
cles which range from6.0x103s st to +14x 10 13sst.
Generally, the locally measurdtivalues and the “cycle-to-
cycle” P values show a similar behavior (with the former
having the larger amplitude). For many points, however, the
locally measure® is substantially dferent from the one de-
rived from P values of adjacent measurements (that is, from
the slope of the pulse period development).

From the last two statements one can conclude that stroisg pul
period variations in Her X-1 occur on shorter time scalesitha
the 35 d super-orbital period of the system.

We will discuss the pulse period variations again in S&ct.

5. Correlation between spin-up rate and X-ray flux

A positive correlation between the spin-up rate of a neustan
and its X-ray luminosity is generally expected from acaneti
theory (see e.dRringle & Rees 1972 where an increase of the
mass accretion ratel leads to an increase in the rate of change
of the neutron star’s angular momentum. Such a correlaten h
been observed in many accreting pulsars (seeBddgsten et al.
1997, for a review). In Her X-1, however, the correlation was
so far questionable (see howewWilson et al. 1994Klochkov
2007). One of the dficulties is the relatively low amplitude of
the M variation in the system (reflected by the maximum main-
on flux, see below), of a factor2. Another problem is the lack
of local spin-up measurements (so FRain Her X-1 was locally
measured only in a few cases). For the rest of the existirggRlat
was estimated by takingfiiérences of the pulse periods between
adjacent main-on states which gives an averaged valuewwer t
or more 35 d cycles (see elglochkov 2007 where data from
CGROBATSE were used). The X-ray luminosityx which we
assume to be proportional to the mass accretionvate usu-
ally estimated from the maximum X-ray flux during the main-on
coincident with the observatiorstaubert et al. 2007 Such an
ﬁ,§timate is supposed to be very close to the local vallg of

In this work we have used the valuesPfocally measured
with BAT to explore the correlation between the spin-up rate and
the X-ray luminosity. FollowingStaubert et al(2007) we have
used the maximum main-on flux detected WBRAT? as a mea-

main-ons of Her X-1 is shown in Fig. Where a corresponding%re ofLx. In Fig.4 we plot the measured pulse period derivative

value of P was measured, thertuncertainty range is indicated 2 we used theSwifyBAT transient monitor results provided by the
by the cones, the orientation of which reproduce the med$tre SyifyBAT team fttp://heasarc.gsfc.nasa.gov/docs/swift/

value.

results/transients/).
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versus the maximum main-on flux. The dashed line indicatesmaller than the first two terms separately, but can be caampar

linear fit to the data that takes uncertainties of both végminto ble to their diference at the point of equilibrium, wheRg ~ R.

account (using the orthogonal regression mettBmygs et al. Indeed, from Eq.3) one can find that the spin-up and spin-down

1989. The data indicate an anticorrelation as predicted by thsrques separately would gi®e~ + or —10*'ss%, whereas on

basic accretion theory. Inspection of the linear Pearsooree- average we observe P >~ 10 3ss. Eq. 3) can be rewrit-

lation cosdficient gives a probability ok4 x 107* to find the ten as

measured correlation by chance. We note, however, thatauch - )

high significance appears mainly due to the group of fourfgoin, _ YNSV=R M

with high spin-down rate and low flux (in the upper left part of ~— 27| (M GMR; - KOQ ()

the graph in Fig4). The rest of the points form an uncorrelated )

“cloud” aroundP = 0. On the other hand, the data contain nand used to calculate the theoretical slope ofRliex) depen-

points with large spin-downR > 10 g/s) and large luminos- dence. Here we did not include the third term in ER), (vhich

ity (in the upper right part of the graph) that could destriog t is by (R, — R4)/Rq times smaller than the spin-up term, and

correlation. ] can be ignored when calculating the expected slope ofLx
The best-fit slope of th@(Lx) dependence assuming a lintelation. Assuming a radiativeficiency of accretion 0f10%

ear relation is found to bAP_;3/AFgar = (12 0.2) x 10°, (Ly = 0.1 Mc?) we can obtai@P_;3/dLs7 ~ —50 which is close

whereP_13 = P/(107'3s/s) andFgar is the count rate mea- to the value ofAP_13/ALs7 found from the fit of theBAT data

sured withBAT. Assuming a distance of 7 kpc (see Introduction)-30+ 5). A detailed discussion of the observed correlation will

one can find that 0.0BAT cts s* approximately corresponds tobe given in Sects.2and6.3.

2x10% ergs*. Thus, we can rewrite the found value of the slope

asAP_13/AlLs; = =30+ 5 wherels; = Lx/(10°") ergs?. Ata

first approximation the value of the slope can be calculasatu

the equation: 6. Discussion

2 6.1. Pulse period variations. Comparison with BATSE data
dow - u

(1 1

ot = MxVGMRq - Kopg K [@ N Q) (3 The general behaviour of the pulse period in Her X-1 measured

d with Swift/BAT (Fig. 3) is similar to that observed previously
where the first term stands for the spin-up from the inner digk this source. The long-term spin-up trend is occasionially
radiusRy, the second term describes spin-down due to magneticrupted by short (a few 35d cycles) spin-down episodes. In
coupling beyond the corotation radiRg and the last term takesFig. 5 we plot for comparison the historical development of the
into account angular momentum exchange due to magnetic cbigr X-1 pulse period measured witbtGROBATSE. We have
pling in the region betweeR. andRy; ko and«; are numerical made use of the publicly distributed pulsar data as wellsis li
codficients. The inner disk radius is about the Alfvén radius d&indly provided by Wilson (see alsBtaubert et al. 2006
the magnetosphef,, which is determined in the standard way In both theBATSE andBAT data, the spin-down episodes are

(e.g.Pringle & Rees 197 generally shorter than the spin-up episodes. One also saes t
in most cases the averaged absolute value isflarger during
2 2/7 . . . .
7 the spin-down intervals than during spin-ups. Such an asgimm
A= 2M V2GM ' (4) try is difficult to explain within the basic accretion theory (i.e.

using Eq. 8)) assuming that the spin period reflects stochastic
At the corotational regime wheRy ~ R, the last termin Eq.3) variations ofM. In some cases spin-down episodes with subse-
can be rewritten in the fornru?3(R. — Ry)/R] and is much quent spin-ups are reminiscent of glitch-like behaviosesbed
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in some radio-pulsars where a rapid change of the pulse pieerein). Free precession results in systematic variatidrihe
riod is followed by a slower “relaxation” to the long-ternetrd. observed spin period of the neutron st@hékura 1988Postnov
However, compared to radio pulsars, the “glitches” in Het X-et al. 1991 Bisnovatyj-Kogan & Kahabka 1993With the geo-
appear with an opposite sign: an initial rapid increase efgd- metrical parameters of free precession that can be asswmed f
riod is followed by a slower decrease (as it should be if imboHer X-1 on the basis of modelling of its pulse profiles (Postno
radio pulsars and Her X-1 the glitches are caused by a suddengmtiv. comm., paper in preparation), the amplitudéPofariation
creasgincrease of the moment of inertia of the star’s crust). Twdue to free precession might be as high as'4@/s which is
such glitch-like episodes are indicated in Pigby solid lines comparable to the variations that we observe \B#fT (Fig. 4).
which show the fit of the “relaxation” intervals by an exponerSince the precessional phase might biedent in diferent ob-
tial function on top of the linear decrease of the period sge servations, the describeéfect might introduce additional scat-
Shemar & Lyne 1996 The characteristic relaxation timesfor tering in theP—Lyx correlation if the free precession indeed takes
the two cases are around 100 days which is similar to the salysace in Her X-1.

observed in radio pulsar$fiemar & Lyne 1996 Some of the

other spin-ugspin-down transitions also resemble glitches, even ) L

though their decay is less clearly exponential. One shoatd,n 6-3- Evidence for the coronal mass ejection

however, than in radio pulsars the glitch-like variatiofidh® ag mentioned in Secs. in Her X-1 spin-up and spin-down

spin period are predominantly observed in cases of young N&Srques are very well balanced, so that the averaeirela-
tron stars, with characteristic ages= P/2P) less than 1 Myr. tyely close to zero. However, from the points in the uppér le

The neutron star in Her X-1 is believed to be much older. part of the graph in Fig4, one can conclude that there occur
extremely large spin-down torques (at small fluxes), whieh a
6.2. Correlation P — Ly up to 5 times as strong as spin-up ones. So, the key feature to

o ) explain is why do we observe such strong spin-down episodes?
As we have shown, thBAT data indicate a correlation between ~ one possibility is to assume that the accretion disk carries
the spin-up rate<P) and the X-ray fluxLy with the slope of some magnetic field which can interact via reconnection thigh
the correlation consistent with the prediction of the bame neytron star's magnetosphere beyond the corotation rélius
cretion theory. However, even for the relatively narrowg@f This might imply that beyon® the field lines can sometimes
Lx observed in Her X-1 the correlation appears to be surprigfiate to become open (see also discussiohdnelace et al.
ingly loose. There are severatlysical andobservational factors - 1995, puring such episodes, a substantial fraction of matter in
that might introduce dispersion in the obseré Lx refation. - the inner part of the accretion disk can escape the systehein t
The observational factors include the systematics tfiat our form of a coronal wind ejection along the open field lines.
measurements of the spin-up rate and the X-ray flux. As itwas g,ch an ejection of matter should be reflected in a secu-
already mentioned in Sect. 3, the pattern-matching tecemel- |5¢ change of the system’s orbital period which is indeed ob-
quires a stable shape of the pulse profiles. Even though @ trig e in Her X-1 Deeter et al. 1991Staubert et al. 2009b
to restrict our analysis to the intervals where the pulsdilero 14 455ess the importance of coronal mass ejections for the or
does not change significantly, we cannot exclude that the vafjia| period evolution, we invoke general consideratiofthe
ability of the profile shape contributes to the measuredevalu 1, conservative treatment of binary orbital parametes €.g.
P. We believe, however, that this systematibeet, if present, ighchyk et al. 2001 We shall assume a circular binary orbit.
does not exceed the statistical errors. On the other haed, t t M, be the mass of the optical star aktj — that of the neu-
X-ra_y Iumlnos_ltyLX mlg_ht not be unambl_guously f?'ated to th‘?ron star,g = My/M, is the binary mass ratio. The total angular
maximum main-on flux if the latter is subject to variable apso omentum of the binary is mostly stored in the orbital motion
tion by a hot corona even in the middle of a main-on where thg 1o binary components: = Jor = MyMo/(Mx + Mo)wora?
angle between the plane of the accretion disk and obsetirg’s wherewor = 27/ Pors is the orbital angular frequendges is the
of sight reaches a maximum. orbital period, andh = ax + a, is the binary’s semimajor axis.

A physical reason for the scattering in the correlation & th) ¢t 5 define the non-conservativeness parameter in thekesthn
possible bimodal behaviour of the pulsar where it switches t\/ve}y (e.gRitter & Kolb 1992:

tween the spin-up and spin-down regimes at the same level o

X-ray luminosity. Such a possibility appears e.g. in thereiton N

torque theory presented lyovelace et al(1999 where spin- p=-—* <1, M, <0. (6)
up/spin-down transitions occur if the corotation radius isselo Mo

to the Alfvén radius (or, more precisely, to the turnoveriuad
r'o introduced byLovelace et al. 1995i.e. if the pulsar is close
to the so-called corotational regime when the spin-up aint sp
down torques are nearly balanced.

The “uncorrelated” cloud of data points arouRd= 0 in

Next we assume that the ejected mass carries away the spe-
cific angular momentum of the neutron stgr = worba§ =
worbk@(Mo/(My + Mo))2. (This assumption is justified by the
small inner radius of the disRy < a4). Then using the Kepler's
Fig. 4 might indicate an area of the spin/spin-down transi- 3'd law and the total angular momentum balanke, jx(Mx +
tions (bimodal behaviour) where férent values oP are ob- Mo), we can express the fractional change of the orbital period
served at the same level b§. throughM,/My, q andp:

Another factor that might increase the dispersion of data. .
points in the correlation relates to the idea of a freely psse 1 Pom _ My 1-9_(1- 1\g/3+1
ing neutron star in Her X-1Trumper et al. 1978 While hav- 3Pqp My n n) q+1
ing a number of diiculties from the theoretical point of view
(Shaham 1977Sedrakian et al. 1999this hypothesis, how- Forn = 1 the familiar expression for the conservative mass ex-
ever, can explain the systematic variation of X-ray pulsdilegs change is obtained. It is convenient to normalize the mas®ac
exhibited by the systenSfaubert et al. 2009a@&nd references tion rate onto the neutron stht, to the value that can be derived

: (@)
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from the observed fractional change of the orbital periothen This equation is satisfied for the observed parameters of
conservative case: Her X-1: the ejected mass rate during strong spin-doMigs~

- - 0.5My ~ 107gs™, P~ 10?ss?, andR. ~ 1.3x 108 cm.
(Mx)cons _ } Pon 1

My _3Porbq_1,

(8)

so thatm = My/(My)cons_IN HerX-1q = 0.63 and one 7. Summary
finds (My)econs = 8 x 107gs™? for the measuredPop =
-4.85x 10''ss? (Staubert et al. 2009bThen we can elim- We have used the publicly availat$aifyBAT data to study the
inate Porp/ Porp from the left hand side of Eq7) to obtain the long-term behaviour of the pulsar’s spin period in Her X-heT
equation fom at a givenm: measured pulse period variations were compared with these o
. served previously witlCGRO/BATSE.
g +359-1 . ) For the first time, the pulse period derivative was measured
= e, 2 for a long series of observed main-on states of the sourds. Th
m-o-3 allowed us for the first time to test the correlation between t
From here we see that < 1 leads top < 1, i.e. if one wants X-ray luminosity and the locally measured spin-up rate & th
to decrease the mass accretion rate onto the neutron stat tongutron star in Her X-1. We argue that the data indeed sholw suc
a smaller X-ray luminosity (as is the case of Her X-1, whege tta correlation with the slope consistent with the predictibthe
mean observetl, ~ 2 x 10%” ergs? is 4 times smaller than basic accretion theory for the parameters of Her X-1. The-rel
the one following from the conservative mass exchange analiyely large scattering of the data points in the vicinityRof 0
sis, Staubert et al. 2009pa non-conservative mass exchange gan be caused by the bimodal behaviour of the accretion flow
required. Specifically, if we want to bring into accordanke t configuration at the magnetospheric boundary which regults
observedP,, andLy in Her X-1, we would needn'~ 1/4 and switching of the pulsar between spin-up and spin-down brasic
(from Eq. @) n ~ 0.1, a fairly high non-conservative mass exwhen it stays close to the corotational regime. In additfoeg
change. precession of the neutron star, if it takes place in the syste
The binary mass ratiqin Her X-1, however, may be uncer-can significantly &ect the measured values®fand, therefore,
tain. Indeed, recent analysis of non-LTfegts in the formation contribute to the scattering.
of the H, absorption line allows two solutions; = 0.45 and We argue that together with the long-term decrease of the
g = 0.72 (Abubekerov et al. 2008Equation 8) implies that the orbital period in Her X-1 the measured pulse period behaviou
critical (My)consdecreases for smaller for g = 0.45 we obtain requires the presence of mass ejection from the inner pérts o
(My)cons = 5.4 x 10*"g s . For this mass ratio the appropriatehe accretion disk along the open magnetic field lines. Thesma
value of the dimensionless parameteis 1/2, for which from  ejection episodes probably take place during strong spimad
Eq. ) we findy ~ 0.38. This value implies that on averageepisodes which are associated with the low X-ray luminosity
about half of the matter transferred through the disk sheald  The described technique allows one to useBA& instru-

cape from the system to provide the observed decrease of #ént as a long-term monitor of spin periods in other bright ac
ratio suggests an unusually small mass of the neutron star of
about 0.89V.
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ABSTRACT

Context. Episodic flaring activity is a common feature of X-ray pulsars in HMXBs. In some Be/X-ray binaries flares were observed
in quiescence or prior to outbursts. EXO2030+375 is a Be/X-ray binary showing “normal” outbursts almost every ~46 days, near
periastron passage of the orbital revolution. Some of these outbursts were occasionally monitored with the INTEGRAL observatory.

Aims. The INTEGRAL data revealed strong quasi-periodic flaring activity during the rising part of one of the system’s outburst. Such
activity has previously been observed in EXO 2030+375 only once, in 1985 with EXOSAT. (Some indications of single flares have

also been observed with other satellites.)

Methods. We present the analysis of the flaring behavior of the source based on INTEGRAL data and compare it with the flares

observed in EXO2030+375 in 1985.

Results. Based on the observational properties of the flares, we argue that the instability at the inner edge of the accretion disk is the

most probable cause of the flaring activity.

Key words. stars: neutron — accretion, accretion disks — X-rays: binaries

1. Introduction

Accreting X-ray pulsars, mostly residing in high-mass X-ray bi-
naries (HMXBs), often show abrupt increases in their X-ray lu-
minosity lasting from a few tens of seconds to several hours
— X-ray flares. Flaring activity is often observed on top of a
slower flux variation related to X-ray outbursts or super-orbital
modulation. Among the best-known “flaring” X-ray pulsars are
LMC X-4 (e.g. Moon et al. 2003b, end references therein),
SMC X-1 (Angelini et al. 1991; Moon et al. 2003a), Vela X-1
(Kreykenbohm et al. 2008; Fiirst et al. 2010). X-ray binaries
with a donor star of Be (or Oe) spectral type (Be/X-ray binaries
or BeXRB) are currently the most numerous class of HMXBs
with X-ray pulsars (Liu et al. 2006), although another class of
HMXB pulsars, the supergiant fast X-ray transients (SFXT), is
rapidly growing (e.g. Sidoli 2011). BeXRBs are characterized by
periodic or sporadic X-ray outbursts lasting from several days to
several weeks when the neutron star accretes matter from the
equatorial disk around the donor star (see e.g. Reig 2011, for a
recentreview). These systems are also known to show occasional
X-ray flares (Finger et al. 1999; Reig et al. 2008; Caballero et al.
2008; Postnov et al. 2008).

Probably the most remarkable flaring activity among
BeXRBs was exhibited by the 42 s pulsar EXO 2030+375. A se-
ries of six roughly equidistant flares with a mean period of ~four
hours was observed with the EXOSAT satellite a few months af-
ter the giant outburst of the source in 1985 (Parmar et al. 1989).
EX02030+375 is one of the most regularly monitored Be XRBs.
In addition to two “major” outbursts in 1985 and 2006 with a
peak X-ray luminosity of Ly 2 103 ergs™!, assuming a distance

Article published by EDP Sciences

of 7 kpc (Wilson et al. 2002), the source exhibited less powerful
“normal” outbursts with Lx ~ 1037 ergs™! almost every orbit.
The orbital period of the system is ~46d (Wilson et al. 2008).

Some flaring of EXO 20304375 has been reported since the
EXOSAT observations, but it has generally appeared to be a
single flare during the rise of normal outbursts (Reig & Coe
1998; Camero Arranz et al. 2005). Flares were also apparently
present during and between the normal outbursts shortly after
the 2006 major outburst (Fig. 3 in Wilson et al. 2008). But
the short duration and broad spacing of the observations make
it unclear whether this is the same quasi-periodic phenomenon
that was seen with EXOSAT. In this Letter we present the
INTEGRAL observations of the source that, for the first time
since the EXOSAT observations, reveal strong quasi-periodic
flaring behavior.

2. Observations and data processing

Since its major outburst in 2006, EXO 20304375 has repeat-
edly appeared in the field of view of INTErnational Gamma
Ray Astrophysics Laboratory (INTEGRAL, Winkler et al. 2003)
during the observational program concentrated on the “Cygnus
Region”. The INTEGRAL observatory has three main X-ray
instruments: (i) the imager IBIS sensitive from ~20keV to a
few MeV with high spatial and moderate spectral resolution
(Ubertini et al. 2003); (ii) the spectrometer SPI, which is sen-
sitive in the roughly same energy range as IBIS, but with much
higher spectral resolution and substantially lower imaging ca-
pability (Vedrenne et al. 2003); and (iii) the X-ray monitor
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Fig. 1. INTEGRAL observations of EXO 2030+375 (vertical bars) su-
perposed on the Swift/BAT light curve of the source since its major out-
burst in June—October 2006.

JEM-X with moderate spectral and spatial resolution, operating
between ~3 and ~35keV (Lund et al. 2003). INTEGRAL obser-
vations normally consist of a series of pointings called Science
Windows, 2 to 4 ks each.

Because the times of the observations were not optimized
for EXO 20304375, the INTEGRAL coverage of the source’s
normal outbursts is rather sparse. The Swift/BAT light curve of
the pulsar! with the indicated INTEGRAL observations is shown
in Fig. 1.

For our analysis we used the ISGRI detector layer of IBIS
sensitive in the 20-300keV energy range (Lebrun et al. 2003)
and JEM-X. Owing to limited count-rate statistics, no additional
information could be gained from SPI data. The standard data
processing was performed with version 9 of the Offline Science
Analysis (OSA) software provided by the INTEGRAL Science
Data Centre (ISDC, Courvoisier et al. 2003). We performed an
additional gain correction of the ISGRI energy scale based on
the background Tungsten spectral lines.

To search for the flaring activity, we examined the entire
IBIS/ISGRI light curve by combining the publicly available
ISGRI data products in the HEAVENS data base® with the re-
sults of our own analysis. We did not find any clear evidence
of flares in all the data except for the latest INTEGRAL obser-
vations of the source in November and December 2010 (MJD
~55520-55540), partially covering a normal outburst. The ris-
ing part of the outburst is shown in Fig. 2. The upper panel of
Fig. 3 shows the entire outburst as observed with INTEGRAL.
In this work we concentrate on the analysis of the source’s flar-
ing behavior during this outburst.

3. Timing analysis

As can be seen in Fig. 2, the flux in the rising part of the out-
burst experiences quasi-periodic oscillations/flares that cease as
the averaged flux increases. One can identify at least five subse-
quent flares with a mean period of ~0.3 days (~7 h).

To characterize the level of the flux variability during the out-
burst we calculated the normalized excess variance in the light
curve in relatively broad time intervals. We defined four equal
adjacent intervals in the rising part and five equal adjacent inter-
vals in the decay. The normalized excess variance is often used

! We used the Swift/BAT transient monitor results provided by the
Swift/BAT team
2 http://www.isdc.unige.ch/heavens/heavens
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clearly seen. The light curve of the entire outburst is shown in Fig. 3.
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Fig. 3. Top: ISGRI light curve of the EXO2030+375 outburst approx-
imated with a polynomial function (solid curve) which represents the
averaged evolution of the flux. Bottom: normalized excess variance of
the source flux with respect to the polynomial function.

as a simple measure of the intrinsic variability amplitude in light
curves, (see e.g. Nandra et al. 1997):

2

1
TNXS T N7 ey

Sl = 2 - o).
Here N is the number of data points in the corresponding time
interval, f; is the flux of the individual data points, o; — their
uncertainty, fiaver is the smoothed evolution of the flux obtained
by a polynomial fit to the light curve (upper panel of Fig. 3),
and (f) is the mean value of the flux within the interval. The
normalized variance 0'12\0(5 in our case represents the amplitude
of intrinsic flux variations superimposed on the smoothed flux
development. The term o; under the summation (X) eliminates
the contribution of the Poisson noise. The bottom panel of Fig. 3
represents the normalized variance as a function of time during
the outburst of EXO 2030+375. It can be seen that the amplitude
of the variability is high at the rising phase (corresponding to the
flaring episode). Then it decreases towards the maximum of the
outburst and remains low during the decay.

To study periodicity of the flares, we performed a formal
period search in the rising part of the outburst (between MJD
55518.5 and 55521.5) using the Lomb-Scargle periodogram.
The results are presented in Fig. 4. The periodogram shown in
the top panel indicates a clear peak around ~0.3 days (~7 h). The
averaged profile obtained by folding the light curve with this pe-
riod is shown in the bottom panel. The profile shape is asymmet-
ric and characterized by a steep rise and a slower decay.
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Fig.5. Pulse profiles of EXO2030+375 obtained with ISGRI (top)
and JEM-X (bottom) instruments during the outburst (MJD 55518.5-
55533.0).

We used the INTEGRAL data to study the pulse period be-
havior and pulse profiles during the outburst. The photon ar-
rival times were converted to the reference frame of the solar
system barycenter and corrected for the binary orbital motion
using the ephemeris by Wilson et al. (2008). Using the pulse-
phase-connection technique (e.g. Staubert et al. 2009), we found
the pulse period P = 41.31516(2)s at the epoch To(MJD) =
55526.056994 and the period derivative P = —1.9(1) x 107 /s,
that indicates significant spin-up. We used the measured pulse
ephemeris to construct and study the pulse profiles of the source.
We could not find any difference between the profiles obtained
during the rise and decay of the outburst. Figure 5 shows the pro-
files accumulated during the entire outburst.

4. Spectral analysis

For the spectral analysis we used JEM-X data between 3.5 and
35keV, and ISGRI data between 20 and 80 keV. We added sys-
tematic uncertainties at the level of 2% to the JEM-X spectra
and 1% to the ISGRI spectra based on the recommendations of
the instrument teams and the Crab observations. The spectrum
of the source during the outburst (accumulated between MJD
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ISGRI cts/s, 18-80 keV ~ ISGRI cts/s, 18-80 keV

Fig. 6. Photon index I' as a function of flux during the rising (flaring)
part of the outburst (left) and the decay phase (right). One Crab corre-
sponds to ~260 cts/s in the specified energy range.

55518.5 and 55533.0) was modeled with the cutoff-powerlaw
model (F(E) o« ET x exp[E/Es], where E is the photon
energy, I and Efyq are the photon index and the folding en-
ergy, respectively) modified at lower energies by photoelectric
absorption.

The best-fit parameters are I' = 1.6(1), Efo1q = 30(2) keV, the
absorption column density ng = 11(1)x 10?2 hydrogen atoms per
cm?. The uncertainties in parentheses refer to the last digit and
are at the 90% confidence level. The value of ny is substantially
higher than measured in previous observations of the source, in-
cluding older INTEGRAL measurements (1-3x10?>cm™2, e.g.
Klochkov et al. 2007; Wilson et al. 2008). We note, however, that
studying ny with JEM-X is generally problematic as the data be-
low ~3keV are not available. The significance of the measured
increase in absorption is therefore questionable.

The data quality does not permit spectroscopy of individual
flares. To characterize the spectral behavior of EXO 2030+375
during the flaring episode and compare it with the rest of the
outburst, we explored the luminosity-dependence of the source
spectrum during the rising (flaring) part and the decay of the
outburst. We grouped the individual INTEGRAL pointings ac-
cording to the measured flux in the 20-80keV range. For each
group we extracted and analyzed the X-ray spectrum using the
spectral model described above. The statistics did not allow us
to explore the dependence of each individual spectral parameter
on flux. We therefore fixed ny and Efoq to their averaged val-
ues (11 x 10%2cm™ and 30keV, respectively) and explored the
photon index I' as a function of flux.

The resulting dependence is shown in Fig. 6 for the rise (left)
and decay (right) of the outburst. Higher values of I" correspond
to a softer spectrum (see the model description above). The hori-
zontal error bars represent the width of the flux bins. The vertical
error bars indicate 1o-uncertainties. While the spectrum appar-
ently tends to get harder with increasing flux during the rising
part of the outburst, it remains roughly constant during the de-
cay. To quantify this behavior, we performed linear fits to the
data points and calculated the slopes with the corresponding un-
certainties. The slope is (9.0 +3.7) X 1073 (cts/s)"! in the rising
part and (2.8 + 4.2) x 1073 (cts/s)™! in the decay of the outburst
(uncertainties at 10~ confidence level).

5. Discussion

A direct comparison of the flares presented here with those
observed with EXOSAT in 1985 revealed significant similar-
ity. The peak fluxes and the relative amplitude of the flares are
roughly the same in both episodes. Also the average shape — fast
rise/slow decay — is similar in the two cases. The mean period
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is, however, different: ~4 h for the EXOSAT flares and ~7 h
for the INTEGRAL ones. The location of the EXOSAT flares
with respect to the nearest “normal” outburst is difficult to re-
construct because no monitoring of the source flux (apart from
the EXOSAT data themselves) was performed at the time. Since
the orbital phase of “normal” outbursts varies significantly with
time (Wilson et al. 2002), the extrapolation of the orbital phase
ephemeris back to the EXOSAT observations would not resolve
the problem.

X-ray flares in accreting pulsars are usually attributed to one
of the following mechanisms: (1) instabilities of the accretion
flow around/within the magnetospheric boundary (e.g. Moon
et al. 2003b; Postnov et al. 2008); (2) highly inhomogeneous
stellar wind of the donor star (e.g. Taam et al. 1988; Walter &
Zurita Heras 2007); and (3) nuclear burning at the neutron star
surface (e.g. Levine et al. 2000; Brown & Bildsten 1998). The
nuclear burning scenario is, however, difficult to reconcile with
a relatively high accretion rate before and after a flare, which
would suppress the thermonuclear instability (Bildsten & Brown
1997). In the case of EXO 20304375, inhomogeneities of the
companion’s stellar wind are also unlikely to be a direct cause of
the flares for the following reasons. First, the viscous time of the
accretion disk that is believed to be present in EXO 20304375
during normal outbursts (Wilson et al. 2002) and to even survive
during quiescence (Hayasaki & Okazaki 2000), is at least several
days, which would smooth out any variations in the mass accre-
tion rate M caused by inhomogeneity of the wind shorter than
this time. Second, nonuniform stellar wind cannot explain the
observed quasi-periodic appearance of the flares. On the other
hand, various kinds of magneto-hydrodynamic instabilities at
the inner edge of the accretion disk may easily lead to oscilla-
tions in the mass flow towards the polar caps of the neutron star
(Apparao 1991; Postnov et al. 2008; D’ Angelo & Spruit 2010),
leading to the observed flaring activity. For example, D’ Angelo
& Spruit (2010) have illustrated that when the magnetospheric
radius r, (where magnetic field of the neutron star truncates
the accretion disk) is larger but close to the corotation radius
. (where the Keplerian frequency is equal to the accretor’s spin
frequency), matter in the inner regions of the disk will pile up
leading to an increase in the local gas pressure and, therefore, a
decrease in r,. When ry, crosses r¢, the accumulated reservoir of
gas is accreted by the neutron star and the cycle repeats.

To assess the applicability of this scenario to the flares ob-
served in EXO 2030+375, we estimated the expected character-
istic time scale of M-oscillations. Without going into physical
details of the disk-field coupling at r,, one would generally ex-
pect that the oscillations in M take place on the time scale close
to the local viscous time at r,, ~ r.. Following the standard
a-viscosity prescription (Shakura & Sunyaev 1973), this time
can be estimated as 7. ~ rcz/v(rc) ~ 1/[Qa(H/R)?], where v(r.)
is the viscosity at r,, Q is the spin frequency of the neutron star,
and (H/R) the semithickness of the accretion disk. Using “stan-
dard” values of @ = 0.1, H/R = 0.05, and the known pulse
period P ~ 40s, one gets 7. ~ 7h, i.e. of several hours, as was
observed.

The averaged profile of the flares is characterized by a steep
rise and a slower decay (Fig. 4), which is very similar to the
flares observed with EXOSAT in 1985 (Fig. 2 of Parmar et al.
1989). According to the authors, such a shape suggests a “drain-
ing reservoir” that is in line with the picture described above
(matter piling up on the inner edge of the disk).

The observed difference in the spectral behavior between the
flaring part and the rest of the outburst (Sect.4) suggests dif-
ferent configurations of the region where matter couples to the

L8, page 4 of 4

field lines. Such a difference is indeed expected if the flares are
caused by the oscillating inner edge of the accretion disk. In this
case, matter from the oscillating inner disk rim would couple to
different dipole field lines of the neutron star (and follow them)
compared to the decay part of the outburst where the configura-
tion of the inner disk rim is presumably stable.

The difference in the mean period of flares in the
INTEGRAL and EXOSAT observations can also be understood
in the described picture. The period must depend on the mass
transfer rate through the accretion disk, i.e. time needed to refill
the reservoir. This rate could be different between the EXOSAT
and INTEGRAL observations due to, e.g., changes in the state
of the Be-disk. In Fig. 2 one might also notice some shortening
of the the flare separation time as the flux increases (although
this behavior is difficult to quantify with the available statistics).
Such behavior, if real, might reflect shortening of the reservoir
refill time as the mass transfer rate increases towards the maxi-
mum of the outburst.

Thus, we argue that the observational appearance of the
flares in EXO 2030+375 suggests that the instability of the in-
ner disk edge (pile-up/draining of matter) is the most probable
cause of the flares.

It is important to note that the rarity of the detected flaring
episodes (even considering the relatively sparse observational
coverage) means that the range of physical conditions needed
to initiate flares could be very narrow, which would lead to the
serendipitous character of the phenomenon.
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ABSTRACT

Context. In addition to coherent pulsation, many accreting neutron stars exhibit flaring activity and strong aperiodic variability on
time scales comparable to or shorter than their pulsation period. This behavior shows that the accretion flow in the vicinity of the
accretor must be highly non-stationary. Observational study of this phenomenon is often problematic because it requires very high
statistics of X-ray data and a specific analysis technique.

Aims. In our research we used high-resolution data taken with RXTE and INTEGRAL on a sample of bright transient and persistent
pulsars to perform an in-depth study of their variability on time scales comparable to the pulsation period — pulse-to-pulse variability”.
Methods. The high-quality data allowed us to collect individual pulses of different amplitude and explore their X-ray spectrum as
a function of pulse amplitude. The described approach allowed us for the first time to study the luminosity dependence of pulsars’
X-ray spectra in observations where the averaged (over many pulse cycles) luminosity of the source remains constant.

Results. In all studied pulsars we reveal significant spectral changes as a function of the pulse height both in the continuum and in
the cyclotron absorption features. The sources appear to form two groups that show different dependencies of the spectrum on pulse
height. We interpret this division as a manifestation of two distinct accretion regimes that are at work in different pulsars.

Key words. X-rays: binaries — stars: neutron — accretion, accretion disks

1. Introduction

Strong aperiodic variability of the X-ray flux is a well known
characteristic of many X-ray binary systems. First discovered in
black hole candidates (with Cyg X-1 being the most remarkable
case), it was later shown to be a common feature also among
accreting neutron stars (see e.g. Belloni & Hasinger 1990, for a
review). Although homogeneity and stationarity of the accretion
flow is often assumed in calculations dealing with physics inside
the X-ray emitting structure on a neutron star (because it greatly
simplifies the mathematical treatment of the problem), the ob-
served variability clearly indicates that the accretion flow in the
close vicinity of the accretor must be highly non-stationary. On
the other hand, the penetration of matter into the magnetosphere
of the neutron star around the stopping radius is believed to be
governed by various kinds of instabilities that plasma supported
by magnetic field is subject to (see e.g. Ghosh & Lamb 1979;
Kulkarni & Romanova 2008; Bozzo et al. 2008). The instabili-
ties will naturally lead to fragmentation of a continuous flow into
more or less isolated blobs or filaments. More focused theoret-
ical studies of the non-stationary accretion problem have been
performed e.g. by Morfill et al. (1984); Demmel et al. (1990),
and Orlandini & Boldt (1993), who have explicitly shown that
the inhomogeneity of the flow is generally expected in accreting
pulsars and that it does not only arise from the original inhomo-
geneity of the accreted matter (e.g. “clumps” in the stellar wind
or variations of matter supply from the donor star) but can nat-
urally be produced by instabilities close to the magnetospheric
boundary of the neutron star.

Article published by EDP Sciences

So far, the aperiodic variability of accreting pulsars has
mostly been studied by means of power spectra of their high
time-resolution light curves (e.g. Belloni & Hasinger 1990;
Pottschmidt et al. 1998; Revnivtsev et al. 2009). In our work,
however, we concentrate on the variability of individual X-ray
pulses often referred to as pulse-to-pulse variability. This kind
of variability seems to be a common phenomenon among
accreting pulsars and has been reported by several authors
for bright outbursts of some transient or strongly variable
sources: Frontera et al. (1985) for A 0535+26, Staubert et al.
(1980); Kretschmar et al. (2000) for Vela X-1, Tsygankov et al.
(2007) for 4U0115+63. However, a detailed study of the pulse-
to-pulse variability is usually limited by the photon statistics,
especially for relatively fast pulsars (with a spin period of
a few seconds or less). In the present work, we used the pub-
licly available archival data from high-sensitivity X-ray detec-
tors onboard RXTE and INTEGRAL taken on a set of four bright
accreting pulsars — V 0332+53, 4U0115+63, A 0535+26, and
HerX-1.

The four accreting pulsars are well established cyclotron
line sources, i.e. their spectra contain cyclotron resonant scat-
tering features (CRSFs). These features appear as absorption
lines caused by resonant scattering of photons off the relativis-
tic plasma electrons at Landau levels (see e.g. Triimper et al.
1978; Isenberg et al. 1998; Araya-Géchez & Harding 2000).
The CRSFs, if detected, provide a direct way to measure the
magnetic field strength at the site of X-ray emission as the en-
ergy of the fundamental line and the spacing between the har-
monics are proportional to the B-field strength. In some sources
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the cyclotron line energy was found to change with luminos-
ity. In V0332+53 and 4U0115+63 a negative correlation of
the line energy with luminosity was observed (Tsygankov et al.
2007, 2010; Mowlavi et al. 2006; Mihara et al. 2004), while for
Her X-1 Staubert et al. (2007) reported a positive correlation of
the line energy with luminosity.

A description of the observational data is provided in Sect. 2.
Using a special analysis technique (described in Sect. 3), we col-
lected individual pulses of different amplitudes and studied the
differences in their X-ray spectra. As a result, we reveal signifi-
cant correlations of different spectral parameters with pulse am-
plitude (Sect. 4). Based on the sign of the correlations, the ex-
plored pulsars can be divided into two groups. We argue that the
two groups correspond to two distinct regimes of accretion that
are at work in different sources: local sub- and super-Eddington
regime (see discussion in Sect. 5). The summary and conclusions
are provided in Sect. 6.

2. Observations

For our analysis we used the data taken with the RXTE satellite
(Bradt et al. 1993) during the intense outbursts of the transient
high-mass X-ray binaries (HMXB) V 0332+53, 4U0115+63,
and A 0535+26 and during a main-on state of the persistent
intermediate mass X-ray binary Her X-1 (these states of high
X-ray flux occur in the system about every 35 days, most proba-
bly reflecting periodic obscuration of the source by a precessing
tilted accretion disk, see e.g. Klochkov et al. 2006, and refer-
ences therein). In the case of A 0535+26 we also used data taken
with the INTEGRAL observatory (Winkler et al. 2003) simul-
taneously with the RXTE observations. The main X-ray instru-
ments onboard the two satellites provide a broad-band coverage
of the sources” X-ray spectra: RXTE/PCA (Jahoda et al. 1996)
and INTEGRAL/JEM-X (Lund et al. 2003) are sensitive from
a few keV to ~35 keV, while RXTE/HEXTE (Rothschild et al.
1998) and INTEGRAL/IBISOISGRI) (Ubertini et al. 2003) —
from ~20 keV to a few hundred keV.

Our main criterion for the selection of the observations and
instruments was a sufficiently dense timing coverage of the
sources during their high flux states, which provides best statis-
tics. Additionally, for RXTE/PCA we searched for the data taken
in an appropriate data mode that allows one to achieve simulta-
neously high time- and energy-resolution in the entire PCA en-
ergy range. Specifically, we used the data taken in GoodXenon
and certain generic event modes (with sufficient energy- and
time-resolution). Where possible, we selected the RXTE ob-
servations with both HEXTE clusters switched on to maxi-
mize the photon statistics. INTEGRAL data were only used
for of A0535+26, which has a long (~100 s) pulse period.
For the other three pulsars with much shorter pulse periods
(a few seconds), individual pulsations cannot be distinguished
in the INTEGRAL (IBIS/ISGRI) light curves, which prevents
pulse-to-pulse study.

For each of the three transient sources we used a short contin-
uous set of pointings covering ~1 day or less of the brightest part
of an outburst (close to its maximum) so that the average flux
level within the observations did not change significantly. The
observed flux variability is therefore related to X-ray pulsations
and pulse-to-pulse variations. For the persistent pulsar Her X-1
we used the data from the main-on state of the source corre-
sponding to the 35 d cycle No. 323 (according to the number-
ing convention adopted in Staubert et al. 1983), which is best
covered by RXTE observations. We selected the data from the
middle part of the main-on where the flux does not change

A126, page 2 of 10

Table 1. Observations used for the pulse-amplitude-resolved analysis.

Source name  Instrument Mid MJD  Exposure (ks)

V0332+53 RXTE 533544 23.7

4U0115+63 RXTE 51249° 32.8

A 0535426 RXTE 53615¢ 30.8
INTEGRAL 53 615¢ 104.7

Her X-1 RXTE 52 600¢ 98.7

Notes.  Giant outburst in 2004; ¢ giant outburst in 1999; ) normal
outburst in 2005;  main-on state.
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Fig. 1. Sample light curve of V 0332+53 during its 2005 giant out-
burst obtained with RXTE/PCA and summed over all energy channels
(2—-80 keV). The solid curve shows the repeated pulse profile obtained
by folding a longer data sample. Dramatic pulse-to-pulse variability is
clearly seen.

significantly, i.e. where the obscuration by the accretion flow
is minimal. The chosen observations of Her X-1 are spread over
~5 d. A summary of the observational data on all sources is pro-
vided in Table 1.

3. Analysis technique

The standard data reduction has been performed with the soft-
ware packages and calibration data provided by the instrument
teams. For RXTE we used HEASoft6.9', for INTEGRAL —
0SA9.0%

To analyze the pulse-to-pulse variability, for each source we
extracted a high-resolution light curve where single pulses are
clearly distinguishable. An example of such a light curve ob-
tained with RXTE/PCA in 2—-80 keV range (this is the entire
PCA range, although the effective area of the instrument drops
above 30—-35 keV) on V0332+53 is shown in Fig. 1 where the
strong variability of the profile shape from one pulse to the next
is visible. We then selected a pulse-phase interval containing the
brightest part of the pulse profile, referred to as pulse. The cho-
sen pulse-phase intervals for each source are shown in Fig. 2 by
the shaded areas. For each pulse we calculated its mean count
rate (in all PCA channels for the RXTE data and in 20—100 keV
for the INTEGRAL data), that is the average count rate within
the selected pulse-phase interval, which we call the amplitude
or height of the pulse. As can be seen in Fig. 1, the amplitude
of individual pulses varies over a broad range. This allows one

! http://heasarc.nasa.gov/lheasoft/
2 http://www.isdc.unige.ch/integral/analysis#Software
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Fig. 2. Averaged (over many pulsation cycles) pulse profiles of the
pulsars in our sample obtained with RXTE/PCA in 2—-80 keV range
(solid curve) and (in case of A 0535+26) with INTEGRAL/ISGRI in
20-100 keV range (dotted curve on the bottom panel). The shaded areas
mark the pulse-phase intervals used for our pulse-amplitude-resolved
analysis (see text).

to explore the variation of the X-ray spectrum as a function of
pulse amplitude, which is the central point of our research.

The photon statistics does not allow us to extract meaningful
spectra of single pulses. Therefore, we grouped together pulses
of similar amplitude. For this purpose we explored the distri-
bution of pulse amplitudes for each source and split the entire
range of amplitudes into five to six bins, keeping approximately
the same statistics within each bin. Then, for each amplitude
bin we constructed a list of good time intervals (GTIs) to select
the pulses (i.e. the data inside the selected pulse-phase intervals)
whose amplitude falls into the bin. Providing the data-processing
pipeline with the produced GTIs we extracted the broad-band
X-ray spectra for the selected bins, i.e. as a function of pulse
height. We note again that the extracted spectra correspond to a
fixed pulse-phase interval. This minimizes possible influence of
pulse-phase dependence of the spectrum.

To maximize the photon statistics in our spectra, where pos-
sible we used PCA data up to 60 keV. Even though the effective
area of the instrument at this energy drops dramatically along
with an increase of the relative background contribution, the
photon statistics is still competitive with that of HEXTE (which
suffers from larger dead time). For the spectral analysis of the
PCA data we used the updated response v11.7 (2009 May 11)
and background estimation files Sky_VLE. According to the in-
strument team, the new calibration files in combination with
the updated HEASoft package (starting from version 6.7) pro-
vide significant improvements to spectral analysis and allow one
to use PCA data up to ~50 keV with systematic uncertainties

of 0.5%>. Our analysis of pulse-averaged spectra between 40
and 60 keV has shown that the PCA spectrum extracted with the
new calibration is in complete accord with the HEXTE spectrum
for which the background is directly measured during the obser-
vations (using the off-set pointings of the collimator). The agree-
ment between the two detectors is also claimed by Rothschild
et al. (2011), who also used PCA data up to 60 keV in their anal-
ysis of the RXTE observations of Cen A. Following Rothschild
et al. (2011), the background model counts histogram was in-
cluded in the spectral fitting as a correction file to account for
small deviations of the background and dead-time models from
reality (recorn model in XSPEC 12.6.0). We added systematic
uncertainties at the level of 1.0% to our PCA spectra, which
are somewhat larger than the recommended 0.5% (see above)
but allow us to obtain more conservative estimates of the spec-
tral parameter errors. No systematic errors have been added to
HEXTE because it is not recommended by the instrument team
(the uncertainties of this instrument are dominated by statistical
fluctuations).

For the INTEGRAL instruments we used the standard
method of background evaluation from the deconvolution of the
detector images provided by the OSA software*. We added sys-
tematic uncertainties at the level of 2% to the JEM-X spectra
and 1% to the IBIS/ISGRI spectra based on the recommenda-
tions of the instrument teams and the Crab observations closest
to our observations.

It is known that inaccuracy in the absolute calibration of
the X-ray instruments onboard INTEGRAL and RXTE might
lead to systematic differences in the observed spectral shape of
a source between the two satellites (see e.g. Tsujimoto et al.
2011). In our research, however, we focus on relative variations
of the spectral parameters as a function of pulse amplitude rather
than their absolute values. Therefore, the cross-calibration accu-
racy is not critical for our study. We also note that the pulse-
averaged cyclotron line energies measured simultaneously with
INTEGRAL and RXTE in A 0535+26 (Caballero et al. 2007)
and Her X-1 (Klochkov et al. 2008a; Staubert et al. 2007) agree
within ~1 keV between the two satellites.

4. Results

For each pulsar in our sample we obtained a series of broad-band
(~3-80keV) X-ray spectra corresponding to different pulse am-
plitudes. The spectral continua are modeled using the powerlaw-
cutoff function. The fluorescent K,, emission at 6.4 keV has been
modeled by an additive Gaussian. The absorption cyclotron fea-
tures are clearly seen in our pulse-amplitude-resolved spectra
and are modeled using multiplicative absorption lines with a
Gaussian optical depth profile. A more detailed description of
the spectral models is provided below, in the subsections devoted
to the individual sources. Since the analysis procedures are very
similar for all sources in our sample, we provide a full descrip-
tion of our spectral fitting (including a list of spectral parameters,
2 values etc.) only for the first pulsar, V 0332+53 (Sect. 4.1).
For the other the sources we skip the detailed information and
concentrate on final results — variations of the spectral parame-
ters with pulse amplitude.

All our spectral fits were checked for possible intrinsic de-
pendencies/degeneracies of different parameter pairs using error
contour plots. No significant correlations were found except the

3 http://www.universe.nasa.gov/xrays/programs/rxte/
pca/doc/rmf/pcarmf-11.7/
4 http://www.isdc.unige.ch/integral/download/osa_doc
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Table 2. Best-fit spectral parameters of V 0332+53 for different pulse-amplitude bins. The indicated uncertainties are at 1o~ (68%) confidence

level.

Pulse amplitude

bin [PCA cts/s] ~ 2800-3400  3400-3650  3650-3900 39004100  4100-4300  4300-5100
r —0.621*09%  —0.609*3%%  ~0.593*09%  _0.58600%%  —0.600*001  —0.591+0014
Egoia [keV] 579 (fixed)  5.79 (fixed) ~ 5.79 (fixed) ~ 5.79 (fixed) ~ 5.79 (fixed) ~ 5.79 (fixed)
Epump [keV] 11.647039 11.39*92 1112492 10.97+027 10.99*94% 10.34+031
Toump [keV] 2.65 (fixed) ~ 2.65 (fixed)  2.65 (fixed) ~ 2.65 (fixed)  2.65 (fixed)  2.65 (fixed)
Eg. [keV] 6.4 (fixed) 6.4 (fixed) 6.4 (fixed) 6.4 (fixed) 6.4 (fixed) 6.4 (fixed)
OFe [keV] 0.01 (fixed)  0.01 (fixed) 0.01 (fixed) 0.01 (fixed) 0.01 (fixed) 0.01 (fixed)
Ey [keV] 26.2700 26.21700) 26.055001 26.0170% 25.98+00¢ 25.855008
Oge lkeV] B6SUE 361G 36AUl  3T4NE 307700 404h
Teye 115403 11117028 10.83°02  10.84°02 11417040 11.23%0%0
Eeyen [keV] 48.967097  47.7110% 48.56*071 48.98+108 48.15%9%3  47.761097
Teye,1 [keV] 3 (fixed) 3 (fixed) 3 (fixed) 3 (fixed) 3 (fixed) 3 (fixed)
Tejel 47173 4.97% 4373 3.3%5 510 6.0
X2 /do.f. 1.2/96 1.5/96 1.5/96 1.3/96 0.8/96 1.5/96
red

one between the photon index and the cutoft energy, which was
eliminated by fixing the cutoff energy (see below). The presented
results are also found to be stable with respect to the choice
of different spectral functions, both for the continuum and the
cyclotron absorption lines. We are, therefore, confident that the
variability reported below arises from the sources’ behavior and
reflects real physics.

4.1. V0332+53

V0332+53 belongs to the category of Be/X-ray binaries
(BeXRB) — currently the most numerous class of HMXBs. The
neutron star in these systems periodically or sporadically ac-
cretes mass from the equatorial disk around the Be- or Oe-type
optical companion. The episodes of accretion give rise to pow-
erful X-ray outbursts, while in quiescence the X-ray flux often
falls below the detection limit of most instruments. The neutron
star in V 0332+53 has a spin period of ~4.3 s (Stella et al. 1985).
For this source we used the RXTE data close to the maximum
of its giant (type 1I) outburst in 2004 (see e.g. Coe 2000, for the
nomenclature of outburst types in BeXRBs), when the bolomet-
ric luminosity reached a few times 103 erg s~! for a distance
of 7 kpc (Tsygankov et al. 2010). Up to three cyclotron fea-
tures have been detected in the source: the fundamental line at
~26 keV and two harmonics, at ~50 and ~70 keV respectively.
As mentioned in the introduction, during the outbursts the funda-
mental line exhibits a strong negative correlation with the X-ray
flux (e.g. Tsygankov et al. 2010; Mowlavi et al. 2006).

In the short set of RXTE observations that we have analyzed
(where the source luminosity did not change significantly, see
Sect. 2), the dynamical range of the pulse amplitude variations
reached a factor of ~1.5. For this range we defined six ampli-
tude bins and extracted six spectra, one for each bin. The X-ray
continuum was modeled using a powerlaw function with an ex-
ponential decay toward higher energies — the XSPEC cutoffpl
model: I(E) « E"exp(—E/Ejyq), where E is the photon en-
ergy, I' — photon index, and Er,q — exponential folding energy.
To account for a bump-like feature appearing in the residuals
between 10 and 20 keV, we added a broad Gaussian with the
centroid energy Epump ~ 11 keV and a width of opymp ~ 3 keV.
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The spectra revealed two absorption features, the fun-
damental cyclotron line and its first harmonic, which
we modeled using Gaussian absorption lines as stated
above (the XSPEC gabs multiplicative model: M(E) o
exXp [_Tcyc/( \/2_7ro-cyc) : eXP(—OS(E - Ecyc)z/a-gyc)], where Ecyc»
Ocye, and 7¢yc are the centroid energy, width, and optical depth
of the line, respectively). To account for uncertainties in the ab-
solute normalization of the flux in different instruments, we in-
troduced in our model a multiplicative factor F which was fixed
to 1.0 for PCA and left free for HEXTE. In all pulse-amplitude
bins the best-fit value of F' for HEXTE was around 0.90(1), in-
dicating a 10% difference in the absolute flux normalization be-
tween the two instruments. Similar differences (from 10 to 14%)
were found for all other RXTE observations analyzed in this
work. The energy range of the spectra was set to 3.5-60 keV
for PCA (see Sect. 3 about the usage of PCA at high ener-
gies) and to 17-75 keV for HEXTE. The best-fit spectral pa-
rameters for each pulse-phase amplitude bin together with the
lo-uncertainties and the corresponding reduced y? values are
summarized in Table 2. The parameters of the first cyclotron line
harmonic are denoted with “1” in the subscript. Figure 4 shows
one of our pulse-amplitude-resolved spectra of V 0332+53 mod-
eled with the described function.

Some spectral parameters that did not show any significant
variation with pulse-amplitude were fixed to their averaged (over
pulse-amplitude bins) values, as indicated in Table 2. The photon
index I" and the exponential folding energy Ef,q were found to
be strongly coupled (showing intrinsic positive correlation with
each other), i.e. the quality of the data did not allow us to de-
termine their variation independently. Ef,1q showed weaker vari-
ability with pulse amplitude compared to I" and was fixed to its
average value. Thus, we only explored the variation of I' as a
function of the pulse amplitude.

The data revealed significant changes of the photon index
and the energy of the fundamental cyclotron line E.y. with pulse
amplitude as can be seen in Fig. 3 (left column). The horizon-
tal axis of the plots represents the pulse amplitude (determined
in the way described in Sect. 3) measured in PCA count rate
summed over all energy channels (2—80 keV, see above) and
normalized to one PCU. The horizontal error-bars indicate the
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Fig. 3. Variation of the fundamental cyclotron line centroid energy E.y. (top) and the photon index I" (bottom) with pulse amplitude measured in
V 0332+53 (left) and in 4U 0115+63 (right) using the RXTE data. The vertical bars indicate uncertainties at 1o~ (68%) confidence level.
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Fig.4. Example of the pulse-amplitude-resolved spectrum of
V 0332+53 obtained with PCA and HEXTE (from the pulse-amplitude
bin 3650-3900 cts/s). The top panel shows the unfolded spectrum
modeled with a cutoff-powerlaw function with two absorption lines
(see text). The bottom panel shows the corresponding residual plot.

width of the corresponding pulse amplitude bins. An almost lin-
ear decrease of E.y with pulse height is clearly seen as well as
a somewhat less significant softening of the spectrum (reflected

by an increase of the photon index I'). The dotted lines repre-
sent linear fits to the data. The measured slope of the Ecy. —
pulse-height dependence is (—2.84 + 0.50) x 107 keV/(cts/s).
The Pearson linear correlation coefficient is —0.98 with the cor-
responding two-sided null-hypothesis probability (the probabil-
ity to find the correlation by chance in a non-correlated data sam-
ple) ~4 x 1074, indicating a highly significant anti-correlation.
The slope of the I' — pulse-height dependence is (2.21 + 0.88) X
1073 (cts/s)"!. The Pearson linear correlation coefficient with the
associated two-sided null-hypothesis probability are in this case
~0.77 and ~0.07, respectively. The (positive) correlation in this
case is not very significant, but still might indicate a possible
physical relation between the parameters.

To check the reliability of the shown dependencies, we
performed spectral fits with alternative spectral functions for
the continuum and cyclotron features: powerlawxhighecut
(I(E) & E_F below Ecuoft and E_r exp [_(E - Eculuff)/Efold]
above E o) instead of cutoffpl and cyclabs (Lorenzian ab-
sorption line) instead of gabs. For all combinations of the con-
tinuum and line models the variations of I' and E.y. with pulse
amplitude emerge with similar significance.

As mentioned above, we checked our fits for any possible
statistical (model-dependent) correlations of parameters using
x>-contour plots for different parameter pairs. All free param-
eters were found to be well decoupled (i.e. showing no or only
a weak statistical dependence). In all cases the y*> minimum and
the corresponding confidence range are well defined. Examples

of the y?-contour plots for some parameters are shown in Fig. 5.
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Fig. 5. y?-contour plots for some pairs of spectral parameters of V 0332+53. The y>-minima are well defined and the parameters show no degen-
eracy. To generate the plots we used the spectrum from the pulse-amplitude bin 3650—-3900 cts/s.

The averaged pulse profile of the source shows two al-
most equally strong peaks (Fig. 2). As described in Sect. 3, we
selected for our study a phase interval that includes the first
(the highest) peak. However, we repeated our analysis also for
the second peak and found very similar dependencies of the
spectral parameters on pulse amplitude.

The revealed variation of E.. agrees with the negative cor-
relation of the line energy with the averaged (over many pulse
cycles) flux level during the rise and decay of the strong out-
bursts reported for this source (see above). We stress, however,
that in our analysis the correlation with pulse height appears in a
short (less than one day) set of pointings where the average flux
stays roughly constant. The positive correlation of I' with pulse
height, if it is real, is also consistent with the gradual decrease
of the averaged photon index observed during the decay of the
outburst, which can be derived from Table 2 of Mowlavi et al.
(2006).

4.2. 4U0115+63

Another member of the BeXRB class, 4U0115+63 has a pul-
sation period of ~3.6 s (Cominsky et al. 1978). Up to five cy-
clotron line harmonics have been detected in the X-ray spec-
trum of the source with the fundamental line at ~11-16 keV
having the lowest energy among accreting pulsars (Heindl et al.
1999; Santangelo et al. 1999; Ferrigno et al. 2009, and ref-
erences therein). Like in V 0332+53, the fundamental line in
4U0115+63 was found to increase during the decay phase of
the giant outbursts (Mihara et al. 2004; Tsygankov et al. 2007).
For our analysis we used the RXTE observations of the in-
tense giant outburst of the source in 1999 when the bolomet-
ric luminosity exceeded 103 erg s7!, assuming a distance of
7 kpc (Tsygankov et al. 2007). The data cover roughly 0.5 day
of the outburst close to its maximum. In our pulse-amplitude
resolved spectra we detected (and modeled using the gabs
XSPEC model, see above) the fundamental line and its three har-
monics. Following Tsygankov et al. (2007) and Ferrigno et al.
(2009), we used the powerlawxhighecut model for the spec-
tral continuum.

The amplitude of variations in the pulse height exhibited
by 4U0115+63 in our data sample reached a factor of ~2.5.
As for V0332+53, the data quality allowed us to divide the
pulse-height distribution into six bins and explore the variations
in the centroid energy of the fundamental cyclotron line Ecyc
and the photon index I" with pulse height (Fig. 3, right column).
The exponential folding energy E,q Was again found to be cou-
pled with I'. As for V 0332+53, we fixed Efoq to its mean (over
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pulse-height bins) value, 8.2 keV, so that the softening/hardening
of the spectral continuum is described by the changes in I and
the cutoff energy Ecuof (the latter, however, did not show any
significant dependence on pulse amplitude). Parameters of the
cyclotron line harmonics showed no significant variation with
pulse amplitude.

As can be seen in the top right plot of Fig. 3, the energy of
the fundamental cyclotron line decreases with increasing pulse
amplitude (probably showing some saturation at highest am-
plitudes, see below), similarly to V 0332+53. The source also
shows softening of the spectrum (increase of the photon index)
with increasing pulse height (bottom right plot in Fig. 3), which
is also similar to V 0332+453.

As before, the dotted lines represent linear fits to the
data points. The measured slopes are (—1.32 + 0.38) X
107* keV/(cts/s) for the E.y — pulse-height dependence and
(4.27 + 0.68) x 107 (cts/s)”" for the I — pulse-height depen-
dence, indicating a significant variation. The Pearson correlation
coefficient and the associated two-sided null-hypothesis prob-
ability are ~—0.58 and ~0.22 respectively for Ecy, and ~0.70
and ~0.12 for I'. As can be seen, the linear correlation inspec-
tion indicate only sparse correlations of the parameters. We note,
however, that the formal linear correlation analysis does not
take into account the uncertainties of the parameters (which are
known in our case) and is not very reliable in case of a lim-
ited sample (a few points). The formal linear fits taking into
account the uncertainties, nevertheless, indicate significant vari-
ations (see the slope values above). The two rightmost points
in the E.y. — pulse-height plot (Fig. 3, top right) might indicate
some saturation of the downward trend in the cyclotron line en-
ergy. However, since the uncertainties associated with the points
are larger compared to the other points, the apparent “flattening”
might result from poor statistics. The leftmost data point on the
I' — pulse-height plot (Fig. 3, bottom right) significantly devi-
ates from a linear upward trend formed by the other data points.
Considering the relatively small uncertainties of the data values,
this might indicate a more complicated (than the linear) relation
between I and the pulse amplitude in this source.

Like in V 0332+53, the decrease of the line energy with the
pulse amplitude (which we see on the time scale of single X-ray
pulsations) is in line with the negative correlation of E.,. with
the average flux measured on a much longer time scale during
the decay of the source’s outbursts.

For 4U0115+63 we did not find any alternative spectral
function that would provide an acceptable fit of the spectral con-
tinuum. However, we checked our spectral fits using Lorentzian
absorption lines to model CRSFs instead of the Gaussian lines.
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Fig. 6. Variation of the fundamental cyclotron line centroid energy E.,. (top) and the photon index I" (bottom) with pulse amplitude measured in
Her X-1 using the RXTE (left column) and in A 0535+26 using RXTE (middle column), and using INTEGRAL (right column). The vertical bars
indicate uncertainties at a 10 (68%) confidence level. The dotted lines represent linear fits to the data points.

The reported effects (variations of E.y. and I') appear equally
significant in the spectral fits with both types of absorption lines.

4.3. Her X-1

Unlike the V 0332+53 and 4U 0115+63, Her X-1 is a persistent
X-ray source. As stated in Sect. 2, the observed regular changes
of the source flux are related to the periodic obscuration by mat-
ter in the accretion flow, whereas the intrinsic luminosity of the
source (estimated to be ~2 x 1037 erg s~! for a distance of 7 kpc,
Reynolds et al. 1997) remains roughly constant (possibly ex-
hibiting, however, long-term changes, see below). The pulsation
period of Her X-1 is ~1.24 s, which is the shortest period in our
sample. Being historically the first source where a cyclotron fea-
ture was detected (Triimper et al. 1978), Her X-1 has the most
regular and continuous records of the line energy among all ac-
creting neutron stars (e.g. Staubert et al. 2007; Klochkov et al.
2008b). Analyzing the RXTE observations of the source spread
over ~10 years, Staubert et al. (2007) found that the cyclotron
line centroid energy is positively correlated with the X-ray lumi-
nosity, which apparently slowly varies with the amplitude of a
factor of two between different main-on states (the authors used
the maximum main-on flux as a measure of the source luminos-
ity). This behavior is opposite to that observed in the outbursts
of the transient sources V 0332+53 and 4U 0115+63 (see above),
making Her X-1 particularly interesting for our pulse-amplitude-
resolved study.

We found that the amplitude of the single pulses during the
selected observation (covering a large part of a main-on, see
Sect. 2) varies by a factor of ~2. For spectral extraction, we
selected five pulse-amplitude bins. The spectrum was modeled
with the function used by Staubert et al. (2007) (and in most pre-
vious spectral studies of Her X-1) — powerlawxhighecut with

a Gaussian absorption line to model the CRSFE. The exponential
cutoff energy E.uo Was found to be strongly coupled with the
photon index I' and, therefore, was fixed to its average (over
all pulse-amplitude bins) value, 21.4 keV. As a result of our
analysis, we were able to detect a strong positive correlation
between E.y and the pulse amplitude during a single main-
on state (Fig. 6, top left panel). The slope of the best-fit linear
relation (dotted line) is (2.59 + 0.58) x 1073 keV/(cts/s). The
Pearson linear correlation coefficient is ~0.97, corresponding to
the probability to find the correlation by chance (two-sided) of
only ~6 x 1073 — highly significant positive correlation. This
confirms the dependence found by Staubert et al. (2007) using a
completely different approach. Additionally, we detected a nega-
tive correlation between the photon index I' and the pulse ampli-
tude (Fig. 6, bottom left panel), which is contrary to V0332+53
and 4U 0115+63 (see Fig. 6 and the previous subsections). The
slopes of the best-fit linear relation (dotted line) between I" and
the pulse height is (=7.46 + 1.56) x 107> (cts/s)~'. The Pearson
linear correlation coefficient and the corresponding two-sided
null-hypothesis probability are ~—0.99 and ~4 x 107 respec-
tively — again, a highly significant (negative) correlation.

As for 4U0115+63, the powerlawxhighecut function was
the only suitable continuum model. Thus, we checked stabil-
ity of our results only relative to the choice of the cyclotron
model: gabs vs. cyclabs. The found correlations are well visi-
ble in both models.

4.4. A0535+26

A 0535+26 is another BeXRB that sporadically shows intense
outbursts. It has, however, a much longer pulsation period com-
pared to V0332453 and 4U 0115463 — around 103 s (Finger
et al. 1994). Two absorption features, interpreted as cyclotron
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lines (fundamental and first harmonic), have been observed in
the source X-ray spectrum at ~45 keV and ~100 keV (Caballero
et al. 2008, and references therein). Contrary to the sources de-
scribed above, no clear variations of the cyclotron line energy
with flux have so far been reported (Caballero et al. 2008).

For A0535+26 we used the data obtained simultaneously
with RXTE and INTEGRAL covering ~1 day around the max-
imum of the normal outburst in 2005 when the source lumi-
nosity reached roughly ~10% erg s™! (Caballero et al. 2007).
Following Caballero et al. (2007, 2008), we used the XSPEC
cutoffpl model (see Sect. 4.1) to describe the spectral con-
tinuum and a Gaussian absorption line to model the fundamen-
tal CRSF (the first harmonic was not detected in our pulse-
amplitude resolved spectra). In case of INTEGRAL we set the
energy range to 4-30 keV for JEM-X and to 18-90 keV for
IBIS/ISGRI. As for RXTE, we introduced in our spectral model
a multiplicative factor F that was fixed to 1.0 for ISGRI and
left free for JEM-X to account for uncertainties in the absolute
flux normalization in the two instruments. In all pulse-amplitude
bins the best-fit value of F' for ISGRI was around 0.96(2), in-
dicating a 4% difference in the absolute flux normalization be-
tween the two instruments. Because of the strong intrinsic cou-
pling between the photon index I' and the exponential folding
energy Ejoq (both in the RXTE and INTEGRAL data), we fixed
the latter to its mean value (15.8 keV for RXTE and 16.3 keV
for INTEGRAL) and explored only the variation of T'.

As can be seen in Fig. 6, the data from both satellites
independently show a strong indication of a positive correla-
tion between the fundamental cyclotron line energy and the
pulse height. The horizontal axis of the plots showing the
INTEGRAL data represents the pulse amplitude measured in
units of IBIS/ISGRI count rate in the 20—100 keV range.
The slopes of linear fits to the data (as before, indicated with
the dotted lines) are (1.92 + 0.92) x 1073 keV/(PCA cts/s) for
the RXTE observations (Fig. 6, top middle) and (1.36 + 0.53) x
1072 keV/(ISGRI cts/s) for the INTEGRAL observations (Fig. 6,
top right). The Pearson correlation coefficients with the associ-
ated two-sided null-hypotheses probability values are ~0.70 and
~0.19 respectively for the RXTE data (sparse correlation) and
~0.94 and ~0.02 for the INTEGRAL data. We repeat, however,
that the similar relations are found by the two satellites indepen-
dently, which supports the correlation. Our finding is particularly
interesting because no corresponding “long time-scale correla-
tion” of E¢y. with flux has been reported (see above). Our results
make A 0535426 only the second source (after Her X-1) that
shows positive correlation of the cyclotron line energy with flux.

Additionally, the data from both satellites show hardening
of the spectrum (decrease in I') with increasing pulse height,
as shown in the bottom panels of the middle and the right
column in Fig. 6. The slopes of linear fits to the data (dot-
ted lines) are (—1.54 + 0.19) x 10~* keV/(PCA cts/s) for the
RXTE observations (Fig. 6, bottom middle) and (—8.71+0.86) x
1072 keV/(ISGRI cts/s) for the INTEGRAL observations (Fig. 6,
bottom right). The Pearson correlation coefficients with the asso-
ciated two-sided null-hypotheses probability values are ~—0.98
and ~4 x 1073 respectively for the RXTE data and ~—0.96 and
~0.01 for the INTEGRAL data — a significant correlation in
both cases. This (anti-)correlation is contrary to the one observed
in V0332+53 and 4U0115+63 but similar to the one found in
Her X-1, which also shows a positive correlation between Ecy.
and pulse amplitude. The negative correlation of I with pulse
height in A 0535+26 is also in line with Fig. 4 of Caballero et al.
(2008) that shows higher values of the photon index at lower
luminosities (at the beginning and the end of the outburst).
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We note that it is not possible to compare directly the varia-
tions of the spectral parameters measured with INTEGRAL and
RXTE as a function of pulse amplitude with each other. The
high-resolution light curves used for the pulse selection were
obtained with INTEGRAL/IBIS/ISGRI and RXTE/PCA in dif-
ferent energy bands (PCA is mostly sensitive below ~35 keV,
while IBIS/ISGRI — above 20 keV, see Sect. 2), which leads to
systematically different pulse-height distributions. Additionally,
as we mentioned in Sect. 3, insufficient intercalibration accuracy
of the two observatories might lead to systematic uncertainties
in the absolute values of Ey and I' measured with the two in-
struments. Nevertheless, the relative variations of the spectral
parameters with pulse amplitude can still be determined with
the two satellites regardless of cross-calibration problems. Thus,
the similarity of the parameters behavior found independently
with RXTE and INTEGRAL suggests that the obtained effects
indicate real physics.

As with other sources, we checked the found correlations
using the Lorentzian line profile instead of the Gaussian one and
found them to be independent with respect to the choice of the
line model.

5. Discussion

The revealed dependencies of the spectral parameters on pulse
amplitude in our sample of bright X-ray pulsars are mostly con-
sistent with the long-term spectral changes related to the vari-
ability of the averaged luminosity of the sources (e.g. during the
outbursts) reported previously, i.e. the correlations between the
spectral parameters and flux have the same sign. We note, how-
ever, that it is generally impossible to compare our correlations
directly with those found on the basis of the long-term flux vari-
ations. Our pulse amplitude reflects the flux in a narrow pulse-
phase interval, consequently its value and variability range differ
substantially from those of the pulse-averaged flux. Therefore,
the individual pulse heights cannot easily be converted to the
source luminosity as was done for the pulse-averaged flux in the
previous works. The spectral parameters in our analysis were
also extracted from the narrow pulse-phase interval and are,
therefore, different from the pulse-averaged values. The variabil-
ity of the average (over many pulse cycles) pulse profile along
the outbursts in the previously reported “long-term” analyses
would additionally complicate the comparison.

It has been argued by several authors that the long-term spec-
tral variability of the cyclotron line energy reflects the changes in
the accretion column structure, namely the variable height of the
X-ray emitting region above the neutron star surface as a func-
tion of the mass accretion rate M (Mihara et al. 1998; Mowlavi
et al. 2006; Staubert et al. 2007). Because the variability revealed
in our work apparently takes place on the time scale of sin-
gle X-ray pulsations, we have to conclude that the characteristic
time scale of the changes in the emitting structure (in response
to variable M reflected by the pulse height) are on the order of
a few seconds or shorter. Any X-ray spectra accumulated over
many subsequent pulsation cycles of a source therefore provide
only an average characterization of the accretion structure over a
range of its states corresponding to different local accretion rates.

5.1. Two regimes of accretion

Two of the four accreting pulsars studied in this work exhibit
a negative correlation of the fundamental cyclotron line energy
and a positive correlation of the photon index with pulse ampli-
tude. In the other two sources the correlations are in the opposite
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Table 3. Correlations of spectral parameters with pulse height.

Source name Eyc vs. pulse height

I vs. pulse height

slope Pearson 2-sided slope Pearson 2-sided
[keV/(cts/s)] cor. coeff.  P-value [(cts/s)™"] cor. coeff.  P-value
V0332+53 (-2.84 +0.50) x 10 -0.98 4x10™* (2.21+0.88) x 107 +0.77 0.07
4U0115+63 (-1.32+0.38) x 10~ -0.58 0.22 (4.27 £0.68) x 107> +0.70 0.12
Her X-1 (2.59 £0.58) x 1073 +0.97 6x1073  (=7.46+1.56) x 107> -0.99 4x107*
A0535+26, XTE  (1.92 +0.92) x 1073 +0.70 0.19 (-1.54 +0.19) x 10~* -0.98 4% 1073
A 0535+26, INT. (1.36 £0.53) x 1072 +0.94 0.02 (-8.71 £ 0.86) x 1072 -0.96 0.01

direction: a positive correlation of E.,. and a negative correlation
of I with pulse height. The correlations quantified by the values
of the linear slope and the linear correlation coefficients (see the
previous section) are summarized in Table 3. The two groups of
pulsars apparently have different physical conditions inside their
X-ray emitting structure leading to the different behavior of the
spectral parameters.

The “long-term” negative correlation of the cyclotron line
energy with the X-ray flux during the rises and decays of the
outbursts of V 0332453 and 4U 0115+63 has been attributed to
the variable height of the radiative shock above the accretor sur-
face where a substantial part of the kinetic energy possessed by
inflowing matter transforms into radiation (Mihara et al. 1998,
2004; Mowlavi et al. 2006; Tsygankov et al. 2007). The height of
the shock in these pulsars is believed to be directly proportional
to the local mass accretion rate M (Basko & Sunyaev 1976).
We argue that the negative correlation of Ecy. with pulse am-
plitude reflects the same physical effect (changing of the shock
height with M) but on much shorter time scales. Indeed, the
pulse height most probably reflects the local M, which is highly
variable on short time-scales, leading to the observed pulse-to-
pulse variability. On the other hand, the “reaction time” of the
emitting structure determined by the characteristic time scales
at which the kinetic energy of infalling matter is converted into
radiation and the latter diffuses through the column has been
shown to be short enough — less than 107°~1077 s (Orlandini
& Boldt 1993; Morfill et al. 1984). The softening of the spectral
index with pulse amplitude can also be qualitatively understood
in this framework. According to the basic model of the accretion
column in Basko & Sunyaev (1976), the plasma temperature in
the column monotonically decreases with height (up to the the
radiative shock). Thus, at higher M (i.e. at larger pulse ampli-
tudes) one would expect more soft photons to be produced by
the lateral walls of a taller column, which would naturally lead
to a softer X-ray spectrum, as is observed.

Generally, the negative E.,. — M correlation is only expected
if the mass accretion rate is high enough for the radiative shock
to form, i.e. if it is above some critical luminosity L., roughly
corresponding to the local Eddington limit at the polar caps
(Basko & Sunyaev 1976; Nelson et al. 1993). If the luminos-
ity is below L., a different accretion regime is expected. So far,
only one pulsar, Her X-1, has been reported to have a statistically
significant positive Ecyc — M correlation (Staubert et al. 2007).
The authors argued that this correlation is indeed expected at
the luminosities below L., when infalling matter is stopped by
the Coulomb drag and collective plasma effects rather than in a
radiative shock. Our pulse-amplitude-resolved analysis showed
that the positive Ecyc — M correlation found by Staubert et al.
(2007) on the time scale of months to years is also present on
the time scale of individual pulses and, consequently, supports
the idea that in Her X-1 accretion proceeds in the local sub-
Eddington regime (contrary to V 0332+53 and 4U 0115+63).

A positive correlation of E.. with pulse height in
A 0535+26, which we found here for the first time, apparently
reveals the second (after Her X-1) case of a positive Eyc —M cor-
relation in an accreting pulsar. A similar to Her X-1 dependence
of I on pulse amplitude (see Table 3) additionally supports the
idea that a different (compared to V 0332+53 and 4U 0115+63)
accretion regime is realized in the two sources. We note here
that the value of the critical luminosity L. is expected to vary
from one pulsar to another because it generally depends on the
B-field strength at the neutron star surface and the area of the
polar cap (which might depend on the local magnetic field con-
figuration, i.e. presence of higher multipole components etc.).
Thus, it is well possible that the pulsars at a similar luminos-
ity level (as e.g. A0535+26 and 4U 0115+63) exhibit different
accretion regimes.

We note that the small number of sources in our sample does
not allow us to extend the obtained results (existence of the two
accretion modes described above) to the entire population of ac-
creting pulsars. Further observations of known cyclotron line
sources together with discoveries of new X-ray pulsars show-
ing cyclotron line variations would allow one to test our finding
on a larger sample of pulsars.

6. Summary and conclusions

We studied the pulse-amplitude-resolved spectral variability in a
sample of four bright accreting pulsars using the high-resolution
X-ray data taken with RXTE and INTEGRAL. Our analysis re-
vealed for the first time the spectral differences between X-ray
pulses of different amplitudes, both in the spectral continuum
and in the resonant cyclotron feature.

For the pulsars in which a negative correlation of the cy-
clotron line energy with flux on longer time scales has been re-
ported previously, we found a similar (negative) correlation on
the time scale of singe pulse cycles. In Her X-1 we found a pos-
itive correlation of the line energy with pulse height that is con-
sistent with the long-term correlation of the CRSF energy and
the maximum main-on flux reported by Staubert et al. (2007).
Our analysis revealed a positive correlation of the cyclotron line
energy with pulse amplitude in A 0535+26 where no correlation
of the CRSF energy with flux has so far been reported.

The pulsars in our sample show two different types of spec-
tral dependencies on pulse amplitude. We argue that the different
behaviors reflect two distinct accretion regimes (local sub- and
super-Eddington) realized in different pulsars, which was previ-
ously proposed to explain the peculiarity of Her X-1 compared
to higher-luminosity pulsars.
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ABSTRACT

Context. X-ray spectra of many accreting pulsars exhibit significant variations as a function of flux and thus of mass accretion rate.
In some of these pulsars, the centroid energy of the cyclotron line(s), which characterizes the magnetic field strength at the site of the
X-ray emission, has been found to vary systematically with flux.

Aims. GX 304-1 is a recently established cyclotron line source with a line energy around 50 keV. Since 2009, the pulsar shows reg-
ular outbursts with the peak flux exceeding one Crab. We analyze the INTEGRAL observations of the source during its outburst in
January—February 2012.

Methods. The observations covered almost the entire outburst, allowing us to measure the source’s broad-band X-ray spectrum
at different flux levels. We report on the variations in the spectral parameters with luminosity and focus on the variations in the
cyclotron line.

Results. The centroid energy of the line is found to be positively correlated with the luminosity. We interpret this result as a manifes-
tation of the local sub-Eddington (sub-critical) accretion regime operating in the source.

Key words. X-rays: binaries — stars: neutron — accretion, accretion disks

1. Introduction

In accreting binary pulsars, matter from the normal stellar com-
panion is transferred to a highly magnetized (B 2 10'> G)
neutron star. In the vicinity of the accretor, the gas flow is
disrupted by the neutron star’s magnetic field and channeled
towards the magnetic poles, where most of the X-rays origi-
nate. The physics and the structure of the X-ray emitting re-
gion(s) above the neutron star surface are still highly debated
(see, e.g., Becker & Wolft 2007; Farinelli et al. 2012). Since the
matter hitting the accretor’s surface is highly ionized, the mag-
netic field strength is a crucial parameter determining the phys-
ical processes inside the emitting region and the formation of
the observed X-ray spectrum. A direct way to assess the B-field
strength at the site of X-ray emission is the measurement of the
cyclotron resonant scattering features (CRSF or cyclotron lines)
in the X-ray spectrum of a pulsar. These features appear as ab-
sorption lines, caused by the resonant scattering of photons off
the electrons in Landau levels (see, e.g., Triimper et al. 1978;
Isenberg et al. 1998). The energy of the fundamental line and
the spacing between the harmonics are directly proportional to
the field strength.

Article published by EDP Sciences

In some accreting pulsars, the energy of the cyclotron line
has been found to vary with luminosity, apparently due to a dis-
placement of the line formation region. Such variations of the
line energy have been reported for V 0332+53 (e.g., Tsygankov
etal. 2010),4U0115+63 (e.g., Tsygankov et al. 2010), Her X-1
(Staubert et al. 2007; Klochkov et al. 2011), and A 0535+26
(Klochkov et al. 2011). The luminosity-dependence of the cy-
clotron feature has strong implications for the physics of the
X-ray emitting region as discussed, e.g., by Staubert et al.
(2007), Klochkov et al. (2011), and Becker & Wolft (2007).

GX304-1 is a recently established cyclotron line source
(Yamamoto et al. 2011). It was discovered in a balloon exper-
iment in 1967 and subsequently identified as an X-ray pulsar
with a period of ~272 s (McClintock et al. 1977). The system
contains a Be-type optical companion (Mason et al. 1978) and is
located at a distance of ~2.4 kpc (Parkes et al. 1980). Since 1980,
GX304-1 has remained in a quiescent state, showing no out-
bursts. Starting from 2008, when the source was detected with
INTEGRAL (Manousakis et al. 2008), GX 304—1 “resumed” its
activity exhibiting outbursts with a period of ~132.5 d.

The energy of the cyclotron line in GX304-1 was mea-
sured with Suzaku and RXTE to be around 52 keV by
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Table 1. INTEGRAL observations of the GX304—1 outburst in
January—February 2012.

Rev. Obs. ID Mid. MID Exposure [ks]
JEM-X IBIS SPI
1131 09400230006 55944.0 64.6 427  68.6
1132 09400230007 55947.0 42.4 319 36.6
1133 09400230008 55950.0 - - 10.7
1134 09400230009 55952.8 7.3 254 378
1135 09400230010 55955.7 - 6.7 25.1
1136 09400230011 55958.7 36.9 28.1 329
1137 09400230012 55962.0 78.1 59.7 78.4
1138 09400230013 55965.0 60.7 452 523

Yamamoto et al. (2011). These authors demonstrate that the data
taken at different flux levels show an indication of a positive cor-
relation between the line energy and the X-ray flux, although
at a low significance level. This made GX 304—1 a good target
for a luminosity-dependent study of the cyclotron feature. In this
work, we present the analysis of INTEGRAL data (see next sec-
tion for the mission description) taken during the January 2012
outburst of the source. The data reveal a positive correlation be-
tween the cyclotron line energy and the source flux, as well as
the variation in other spectral parameters during the outburst.
We discuss our finding in the context of a model assuming that
different accretion regimes can operate in a particular pulsar de-
pending on its X-ray luminosity.

2. Observations and data reduction

At the beginning of January 2012, GX304—1 entered an out-
burst as reported by Yamamoto et al. (2012). The outburst
was monitored by the International Gamma-Ray Astrophysics
Laboratory — INTEGRAL (Winkler et al. 2003), starting at
MID ~ 55943.5, when the source flux in the ~20-80 keV range
was ~250 mCrab, through the maximum of the outburst, when
the source flux exceeded one Crab, to MJD ~ 55 965.5, when the
flux dropped to ~100 mCrab. INTEGRAL performed one ob-
servation every satellite orbit (about three days), with a typical
exposure of a few tens of kiloseconds each. In total, eight ob-
servations were performed. The INTEGRAL scientific payload
contains three X-ray instruments: (i) the imager IBIS sensitive
from ~20 keV to a few MeV (Ubertini et al. 2003; Lebrun et al.
2003); (ii) the spectrometer SPI sensitive in roughly the same
energy range as IBIS (Vedrenne et al. 2003); and (iii) the X-ray
monitor JEM-X operating between ~3 and ~35 keV (Lund et al.
2003). Table 1 summarizes the INTEGRAL observations of
GX 304-1. The increased solar activity during the observations
led to the reduction in the exposure time and availability of
the instruments as can be seen from the exposure columns of
Table 1.

The INTEGRAL observations are indicated in Fig. 1,
which shows the Swift/BAT light curve of GX304—1'. The
INTEGRAL monitoring has an excellent coverage of the entire
outburst, providing a rare opportunity to follow the evolution of
the outburst from the early rising phase to the late decay phase.

For our analysis, we used data from the ISGRI detec-
tor of IBIS, which is sensitive in the 20-300 keV energy
range, JEM-X, and SPI. Standard data processing was per-
formed with version 9 of the Offline Science Analysis (OSA)
software. We performed an additional gain correction of the

! We used the Swifi/BAT transient monitor results provided by the
Swift/BAT team.
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Fig. 1. INTEGRAL observations of GX 304—1 (horizontal bars) super-
posed on the Swift/BAT light curve of the source during its outburst in

January—February 2012 (~0.22 units of the vertical axis corresponds to
one Crab).

ISGRI energy scale based on the background spectral lines of
Tungsten (the modified response files based on the nearest Crab
observations were used).

3. Spectral analysis

Figure 1 shows that the X-ray flux of GX 304—1 during the ob-
served part of the outburst changed by an order of magnitude.
This allowed a detailed study of the luminosity dependence of
the source’s broad-band X-ray spectrum. X-ray pulsations with
a period of ~274.9 s were detected in all INTEGRAL obser-
vations. This value is roughly consistent with the known pulse
period. A detailed timing analysis is not part of the present work
and will be presented elsewhere.

In all observations, the X-ray continuum could be
closely modeled by a standard power-law/cutoff function
(flux <E7T exp [E/Etua], where E is the photon energy, I' is
the photon index, and Eyq is the exponential roll-off parame-
ter) modified by photo-electric absorption at low energies. In ad-
dition, the spectra showed a cyclotron resonant scattering fea-
ture around ~50 keV in absorption, which was modeled with a
multiplicative absorption line with a Gaussian optical depth pro-
file (E) = Lon(E) - 9", where G(E) = ~Teye/(V2107eyc) -
exp[—0.5(E — Ecye)*/0gyc], leont(E) is the continuum function,
Ecye, Ocye, and 7y are the centroid energy, width, and opti-
cal depth of the line, respectively. The line is clearly detected
in ISGRI and SPI data separately, as shown by the residual
plots in Fig. 2. The inclusion of the absorption line in the
model leads to an improvement in the reduced y? from 3.10 for
145 d.o.f. (with the corresponding null-hypothesis probability
of only ~10732) to 0.75 for 142 d.o.f. (null-hypothesis probabil-
ity >0.9). The energy of the line is consistent with that reported
by Yamamoto et al. (2011) based on the RXTE and Suzaku ob-
servations. We also included an additive Gaussian component
to model the Fe K, fluorescence emission line around 6.4 keV.
The inclusion of the line reduces the residuals around 6 keV.
The corresponding improvement of the reduced y? is, however,
marginal: from 0.80 (143 d.o.f.) to 0.75 (142 d.o.f.). The pres-
ence of the Fe line is, therefore, questionable.

Both the continuum and cyclotron line parameters vary sys-
tematically during the outburst. Here, we focus on the evo-
lution of the cyclotron line energy Ecyc, to establish a pos-
sible correlation of E.. with flux, similar to that found by
Yamamoto et al. (2011). To characterize this variability, we used
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Table 2. Best-fit spectral parameters with the corresponding 1o-uncertainties for the INTEGRAL observations used in this work.

Revolution 1131 1132 1134 1136 1137 1138

r LIRS 08308 09305 LI0RE 12350 15608
Egouq, keV 19.1797 15.5704 14.570¢ 16.9798 19.5%1 28.673%
Eeye, keV 52.987050 54397075 55.28%0% 5144702 5170708 4837119
Teye, keV 6.45%0% 756702 8.45%0% 5607098 5.44%03% 480703}
Teye 9.4+13 12.13:;1 13.3724 8.8f8:g 8.9%12 5.7t}:;
Flux/108ergs™ em™  0.375:09%  0.81170004  1.630*2911 072970905 0.340*0502  0.151+0:9%2
Lx/107 erg ! 0.26 0.56 112 0.50 0.23 0.10
Xogldolf. 1.1/164 0.7/164 1.3/164 1.1/164 0.9/164 1.0/164

Notes. The luminosity is provided assuming a distance of 2.4 kpc and an isotropic emission diagram.
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Fig. 2. Example of the INTEGRAL spectrum of GX 304—1 (revolu-
tion 1132) with a simultaneous fit of data from JEM-X, ISGRI, and SPI
with a power-law/cutoff model including a cyclotron absorption line
(see text) a); the residuals for a fit with the model without the cyclotron
line for JEM-X + ISGRI b); and JEM-X + SPI ¢); and with the model
where the line is included for data from all instruments d).

only observations where data from all three INTEGRAL X-ray
instruments were available. This filtering allowed us to obtain a
homogeneous set of data and, hence minimize possible system-
atic effects. Following this selection, data from the orbits 1133
and 1135 were excluded. The JEM-X data collected during the
orbit 1134 (peak of the outburst) have been flagged as “bad”
by the instrument team owing to the impossibility to provide
a precise energy calibration. In our analysis, however, we use
the JEM-X data to restrict the low-energy part of the broad-
band X-ray continuum of the source, for which a precise en-
ergy scale is not very critical. Therefore, after consulting the
JEM-X team, we re-introduced the JEM-X data from the rev-
olution 1134 in our analysis. We checked, however, that inclu-
sion of the JEM-X data of rev. 1134 to the corresponding spec-
tral fit does not significantly influence the measured energy of
the cyclotron line (the focus of this work), but only affects its
uncertainty. Table 2 summarizes the best-fit spectral parameters
achieved in each observations.

A clear systematic variation in the line energy over the out-
burst is evident in Fig. 3, which shows that E.y. generally follows

A

55965

s

L L L
55950 55955 55960

Time, MJD

55940 55945

Fig. 3. Evolution of the cyclotron line centroid energy E.,. throughout
the outburst of GX 304—1 as measured with INTEGRAL. The vertical
error bars indicate 1o-uncertainties. The horizontal error bars indicate
the time intervals of the observations. The dotted line represents the
re-scaled Swift/BAT light curve.
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Fig. 4. Cyclotron line centroid energy E.,. as a function of the logarithm
of flux in the 4—80 keV range. The error bars indicate 1o-uncertainties
(the flux uncertainties are smaller than the symbol size). The top
X-axis represents the corresponding isotropic source luminosity assum-
ing a distance of 2.4 kpc. The dotted line shows a linear fit to the
E.y.—logo(Flux) dependence.

the X-ray flux. To assess the interdependence of the two pa-
rameters, we plotted Ecy. as a function of the X-ray flux in the
4-80 keV range measured with INTEGRAL in the respective
observations (Fig. 4). The plot shows a positive correlation be-
tween the two values. A linear fit to the dependence of E.y. on
the logarithm of flux (dotted line in the plot) reveals a slope of
4.97 + 1.12 keV/logo(erg cm™2 s7!). The standard linear cor-
relation analysis of the E.y.—log,,(Flux) dependence yields a
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Fig. 5. y*-contour plots of the parameter pair E.yc/0 . for a few selected
observations. The contours correspond to )(iﬁn + 1.0 (the projections of
this contour to the parameter axes correspond to the 68%-uncertainty
for one parameter of interest), szin + 2.3 (68%-uncertainty for two pa-
rameters of interest), and Xﬁ]in + 4.61 (90%-uncertainty for two param-
eters of interest). The respective orbit numbers are indicated.

Pearson’s correlation coefficient of 0.88 with a probability of ob-
taining the correlation by chance of ~0.01 (one-sided).

We verified whether our spectral fits contain artificial
(model-driven) dependences of the cyclotron line energy Eyc
and other model parameters using y2-contour plots. No signif-
icant model-driven dependences between E.y and any of the
continuum parameters were found. The line energy was, how-
ever, found to be somewhat coupled to the line width ¢y, and
its central optical depth 7¢y.. Nevertheless, the Xz—minima and
the confidence intervals could be clearly identified and are sepa-
rated for the different observations as shown in Fig. 5. The plot
shows the contours for the Ecyc/0cyc pair. The Ecyc/Tcye contours
look similar.

To check whether the E.y./flux correlation is related to in-
strumental effects, we performed spectral fits using only the
JEM-X and SPI data (excluding ISGRI). To verify whether
the correlation depends on the choice of the spectral model,
we fit the data using a Lorentzian line profile instead of
a Gaussian one. We also tried two alternative continuum func-
tions: XSPEC powerlawxhighecut and compTT models. In the
former model, the highecut component controls the exponen-
tial roll-off. In addition to Ef,g, this component has an additional
parameter — the cutoff energy E.yof, above which the spectrum
is affected by the roll-off. In our fits, Eqy 0 Stays between a few
and ~10 keV. In all cases, the positive E.y./flux correlation was
reproduced. We conclude, therefore, that the reported correlation
arises from the source’s behavior and reflects real physics.

4. Discussion and conclusions

The positive correlation between the cyclotron line centroid en-
ergy and the flux found with INTEGRAL confirms the claim of
this correlation by Yamamoto et al. (2011). The revealed depen-
dence establishes GX304—1 as the third member of a slowly
emerging class of accreting pulsars showing a positive Ecy/flux
correlation with the other members being Her X-1 (Staubert et al.
2007) and possibly A 0535+26 (Klochkov et al. 2011), for which
the positive correlation has so far been only established in the
pulse-to-pulse analysis. The opposite (negative) correlation be-
tween the line energy and the flux was found in V 0332+53 and
4U0115+63 (e.g., Tsygankov et al. 2007, 2010). According to
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discussions in Staubert et al. (2007), Klochkov et al. (2011),
and Becker et al. (2012), these two types of dependences reflect
two different regimes of accretion. A particular regime is real-
ized in a source depending on whether its X-ray luminosity L
is above or below a critical luminosity L., which corresponds
to the local Eddington luminosity at the X-ray emitting struc-
ture(s) on/above the neutron star surface. In accreting pulsars
radiating above L. (“super-critical” sources), infalling matter is
decelerated in a radiative shock, whose height is believed to in-
crease with L, i.e., drift towards an area with a lower B-field
strength. The opposite behavior probably occurs in sources ra-
diating below or close to L. (“sub-critical” sources), where in-
falling matter is stopped by the Coulomb drag and collective
plasma effects rather than in a radiative shock. As discussed
in Staubert et al. (2007) and Becker et al. (2012), the height
of the emitting region decreases with increasing luminosity ow-
ing to a corresponding increase in ram pressure of the infalling
material, leading to a positive E¢y/flux correlation. The criti-
cal luminosity L. depends on the parameters of the accreting
neutron star, but is generally around a few times ~10%7 erg s~
(Basko & Sunyaev 1976; Staubert et al. 2007; Becker et al.
2012). Assuming a distance of 2.4 kpc (Parkes et al. 1980),
the X-ray luminosity of GX 304—1 in the 4—80 keV range during
the reported INTEGRAL observations varies between ~1.1 X
10% erg s™' and ~1.13 x 1037 erg s™!. Thus, according to the
described picture, the source should belong to the class of “sub-
critical” sources, for which a positive E.y./flux correlation is
expected. The reported observations are, therefore, in agree-
ment with the idea of two accretion regimes and increases the
yet very small sample of accreting pulsars with established
Eyc/flux correlations.
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ABSTRACT

In June—September 2006 the/Reaay binary EXO 2038375 experienced the second giant outburst since its disgoliee source
was shown to have a complicated pulse-averaged X-ray spectmtinuum with possible evidence of cyclotron absorpfieatures.
In this paper we present the first pulse-phase resolved sisaf/the broad band X-ray spectra of EXO 28305 obtained with the
INTEGRAL observatory close to the maximum and during the decay pHatbe @iant outburst. We report a strong variability of
the spectrum with pulse phase. Alternative spectral cantinmodels are discussed. The dependence of the spectaigiars on
pulse phase during the maximum of the outburst and the éwnlof the pulse profiles with time are qualitatively consigtwith the
pulsar’'s emission diagram changing from the fan-beam g&gruse to the maximum of the outburst to a combination afgie
and fan beams (of comparable intesities) at the end of theydatase. Evidence of a cyclotron absorption line aroundeBak the
pulse phase interval preceeding the main peak of the putsiepis present in the spectrum obtained close to the maximiuthe
outburst.

Key words. stars: neutron — X-rays: binaries — accretion, accretiskdi

1. Introduction in 1985 Parmar et al. 1989bThe optical companion of the

. . ulsar is a BO Ve star identified by optical and infrared obser
The transient accreting pulsar EXO 2635 belongs to the \F/)ations of theEXOSAT error circley(\/lgtch & Janot-Pacheco
most common type of X-ray pulsar systems — theXBeay bi- .1987 Janot-Pacheco et al. 19880e et al. 1988 The orbital
naries. Such systems form a subclass of high mass X-ray b'B@'riod and eccentricity of the system aré6 d and~0.42, re-
ries. They consist of ? pulsar Iand aBBe (gr ?18) Cﬁmpagolns ctively Wilson et al. 2002 The period of X-ray pulsations
main-sequence star of spectral type B (or O) that shows Balmie 45 ¢ “There were two giant outbursts in the history of obser-
emission lines (see e.glettebak 198gfor a review). The line \a4iqng of EXO 2030375. During the first one in 1985 (when
emission is believed to be associated with an equatoridbaut pulsar was discovered), the X-ray luminosity of the seur
of material expell_ed from_the r'apldly rotat_lng Be star thmtpa_- reached a value o1 sy ~ 2 x 10%8ergs? (assuming a
bly forms a quasi-Keplerian disk around its equatdauschik yigance of 7.1 kpcWilson et al. 2002 The spin frequency
1996 Quirrenbach et al. 1997If the disk reaches a radius COM-5¢ the pulsar changed dramatically, with a spin-up timescal
parable to the periastron separation, then disk gas adcbgte —P/P ~ 30 yr indicating the formation of an accretion disk
the neutron star can power a significant (and usually trasie, o nq the neutron star. The second giant outburst toole [ifac

X-ray source. June—September 200€drbet & Levine 2006Klochkov et al
qu-ray binaries typically show two types of outburst be2007) ang was again agcompanied by a strong spin-up of the
havior: neutron star. The X-ray luminosity at the maximum of the out-

1. normal (or type 1) outbursts. They are characterized by réurst was slightly lower than during the 1985 giant outburst
atively low X-ray luminositiedx ~ 10%-10"ergs?, low Li-20 kev~ 1.2x 10%8ergs? (Wilson & Finger 2008.
§pin-uprates (it any), and recurrence at the orbital pefood During the 2006 giant outburst the source was observed
its multiples). Such outbursts last from days to weeks aad Uoveral times with thed NTEGRAL satellite. A preliminary
associated with the periastron passages of the neUIrQn.St%rulse-averaged spectral analysis of some 6f these obseryat
2. giant (Iortype ”) outburst(')sg.7They ?re ((:jhﬁrari:ter]zed ojnar are presented iKlochkov et al. (2007). A detailed analysis
X-ray luminosities.x 2 10* erg s _and high spin-up rates. of pulse-averaged®RXTE spectra obtained during the outburst
Such outbursts occur irregularly. They last several weaks Ayas performed bywilson et al. (2008. It has been shown
are not correlated with any particular orbital phase. Tite tyy. ¢ the pulse averaged X-ray continuum of the source has a
fﬂbﬂgfsgimiiz ;#tt?g rssit:mlsf r?)rraua? g rztrer\gtriil gxepegﬁ;sicoi% plicated shape and cannot be modeled by a simple power
; X h . law/cutoff model.Wilson et al.(2008 include an absorption line
g‘f;&iféﬁgg%ﬁgfg‘%ﬂ?}% ?ﬁeséirrhle:(i'ggfcthe formation 911 5 e/ (which they interpreted as a cyclotron line) in their
P Ject. spectral model, where&dochkov et al.(2007) have shown that
EXO 2030+375 is one of the best-studied Beray binaries. It the spectrum can be fitted equally well without the absorptio
was discovered with thEXOSAT satellite during a giant outburstline, but including a broad emission “bump”-al5 keV.

Article published by EDP Sciences
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2006 Table 1. Summary of observations.
May Jun Jul Aug Sep Oct
£ T T T T T T T T T T =
0'7; 1LATG® Obs. Obs.time Mean Mean ASM
0.6 ) (ks) MJD flux (mCrab)
m i J1.2me® Set1 62 53942.9 450
050 WAACRY . Set2 140  53967.6 500
E f i ® R
= it b g L0mo® % Set3 122 54015.2 60
E #t n 5]
E 0'4§ W t | 8o G’E
x 3 f i 8 - . .
303 / i) {6107 L statistics, the data taken in Set 3 still allowed us to penfoulse-
020 ¥ - h A7 phase resolved spectral analysis, although with a coairsginy
o ! g g LS b (four bins) in pulse phase. Tablecontains the summary of the
010 N i | o7 observations analyzed in this work.
E N o o,
0,05 ifus’ ‘ LI
53900 53’3?8 54000 3. Data processing

) ) . For our analysis we used the data obtained with the instrtsnen
Fig. 1. TheRXTE/ASM light curve of EXO 2038375 showing the 2006 - i ) B
giant outburst. Times dNTEGRAL observations analyzed in this workIBIS/ISGRI (20-300 keV.Ubertini et al. 200pand JEM-X (3

are marked with vertical lines. The observations are reteto as Set 1, 30 keV,Lund et al. 20.030nb0ard| NTEGRAL' To perf_orm the

Set 2, and Set 3 in the text. standard data reduction, theffdine Science Analysis (OSA)
software (version 6) was use@durvoisier et al. 2003 To con-
struct energy-resolved pulse profiles we used the software d

Here we present for the first time pulse-phase resolved brogioped at IASF, PalermdVineo et al. 2005 While extract-
band (3-150 keV) spectra of EXO 208875 during a giant iNg spectra and pulse profiles of EXO 263Y5, two other
outburst. For our analysis we used all the availdDIEEGRAL  bright sources in the field of view of tHAITEGRAL instruments,
data taken during the 2006 outburst. The X-ray continuum &9 X-1 and Cyg X-3, were included to the extraction catalog
the source shows strong variability with pulse phase, withes used by the analysis software, which removes the contaimmat
features present only at particular pulse-phase intervals de-  0f EXO 20306+375. All other sources in the field of view are
scription of observations that we used is provided in Sct. much weaker than EXO 203375 and therefore do not provide
Details of data processing are described in S&cSections4 ~any noticeable contamination. The spectral analysis abtiser-
and5 are devoted to the analysis of the data close to the ma@tions was performed using thePEC v.11.3.2l spectral fitting
mum and during the decay of the outburst, respectively. he packageArnaud 199§. Following the OSA User Manualswe

sults are discussed in Se6tand briefly summarized in Segt. added a systematic error to the final count rates at a leve¥of 1
for ISGRI and 2% forJEM-X to account for small-scale uncer-

tainties in the response matrices of the respective ingntsn
2. Observations To extract X-ray pulse profiles and to define pulse phase

. . intervals for pulse phase resolved spectra, all photorvadrri
The INTErnational Gamma Ray Astrophysics Laboratory (imes were translated into the solar system barycenter and ¢
(INTEGRAL, Winkler et al. 2003 performed three pointed 0b- e cted for orbital motion in the binary. The orbital paraeret
servations of EXO 2036375 during its giant outburst in June—yare taken fromwilson et al.(2009: Pow = 46.0202(2) d
September 2006. Two observations (on 19-20 August and —i = MJD 51 09943(2),asini = 238(2) It-sece = 0.416(1),
25 September) were done close to the maximum of the outburst. »1yg(4). The pulse periods and associated derivatives were
The third one (on 6-8 October) was performed at the end of thg;,

decay phase, when the X-ray luminosity dropped by afactora? ermined for each of the three observational sets inghvid
' ) b loying initial h-foldi d b !
~10 with respect to the maximum of the outburst. A part of t y by employing initial epoch-folding and a subsequerds

; - . . ] _h@onnection analysis similar teerrigno et al(2007) andDeeter
RXTE/ASM light curvéet including the giant outburst is shown Nt al. (1981). To perform phase-connection, we used a pattern-

Fig. 1. The times of thd NTEGRAL observations are '”d'catedmatching technique applied to well-defined pulse profilestfa
and referred to as Set 1, Set 2, and Set 3 throughout the pPap&{gicient number of pulses. Any variation in the pulse shape in-
Observations corresponding to Sets 1 and 2 were dogfe each observation is marginal and does fietaour method.
Wh%” thelsource was at similar luminosity levelsbokev ~  The determined periods and period derivatives are sumetriz
10%®ergs?) before and after the maximum of the outburs, Taple2. Values corresponding to Sets 1 and 2 are slightly im-

A preliminary analysis of the two data sets was presented Byyed with respect to those reportecitochkov et al.(2007).
Klochkov et al. (2007 who showed that spectral and timing

characteristics of the source during the two observatiosew

similar. Due to the high X-ray flux, the data allowed us tQ Maximum of the outburst

perform a detailed pulse-phase resolved spectral anabfsis

EXO 2030+-375 using twelve phase bins. During the observ&bservations corresponding to Sets 1 and 2 were performed
tions corresponding to Set 3, the X-ray luminosity of therseu close to the maximum of the outburst (Fit). During Set 1,
was at a level typical of normal (Type 1) outbursts by this-sysvhich is roughly half as long as Set 2 (see Talie the

tem (Lisokev ~ 10%7ergs?). Spectra and pulse profiles ofmain target of observations was Cyg X-3 locatédaday from

the source during these observations were considerafigr-di EXO 2030+375. Therefore, the statistics of the EXO 20305

ent with respect to those in Sets 1 and 2. In spite of a poowta obtained during Set 1 is noticeably worse than during@ Se

1 We used the results provided by the AGKTE team. 2 http://isdc.unige.ch/index.cgi?Support+documents
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Fig.2. Energy-resolved pulse profiles of EXO 2063¥5 obtained wittIEM-X (below 20 keV) andBISISGRI (above 20 keV) in Set 2 (where
the data have the best statistics).

Table 2. The pulse periods and associated derivatives for threeoetdrom the JEM-X data, while thd BISISGRI data were used for

observations analyzed in this work. energies above 20 keV. Several components can be distireglis
in the profiles: the main peak at phase.2 followed by a fainter
Observation Reference P —dP/dt component at phase0.5 (which we will refer to as the “trail-
epoch (MJD) s [10° §s] ing shoulder”) and two smaller peaks in the interpulse irger
0.6-1.0. The sharpest detail of the profile is a narrow dipgule

Setl 53942.240864  438084(3) 26(21) ing the main peak. Phase 0.0 was arbitrarily chosen to atenci

Set2 53966.392169 A19270(5)  2758(20)

et 3 54014.010200  45425(6) ©2(23) with the dip in the averagkSGRI pulse profile. As one can see,

the shape of the profile changes smoothly with energy indicat
ing variations in the X-ray spectrum with pulse phase. Thegu
fraction of the source determined &ax— Fmin)/(Fmax+ Fmin)
(where Fax and Fnin are fluxes in the maximum and mini-
As a result, our pulse-phase resolved analysis of the marim{l’Um Of the pulse profile, respectively) as a function of epésg

of the outburst is mainly driven by the data taken in Set2. ~ SnOWn in Fig:3. One can see a bump-like structure aroui@-

To explore spectral changes with pulse phase, we constru keV that is pro?ably rfelated to the continuum feature is th
pulse-phase resolved spectra and energy-resolved poliepr energy range (thlf burr]np olr th? ab§orptlon I;ng, see Seeisd
While the former allow detailed study of spectral paranmseter 4.2). Above~20 keV, the pulse fraction seeply increases.

a function of pulse phase, the latter can be used to explere th
intensity of diferent pulse-profile components (peaks, dips, etc,)

o : X > 4/2. Pulse-resolved spectra
in different energy ranges without relying on any particular spec-

tral function. As one can conclude from the dependence of the pulse profile
shape on energy, the X-ray spectrum of EXO 20315 clearly
varies with pulse phase. We have therefore performed aatepar
analysis of the spectra accumulated iffetient pulse phase in-
Figure2 presents energy-resolved background-subtracted pulsevals. Phase binning was chosen to provide similar statisf
profiles of the source obtained during the observatiospectraineach binand to have better phase resolutioné@tben
corresponding to Set 2. The corresponding pulse periodtandmain peak where the most rapid spectral changes are expected
derivative, as well as the zero epoch, are provided in Tablée The binning was chosen a priori based solely on the shape of
pulse profiles in the energy bands below 20 keV were obtainé pulse profile. No further adjustments were made after the

Note. Uncertainties in parentheses (68%) refer to the ig#(s).

4.1. Energy-resolved pulse profiles
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1.0¢ T T i Below we describe the spectral functions corresponding to
0.95 E the two models. The common part of Models | and Il is the power
4“ E law/cutoff continuum smoothed at the ctit@nergy by a third-
< o_g? H , order polynomial:
S or i ; ET, if E < Ecuar — AE
- { WN | ) ET-exp(-EFmm), ifE > Ecuar + AE )
$ 06 w HH MW 3 cont AE® + BE2 + CE + D, if Ecuar — AE < E <
- WW MM MHW\ Ecutar + AE,
os: it AL ; . o | |
E + w MM E whereK is the normalization cdgcient, E the photon energy;
0.4E 3 I, Ecutats Efold, and AE are model parameters. Numerical co-
efficients A, B, C, andD are chosen to obey the condition of
0.3t S e - continuity for the function and its first derivative at theimts
1 10 100 (Ecutor — AE) and Ecuar + AE). Model | includes a broad
Energy [keV] Gaussian emission component (a “bump”) around 15 keV:

Fig.3. The pulse fraction of EXO 203875 as a function of energy.

)

(E - Ebump)z}

IModert = leont + KbumpeXp{_ 252
O—bump

whereEpymp andopump are the energy and width of the “bump”,
and Kyymp Is the numerical constant describing the intensity
of the component. In Model II, the power lgmtof contin-

100 uum leone is modified by a multiplicative absorption line with
’ a Gaussian optical depth profile:
E — Ejine)?
IModelll = Icont' eXp —Tline eXp[—w] 5 (3)
2O-Iine

where Ejine, 0liine, and tjine are the centroid energy, width,
and the central depth of the line, respectively. Additibnal
we multiplied the functiondmodel and Ivogeln by the factor
exp[-Nuop(E)] describing the low-energy absorption by cold
matter in the line of sight. Herery(E) is the photoabsorp-
tion cross-section per hydrogen atom for matter of cosmimab
dances Batucihska-Church & McCammon 1992ised in the
phabs model of XSPEC, andNy is the equivalent hydrogen col-
; umn density. We also added a Gaussian emission line to model
10 100 the iron fluorescence line at6.4 keV. The latter, however, im-
Energy [keV] proves the fit only slightly. For all pulse-phase resolveecsa
the value ofNy was fixed to 2x 10°?cm? (the average of the
obtained in Set 2. Phase bins are indicated (phase zerosaihe as in best-fit Values“found m all phase bins). It was also fo.um.jm
Fig. 2). Values in parenthesis indicate the multiplicative factpplied energy of the bump. in Model | does not change S|gn|flcar]tly
to the flux in each spectrum to avoid overlaps. The solid lapgesents With pulse phase being close to 15 keV. It was, thereforedfixe

the fit of the spectra using Model | (see text for the modelitita to thi$ value for all phase bins. ]
Figures5 and6 show the most important spectral parame-

ters obtained using the two models as a function of pulseghas

spectra had been obtained. Figdighows unfolded pulse phase-The data correspond to the observations performed in Set 2,
resolved spectra of the source (shifted vertically witlpees to  which have the best statistics. Vertical error bars cowedgo
each other to avoid overlaps). The pulse phase is define@in #9%-uncertainties. Note that the pulse phase range shailie in
same way as in the previous section. Variability of the géctfigures is from 0.0 to 1.5 so that some data points are repeated
continuum is clearly seen. (the same is true for Fid.0).

As pointed out in Sect, the pulse-averaged spectral contin- The same kind of analysis was performed using the obser-
uum of the source is rather complicated and cannot be modelations corresponding to Set 1 (slightly before the maxinoim
by any of the simple spectral functions (a power law modifiethie outburst). Due to poorer statistics, we had to use a eoars
at higher energies by an exponential di)towhich are usually binning compared to Set 2. The spectral parameters of tisepul
used to fit spectra of accreting pulsars. In an attempt to inodesolved spectra were less constrained in this case. Hoytlege
the spectrunWVilson et al.(2008 modified a power laycutof behavior of the parameters agrees with what is found in Set 2.
model by a Gaussian absorption line-d0 keV, whileKlochkov  We also notice that the best-fit parameters of the pulseageer
et al. (2007 included a broad Gaussian emission componentsyiectra taken in Sets 1 and 2 are also consistent with eaeh oth
~15 keV instead. In this work we tried to use both models t@ee Table 3 ikKlochkov et al. 200Y.
fit the pulse-resolved spectra. The redugédn all phase bins Residuals left after fitting the spectrum by Models | and 1l
is very similar for the two models. This does not allow one trom phase bin 0.06-0.12 obtained in Set 2 reveal an absorp-
ultimately choose between the two spectral functions. Wee t tion feature at-63 keV (see Fig7). Inclusion of a Gaussian ab-
models are referred to as Model | (with a “bump”) and Model Isorption line at this energy flattens the residuals. Thefiest-
(with an absorption line at 10 keV) throughout the paper. ergy of the line is 635*37 keV for Model I and 633*3$ keV for

erg S'cm eV

=
o

Fig.4. Pulse-resolved broad band X-ray spectra of EXO 2&®
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Fig.7. Residuals of the spectrum from the phase bin 0.06-0.12 fit-
ted with Model I(top) and Model II(middle). The bottom panel shows

the residuals after fitting the spectrum with Model | whereau&sian
absorption line at63.6 keV is included (the corresponding fit with
Model Il looks very similar).

Fig.5. Best-fit parameters of Model | (see text) as a function of @uls

phase obtained by fitting the spectra from Set 2. The dottedecu function. The F-test probability that the line is due to istat
shows the averagetSGRI (20-120 keV) pulse profile scaled andcal fluctuations is-3 x 10°° (see howeveProtassov et al. 2002
shifted vertically to match the plot. Vertical error barsrespond to about non-applicability of the F-test to line-like featsye

90%-uncertainties.
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Fig. 6. Best-fit parameters of Model Il (see text) as a function ospul
phase obtained by fitting the spectra from Set 2. As in Bithe dotted
curve shows théSGRI pulse profile. Vertical error bars correspond t

90%-uncertainties.

5. Decay of the outburst
5.1. Energy-resolved pulse profiles

As mentioned in Sec®, during Set 3JNTEGRAL caught the
source at the end of the outburst’s decay phase when the X-ray
luminosity was~10 times lower than the maximum of the out-
burst (Fig.1). Due to lower statistics we used much coarser
binning in energy (for pulse profiles) and pulse phase (fdsgau
phase resolved spectra) than in Set 2 (4 instead of 12 in both
cases). The resulting pulse profiles are shown in BigAs
before, the corresponding pulse period, its derivativel tre
epoch zero can be found in Tal#eTo choose the time of phase
zero in accordance with the one used for Set 2 we used the de-
pendence of the pulse profiles shape on the X-ray luminosity
presented in Fig. 1 dParmar et al(19893. The dependence al-
lows one to identify features in the profiles (e.g. the dipuai
pulse phase 0.6) in both observations (Sets 1 and 2) andehoos
the zero epoch for both observations consistently.

The dependence of the pulse profile on energy in Set 3
(Fig. 8) is mainly characterized by a decreasing relative ampli-
tude of the peak at phase).9 with respect to the main peak
(phase~0.2) with energy. The sharp dip seen in the 2-10 keV
at phase~0.6 almost disappears at higher energies. Generally,
one can see that the shape of the pulse profiles is subdantial

Slifferent as compared to the profiles obtained close to the maxi-

mum of the outburst at similar energies. In Séave show that
the changes could be qualitatively explained if assumiiad &h
pencil beam component appears at the end of the outburst.

Model IIl. We checked the presence and the energy of the featur

using other possible continuum models, such as Fermi- Dlrg
cutoff (Tanaka 198p and the so-called negative and positive
power-law times EXponential model (NPEKlakishima et al.

©. pulse- -phase resolved spectra

To produce pulse-phase resolved spectra from the datanebtai

1999, including a “bump” or an absorption line at 10 keV tan Set 3, we used four phase bins. They cover each of the two
match the continuum. It was found that the presence and the paaks and two phase intervals of the interpulse. The speotra
ergy of the feature are independent of the choice of the sglectinuum can be modeled well by the power Jawtof function
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Fig. 8. Energy-resolved pulse profiles of EXO 2635 obtained with 6-1. Pulse-period derivatives
JEM-X (below 20 keV) andBISISGRI (above 20 keV) in Set 3 (at the

end of the outburst). The values of pulse-period derivatives measured closedo th

maximum and at the end of the outburst (Ta®)éasically con-

firm the statement irKlochkov et al.(2007) that the spin-up
rate of the pulsar is proportional to its X-ray flux as expddte

the simple accretion torque theory (eRyingle & Rees 1972

The observed dependence is similar to what was measured by
EXOSAT during the 1985 giant outburst of EXO 208875
(Parmar et al. 1989bHowever, with only a few points, it is

not possible to explore the correlation using more comfgita
accretion torque models.

=
o

erg s'lcm keV!

e )
0.12-0.37 ¢ 1.0)

=

6.2. Variation in the spectral continuum with pulse phase

The INTEGRAL observations have shown that the spectral con-
tinuum of EXO 203@375 is strongly pulse-phase dependent.
Observations of the source close to the maximum of the out-
burst allowed us to perform a detailed study of this depeoéen
Fig.9.  Pulse-phase resolved broad band X-ray spectra Of harder main peak and softer interpulse region observed in
EXO 2030r375 obtained in Set 3. Phase hins are indicated (pha$ee source is a common property of accreting pulsars (see e.g
zero is the same as in Fig8). Values in parentheses indicate thelsygankov et al. 20Q7and references therein). It is usually ex-
multiplicative factor applied to the flux in each spectrumaeoid plained by assuming that, during the peak, we mostly see the
overlaps. The solid line represents the fit of the spectragusie power  comptonized photons coming from a hot region close to the foo
law/cutat model (see text for the model details). step of the accretion column while in the interpulse softer r
diation scattered by the upper parts of the column is observe
(Basko & Sunyaev 1976A closer look at Fig2, however, re-
provided by Eg. {) without inclusion of the “bump” or the veals a more complicated picture. Both the main peak and its
10 keV absorption line. Like in Seet.2, we modified the model left flank increase in relative amplitude with energy, leagio
at lower energies by photoabsorption (Wih ~ 2x 10°2cm™2)  a slight shift of the profile maximum towards an earlier pulse
and added a Gaussian line to model the iron fluorescence emisase. This shows that the spectral continuum changes asym-
sion at~6.4 keV. Figure9 represents the unfolded pulse-phaseetrically with respect to the main peak. The variation iesp
resolved spectra fitted with the described model and shifted tral parameters with pulse phase (Fi§sand 6) demonstrates
tically with respect to each other in order to avoid overlgphis the corresponding complex pulse-phase dependence ofé¢he sp
was done multiplying the flux in each spectrum by a numerica&lim. The photon indek reaches a minimum (the hardest spec-
factor indicated in parentheses.) Significant variatioth@zcon- trum) in the middle of the main peak (top panel in Figand6),
tinuum is clearly seen. The pulse phase is defined in the sawigile the maximum of the exponential folding energyyq is
way as in Fig8. shifted with respect to the peak towards earlier pulse ghase
Figure10 shows the photon index and the folding energy This contrasts to e.g. Her X-1, where both the maximum of
Eroig @s a function of pulse phase during Set 3. Vertical error baEg,g and the minimum of” are coincident with the main pulse
correspond to 90%-uncertainties. (Klochkov et al. 2008

5 10 50
Energy [keV]
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A possible qualitative explanation for the observed asymmeé.3. “Bump” versus absorption line at 10 keV
try of the spectral variation with pulse phase in EXO 28305

can be the following. Since the luminosity of the source €lo . ;
to the maximum ofgthe outbursk10%8 erg{rl is well above XO 2030+375 in the maximum of the outburst, one has to

the local Eddington limit (so-called critical luminositl, ~ modify the standard power la.m”td.f model either by a *bump”
10°ergs?, BasEo & Sunygev 1976Staubert et al. ZOQ%cit is at~15keV or by an absorption line atl0 keV. Both models
expected that accreted matter is decelerated by radiatmspre Provide equally good fits of the pulse-phase resolved speftr

. - : : : interpreted as a cyclotron absorption featWkégon et al. 2008
leading to the formation of an optically thick accretionwoin. JF?: absorption line at 10 keV is observed at rather unus n

s discussed in Sect.2, to model the spectral continuum of

The bulk of the emission in this case is expected to occuras a ) h ller than th il i E

beam (see also the modeling of the source’s pulse profiles goft 'S much smaller than the exponential ¢liEnergyEcuytar-
formed byParmar et al. 1989aTherefore, during the maximum ! Nis contrasts with all other know cyclotron line sourcese(s
of the profile (main peak) the angle between the column axis a[?&?e zlr%u?u;ngffgre\e/t (2:.“\3v(i)goglg’\’/e()|?g|?tt)§rzt[)b)eif ct)rt])ztezrivfe%ai_n
the observer’s line of sight has the highest value (the caolism ny accreting pulsars (e.q., 4U 1907, Her XShburn et al.

seen from the side). The observer is looking almost along t - . . o
) 9 9 02, including those that do not otherwise exhibit a cyclotron

beam, seeing the photons coming from a Compton scattering . -
gion with large optical depth. This leads to the observed haf"€ (€-9- GS 184800, Coburn 200} Thus, the interpretation

ower law during the peak. Before the peak, w reaches of the absorption line at. 10 keVin E.XO 208875 as the cy-
g maximum, thegdirecE[)ion of the line ofiight milgﬁube cloger {clotron resonant scattering feature might be hasty. On thero
that of the column axis and, thus, of the magnetic field liBes and, the nature of the_fea_ture in this and _other sourcedlis st
to the dependence of the scattering cross-section on the laeg qnclear. Most p.robably It arises from modeling the specinat .
tween the photon direction and the magnetic field linégr¢ling tinuum with a smple emplrlcgl function. For a proper modgll
& Daugherty 199}, one expects that the photons, whose dire f the spectrum in the considered energy range (includieg th
tion in this case is closer to that of the field lines, have exp ature) one would need a proper theoretical model acaoginti
rienced less scatterings and, therefore, originated déegide or all relevant processes at the site of the X-ray emission.
the accretion column where the temperature is higher. ThayX-
spectrum of these photons is expected to have |aEggs re-  6.4. Evidence of a cyclotron line at ~63 keV
flecting higher electron temperature but a softer powerihalex
due to lower Compton scattering optical depth (seeRytpicki  The X-ray spectrum of EXO 203@75 taken close to the max-
& Lightman 1979, as observed. This explanation, however, rdnum of the outburst in the narrow pulse-phase intervalg®.0
quires that in the latter case the angle between the ob&ervBr12) preceeding the main peak shows evidence of an absiorpti
line of sight and the column axis was not too small. Otherwiséne around~63 keV (Fig. 7). If interpreted as a fundamen-
depending on the geometry of the accretion flow, the coluni@ cyclotron line, the corresponding magnetic field sttarig
density along the line of sight will be very high, resultimga B = 5% 10 G (Ecyc ~ 116 x (B/10*G) keV), which is one of
higher optical depth. the highest values among accreting pulsars. However, evéde

The changing of the pulse profile towards the end of the o & cyclotron line at-36 keV has previously been reported for
burst seems to confirm this picture. In the pulse profileseson=X0 2030r375 by Reig & Coe(1999 during a normal out-
sponding to the outburst's decay (F&), one can see a new pea urst, so the line at63 keV m]ght wgll be the first harmonl(;
that appears at the phase interval preceeding the main pelse 'ather than the fundamental line. It is known that the retati
where, according to our view, the observer's line of sigloigs- St'ength of the fundamental line and harmonics might vagy si
est to the magnetic field lines. At this pulse phase one egpect Nificantly, sometimes making the fundamental line mofdlilt
see a pencil beam if the luminosity decreastsi§ & Coe 199g {0 detect than the harmonic (a good example is A G35 see
Parmar et al. 1989aThe observed peak, therefore, may corré-9-Kendziorra et al. 1994
spond to the pencil beam component of the emission diagram,
whose intensity is comaprable to that of the fan beam Co.m.pP.'Summary and conclusions
nent at lower luminosity. Thus, both the pulse phase variati
of the spectral continuum during the maximum of the outburgfe used NTEGRAL observations to study the pulse-phase de-
and the evolution of the pulse profile with luminosity fit the-d pendence of the broad band X-ray spectrum of EXO 233®%
scribed picture where the emission diagram changes from a tdose to the maximum and during the decay of its 2006 giant
beam geometry close to the maximum of the outburst to a cogutburst. This is the first pulse-phase resolved spectidiysof
bination of a fan and a pencil beam at the end of the decay phabe source. In all observations, significant pulse phadalviity
The behavior of the spectral parameters with pulse phaseoiithe X-ray continuum was observed.

Set 3is less clear due to lower statistics (only four phass die Alternative spectral continuum models are discussed. We ar
used). As in the maximum of the outburst, during the main pegkie that the interpretation of the feature~dt0 keV as a cy-
of the profile, the spectrum is characterized by a Haahd a clotron absorption line proposed previously is questid@ab
relatively lowEjsog (Fig. 10). During the peak around phase 0.0 Pulse-phase dependencies of the continuum parameters
(pencil beam)Eqq is higher. As before, this can be explainedlose to the maximum of the outburst, as well as the evolufon
by photons from the pencil beam moving along the magnetite pulse profiles from the maximum to the end of the outbisrst,
field lines originating deeper in the accretion column whbee qualitatively consistent with the picture where the pussamis-
electron temperature is higher. On the other hand, the &misssion diagram changes from the fan-beam configuration ctose t
region is believed to move closer to the star surface as the lu the maximum of the outburst to a combination of pencil and fan
nosity decreaseBasko & Sunyaev 1976 This means that the beams (whose amplitudes are comparable) at the end of the de-
column density of gas above the emission region will be higheay phase.
leading to greater optical depth for Compton scatterings Tan Evidence of an absorption line a63 keV is found dur-
explain the hard photon index at this pulse phase. ing the maximum of the outburst at a narrow phase interval
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preceeding the main peak of the pulse profile. This featune canot-Pacheco, E., Motch, C., & Pakull, M. W. 1988, ARA, 262,
be interpreted as the first harmonic of the previously reggbrtKendziorra, E., Kretschmar, P., Pan, H. C., etal. 1994, A&%(, L31

cyclotron line at~36 keV.
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ABSTRACT

Context. Accretion-powered X-ray pulsars exhibit significant variability of the cyclotron resonance scattering feature (CRSF) centroid
energy on pulse-to-pulse timescales, and also on much longer timescales. Two types of spectral variability are observed. For sources
in group 1, the CRSF energy is negatively correlated with the variable source luminosity, and for sources in group 2, the opposite
behavior is observed. The physical basis for this bimodal behavior is currently not well understood.

Aims. We explore the hypothesis that the accretion dynamics in the group 1 sources is dominated by radiation pressure near the stellar
surface, and that Coulomb interactions decelerate the gas to rest in the group 2 sources.

Methods. We derive a new expression for the critical luminosity, L., such that radiation pressure decelerates the matter to rest in
sources with X-ray luminosity Lx > L. The formula for L is based on a simple physical model for the structure of the accretion
column in luminous X-ray pulsars that takes into account radiative deceleration, the energy dependence of the cyclotron cross section,
the thermodynamics of the accreting gas, the dipole structure of the pulsar magnetosphere, and the diffusive escape of radiation
through the column walls. We show that for typical neutron star parameters, L. = 1.5 X 1037B};/ 15 ergs™!, where By, is the surface
magnetic field strength in units of 102 G.

Results. The formula for the critical luminosity is evaluated for five sources, using the maximum value of the CRSF centroid energy
to estimate the surface magnetic field strength Bj,. The results confirm that the group 1 sources are supercritical (Lx > L) and the
group 2 sources are subcritical (Lx < L), although the situation is less clear for those highly variable sources that cross over the line
Lx = L. We also explain the variation of the CRSF energy with luminosity as a consequence of the variation of the characteristic
emission height. The sign of this dependence is opposite in the supercritical and subcritical cases, hence creating the observed bimodal
behavior.

Conclusions. We have developed a new model for the critical luminosity in accretion-powered X-ray pulsars that explains the bimodal
dependence of the CRSF centroid energy on the X-ray luminosity Lx. Our model provides a physical basis for the observed variation
of the CRSF energy as a function of Lx for both the group 1 (supercritical) and the group 2 (subcritical) sources as a result of the
variation of the emission height in the column.

Key words. stars: neutron — pulsars: general — radiative transfer — accretion, accretion disks

1. Introduction

X-ray binary pulsars (XRBPs) were first observed by Giacconi
et al. (1971) and Tananbaum et al. (1972), and now include
many of the brightest sources in the X-ray sky. In XRBPs, the
main sequence companion star transfers matter to the neutron
star via Roche lobe overflow, or via a strong stellar wind (Frank
et al. 2002). The gas forms an accretion disk around the neu-
tron star, and the material spirals inward until the pressure of the
star’s dipole magnetic field becomes comparable to the ram pres-
sure of the matter in the disk. This occurs at the Alfvén radius,
located several thousand kilometers out in the accretion disk.

Article published by EDP Sciences

The fully-ionized accreting plasma is entrained by the magnetic
field at the Alfvén radius, and from there the matter is guided
through the magnetosphere, forming accretion columns at one
or both of the magnetic poles of the star. As the star spins, the
inclination angle between the star’s magnetic axis and the axis
of the accretion disk changes, and therefore the Alfvén radius
varies with the spin period of the star.

The observed X-ray emission is powered by the conver-
sion of gravitational potential energy into kinetic energy, which
is then transferred to the radiation field via electron scatter-
ing, and ultimately escapes through the walls of the column.
The structure of the accretion column is maintained by the
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Fig. 1. Schematic illustration of the geometry of the accretion column and the variation of the characteristic emission height and emission beam
pattern with increasing luminosity Ly: a) subcritical, Lx < Lcou < Leits pencil beam; b) subcritical, Lx S Leou < Lerit, pencil beam; ¢) subcritical,
Leow < Lx S Ly, intermediate beam pattern; d) supercritical, Ly 2 L., fan beam.

strong magnetic field, with a surface strength B, 2 10'? G,
which results in a magnetic pressure far exceeding that of ei-
ther the gas or the radiation field. The high incident speed of
the freely-falling plasma, ~0.6 ¢, creates very high tempera-
tures, T ~ 108 K. However, the observed X-ray pulsar spectra are
highly nonthermal, indicating that the accreting gas is unable to
equilibrate during the accretion timescale. In this situation, bulk
and thermal Comptonization play key roles in establishing the
shape of the observed spectra (Becker & Wolff 2007).

The X-ray spectra of many XRBPs contain cyclotron reso-
nant scattering features (CRSFs) appearing as absorption lines.
The features are caused by resonant scattering of photons off
plasma electrons whose energy is quantized according to their
Landau level (see e.g. Triimper et al. 1978; Isenberg et al. 1998;
Araya-Géchez & Harding 2000). The CRSFs, when detected,
provide a direct measurement of the magnetic field strength at
the characteristic altitude of the X-ray emission. The energy of
the fundamental line and the spacing between the harmonics are
approximately proportional to the B-field strength.

Many XRBPs display X-ray spectra that vary significantly
with luminosity on timescales much longer than the pulsation
period. In particular, variations in the energy of CRSFs as a func-
tion of luminosity on timescales of days to months have been
detected in V 0332+53 (Mowlavi et al. 2006; Tsygankov et al.
2010), 4U 0115+63 (Mihara et al. 2004; Tsygankov et al. 2007),
and Her X-1 (Staubert et al. 2007; Vasco et al. 2011). In addi-
tion to the longer-term variability, there is also mounting evi-
dence for pulse-to-pulse variability, in which the spectral hard-
ness, the centroid energy of the CRSF, and the luminosity vary
in a correlated way (Klochkov et al. 2011). This short-timescale
variability is likely related to the non-stationarity of the accre-
tion flow, perhaps indicating that the entrainment of matter from
the disk onto the magnetic field lines results in filaments and
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blobs of accreting gas which are then channeled onto the star in
a non-uniform way.

The data from both long-term and short-term (pulse-to-
pulse) observations point to the existence of two types/modes
of spectral variability (see discussion by Klochkov et al. 2011).
For sources in group 1 (e.g., V 0332+53), the centroid energy of
the CRSF is negatively correlated with luminosity. For sources
in group 2 (e.g., Her X-1), the opposite behavior is observed. The
type of spectral variability is likely driven by the mode of accre-
tion, which in turn is determined by the luminosity (see discus-
sion in Staubert et al. 2007). Staubert et al. (2007) and Klochkov
etal. (2011) have proposed that for sources in group 1, the decel-
eration of the flow to rest at the stellar surface is accomplished by
the pressure of the radiation field, and in the group 2 sources the
deceleration occurs via Coulomb interactions. In this interpre-
tation, a given source falls in one group or the other depending
on the value of its X-ray luminosity, Lx, relative to the critical
luminosity, L. The hypothesis is that the group 1 sources are
supercritical, with X-ray luminosity Lx > L, and the group 2
sources are subcritical (Lx < Lct).

The theory predicts that sources in their supercritical state
should display a negative correlation between the luminosity
and the cyclotron energy, while sources in the subcritical state
should display the reverse behavior. Geometrically, the variation
of the CRSF energy with luminosity is connected with varia-
tion of the characteristic emission height, which is the altitude in
the accretion column where the cyclotron absorption feature is
imprinted on the observed spectrum. The variation of the emis-
sion height as a function of luminosity in the subcritical and
supercritical cases is indicated schematically in Fig. 1.

The general picture described above provides a qualitative
basis for the interpretation of the observed correlated varia-
tion of the CRSF centroid energy with X-ray luminosity in
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some XRBPs. However, in order to obtain a quantitative under-
standing of these observations, one must develop a more detailed
physical model for the critical luminosity, and for the depen-
dence of the CRSF energy on the luminosity in the subcritical
and supercritical regimes. The first goal of this paper is to derive
a new expression for the critical luminosity, taking into account
the magnetospheric connection between the radius of the accre-
tion column and the Alfvén radius in the disk, and the energy
and angle dependence of the cyclotron scattering cross section.
The second goal is to examine the dependence of the CRSF cen-
troid energy on the luminosity in the subcritical and supercritical
sources.

The remainder of the paper is organized as follows. In
Sect. 2, we obtain a fundamental expression for the critical
luminosity that depends on the stellar mass, radius, and surface
magnetic field strength. In Sect. 3 we develop simple physical
models for the variation of the characteristic emission height
as a function of the luminosity for subcritical and supercritical
sources. In Sect. 4, we evaluate the critical luminosity based on
measurements of the CRSF centroid energy for several XRBPs.
We use our subcritical and supercritical models for the variation
of the emission height to predict the variation of the CRSF en-
ergy as a function of luminosity. The predicted spectral variabil-
ity is compared with the observational data for each source. We
discuss our results and draw conclusions in Sect. 5.

2. Critical luminosity
2.1. Eddington luminosity and radiative deceleration

First we recall the definition of the standard Eddington lumi-
nosity, Lgqq, for spherically symmetric accretion onto a cen-
tral mass M.,. If the accreting gas is fully-ionized hydrogen,
we obtain

4nGM..myc
Lpyg = ———, (h
oT

where o7 is the Thomson cross section, m,, is the proton mass,
c is the speed of light, and G is the gravitational constant. When
the X-ray luminosity Lx = Lgg4, the rate at which momen-
tum is transferred to the gas via Compton scattering balances
the gravitational force. Hence if Lx > Lggq, the net force is in
the outward direction and the gas decelerates as it falls toward
the central mass.

We need to make two adjustments to Eq. (1) in order to com-
pute the effective Eddington limit, Ly, appropriate for treating
X-ray pulsar accretion columns. The first adjustment is to re-
place the Thomson cross section ot with o, which represents
the mean scattering cross section for photons propagating paral-
lel to the magnetic field axis. The second adjustment is to take
the geometry of the accretion flow into account by reducing the
luminosity by the ratio of the column cross-sectional area di-
vided by the surface area of the star. Employing these corrections
yields for the effective Eddington limit

or 715 GM.mye g

P
R*

2

Foaa = Lo o | 4nR: o
where R, is the stellar radius and ry denotes the radius of the
accretion column, which we assume to have an approximately
cylindrical geometry.

Based on Eq. (2), Basko & Sunyaev (1976) concluded that
for X-ray luminosities Lx 2 10°® ergs™!, the incident, freely-
falling gas is decelerated by a vertical flux of radiation that is

locally super-Eddington. The scattering of the incident radiation
removes kinetic energy from the electrons (and from the protons
via Coulomb coupling), thereby decelerating the gas. Although
the radiation flux seen by the gas inside the column is propa-
gating upward, the X-rays that ultimately carry away the kinetic
energy actually escape through the walls of the column, rather
than the top, unless the luminosity Lx < 10% ergs™!.

The deceleration of the gas begins when the freely-falling
material encounters a radiation-dominated shock whose height
above the star increases with increasing luminosity, reaching an
altitude of several kilometers for Ly ~ 10373 ergs~!. As the gas
passes through the shock, the accretion velocity is reduced by a
factor of ~7. Even though the radiation flux inside the column
is super-Eddington, the height of the radiation-dominated shock
is stable. This reflects the fact that the shock is a wave structure,
and is not composed of a fixed population of particles. Matter
moves through the shock and decelerates, but the shock height
remains fixed, unless the luminosity changes. Unlike a classical
gas-mediated shock, the radiation-dominated shock is not dis-
continuous, and instead has a thickness that is a few times larger
than the mean-free path for radiation scattering.

Below the radiation-dominated shock, the matter is further
decelerated in the hydrostatic “sinking regime”, in which the
remaining momentum is transferred to the radiation field and
radiated away through the column walls (Basko & Sunyaev
1976). The specific mechanism accomplishing the final decel-
eration to rest at the stellar surface in the sinking region de-
pends on the luminosity of the accretion flow (see Fig. 1). At
the highest luminosities, Lx ~ 1037738 erg s7!, the radiation field
accomplishes the deceleration all the way down to the stellar
surface (Basko & Sunyaev 1976). At intermediate luminosities
Lx ~ 10%737 ergs~!, the final phase of deceleration may occur
via Coulomb breaking in a plasma cloud just above the stellar
surface (Nelson et al. 1993). It is expected that at very low lumi-
nosities, Lx < 10373 ergs™!, there is no radiation-dominated
shock at all, and the material passes through a conventional gas-
mediated shock at altitude z = h, before striking the stellar
surface (Langer & Rappaport 1982).

The angular pattern of the emitted radiation also depends
on the luminosity (see Fig. 1). In high-luminosity sources
(Lx ~ 1037738 ergs7!), the emitted radiation primarily escapes
through the column walls in the sinking region, forming a “fan
beam” (Davidson 1973). For low-luminosity sources (Lx <
10% ergs™'), the emission escapes from the top of the column,
forming a “pencil beam” (Burnard et al. 1991; Nelson et al.
1993). In the intermediate range, Lx < 10737 ergs~!, the emis-
sion pattern may be a hybrid combination of these two types
(Blum & Kraus 2000).

Focusing on the high-luminosity case for now, we can esti-
mate the luminosity required to decelerate the gas to rest at the
stellar surface by considering the physical processes occurring
in the sinking region below the radiation-dominated shock. The
accreting matter approaches the top of the shock with the inci-
dent free-fall velocity, which we approximate using the value at
the stellar surface,

12
Uﬁz(ZGM*) ' 3)

R,

Advection is dominant over diffusion in the shock, and therefore
very little radiation energy escapes through the walls of the ac-
cretion column in the vicinity of the shock (Burnard et al. 1991).
Hence the shock jump conditions are well approximated by the
standard Rankine-Hugoniot relations for a gas with adiabatic
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index y = 4/3 (Basko & Sunyaev 1976). In this case, the matter
leaves the shock with the post-shock velocity

1 1 (ZGM*)I/Z

=7 =77k, ®
where we have assumed that the shock is strong, which is rea-
sonable in the luminous sources (Becker 1998). If the altitude of
the radiation-dominated shock above the stellar surface is H, and
the gas decelerates at a constant rate a from the post-shock ve-
locity vg/7 to rest at the stellar surface in the dynamical time fgyn,
then we can write the simple kinematical relations

1 2
H= 5 atdyn,

Upon elimination of #4qy,, we obtain for the required upward
acceleration

Ups = @ fayn. ®)

v GM
ps *
= — = . 6
4T 3H T 29R.H ©)

Since the effective gravity is reduced by the pressure of the
radiation field, the net acceleration can also be related to the
luminosity Lx via

( Lx ) GM,
a=(—-1 >
Lygq R

@)
Setting Egs. (6) and (7) equal and solving for Lx yields

* R*
Lx = Lo = LEdd(m + 1) (8)

Substituting for Ly, using Eq. (2), we obtain for the critical
luminosity

Lerie =

GM.myc ﬂrg ( R. ) ©)

a| R_% 49H

Our goal is to express the parameters ry, o, and H appearing on
the right-hand side of Eq. (9) in terms of observable quantities.

2.2. Radiation-dominated shock height

The altitude, H, of the radiation-dominated shock can be esti-
mated by considering the relationship between the dynamical
timescale for deceleration, 74y, and the photon escape timescale,
tai, Which is the mean time it takes the photons to diffuse
through the walls of the accretion column. In order for the gas
to come to rest at the stellar surface, these two timescales must
be comparable in the sinking region below the shock, which is
a general property of accretion flows onto white dwart stars and
neutron stars (e.g., Imamura et al. 1987). Combining Eqgs. (4)
and (5), we obtain for the dynamical time

2H ( R, (10)

1/2
tdyn = U_pq = 14H ZGM*) .

The escape timescale for the photons to diffuse through the
column walls is estimated by writing

o dif _ €
AR v, = T—, T, =1one0T,
v 1L

1

(11

Tese =

where 7. is the electron number density, v‘fﬂ. is the photon dif-
fusion velocity perpendicular to the column axis, and 7, is the
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perpendicular optical thickness. The Thomson cross section ot
is appropriate for photons propagating perpendicular to the col-
umn axis (Wang & Frank 1981). The electron number den-
sity ne appearing in Eq. (11) can be eliminated using the mass
conservation relation,

M = nrgnempv, (12)

where M is the accretion rate and v is the inflow velocity, defined
to be positive. Combining relations, we can express the escape
time through the walls as
M gT
mpve

lese = ( 3)
The deceleration in the sinking region begins on the downstream
side of the shock, and therefore we set v = v, in Eq. (13) and
equate fgyp and feg to obtain
M
H=—21 (14)
2mmype

which is essentially the same result obtained by Burnard et al.
(1991). Expressing the accretion rate in terms of the luminosity
using the relation

GM.M
Lx = R 15)
yields the equivalent expression
M, \'/ R, Lx
H=114x10° ( ) .36
o (1.4 Mo) 0km) {107 ergs 1) 19

This confirms that the shock is located a few kilometers
above the stellar surface in the luminous sources with Ly ~
10338 ergs™! (Basko & Sunyaev 1976). It follows that
R./(49H) < 1 for sources close to or above the critical
luminosity, and therefore Eq. (9) reduces to

2
GM.myc 7r

Lo = s
o R:

(17)
in agreement with Burnard et al. (1991). Note that in this limit,
the critical luminosity simply reduces to the effective Eddington
value given by Eq. (2).

2.3. Connection between column radius and Alfvén radius

In this section, we wish to relate the critical luminosity L.; in
Eq. (17) to the magnetic field strength at the stellar surface, B.,
by utilizing the connection between the radius of the accretion
column, ry, and the Alfvén radius in the disk, Rs. The inclina-
tion angle between the axis of the accretion disk and the star’s
magnetic axis varies with a period equal to the pulsar’s spin pe-
riod, and this causes an associated variation of the Alfvén radius.
However, for our purposes here, an adequate approximation is
obtained by using Eq. (13) from Lamb et al. (1973), which yields

A M 1/7 R 10/7
Ra=273x% 107 el | P (_)
A =273x 10" em (0.1)(1.41\4@) 10 km

B. 4/7 Lx -2/7
X )
(1012 G) (1037 ergs“)

where the constant A = 1 for spherical accretion and A < 1
for disk accretion. A variety of uncertainties are folded into A,

(18)
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such as the spin-averaging of R and the possible role of plasma
shielding and other magnetospheric effects. Based on Eq. (2)
from Harding et al. (1984), A can be approximated in the disk
application using
A~0.22a"%, 19
where @ < 1 denotes the Shakura-Sunyaev parameter (Shakura
& Sunyaev 1973). Although it is difficult to estimate @ with
any certainty, we generally expect to find ¢ ~ 0.01-0.1. We
therefore set A = 0.1 in our numerical applications.

The Alfvén radius in the disk is connected with the outer
surface of the accretion column through the dipole shape of the
pulsar magnetosphere. The equation for the shape of the criti-
cal field line as a function of the polar angle 6 is given by the
standard dipole formula
R = Rasin’ 6. (20)
Setting the radius R equal to the stellar radius R, yields for the
critical angle at the outer edge of the accretion column

R.

A

sin® 6. =

2D

Using the small-angle relation 6. =~ sinf., we obtain for the

column radius

R.60. =R R, v
ro = I\ = I\ :
0 € Rx

(22)

By substituting for the Alfvén radius in Eq. (22) using Eq. (18),
we find that the expression for the column radius ry can be
rewritten in cgs units as

-1/2 -1/14 11/14
A M R
=1.93x%x10° — : ( * )
o= 193x 10" em (0.1) (1.4M@) 10 km

B, \27 Lx 1/7
X _ .
(1012G) (1037 ergs‘l)

Using Eq. (23) to substitute for rp in Eq. (17), and setting Lx =
Lit, we obtain for the critical luminosity the new expression

(23)

=7/5 -7/5
Lesie = 7.79 X 10% ergs™ A ]
0.1 oT

y M. 6/5( R. )—3/5( B, )—4/5
1.4 M, 10 km 1012 G ’

where we have also introduced the Thomson cross section o as
a convenient scaling for the parallel scattering cross section o.
The next step is to evaluate the cross section ratio o /ot in terms
of observable source parameters.

(24)

2.4. Electron scattering cross section for parallel propagation

In typical X-ray pulsars, most of the observed radiation is emit-
ted at energies below the cyclotron energy, Ey.. Hence the cross-
section ratio ¢7j/or can be roughly approximated using (e.g.,
Arons et al. 1987).

qn_ (i_)2 (25)
T Ecyc ’

where E is a measure of the mean energy of the photons
propagating parallel to the magnetic field, and the cyclotron
energy Ey. is given by

B
Eeye = 11.58 keV(—)~ (26)

102G
The mean photon energy E in Eq. (25) can be estimated observa-
tionally by integrating the spectrum for a given source. However,
in luminous X-ray pulsars, most of the observed radiation es-
capes through the walls of the accretion column, perpendicular
to the magnetic field, and therefore the observed spectrum may
not be representative of the distribution of photons propagat-
ing along the column axis. As an alternative, we can estimate £
based on the thermal structure of the accreting gas. Specifically,
we assume that

E = wkT.g, 27

where Teg is the effective temperature of the radiation in the
post-shock region, k is Boltzmann’s constant, and the con-
stant w depends on the shape of the spectrum inside the col-
umn. We expect that w ~ 1-3, with the lower value corre-
sponding to bremsstrahlung and the upper value to a Planck
spectrum. Detailed models suggest that the spectrum inside the
column is dominated by bremsstrahlung emission (Becker &
Wolff 2007), and therefore we will set w = 1 in the numerical
results presented later.

The effective temperature is related to the post-shock
radiation pressure, P, via

aT; = 3P,. (28)

The value of P, can be estimated using the momentum balance
relation
M Uff
2
Py = pg Vg = 5
o

(29)
where pg and vg (Eq. (3)) denote the upstream mass density and
velocity, respectively, just above the shock. Eliminating P; be-
tween Egs. (28) and (29), and substituting for M and ry using
Egs. (15) and (23), we find that

A 1/4 M —-5/56 R —15/56
Ter = 4.35x 10" K - ( - )
d % ( ) (1.4 M@) 10 km

0.1

B* 1/7 LX 5/28
X .
(10‘2G) (1037 erg s‘l)

Combining Egs. (25)—(27), and (30), we obtain for the required
cross section ratio the result

7 g0 (A ()
or 0.1 1.4 Mg, 10 km

B =12/7 LX 5/14
x( - ) .
102G 1037 erg s~!

Using this result to substitute for o7 /ot in Eq. (24) yields the
final expression for the critical luminosity as a function of the
surface magnetic field strength,

(30)

)—15/28

€2y

AN
Lesi = 1.49 x 10%7 ergs! (m) w8115

y M. 29/30( R, )1/10( B, )16/15
1.4 Mg 10 km 1012 G
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For typical neutron star parameters, with M, = 14 M,,
R. = 10 km, A = 0.1, and w = 1, we obtain Loy =
1.49x10% erg s‘lB}g/ 13 where B, is the surface magnetic field
strength in units of 10'? G. In Sect. 4 we plot the critical luminos-
ity and compare it with the variability data for several XRBPs.

3. Variation of emission height

The new expression for the critical luminosity given by Eq. (32)
allows us to separate accretion-powered X-ray pulsars into sub-
critical and supercritical categories. Our hypothesis is that in the
subcritical sources with variable luminosity Ly, the cyclotron
energy E., will exhibit a positive correlation with Ly, and in
the supercritical sources the reverse behavior will be observed.
The observed CRSF is imprinted on the spectrum at the altitude
where most of the emitted radiation escapes from the accretion
column. In order to quantify the expected behaviors in the sub-
critical and supercritical regimes, we must therefore explore the
expected variation of the emission height as a function of lumi-
nosity for both types of sources. The geometry of the super- and
subcritical sources is depicted schematically in Fig. 1.

3.1. Supercritical sources

In the supercritical sources (luminosity Lx X L), radiation
pressure dominates the flow dynamics all the way to the stel-
lar surface. Inside the radiation-dominated shock, the infalling
matter begins to decelerate as it first encounters the “cushion”
of radiation hovering at the shock altitude (Davidson 1973). At
this altitude, there is a local balance between downward advec-
tion and upward diffusion of radiation, and therefore the photon
distribution is roughly static. Most of the kinetic energy of the
accretion flow is carried away by the scattered radiation, which
is likely to be beamed in the downward direction due to special-
relativistic aberration (e.g., Ferrigno et al. 2009). Below the
shock altitude, the photons are trapped by advection, although
they eventually manage to escape by diffusing through the walls
of the column. Hence the observed radiation does not escape
from the shock altitude H, but rather from a lower altitude.

Our goal here is to estimate the typical altitude, denoted
by A, at which the photons diffuse through the column walls
to form the observed X-ray spectrum in the supercritical case.
We assume that the observed CRSF is imprinted at this altitude,
because at higher altitudes the photons have not had enough
time to diffuse through the column and escape through the walls.
Conversely, at lower altitudes, the increasing density of the gas
in the column inhibits the escape of radiation. We therefore ex-
pect that the CRSF energy will reflect the cyclotron energy at the
altitude z = hs where the final deceleration phase begins.

We can estimate the emission height /g in the supercritical
sources by ensuring that all of the kinetic energy is radiated
through the walls by the escaping photons in the altitude range
0 < z < hs (Basko & Sunyaev 1976). Working in the frame co-
moving with the mean vertical velocity of the radiation in the
accretion column, we note that the fraction of the radiation es-
caping through the walls in the comoving time interval dt’ is
equal to dt’ /t.sc, Where . is the escape time given by Eq. (13).
The requirement that all of the radiation escapes by the time the
matter reaches the stellar surface is therefore expressed by the
integral condition

dr| d7

hg
fO d_z/ fese (27) -
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(33)

Using Eq. (13) to substitute for f yields
hs nmpue dz’

=1,

- = (34)
o Mot Ve

where the effective velocity for the photon transport is defined by

_ |4
T ldr

The flow is expected to be almost perfectly “trapped” in the re-
gion below 7’ = hg, meaning that advection and diffusion are
nearly balanced, leaving very little net flux of radiation (Becker
1998). This implies that the effective velocity veg is much smaller
than the flow velocity v. We define the parameter ¢ as the ratio
of these two velocities,

(35)

Ueff

= Ueff, (36)
v
We demonstrate in Appendix A that the value of ¢ can be

estimated using

1
el

where M, denotes the incident (upstream) Mach number of the
flow with respect to the radiation sound speed. In the sinking re-
gion below the shock, the effective velocity approaches zero as
the gas settles onto the stellar surface. The relationship between
the upstream Mach number M., and the X-ray luminosity Lx is
plotted in Fig. 12 from Becker (1998). For the parameter range
of interest here, it is sufficient to adopt a constant value for £ in
the range & ~ 1072—1073. The low value for the effective ve-
locity tends to make the emission region more compact in the
supercritical sources.
Combining relations, we find that

3 37)

h

s ompe
- dz’ =1, (38)
0o Moré
and therefore the altitude of the emission region is given by
M LxR.
p, = Mort _ LxR.ond (39)

ampe  ampcGM,~

where the final result follows from Eq. (15). We can also
express A in cgs units using

-1
~ s £ M,
hy =2.28 X 10° cm (—) (1'4 Mo)

0.01

10 km/\ 10%7 erg s~!

Note that the emission height in the supercritical sources varies
in proportion to the luminosity Lx (see Fig. 1).
Based on Egs. (16) and (40), we conclude that

hs
—=2. 1,
i 0¢& <

(40)

(41)

and therefore the characteristic height of emission in the super-
critical sources is located far below the altitude of the radiation-
dominated shock. Eq. (40) indicates that the height of the emis-
sion region hg scales in proportion to the luminosity Lx in
the supercritical sources, which is consistent with the observed
behavior in the group 1 sources (Klochkov et al. 2011).
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3.2. Subcritical sources

In the subcritical sources (luminosity Lx S L), the matter
still passes through a radiation-dominated shock, which accom-
plishes the initial deceleration, but the pressure of the radiation
is insufficient to bring the matter to rest at the stellar surface
(Basko & Sunyaev 1976). In this case, the final stopping occurs
via direct Coulomb interactions close to the base of the accre-
tion column (Burnard et al. 1991). Our goal in this section is
to estimate the characteristic emission height for the subcritical
sources, denoted by /., which is the altitude at which Coulomb
interactions begin to decelerate the plasma to rest. The emission
is expected to be concentrated in this region because this is es-
sentially the first opportunity that the radiation inside the column
has to diffuse through the walls. At higher altitudes, the radiation
is swept along by advection, and there is not enough time for the
photons to escape. At lower altitudes, the radiation is trapped in
the column due to the increasing density, and therefore the emis-
sion through the walls tapers off as z — 0. Hence we expect
that in the subcritical case, the CRSF energy is imprinted at the
altitude z = h, where the strong Coulomb deceleration begins.

The Thomson optical depth, 7., required to stop the flow
via Coulomb interactions can be estimated in the typical pulsar
magnetic field regime using Eq. (3.34) from Nelson et al. (1993)
to write

2 -2
M, R, 1
(toi] : 42)
1.4 M, 10km/  In(2nmax)
where the maximum excited Landau level, np,y, is given by

e v%f

Amax = 55
2Ecy.

A summary of the derivation leading up to Eq. (42) is provided
in Appendix B. Adopting typical X-ray pulsar parameters, we
find that 7, ~ 20, which is the value utilized in our numerical
examples.

We can use Eq. (42) to estimate the emission height in the
subcritical sources, h., as follows. The Thomson depth 7 as a
function of the altitude z measured from the stellar surface is
computed using

T, = 51.4(

(43)

o= [P g, (44)
0 my

where p = n.my, is the mass density, given by (see Eq. (12))

p(2) = (45)

nr(z)v(z).
Assuming that the gas decelerates uniformly in the Coulomb
stopping region (starting at altitude 4.) from the post-shock ve-
locity vps, we find that the required deceleration is given by
a= vfm/ (2 he) (ct. Eq. (6)). The velocity profile v(z) associated
with the constant deceleration a is computed using the standard
kinematical relations

dv dv 1do?

a a2z
where the negative sign appears because we have defined v and a
to be positive. Setting vps = v/7 (see Eq. (4)), we obtain for the
deceleration a = vf}./ (98 he). Upon integration of Eq. (46), we
therefore find that the velocity profile in the Coulomb stopping
region is given by

(46)

_uw [z
v(z) = 7V

where vg is evaluated using Eq. (3).

(47

Using Eq. (47) to substitute for v(z) in Eq. (45) and carrying
out the integration in Eq. (44), we obtain for the optical depth
profile

14Moy (2GM. "2
‘TT( G ) hez. (48)

7(z) =

@ nrzmy \ R
Finally, setting z = h. and T = 7,, we find that the Thomson
optical depth required for Coulomb stopping is given by

(49)

Ty

2
TTrgmy R.

_ 14Morhe (2GM* )‘”2
which can be rearranged to obtain for the subcritical emission
height

(50)

C

nrémp‘r* 2GM, 172
" 14Mor \ R.

Substituting for M and ry using Eqgs. (15) and (23), respectively,
yields the equivalent cgs expression

A -1 T M 19/14 R 1/14
he = 1.48 x 10 cm | (—) - ( - )
o= 148x 10" cm (0.1) 20/\ 14 M, 10 km

B. -4/7 LX -5/7
><(1012 ) (1037 ergs*l)
This result indicates that the emission height in the subcritical
sources decreases with increasing luminosity, which is consis-
tent with the behavior observed in the group 2 sources (Staubert
et al. 2007). As indicated in Fig. 1, in the subcritical case, a de-
crease in the luminosity causes the beam pattern to transition
from a pure fan configuration to a hybrid pattern that includes
a pencil component. At very low luminosities, the shock essen-
tially sits on the stellar surface, and the emission occurs via the
pencil component only (Burnard et al. 1991; Nelson et al. 1993).

(51)

3.3. Transition from Coulomb stopping to gas shock

Equation (51) gives the height of the emission zone in the sub-
critical case, based on the assumption that the final deceleration
to rest at the stellar surface occurs via Coulomb interactions. We
can estimate the minimum luminosity (or accretion rate) such
that Coulomb interactions are capable of stopping the flow by
requiring that h, < H, where H is the altitude of the radiation-
dominated shock. If this condition is violated, then the incident
velocity of the gas entering the Coulomb deceleration region be-
comes essentially the full free-fall velocity, vg, rather than the
reduced post-shock velocity, vy, = vg/7. The associated drop
in the density causes the Thomson depth 7 to fall below the
value 7, ~ 20 required for the gas to be effectively stopped via
Coulomb interactions. It is not completely clear what happens in
this case, but we expect that the final phase of deceleration will
occur via passage through a gas-mediated shock near the stellar
surface (Langer & Rappaport 1982).

By combining Eqs. (14), (15) and (50), we can show that the
condition i, < H implies that

Lx >

2 /A m a2 (oM A
70 (T c) ( ) _ (52)

(o) 7 R*
Substituting for ry using Eq. (23) and rearranging, we obtain
LX > Lcouls (53)
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Fig. 2. Variability of the cyclotron line energy with luminosity for different sources. The blue dashed line represents the critical luminosity, plotted
by setting Lx = L and Ey = E,, where Ly is evaluated using Eq. (55). The red dashed line represents the Coulomb stopping luminosity, plotted
by setting Lx = Leou and Eye = E,, where L.y is evaluated using Eq. (59). Left: observations on a pulse-to-pulse timescale. Right: observations

on longer timescales.

Table 1. Source sample characteristics.

Source Instrument Long-term Pulse-pulse AE Distance
correlation correlation (keV) (kpe)
4U0115+63 INTEGRAL/RXTE  cont. dependent' negative® [3-60] 8.07
V0332+53 INTEGRAL/RXTE negative? negative®  [3-100] 7.5%
Her X-1 RXTE positive? positive® [5-60] 6.4°
A0535+26 INTEGRAL/RXTE no* positive® [3-50] 2.0
GX 304-1 RXTE/Suzaku positive’ - [3-100] 2.411

References. () Miiller et al. (2011); @ Tsygankov et al. (2010); ® Staubert et al. (2007); ¥ Caballero et al. (2007); ® Yamamoto et al. (2011);
© Klochkov et al. (2011); 7 Negueruela & Okazaki (2001); ® Negueruela et al. (1999); @ Reynolds et al. (1997); ¥ Steele et al. (1998);

(D Parkes et al. (1980).

Notes. Our analysis is based on a combination of published data (references given) and reprocessed observational data for a number of cyclotron
line sources (Col. 1) as observed by different X-ray observatories (Col. 2), listed here. The cyclotron line sources have been observed to show
different types of correlation, or no correlation, of their cyclotron line energies with changes in the X-ray luminosity.

where

M*
1.4 M,

5

G ()

Leow = 1.17 x 10%7 erg s (
R*
(54)

0.1 20
—13/24 -1/3
% (10 km) ( ) '

B*
102G
For luminosities Lx < Leou, We expect that the characteris-
tic emission height settles down onto the stellar surface. For
very low luminosities, Ly < 10°*3 ergs~!, the radiation-
dominated shock and the Coulomb atmosphere both dissipate,
and the matter strikes the stellar surface after passing through
a gas-mediated shock (Langer & Rappaport 1982), as indicated
in Fig. 1.

4. Applications

Our final result for the critical luminosity as a function of the
surface magnetic field strength B, is given by Eq. (32), which
can be rewritten as

AT
Lo = 1.28 x 1077 erg g1 ( ) w2815

0.1
M.\, R V10, B 615
Amiz) (o) (e - 69
1.4 M, 10 km 10 keV
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where

5

1012 G)

denotes the surface value of the CRSF energy. This relation is
indicated by the dashed blue line in Fig. 2. Sources to the right
of this line are radiating supercritically, and consequently radia-
tion pressure accomplishes the deceleration all the way down to
the stellar surface. For sources to the left of this line, the final
deceleration occurs via Coulomb interactions.

It is now interesting to compute the critical luminosity for
a number of sources and to compare it with the observed vari-
ability of E.y. as a function of Ly for subcritical and supercriti-
cal cases. We have selected for this study the sources for which
the behavior of the cyclotron line energy with luminosity has
been studied sufficiently well, including both the variations on
long timescales (days to months) and short timescales (“pulse-
to-pulse”). Our source sample is listed in Table 1, where we also
summarize the reported Ecy.—Lx behavior (positive/negative
correlation or no dependence) for each source. The two pan-
els in Fig. 2 depict the variability of E.y. with luminosity both
on “pulse-to-pulse” (left) and longer (right) timescales for all
of the sources considered here. The corresponding references
for the data are given in Table 1. The data for the longer-term
variability are based on studies of the phase-averaged emis-
sion conducted either during outbursts of the transient sources

E. =11.58 keV( (56)
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Fig. 3. Same as Fig. 2 except with the x-axis rescaled as Lx /L. and the y-axis rescaled as E.y./E,. The values of E, and L used for each source
are listed in Table 2. The solid curves associated with each group of data represent the theoretical predictions for the variation of the CRSF en-
ergy E.. as a function of Lx for each source, computed using Eq. (58), with the emission height 4 evaluated using Eq. (40) for the supercritical

sources and Eq. (51) for the subcritical sources.

Table 2. Theoretical parameters for each source, based on analysis of the pulse-to-pulse variability and the longer-term variability.

Source Long-term  Long-term E.  Long-term L  Pulse-pulse  Pulse-pulse £,  Pulse-pulse L,
£ [keV] [10% ergs™] £ [keV] [10% ergs™!]

4U0115+63 5.72x 1072 17.0 2.24 2.14 x 1072 16.5 2.17

V 0332+53 7.86 x 1073 29.7 4.06 1.43x 1073 27.0 3.67

Her X-1 - 43.5 6.11 - 43.5 6.11

A 0535+26 - 48.0 6.78 - 48.0 6.78

GX304-1 - 58.0 8.30 - - -

Notes. The parameter £ is relevant only for the two supercritical sources, 4U 0115+63 and V 0332+53 (see Sect. 3.1).

(Tsygankov et al. 2007, 2010), or following the long-term vari-
ation of the emission from the persistent sources (Staubert et al.
2007). For the pulse-to-pulse variability we refer to the results of
Klochkov et al. (2011) who have shown that for a set of pulsars
the cyclotron line energy varies with the amplitude of individual
pulses. This amplitude most probably reflects the instantaneous
mass accretion rate.

The luminosities for A 0535+26, 4 U0115+63 and Her X-1
were calculated by integrating the flux of each source over a
nearly identical energy range AE (see Table 1). For V 0332+53
(Tsygankov et al. 2010) and GX 304-1 (Yamamoto et al. 2011)
published values for Lx and E.y. were taken, where the lumi-
nosity has been calculated over a slightly larger energy range
[3—100] keV. The luminosities were computed using the source
distances listed in Table 1. It should be noted that uncertainties in
the distances will create additional uncertainties in our computed
luminosities, which have not been considered here. However,
the typical effective uncertainties of ~10% in the calculated
luminosities do not strongly affect our results.

One can see that the sign of the correlation between the cy-
clotron line energy and the luminosity, when detected, is con-
sistent between the long-term and pulse-to-pulse studies. This
suggests that both are reflecting the same underlying physics. It
is clear that the variation of E.y. with Lx for sources on each
side of the critical line Lx = L is qualitatively consistent
with the theoretical predictions, i.e., the correlation between Ey.
and Ly is negative for the supercritical sources, and positive for
the subcritical ones, reflecting the positive variation of the emis-
sion height 4 = hy (Eq. (40)) with increasing Lx for the former
sources and the negative variation of the emission height & = A,

(Eq. (51)) for the latter sources. In the next section, we explore
the variation of E¢y. as a function of Ly in more detail.

4.1. Variation of E.,. with Lx

The observed value of E.y. is connected with the local field
strength B at the emission altitude % via Eq. (26), where B has
the dipole dependence

-3
R
(—) , R=R.+h.
R*

B(R) _
B.

(57)

The corresponding variation of E.y. as a function of the emission
height 4 is therefore given by

(R* +h )-3
=& ,
where E, is the surface value for the cyclotron energy, computed
using Eq. (56). Note that we have neglected the variation of
the gravitational redshift factor, which is reasonable given the
level of approximation employed here (Staubert et al. 2007).
In applying Eq. (58) to the supercritical and subcritical cases,
we set h = hy (Eq. (40)) and h = h. (Eq. (51)), respectively.
Hence Eq. (58) can be used to develop theoretical predictions
for the variation of Ey. as a function of Lx for supercritical and
subcritical sources.

In Fig. 3 we replot the Fig. 2 data based on a rescaling of the
vertical and horizontal axes using the parameters E. and L,
respectively, which are related to each other via Eq. (55). The
value of L. used for each source is listed in Table 2, along with

Ecyc
E.

(58)
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the corresponding value for the surface cyclotron energy E. ob-
tained by comparing the theoretical variation of E.y. with the ob-
served variation for each source. In computing L, we assume
for all sources the same canonical neutron star mass and radius
values M, = 1.4 My and R, = 10 km, and we set A = 0.1 and
w = 1 based on the theoretical considerations discussed above.
The vertical dashed line marked Lx = L separates the sources
into their sub- and supercritical luminosity states. It should be
noted that, as M, and R, are also input parameters for L, the
exact positioning of the source data on the x-axis is driven also
by the assumed canonical mass and radius values, which might
in fact differ between the individual sources.

Figure 3 also includes curves representing the expected the-
oretical variation of the CRSF energy E.y. as a function of the
luminosity Lx, computed using Eq. (58) with either i = ks
(Eq. (40)) for the supercritical sources or i = h. (Eq. (51))
for the subcritical ones. We again adopt the canonical values
M, =14 My, R. = 10 km, A = 0.1, and w = 1, and we set the
Coulomb stopping optical depth using 7. = 20. The values of E.
and ¢ are varied for each source so as to improve the agreement
with the data (see Table 2). The parameter £ is only relevant for
the supercritical sources. The values of ¢ reported in Table 2 for
V 0332+53 and 4U0115+63 are in the range & ~ 1072-1073,
as expected for marginally trapped accretion columns (Becker
1998). Based on the results depicted in Fig. 3, we conclude that
the agreement between the observed variation of E.y. and that
predicted by the theoretical models developed here is reasonably
close for both the supercritical and subcritical sources.

A special case is 4U0115+63. This source was previously
observed to show an anticorrelation (e.g. Tsygankov et al. 2007
and references therein). The right panels of our Figs. 2 and 3
(observations on longer timescales) include the results for Ey.
and Lx obtained by Tsygankov et al. (2007). However, recent
studies have shown that the presence of the anticorrelation de-
pends on the choice of the continuum model (Miiller et al. 2011).

4.2. Comparison of Lx with Loy,

It is also interesting to compare the observed luminosities with
the minimum value, Loy, required for Coulomb stopping to de-
celerate the flow to rest at the stellar surface, given by Eq. (54).
By combining Egs. (54) and (56), we find that L.,y is related
to E, via

-7/12 2l . 18
Leow = 1.23 % 107 ergs™ |~ (T—) -
coul XAV erEs o0 0) \Tam,

R* —13/24 E* -1/3
% (IOkm) (10 keV) '

This relation is indicated by the dashed red line in Fig. 2.
For sources to the left of this line, we expect that the ef-
fect of Coulomb interactions is reduced, and the final stop-
ping occurs via passage through a discontinuous, gas-mediated
shock (Langer & Rappaport 1982). Hence we anticipate that the
emission region approaches the stellar surface as Lx is reduced
below Loy . This interpretation is consistent with the observa-
tional data plotted in Figs. 2 and 3, which indicate that E.y. ap-
proaches a constant value in the limit Lx/Lcon < 1.

Following our hypothesis, sources in their supercritical state
(Lx/Leic ® 1) should display a negative correlation between the
luminosity and the cyclotron energy while sources in the sub-
critical state (Lx/Lci¢ < 1) should display the reverse behavior.
V 0332+53 and Her X-1 in their super- and subcritical luminos-
ity states nicely fit into that hypothesis on both long and very

(59)
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short timescales. In particular, we note that the model parame-
ters listed in Table 2 for Her X-1 are the same for both the long-
term and pulse-to-pulse data. Hence the model developed here
for the variation of Ecy. as a function of Ly provides a robust
connection with the data across the entire range of luminosity
variation for this source, which implies that the underlying phys-
ical mechanism of variation is the same for the long-term and
pulse-to-pulse variations.

The subcritical source A 0535426 shows no significant trend
on long timescales (Fig. 2, right), perhaps due to the fact that the
luminosity is always close to or below the Coulomb stopping
limit, Leou, Which suggests that we should expect little varia-
tion of Ecy. with Lx. On pulse-to-pulse timescales, A 0535+26
shows some suggestion of a positive correlation (Fig. 2, left), as
expected for a subcritical source. The positive correlation sug-
gested by the short-timescale data may reflect the fact that the
luminosity is somewhat higher than L,,, which places it in the
subcritical regime according to our theory. However, we note
that our model for the variation of E.y. with Ly does not work
well for A0535+26, unless we choose an unreasonably large
value for E, relative to the observational data. We believe this
reflects the inapplicability of our model in very low-luminosity
sources with Lx < Lcoy. For GX304-1, only an indication of a
positive Ey.—Lx correlation, consistent with its subcritical state,
can be seen, as also reported by Yamamoto et al. (2011). No
pulse-to-pulse spectra are yet available for GX 304-1.

5. Conclusions

We have examined the hypothesis that observed bimodal vari-
ability of the CRSF energy Ey. with luminosity Lx in accretion-
powered X-ray pulsars reflects the dominant mode of accre-
tion, as proposed by Staubert et al. (2007) and Klochkov et al.
(2011). In particular, we have derived an expression for the crit-
ical luminosity L such that the dynamics in the supercritical
sources is determined by the radiation pressure, and the dy-
namics in the subcritical sources is determined by a combina-
tion of radiation pressure and either Coulomb interactions or
gas pressure. The detailed formula for L is given by Eq. (32),
but essentially we find that for typical neutron star parameters,
Lere ~ 1.5% 10373:2/15 ergs™!, where B, is the surface magnetic
field strength in units of 10" G.

The formula for the critical luminosity was evaluated for
5 sources, based on the maximum value for the CRSF centroid
energy for each source, E., which is treated as a variable param-
eter in our approach. The results obtained for E, are close to the
maximum observed values for the CRSF energy. The results de-
picted in Fig. 2 confirm that Lx > L in the group 1 sources and
Lx < L in the group 2 sources. The situation is less clear for
highly variable sources with luminosity Lx that crosses over the
line Lx = L, such as V 0332+53 and 4U 0115+63. These two
sources display a negative correlation between E., and Lx in the
supercritical regime, as expected, but the trend does not reverse
as predicted by our model when Lx < L. This suggests that
these sources may actually always remain supercritical, despite
the fact that they cross the vertical line in Fig. 3. This behavior
can be accommodated within our model by slightly changing the
parameters A and w in Eq. (55). Or, alternatively, the behavior
of these sources could indicate that their mass and radius values
deviate from the canonical values assumed here.

We have developed simple physical models describing the
quantitative variation of Ey. with Ly in the supercritical and
subcritical sources, given by Eq. (58), with the emission height /
set using h = h (Eq. (40)) for the supercritical sources (group 1),
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and i = h. (Eq. (51)) for the subcritical sources (group 2). In
Fig. 3 the formulas we derived for Ey, as a function of Lx
were compared with the data for the supercritical and subcrit-
ical sources. The agreement between the theoretical predictions
and the data suggests that our fundamental model for the phys-
ical processes operating in these systems is essentially correct.
It is important to note that our formulas for the emission heights
he and hg are not equipped to handle the trans-critical case with
Lx ~ L, and therefore further work is required in order to treat
sources such as V 0332453 and 4U 0115+63.

Although the observational picture is still not complete, es-
pecially for sources with highly variable luminosities, nonethe-
less we believe that the emerging bimodal paradigm for the vari-
ability of the CRSF energy with luminosity in XRBPs supports
the hypothesis that we are seeing direct evidence for two dif-
ferent accretion regimes, depending on whether the luminos-
ity is above or below the corresponding value of L. for the
given surface magnetic field strength B.. The agreement be-
tween the theoretical predictions and the observational data is
rather surprising given the level of approximation employed
here. We therefore believe that these ideas can provide a useful
framework for future detailed modeling of XRBPs with variable
luminosities, as well as motivation for further observations.
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Appendix A: Effective velocity

The characteristic emission height in the supercritical sources
treated in Sect. 3.1 is estimated by comparing the vertical trans-
port time for the radiation with the mean escape time for the
photons to diffuse out through the walls of the accretion column.
This requires a determination of the “effective velocity”, veg,
which is defined as the net photon transport velocity in the ver-
tical direction, taking into account the competing effects of ad-
vection and diffusion. The former process tends to drag photons
downward toward the stellar surface, and the latter process tends
to transport photons in the opposite direction, upward through
the accretion column. The relationship between the effective ve-
locity veg and the flow velocity v is expressed by the dimension-
less parameter &, defined by

&=

et (A1)
v

In “trapped” regions of the flow, vertical advection and diffu-
sion are nearly balanced, and consequently veg < v and & < 1
(Becker 1998). Trapping tends to occur in the lower, hydrostatic
region of the accretion column in the supercritical sources. In
this situation, the photons tend to “hover” in a small altitude
range until they escape through the walls of the accretion col-
umn. Hence this effect reduces the size of the emission region in
the supercritical sources treated in Sect. 3.1.

The gas enters the top of the accretion column moving su-
personically, but it must come to rest at the stellar surface, and
therefore the flow passes through a sonic point somewhere in the
column. The sonic point is located in the middle of the radiation-
dominated shock, where the flow begins to decelerate from the

incident free-fall velocity vg (Eq. (3)). Hence the sonic point rep-
resents the top of the hydrostatic sinking region, where the radi-
ation tends to escape, and we will therefore estimate the value
of ¢ using conditions there.

In order to determine the flow velocity at the sonic point, it
is useful to consider the conservation of mass and momentum in
the hydrostatic region of the column. We have
J=pv=const, I=P;+pv*=const., (A.2)
where J and I denote the fluxes of mass and momentum, respec-
tively. These two fluxes are conserved in the roughly cylindrical,
hydrostatic portion of the accretion column.

We can use Egs. (A.2) to obtain a relationship between the
flow velocity v and the radiation Mach number, M, defined by

M=2, (A3)
a

where a denotes the radiation sound speed, given by
P 4

a=|E5 y=2 (A4)
el 3

The result obtained is

I 1 7

_= ] = =, A5

7 U( + " MZ) 7 v (AS)

where v, denotes the flow velocity at the radiation sonic point,
where M = 1.

The value of ¢ can be estimated by examining the vertical
propagating of the photons in a radiation-dominated accretion
column described by the exact dynamical solution obtained by
Basko & Sunyaev (1976) and Becker (1998). This solution as-
sumes a cylindrical geometry in the hydrostatic lower region
of the accretion column. The total radiation energy flux in the
vertical direction is given by

dp,
E =4Pv+ —— S0
ne(r” dZ

(A.6)
where P, is the radiation pressure, and the first and second
terms on the right-hand side represent advection and diffusion,
respectively. We define veg by writing
4Pwes = E,, (A7)
so that v represents the “effective” bulk velocity that would
yield the correct energy flux.
By combining Eqs. (A.6) and (A.7), we obtain

c dpP,

- - A.8
veft v 4 I’leO'HPr dZ ( )
or, equivalently,

Veff cmyp dp,
=— =1+ _ A9
¢ v 40 JP; dz (A.9)

where we have eliminated the electron number density using the
relation J = nem,v. The pressure P, can be expressed in terms of
the flow velocity v by using Eqs. (A.2) to write
P(z) =1-Ju(z). (A.10)
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Using this relation to substitute for the pressure P; in Eq. (A.9)
yields

cmp  do

=l-—— A.ll
¢ 4oy(1—-Jv)dz ( )
The exact solution for the flow velocity profile v(z) in a cylin-
drical accretion column is given by (Basko & Sunyaev 1976;

Becker 1998)

—Z/Zst
o) = o (%) [1 _(7_14260) / ] (A12)
where
B»mgc2
= 8ra 2o Loy A1)

denotes the value of the dimensionless total energy flux (E, +
pv3/2)/(Jv?) at the sonic point, and

8e.0 . 172 2 In 14
30 7+ 2 7 -2

is the altitude of the sonic point above the stellar surface.
Combining Egs. (A.11)—(A.14), we obtain after some
algebra

4p\™! T+2e\ v
e i=(es) (R

In particular, at the sonic point (z = zy), we have v = v, and

therefore our result for ¢ reduces to
26 -1

T=st 6

Zst = ro( (A.14)

(A.15)

& (A.16)

The dimensionless energy flux is related to the incident Mach
number of the flow, M, via (Becker 1998)
1 . 3
€==-+—-
2 M,
Combining Egs. (A.16) and (A.17) yields for the value of ¢ at
the radiation sonic point

1
M
‘We use this relation in Sect. 3.1, where we estimate the height of
the emission region in the supercritical sources.

(A.17)

g =

T=Tst

(A.18)

Appendix B: Coulomb stopping depth

In the subcritical sources treated in Sect. 3.2, radiation pressure
is insufficient to decelerate the flow to rest at the stellar surface.
In this regime, the final deceleration likely occurs via Coulomb
interactions between the infalling plasma and the mound of
dense gas that has built up just above the stellar surface. We can
estimate the vertical extent of this region, and therefore obtain
an approximation of the characteristic emission altitude in the
subcritical sources, by computing the Thomson optical depth,
7, measured from the stellar surface, and setting it equal to the
value required to stop the flow, denoted by 7.. Nelson et al.
(1993) carried out a detailed calculation of 7., and the final re-
sult is presented in their equation Eq. (3.34). In this section we
summarize the derivation.
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In a magnetized pulsar accretion column, the Coulomb stop-
ping of the gas occurs via coupling between infalling protons
and stationary electrons in the mound. The corresponding rate
of change of the proton kinetic energy,

1
E, = Empu{ (B.1)
is given by Eq. (3.31) from Nelson et al. (1993), which states
that

dE, 4an.e*
—_— = InA.,
dz Mev? ¢

(B.2)

where In A, is the Coulomb logarithm and v is the velocity of
the protons. Note that the right-hand side of Eq. (B.2) is posi-
tive in our sign convention since the value of E, decreases with
decreasing altitude.

Using Eq. (B.1) to substitute for v yields the equivalent form

dEZ 1
S drnee® In A,.

= (B.3)

We can transform from the altitude dz to the Thomson depth dr
using

dr = neordz, (B.4)
which yields

dE2 my 4 4

L L P (B.5)

dr me OT

Treating the Coulomb logarithm as a constant and integrating
with respect to 7, we obtain the solution

\12
En(7) = Eo(l - —) ) (B.6)
T*
where the stopping depth, 7., is defined by
orE?
r= e _IT% (B.7)

my 4re*In A,

and the incident proton kinetic energy, Ey, is equal to the free-fall
value,

1 2
Ey = - mpyu.

> (B.8)

Substituting for the Thomson cross section, o, in Eq. (B.7)
using

8ret
or = ng, (B.9)
yields the equivalent result
1 my v}
T, LI (B.10)

T 6InA, me ¢

In magnetized pulsar accretion columns, with discrete Landau
levels, the Coulomb logarithm is given by Eq. (3.32) from
Nelson et al. (1993), which states that

InAc = In 2npax) (B.11)
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where the maximum excited Landau level, nmay, is given by

mevé

— B.12
T (B.12)

Nmax =

Combining Egs. (B.10) and (B.11) and substituting for vg using
Eq. (3) gives the final result,

(B.13)

2 2
. =514 M (R* ) L
1am,) \Tokm) nGmwy

in agreement with Eq. (3.34) from Nelson et al. (1993). For typ-
ical X-ray pulsar parameters, we obtain 7, ~ 20, and this is the
value utilized in computing the characteristic emission height in
the subcritical sources in Sect. 3.2.
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ABSTRACT

Aims. We investigate the long-term evolution of the cyclotron resonance scattering feature (CRSF) in the spectrum of the binary
X-ray pulsar Her X-1 and present evidence of a true long-term decrease in the centroid energy E.y. of the cyclotron line in the pulse
phase averaged spectra from 1996 to 2012.

Methods. Our results are based on repeated observations of Her X-1 by those X-ray observatories capable of measuring clearly
beyond the cyclotron line energy of ~40keV; these are RXTE, INTEGRAL, Suzaku, and NuSTAR. We consider results based on our
own successful observing proposals as well as results from the literature.

Results. The historical evolution of the pulse phase averaged CRSF centroid energy E.,. since its discovery in 1976 is characterized
by an initial value around 35keV, an abrupt jump upwards to beyond ~40keV between 1990 and 1994, and an apparent decay
thereafter. Much of this decay, however, was found to be due to an artifact, namely a correlation between E. and the X-ray luminosity
L, discovered in 2007. In observations after 2006, however, we now find a statistically significant true decrease in the cyclotron line
energy. At the same time, the dependence of Ey. on X-ray luminosity is still valid with an increase of ~5% in energy for a factor of
two increase in luminosity. We also report on the first evidence of a weak dependence of E.y. on phase of the 35 d precessional period,
which manifests itself not only in the modulation of the X-ray flux, but also in the systematic variation in the shape of the 1.24s
pulse profile. One of our motivations for repeatedly observing Her X-1, namely the suspicion that the cyclotron line energy may
be gradually decreasing after its strong upward jump in the early 1990s, is finally confirmed. A decrease in E.. by 4.2keV over
the 16 years from 1996 to 2012 can either be modeled by a linear decay, or by a slow decay until 2006 followed by a more abrupt
decrease thereafter.

Conclusions. The observed timescale for the decrease in E,. of a few decades is too short for a decay of the global magnetic field.
We speculate that the physical reason could be connected to a geometric displacement of the cyclotron resonant scattering region in
the polar field or to a true physical change in the magnetic field configuration at the polar cap by the continued accretion. In the second
scenario, the upward jump in E.. observed around 1991 may have been due to a relatively fast event in which the polar magnetic
field rearranged itself after releasing part of the accumulated material to larger areas of the neutron star surface.

Key words. radiation mechanisms: non-thermal — binaries: eclipsing — pulsars: individual: Her X-1 — accretion, accretion disks —

magnetic fields — X-rays: binaries

1. Introduction

The accreting binary X-ray pulsar Her X-1 shows strong vari-
ability on several different timescales: the 1.24 s spin period of
the neutron star, the 1.7-day binary period, the 35-day period,
and the 1.65-day period of the pre-eclipse dips. The 35-day
ON-OFF modulation can be understood as due to the preces-
sion of a warped accretion disk. Because of the high inclination
(i > 80°) of the binary we see the disk nearly edge-on. The pre-
cessing warped disk therefore covers the central X-ray source
during a substantial portion of the 35-day period. Furthermore, a
hot X-ray heated accretion disk corona reduces the X-ray signal
(energy independently) by Compton scattering whenever it inter-
cepts our line of sight to the neutron star. As a result the X-ray
source is covered twice during a 35-day cycle. Another 35d
modulation is present in the systematic variation of the shape
of the 1.24 s pulse profile. It has been suggested (Triimper et al.
1986) that the reason for this is free precession of the neutron
star, leading to a systematic change in our viewing angle to the
X-ray emitting regions. By comparing the variation in flux (the

Article published by EDP Sciences

turn-ons) and the variations in pulse shape, Staubert et al. (2009)
had concluded, that if precession of the NS exists a strong in-
teraction between the NS and the accretion disk is required, al-
lowing a synchronization of the two clocks to nearly the same
frequency through a closed loop physical feed-back (for which
there is independent evidence). Further analysis of the variations
in pulse profiles (Staubert et al. 2013), however, has shown that
the histories of the turn-ons and of the variations in pulse shape
are identical, with correlated variations even on short timescales
(~3004).

It is believed that the X-ray spectrum emerges from the hot
regions around the magnetic poles where the accreted material is
channeled by the ~10'? G magnetic field down to the surface of
the NS. The height of the accretion mound is thought to be a few
hundred meters. If the magnetic and spin axes of the neutron star
are not aligned, the view of a terrestrial observer is modulated at
the rotation frequency of the star.

The X-ray spectrum of Her X-1 is characterized by a
power law continuum with exponential cut-off and an apparent
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line-like feature. The continuum is believed to be due to thermal
bremsstrahlung radiation from the ~108 K hot plasma modified
by Comptonization (Becker & Wolff 2007; Becker et al. 2012).
The line feature was discovered in 1976 in a balloon observation
(Triimper et al. 1978). This feature is now generally accepted as
an absorption feature around 40keV due to resonant scattering
of photons off electrons on quantized energy levels (Landau lev-
els) in the Terragauss magnetic field at the polar cap of the neu-
tron star. The feature is therefore often referred to as a cyclotron
resonant scattering feature (CRSF). The energy spacing between
the Landau levels is given by Ecyc = heB/mcc = 11.6keV By,
where By = B/10'2 G, providing a direct method of measuring
the magnetic field strength at the site of the emission of the X-ray
spectrum. The observed line energy is subject to gravitational
redshift z at the location where the line is formed, such that the
magnetic field may be estimated by Bjy = (1 +z) Eqgns/11.6keV,
with Eqps being the observed cyclotron line energy. The discov-
ery of the cyclotron feature in the spectrum of Her X-1 provided
the first ever direct measurement of the magnetic field strength of
a neutron star, in the sense that no other model assumptions are
needed. Originally considered an exception, cyclotron features
are now known to be rather common in accreting X-ray pul-
sars, with ~20 binary pulsars now being confirmed cyclotron line
sources, with several objects showing multiple lines (up to four
harmonics in 4U 0115+63). Reviews are given by e.g., Coburn
et al. (2002), Staubert (2003), Heindl et al. (2004), Terada et al.
(2007), Wilms (2012), Caballero & Wilms (2012). Theoretical
calculations of cyclotron line spectra have been performed either
analytically (Ventura et al. 1979; Nagel 1981; Nishimura 2008)
or making use of Monte Carlo techniques (Araya & Harding
1999; Araya-Goéchez & Harding 2000; Schonherr et al. 2007).

Here we present new results (from the last five years) on the
energy of the cyclotron resonance scattering feature Ecy. in
the pulse averaged X-ray spectrum of Her X-1, combined with
the historical long-term evolution. We present the first statisti-
cally significant evidence of a true long-term decrease in Ecyc
and first evidence of a weak dependence of E¢y. on phase of the
35d cycle. We speculate about the physics behind both the long-
term decrease and the previously observed fast upward jump as
being connected to changes in the configuration of the magnetic
field structure at the responsible polar cap of the accreting neu-
tron star. A preliminary report was published earlier by Staubert
(2013).

2. Data base and method of analysis

Her X-1 is probably the best observed accreting binary X-ray
pulsar. Its X-ray spectrum, including the CRSF, has been mea-
sured by many instruments since the discovery of the CRSF
in 1976 (Triimper et al. 1978). The data base behind previ-
ously reported results are summarized in corresponding tables
of the following publications: Gruber et al. (2001), Coburn
et al. (2002), Staubert et al. (2007, 2009, 2013), Klochkov et al.
(2008a, 2011), Vasco et al. (2011, 2013). Details about more re-
cent observations (proposed by our group during the last five
years) by RXTE, INTEGRAL, Suzaku, and NuSTAR are given
in Tables 1 and 2. Of particular importance is the observation
by NuSTAR in September 2012 which provided the most accu-
rate value for the CRSF energy measured to date (Fiirst et al.
2013). For the investigation of the long-term evolution of the
cyclotron line energy, Main-On state observations at 35-day-
phases <0.20 were used, in order to avoid interference with a
dependence on 35d phase (see Sect. 5). The spectral analy-
sis was performed using the standard software appropriate for
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Table 1. Details of recent observations of Her X-1 by INTEGRAL,
RXTE, Suzaku, and NuSTAR.

Observatory Date of Center  Obs ID Expos.
observation MJD [ks]
INTEGRAL 2007 Sep. 03-08 54348.0 Rev.597/598 414.72
RXTE 2009 Feb. 04-05 54866.6 P 80015 22.19
INTEGRAL 2010 Jul. 10-18  55390.0 Rev. 945-947 621.03
Suzaku 2010 Sep. 22 55462.0 405058010/20  41.66
Suzaku 2010 Sep. 29 55468.0 405058030/40  45.66
INTEGRAL 2011 Jun. 25-27 55738.3 Rev. 1062 95.9
INTEGRAL 2011 Jul. 03-05 55744.5 Rev. 1069 107.8
INTEGRAL 2012 Apr. 1-4 56019.5 Rev. 1156 42.6
Suzaku 2012 Sep. 19-25 56 192.2 4070510- ~70
10, 20, 30
NuSTAR 2012 Sep. 19-25 56 192.2  3000200600- 72.9
2,3,5,7

the respective satellites (see the publications cited above), with
the addition of non-standard corrections based on our deeper
analysis of the calibration of Imager on Board the INTEGRAL
Satellite (IBIS, Ubertini et al. 2003), and the use of RECORN
models (Rothschild et al. 2011) for RXTE. For the spectral
model we have chosen the highecut! model which is based on a
power law continuum with exponential cut-off, and the CRSF is
modeled by a multiplicative absorption line with a Gaussian op-
tical depth profile. Details of the fitting procedure can be found
in the papers cited above.

3. Variation of the cyclotron line energy Ecyc

Variability in the energy of the CRSF in Her X-1 is found with
respect to the following variables:

— Variation with X-ray luminosity (both on long and on short
timescales).

Variation with phase of the 1.24 s pulsation.

Variation with phase of the 35 d precessional period.
Variation with time, that is a true long-term decay.

The dependence on pulse phase, which is described in detail
by Vasco et al. (2013), will only be discussed here to the ex-
tent necessary to understand the connection to the 35d phase
dependence.

4. Variation of Ecyc with luminosity

For Her X-1, the dependence of the centroid energy of the
phase averaged cyclotron line on X-ray flux was discovered by
Staubert et al. (2007) while analyzing a uniform set of observa-
tions from RXTE. The original aim of the analysis at that time
had been to investigate a possible decrease in the phase averaged
cyclotron line energy with time during the first decade of RXTE
observations. Instead, the dependence on X-ray flux was discov-
ered and shown that the apparent decrease in the measured val-
ues of the line energy (see Sect. 6) was largely an artifact due to
this flux dependence. The correlation was found to be positive,
that is the cyclotron line energy E.y. increases with increasing
X-ray luminosity Ly.

Figure 1 reproduces the original correlation graph of
Staubert et al. (2007) with new data points added (see
Table 2). The first three new data points (INTEGRAL 05 and

! http://heasarc.nasa.gov/xanadu/xspec/manual/
XSmodelHighecut.html
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Table 2. Recent cyclotron line energy measurements during Main-Ons of Her X-1 by INTEGRAL, RXTE, Suzaku, and NuSTAR.

Satellite Observation 35d Center 35d observed max. Flux Flux normalized  References
year/month cycle [MID] phase  Eg. [keV] [ASMcts/s]'  E.. [keV]
RXTE 2009 Feb. 388 54866.60 0.11 37.76 £ 0.70  5.94 +0.50 38.14 £ 0.71 this work
Suzaku 2005 Oct. 353 53648.00 0.11 38.70 £ 1.00  5.03 £0.20 39.47 + 1.02 Enoto et al. (2008)?
2006 Mar. 358 53824.20 0.19 38.20 +1.00 4.70 £0.35 39.12 + 1.02 Enoto et al. (2008)?
2010 Sep. 405 55462.00 0.07 37.83+0.22 7.56 +0.23 37.50 £ 0.22 this work
2010 Sep. 405 55468.00 0.25 36.50 £ 1.05 7.56 £0.23 35.17 £ 1.04 this work
2012 Sep. 426 56192.23  0.09 37.03 £0.50 6.60 = 0.50 37.12 £ 0.50 this work
INTEGRAL 2010 July 403 55390.00 0.05 37.50 £0.30 6.67 +0.20 37.56 + 0.30 this work
2011 June 413 55738.26  0.08 37.34 +0.28 6.03 £0.20 37.68 +0.28 this work
2007 July/Aug. 373 54348.00 0.25 36.50 £ 0.60 4.50 +0.48 37.51 £ 0.62 this work
2011 July 413 55744.50 0.25 38.53+0.78 7.00 £0.20 38.44 +0.78 this work
2012 Aug. 421 56019.50 0.09 38.97 +0.38 5.03+£0.20 39.74 + 0.39 this work
NuSTAR 2012 Sep. 426 56192.20 0.09 37.33+0.17 6.60 £0.20 37.42 +0.17 Fiirst et al. (2013)

Notes. Uncertainties are at the 68% level. 35d cycle numbering and 35 d phase is according to Staubert et al. (1983, 2013).  The maximum
Main-On flux was determined using the monitoring data of RXTE/ASM and Swift/BAT (since 2012 from BAT only); the conversion is: (2-10 keV
ASM-cts/s) = 89 x (15-50keV BAT-cts cm™2 s7!). @ The two Suzaku data points from 2005 and 2006 are from Enoto et al. (2008), adjusted
to describing the cyclotron line by a Gaussian line profile (see text). @ These values refer to this work: normalization to an ASM flux of 6.8
(ASM-cts/s) using the E../flux relationship (slope of 0.44 keV/ASM-cts/s) of the two-variable fit to the 19962012 data set (see Table 4).
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Fig. 1. Positive correlation between the cyclotron line energy and the
maximum X-ray flux of the corresponding 35 day cycle as measured by
RXTE/ASM (see Fig. 2 of Staubert et al. 2007) with eight added points:
INTEGRAL 2005 (Klochkov et al. 2008a), Suzaku of 2005 and 2006
(Enoto et al. 2008), RXTE 2009, INTEGRAL 2010, Suzaku 2010
and 2012, and NuSTAR 2012. The Suzaku points of 2005/2006 have
been corrected upward by 2.8 keV, to account for the difference aris-
ing because the Lorentzian profile was used in the analysis by Enoto
et al. (2008), while for all others the Gaussian profile was used. The
blue rhombs are values observed until 2006, the red dots are from after
2006. The solid red line is a linear fit to data until 2006 with the original
slope of 0.66 keV/(ASM cts/s), as found by Staubert et al. (2007). The
dotted red line is the best fit to the data after 2006 with the slope fixed
to the same value.

Suzaku 05/06) fit very well into the previous data set (and do
not change the formal correlation — see the solid red line), but
most of the values from 2006-2012 are significantly lower. As
we will show below, it is these data which clearly establish a de-
crease in the cyclotron line energy with time. After 2006 the flux
dependence is less obvious. However, the data points (except the
one from INTEGRAL 2012) are consistent with the originally
measured slope (0.66 keV/ASM-cts/s) with generally lower Ey.
values. The dotted red line is a fit through the data after 2006
with the same slope as the solid red line. We note that flux
refers to the maximum Main-On flux as determined using the
RXTE/ASM and/or the Swift/BAT monitoring data (since 2012

from BAT only); the conversion is: (2-10keV ASM-cts/s) =
89 x (15-50keV BAT-cts cm™2 s~!). The INTEGRAL 2012
point does clearly not follow this behavior, as will be more ob-
vious below. We have invested a considerable effort to check the
calibration of the INTEGRAL/ISGRI detector INTEGRAL Soft
Gamma-Ray Imager, Lebrun et al. 2003) for the time of obser-
vation and the data analysis procedure. The ISGRI response was
closely examined by us for each of our Her X-1 observations.
When necessary, the ARFs (Auxilliary Response Files) were
checked (using the nearest Crab observations) and the energy
scale was individually controlled by making use of observed in-
strumental background lines with known energy. Finally, spec-
tra were generated using data from SPI (Spectrometer onboard
INTEGRAL, Vedrenne et al. 2003): the resulting Ecy. values
were always consistent with those of the ISGRI analysis. Since
we have found no errors, we keep this point in our data base, but
will exclude it from some of the analysis discussed below.

5. Variation of E¢y. with precessional phase

In order to investigate whether the cyclotron line energy has any
dependence on phase of the 35 d precession, we had successfully
scheduled a few Main-On observations at late 35 d phases. In ad-
dition to the full coverage of the Main-On of cycle No. 232 (a
singular event!), we so far have four more measurements: from
INTEGRAL in July/August 2007 and July 2011, as well as from
Suzaku in September 2011 (all at 35 d phases 0.25, see Table 2)
and from INTEGRAL in July 2005 at phase 0.24 (Ecy. = (37.3 +
1.2)keV and (5.12 + 0.37) ASM-cts/s). As we will show below,
the cyclotron line energy changes with time. So, for a compari-
son of values measured at different times, they must be normal-
ized to a common reference time. We are therefore making use of
the results presented in Sect. 6 and compare Ey. values which
are normalized to the reference time of MJD 53500 (using the
slope of fit 4 of Table 4): (37.11 £0.61)keV, (40.15 = 0.81) keV,
(36.92 £ 1.09)keV, and (37.36 + 1.20) keV, respectively. Three
out of these four values are indeed quite low in comparison to
all other time normalized values, and gives an indication that
E.y. may indeed decrease at late 35 d phases. However, because
of the lower fluxes at late 35 d phases, the uncertainties are fairly
large for all of these measurements.

A119, page 3 of 10
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Fig.2. Mean dependence of cyclotron line energy on pulse phase
for the Main-On of 35d cycle 323, as observed by RXTE/PCA
in 2002 November. The solid red line represents a best fit function
(a combination of two cosine components). Normalized pulse pro-
files of the 3045 keV range are shown for five different 35 d phases:
0.048 (black), 0.116 (red), 0.166 (green), 0.21 (blue) and 0.24 (purple).
The main pulse is progressively moving to the right. The right hand
scale is normalized flux (0-100) for the pulse profiles.

A more indirect, but perhaps more reliable method is the fol-
lowing: There are two well established observational facts with
regard to pulse profiles and cyclotron line energies in Her X-1,
both demonstrated in Fig. 2:

1. E.y. varies strongly with pulse phase (by up to ~25%) (Voges
et al. 1982; Soong et al. 1990; Vasco et al. 2013). The shape
of the (E¢y. vs. pulse phase)-profile, is not dependent on 35 d
phase (Vasco et al. 2013).

2. The main peak of the pulse profile moves to later pulse
phases with increasing 35 d phase (Staubert et al. 2009). This
is also true for the 30-45keV profiles — the energy range
which includes the CRSF (these profiles are shown in Fig. 2).

The combination of these two observational facts inevitably
leads to a modulation of Ecy. with 35d phase: with progress-
ing 35d phase, more and more photons are found at later pulse
phases (in the main peak of the pulse) where the cyclotron line
energy is decreasing. This means that the phase averaged cy-
clotron line energy must decrease with progressing 35d phase
(the above mentioned effect was first considered by Klochkov
et al. 2008b). In order to quantitatively test this, we have per-
formed a formal folding of 30-45keV pulse profiles (for 10 dif-
ferent 35 d phases) with template (E.y. vs. pulse phase) profiles
for these 35 d phases. The template profiles were constructed by
inter- and extrapolation of the four individual profiles at differ-
ent 35d phases as given in Figs. 3 and 4 of Vasco et al. (2013)
(taking into account that both the maximum value and the peak-
to-peak amplitude are slightly 35 d phase dependent). By fold-
ing the pulse profile with the corresponding E.y. profile, the ex-
pected pulse phase averaged E.y. value can be calculated.

In Fig. 3 these calculated values are shown as blue trian-
gles (connected by the solid blue line): a slow increase up to
phase ~0.19 is followed by a somewhat sharper decay. For com-
parison, we show the directly measured phase averaged Ey
values (data points with uncertainties) for 13 small integra-
tion intervals covering the Main-On of cycle 323 (MJD 52599/
Nov 2002). The directly measured values have relatively large
uncertainties, but are overall consistent with the calculated mod-
ulation, and also with regard to the mean absolute value.
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Fig. 3. Centroid pulse phase averaged cyclotron line energies at differ-
ent 35 d phases of Main-On cycle 323. The data points with uncertain-
ties are direct measurements for ten small integration intervals. The blue
triangles connected by the solid blue line are values which are calcu-
lated by folding observed pulse profiles in the 30-45 keV range with
template (Ey. vs. pulse phase)-profiles for the same 35 d phases (see
text for a detailed description).

6. Variation of E¢y. with time — long-term variation

In Fig. 4 (an update of Fig. 1 of Staubert et al. 2007) we dis-
play observed values of the pulse phase averaged centroid cy-
clotron line energy as a function of time, covering the complete
history of observations since the discovery of the line in 1976.
We combine historical data, as taken from the compilation by
Gruber et al. (2001, their Tables 2 and 3) for the time before
the RXTE era, published values from observations with RXTE
and INTEGRAL (Klochkov et al. 2006; Staubert et al. 2007;
Klochkov et al. 2008a) and with Suzaku (Enoto et al. 2008),
as well as recent values as given in Table 2 (see also Staubert
2013; Fiirst et al. 2013). For the analysis of the long-term vari-
ation of E.y. we exclude values with 35 d phases >0.20 in order
to avoid contamination due to a possible third variable, the 35d
phase (a dependence, if any, is very weak for small phases; see
Fig. 3).

Two features are apparent from Fig. 4: firstly, we confirm
the apparent difference in the mean cyclotron line energy before
and after 1991, first pointed out by Gruber et al. (2001). Taking
the measured values of E.,. and their stated uncertainties at face
value, the mean cyclotron line energies (E.) from all measure-
ments before 1991 is 34.9 + 0.3 keV, the corresponding value
for all measurements between 1991 and 2006 is 40.3 + 0.1 keV
(40.2 + 0.1keV for RXTE results only, showing that the very
high value measured by BATSE is not decisive). However, a com-
parison of measurements from different instruments is difficult
because of systematic uncertainties due to calibration and analy-
sis techniques. Nevertheless, we believe that the large difference
of ~5 keV between the mean values and the good internal consis-
tency within the two groups (5 different instruments before 1991
and four after 1991) most likely indicate real physics.

As already mentioned in Sect. 4, the first observations with
RXTE in 1996 and 1997 showed lower E.y. values than those
found from CGRO/BATSE and Beppo/SAX, leading to the idea
of a possible decay with time. This idea had then served suc-
cessfully as an important argument to ask for more obser-
vations of Her X-1. In a series of RXTE observations until
2005 the apparent decrease seemed to continue until this date.
At this time we were determined to publish a paper claim-
ing evidence of a decay of the phase averaged cyclotron line
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4| Fig.4. Centroid energy of the phase averaged
cyclotron resonance line feature in Her X-1
since its discovery. Data from before 1997 were
- originally compiled by Gruber et al. (2001),
where the original references can be found. The
data after 1997 are from observations by RXTE,
71 INTEGRAL (Klochkov et al. 2006, 2008a;
Staubert et al. 2007) and Suzaku (Enoto et al.
2008), plus recent values as given in Table 2.
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energy E.,.. However, working with a uniform set of RXTE data
between 1996 and 2005, we discovered that there was a depen-
dence of E.y. on X-ray flux (Staubert et al. 2007), degrading the
apparent decrease with time largely to an artifact: nature seemed
to have conspired such that later measurements were (on aver-
age) taken when the flux happened to be low (Her X-1 is known
for varying its flux within a factor of two, on timescales of a
few 35d cycles). When the cyclotron line energy was normal-
ized to a common flux value, the time dependence vanished.

In the following we will demonstrate in a systematic way that
today we have clear evidence for a reduction in the phase aver-
aged cyclotron line energy E.y with time over the last 20 years.
Both dependencies — on flux and on time — seem to be always
present (they may, however, change their relative importance
with time). Using a procedure of fitting with two variables simul-
taneously, the two dependencies can be separated and the formal
correlation minimized. With the inclusion of new measurements
(2005-2012), we are now able to present the first statistically
significant evidence of a true long-term decay of the phase aver-
aged cyclotron line energy.

6.1. Normalizing Ecyc using the originally discovered flux
dependence

Before introducing fits with two variables (flux and time), we
repeat here the procedure applied in Staubert (2013), that ne-
glects any time dependence and normalizes E.y. by flux only,
using the originally determined linear dependence with a slope
of 0.66 keV/(ASM-cts/s) (Staubert et al. 2007). The normaliza-
tion is done to the common reference flux of 6.80 ASM-cts/s.
The results were shown in Fig. 2 (right) of Staubert (2013)
(and, slightly updated, in Fig. 13 of Fiirst et al. 2013), show-
ing the flux normalized cyclotron line energy as a function of
time (1996-2012). These figures demonstrate that there is a sig-
nificant decrease in Ey. at least after 2006 (>MJD 54 500).
Based on a repeated analysis we give the following additional
information.

(1) The normalized E.y. values between 1996 and 2006
(MJD 50 000-54 000) are consistent with a constant (based

Here only values measured at 35d phases <0.20
are shown.

on y?/d.o.f. = 0.77), supporting the neglect of a time de-
pendence for this decade. The weighted mean is (40.06 +
0.09) keV. However, even during this time period there is
a slight downward trend with a slope of (-2.5 + 1.4) X
10~*keV d~'. In order to test whether this downward trend
is really a true time dependence and not an artifact due to
the neglect of e.g., a more complicated flux dependence, a
quadratic term was added when doing the flux normaliza-
tion: this does not improve the fit and does not remove the
downward trend.

The weighted mean of the normalized E. values
for 2006-2012 is (37.69 + 0.10)keV (with a high y?/d.o.f.
of 6.6, mainly due to the INTEGRAL 2012 point).

The difference between these two mean values is highly
significant (>17 standard deviations), demonstrating the de-
crease in Ecy. with time.

(@)

3

6.2. Normalizing E.y. using fits to the 1996-2006 data
with two variables

From Fig. 1, it is already evident that most of the E.y values
measured after 2006 are significantly lower than those from be-
fore. In order to separate the dependence on time and the depen-
dence on X-ray flux, we have performed fits to the 1996-2006
data with two variables — X-ray flux and time. We use the
function

ey

with F being the X-ray flux (the maximum flux of the re-
spective 35d cycle) in units of ASM-cts/s, as observed by
RXTE/ASM (and/or Swift/BAT), with Fy = 6.80 ASM-cts/s,
and T being time in MJD with 7y = 53000 — the relation-
ship between ASM and BAT is the following: (2-10keV ASM-
cts/s) = 89 * (15-50keV BAT-cts cm™2 s71).

In Table 3 we summarize results of fits to the 1996-2006
data set with successive numbers of free parameters. Assuming
no dependence at all (@ = b = 0.0), as well as dependence only
on time (a = 0) leads to unacceptable fits with y?/d.o.f. of 3.4
and 2.9, respectively. Allowing simultaneous dependence on flux

Eeye(cale) = Eg +ax (F = Fo) + b x (T = Ty)
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Table 3. Details of fits with formula (1) to Ey. values observed between
1996 and 2006.

Param. E, a [keV/ b[107* x> dof.
fitted [keV] ASM-cts/s] keV/d]

Ey 40.15 £ 0.09 0.00 0.00 47.6 14
Ey, a 40.08 £0.09 0.58 +£0.10 0.00 109 13
Eo, b 39.88 +0.12 0.00 -4.60+143 373 13
Eo,a,b 39.88+0.12 0.54+0.10 -291+147 7.0 12

Notes. The reference time is 7y = 53 000.

and on time leads to a good fit (y*/d.o.f. = 0.6), representing a
description of these data with a satisfactory separation of flux
and time dependence. It is again verified, that the flux depen-
dence is the dominating effect, as clearly seen when the F-test is
applied?.

Allowing a simultaneous flux and time dependence, reduces
the flux dependence slightly (as compared to neglecting the time
dependence). If we now use the flux dependence of 0.54 keV/
(ASM-cts/s) for the normalization of the complete data set
(1996-2012), we arrive at Fig. 5. We note the following features:

1) The mean cyclotron line energies before and after 54 500
(~2007) are 40.1 + 0.1 and 37.6 + 0.1, respectively. The dif-
ference is significant to >17 standard deviations (similar to
the result of Sect. 6.1, where the flux normalization was done
with the original slope of 0.66 keV/(ASM-cts/s)).
As noted before, there is a small downward trend be-
tween 1996 and 2006. Again, an added quadratic term for
the flux normalization is not significant.
Because of the lack of measurements in 2007 and 2008
(at 35d phases <0.20), we cannot distinguish between a
fairly abrupt drop within this period and a smooth change
from the 2004-2006 period to the 2009-2012 period (pos-
sibly with a somewhat stronger decay than between 1996
and 2006).
4) The lower panel of Fig. 5 shows the 2-10keV X-ray flux
(the maximum flux of each 35d cycle) from monitoring by

2)

3)

2 The respective improvements in y?, when one additional free param-
eter is added, yields chance probabilities of 1.7% and <1071°, respec-
tively, for an improvement by chance, when as the third free parameter
the time dependence or the flux dependence is added.
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ments of each 35d cycle.

RXTE/ASM and Swift/BAT. The typical variation of the flux
by a factor of ~2 (as also evident from Fig. 1) is apparent.
The mean flux, averaged over several 35 d cycles, is constant.

6.3. Normalizing Ecyc using fits to the 1996-2012 data
with two variables

We finally turn to fits with two variables (flux and time) to the
data set of 1996-2012. For these fits we exclude the data point
measured in April 2012 by INTEGRAL since, as noted before,
this value is not consistent with measurements by both Suzaku
and NuSTAR about six months later.

As discussed in Sect. 4, we have invested a strong effort to
check the calibration of the INTEGRAL/IBIS detector for the
time of observation and the subsequent data analysis procedure.
We have not found any errors, so we keep this point in our data
base (and show it in all plots), but exclude it from the fits to be
discussed now (but even if this data point is included, the gen-
eral conclusion about the long-term decrease in the cyclotron
line energy is not changed). As before, the bilinear function (for-
mula (1)) is applied. The results of these fits with increasing
numbers of free parameters are summarized in Table 4, the fits
are numbered 1 through 4. Using the flux dependence found in
the final (simultaneous) fit (fit 4) for normalizing the observed
E.yc values to the reference flux of 6.8 (ASM-cts/s), the remain-
ing linear time dependence is shown in Fig. 6. The bilinear fit
number 4 is acceptable with a y? = 20.4 for 18 d.o.f.

From Fig. 6 we see that the INTEGRAL12 point is far (~60°)
from the best fit (the dashed line). If we now repeat the bilinear
fit including this point, the linear time dependence is not changed
significantly (from (=7.22 + 0.39) x 107 to (=6.91 + 0.39) x
10~*keV d™1), which means that the conclusions about the decay
of Ecy with time are not changed.

We note that a further improvement of the fit can be achieved
by introducing a quadratic term in the time dependence (again
for INTEGRAL12 excluded): the flux dependence is unchanged,
the linear time term is now (—=6.59 + 0.49) x 10™*keV d~! and
the quadratic time term is (—6.88 + 3.18) x 1078keV d=2 (both
with a reference time MJD 53 500), and a/\/z =15.7for 17 d.o.f.
However, the improvement is only marginally significant with
an F-value of 5.1, corresponding to a probability of 3.7% for an
improvement by chance.
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Table 4. Details of fits with formula (1) to E.. values observed between 1

996 and 2012 (excluding INTEGRAL12).

Fit Param. E, a b 2 d.of. F-values Chance
No. fitted [keV] [keV/ASM-cts/s]  [107* keV/d] probab.

1 Eo 39.12+0.07 0.00 0.00 430 20

2 Ey, a 39.08 £0.07 0.74 £0.09 0.00 357 19 F(1-2)=3.86 0.06

3 Ey. b 39.29 +0.07 0.00 -7.59+0.39 450 19 F(1-3)=163 9x 107"
4 Ey,a,b  3925+0.07 0.44+0.09 -722+0.39 204 18 F(3-4)=131 5x107

Notes. The reference flux is Fy = 6.8 (ASM-cts/s) and the reference time is 7p = MJD 53 500. The F-values are calculated according to the
following formula: F = A(y?*)/x3 x d.0.f.(2). The last column gives the F-test probability that the improvement in x* (by adding one additional

free parameter) is just by chance.

Referring to Table 4 and Fig. 6 we note the following results:

1) Clearly, fit 1 is not acceptable (y? = 430 for 20 d.o.f.): Eyc is
not constant.
2) Introducing a linear flux dependence (neglecting any time de-
pendence (fit 2)), improves the y? significantly and finds a
flux dependence of 0.74 + 0.09 keV/(ASM-cts/s), which is
(within uncertainties) consistent with the value found for the
previous fit over the shorter time range (Table 3). However,
a flux dependence alone is not sufficient. In addition, when
a quadratic term for the flux normalization is introduced, as-
suming no time dependence, the fit is not acceptable (y? =
313, compare the corresponding values of Table 4).
Introducing a linear time dependence (neglecting any flux de-
pendence (fit 3)), improves the x> dramatically. The F-value
corresponds to a formal probability of <107!° for the im-
provement to be just by chance.
Adding now the linear flux dependence (fit 4), y? is fur-
ther reduced significantly, meaning that the flux dependence
is definitely needed in addition to the time dependence (the
F-value corresponds to a chance probability of ~5 x 1079).
The slope describing the flux dependence is somewhat re-
duced as compared to fit 2, but is now very close to the cor-
responding dependence found in fitting the <2006 data (see
Table 3).
We note that now the time dependence is the more dominant
variation, while for the <2006 data set it was the flux de-
pendence. This is consistent with a ~4 keV reduction in Ey
over the covered time range (1996-2012), while the increase

3)

4)

5)

is only ~3 keV over the flux range provided by nature (a fac-
tor of ~2 in flux). A reduction in importance of the flux de-
pendence, when adding the data after 2006, can already be
expected from Fig. 1: the >2006 data are consistent with no
flux dependence at all (even though they are formally consis-
tent with the same slope as the <2006 data).

An even better fit can be achieved by introducing a quadratic
term in the time dependence (Ecyc/dt2 = (-6.88 £ 3.18) x
108 keV d7?), albeit marginally significant (3.7% chance
probability). The negative second derivative means that the
decrease in Ecy. accelerates with time. We note, that one
might rather expect the opposite, e.g., a kind of exponential
decay.

It is not understood why the measurement of INTEGRAL
in 2012 is so different from the nearby (<six months) obser-
vations by Suzaku and NuSTAR. We find no errors in our
analysis. However, this one data point does not in any way
change the general conclusion.

6)

7

~

7.

Here we summarize our observational results:

Summary of observational results

1. The main result of this research is that we finally can es-
tablish a long-term decay of the pulse phase averaged cy-
clotron line energy E.y. over time. The time range covered
here is 16 years (1996 to 2012). The reduction is highly
significant and can be well described by a linear decay
with a change by (7.2 + 0.4) x 107*keV d~' (0.26keV yr~!
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or 4.2keV over 16 yrs). The data are, however, also consis-
tent with two other models: First (see Fig. 5), a somewhat
slower decay (~3x 10~ keV d~") until 2006 and then a more
sudden drop between 2006 and 2009, with a possible con-
stant value (~37.7 keV) thereafter. Alternatively, even an ac-
celeration of the decay of Ey. over time is possible, since the
fit with a quadratic term in the time dependence is formally
the best one.

2. The flux dependence of E.y. is confirmed with a value be-
tween 0.44 and 0.54keV/ASM-cts/s (with a typical uncer-
tainty of 0.1), corresponding to a ~5% increase for a fac-
tor of two increase in flux. This value is slightly lower than
the value (0.66 + 0.10) from the original discovery (Staubert
et al. 2007) (at that time, a time dependence was neglected).
It is not excluded that there is a variation with time of this
flux dependence, but this is difficult to judge since the fluxes
observed after 2006 only cover a very small range.

3. One observation, the one from INTEGRAL in April 2012,
does not fit into the overall picture and is inconsistent with
values measured by Suzaku and NuSTAR six months later.
Since we find no errors in our analysis, we can only specu-
late that it is due to real physics — that is a fluctuation on a
timescale of a few months.

4. From the analysis of pulse profiles and pulse phase resolved
spectroscopy (see Sect. 5), both as a function of 35 d phase,
we find evidence of a variation of E.y. with this precessional
phase: while there is very little (if any) variation until 35d
phase 0.2, there may be a decrease at later phases. If it is
indeed so, that the pulse phase dependence of E¢y. does not
change with 35 d phase (Vasco et al. 2013), then this effect is
inevitable. The fully covered Main-On of cycle 232 (Fig. 3)
and the few dedicated observations at late 35 d phases sup-
port this finding. This new result adds another piece to the
puzzle on the question about the physical nature of the 35d
modulation — precession of the accretion disk (plus?) pre-
cession of the neutron star? — and the mechanism of gen-
erating the varying pulse profiles and the varying spectra —
continua and CRSF (see Sect. 8 and discussions in Staubert
et al. 2009, 2013; Vasco et al. 2013).

8. Discussion
8.1. Dependence of E¢yc on luminosity

A negative correlation between the pulse phase averaged cy-
clotron line energy and the X-ray luminosity (a decrease in Ecy.
with increasing Ly), had first been noted by Mihara (1995)
in observations of a few high luminosity transient sources
(4U 0115+63, Cep X-4, and V 0332+53) by Ginga. This neg-
ative correlation was associated with the high accretion rate dur-
ing the X-ray outbursts, as due to a change in height of the
shock (and emission) region above the surface of the neutron
star with changing mass accretion rate, M. In the model of
Burnard et al. (1991), the height of the polar accretion struc-
ture is tied to M. From this model one expects that an in-
crease in accretion rate leads to an increase in the height of the
scattering region above the neutron star surface, and therefore
to a decrease in magnetic field strength and hence a decrease
in Ecy. During the 2004/2005 outburst of V 0332+53 a clear
anti-correlation of the line position with X-ray flux was observed
(Tsygankov et al. 2006). A similar behavior was observed in out-
bursts of 4U 0115463 in March/April 1999 and Sep/Oct 2004:
both Nakajima et al. (2006) and Tsygankov et al. (2007) had
found a general anti-correlation between Ecy. and luminosity.
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However, Miiller et al. (2013b), analyzing data of a different
outburst of this source in March/April 2008, observed by RXTE
and INTEGRAL, have found that the negative correlation for
the fundamental cyclotron line is likely an artifact due to corre-
lations between continuum and line parameters when using the
NPEX continuum model.

The first positive correlation was discovered by Staubert
et al. (2007) in Her X-1, and secured by a reanalysis of the
same RXTE data by Vasco et al. (2011), using the bolometric
X-ray flux as reference. This analysis confirmed that the origi-
nally used 2-10keV flux is a good measure of the bolometric
luminosity. While the above discussed analysis tests the corre-
lated variability of Ecy. and Ly on long timescales (35d and
longer), the pulse-amplitude resolved analysis of Klochkov et al.
(2011) does so on short timescales (down to the pulse period
of 1.245). Selecting pulses with amplitudes in certain ranges and
producing mean spectra for each pulse amplitude range, showed
that the cyclotron line energy scales positively with the mean
pulse amplitude. In addition, it was found that the photon in-
dex I' of the underlying power law continuum scales negatively
with the pulse amplitude (the absolute value of I gets smaller,
that is the spectrum flattens). The same behavior was seen in
data of the transient A 0535+26. A recent pulse phase resolved
analysis of A 0535+26 observations by RXTE and INTEGRAL
showed that data of one of the two peaks (of the double peak
pulse profile) displays the same trend while data of the other
peak do not (Miiller et al. 2012, 2013a). Applying the same
pulse-amplitude resolved technique to data of V 0332+53 and
4U 0115+63, Klochkov et al. (2011) found the same behavior
as originally detected in data sets that were selected on much
longer timescales: E.y. decreases and I increases with increas-
ing Ly. Finally, we mention that a positive correlation of Ecy.
with Ly was also found in two more X-ray binary pulsars: in
GX 304-1 (Yamamoto et al. 2011; Klochkov et al. 2012) and in
NuSTAR observations of Vela X-1 (Fiirst et al. 2014). We note,
that the still small group of four objects with a positive Ecyc/Lx
correlation now outnumbers the group of secure sources with the
originally discovered opposite behavior.

Our current understanding of the physics behind these cor-
relations assumes that we can distinguish between two accre-
tion regimes in the accretion column above the polar cap of the
neutron star: super- and sub-Eddington accretion. The former
is responsible for the first detected negative correlation in high
luminosity outbursts of transient X-ray sources (the reference
source being V 0332+53): in this case the deceleration of the
accreted material is provided by radiation pressure, such that
with increasing accretion rate M, the shock and the scattering
region move to larger height above the surface of the neutron
star and consequently to weaker B-field (Burnard et al. 1991).
Sub-Eddington accretion, on the other hand, leads to the oppo-
site behavior. In this regime the deceleration of accreted material
is predominantly through Coulomb interactions and an increase
in M leads to an increase in electron density (due to an increase
of the combined hydrostatic and dynamical pressure) resulting
in a squeezing of the decelerating plasma layer to smaller height
and stronger B-field (Staubert et al. 2007). More detailed physi-
cal considerations have recently been presented by Becker et al.
(2012). The persistent sources Her X-1 and Vela X-1 are clearly
sub-Eddington sources.

Despite the above discussed doubts about the reality of the
negative correlation of the energy E.y. of the fundamental CRSF
with Ly in 4U 0115+63 (Miiller et al. 2013b), and keeping in
mind that Klochkov et al. (2011) had confirmed the correla-
tion using the pulse-amplitude resolved technique (not using the
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NPEX function), we would like to note here that we are intrigued
by the following plots about 4U 0115+63: Fig. 8 of Nakajima
et al. (2006) and Figs. 11 and 12 of Tsygankov et al. (2007).
In going to the lowest luminosities, there is an indication for a
leveling-off or even a reduction in E.y.. Do we possibly see here
the transition between the two accretion regimes?

8.2. The long-term decay of Egyc

With regard to the physical interpretation of the now observed
long-term decrease in the cyclotron line energy, we speculate
that it could be connected to either unknown effects in the neu-
tron star and its magnetic field, to a geometric displacement
of the cyclotron resonant scattering region in the dipole field
or to a true physical change in the magnetic field configura-
tion at the polar cap, which evolves due to continued accretion.
Apparently, the magnetic field strength at the place of the res-
onant scattering of photons trying to escape from the accretion
mound surface must have changed with time. Putting internal
neutron star physics aside, we suggest that it reflects a local phe-
nomenon in the accretion mound: either a geometric displace-
ment of the emission region or a change in the local field con-
figuration, rather than a change in the strength of the underlying
global dipole field (here a minimum timescale of a million years
is estimated from population studies of rotation-powered pul-
sars; Bhattacharya et al. 1992; Geppert & Urpin 1994). Our ob-
served timescale, a few tens of years, is extremely short.

The whole issue of accretion onto highly magnetized neutron
stars in binary X-ray sources is very complex. Ideas or models
with potential relevance to our observations attempting to un-
derstand the magnetic field configuration in accreting neutron
stars and its evolution over extended periods of continued ac-
cretion, can be found in e.g.: Hameury et al. (1983), Konar &
Bhattacharya (1997), Brown & Bildsten (1998), Cheng & Zhang
(1998), Litwin et al. (2001), Cumming et al. (2001), Melatos &
Phinney (2001), Choudhuri & Konar (2002), Payne & Melatos
(2004), Payne & Melatos (2007), Wette et al. (2010), Mukherjee
& Bhattacharya (2012), Mukherjee et al. (2013a), Mukherjee
et al. (2013b). However, as far as we can see, none of them gives
the complete picture. Most calculations deal with static solutions
that are found under special boundary conditions.

Since the main purpose of this contribution is to report on
the discovery of a new observational phenomenon, we refrain
from going into any details regarding interpretations of existing
models. Instead, we only mention a few areas which we think
could have some connection with the observed facts and which
may be worthwhile to be explored. Our hope is that the new
observational results presented here may boost the motivation
for further theoretical studies.

We start by asking whether the observed decrease in Eyc
with time could be a simple movement of the resonant scatter-
ing region to a larger distance from the neutron star surface,
where the field strength is lower. This would be similar to the
decrease in E.y. during outbursts in high luminosity transients,
except that (being in the sub-Eddington regime of accretion) we
would not think of the shock region to rise, but rather the total
height of the accretion mound may slowly increase with time,
such that also the resonant scattering region is displaced to a
higher position. For a dipole field with an =3 dependence of
field strength, the observed ~5keV reduction in E¢y. from 1992
to 2012 (0.25keV per year) would correspond to a change in
height of ~400 m (starting from the surface itself). The question
here is, whether continued accretion really leads to a growth of

the accretion mound with time — both in terms of geometrical
height and of total mass.

With similar uncertainty, it can be asked whether the ac-
creted material could drag the central field lines radially out,
possibly enlarging the total hotspot area and thereby diluting the
effective field strength in the region where the resonant scatter-
ing takes place (Cheng & Zhang 1998; Zhang & Kojima 2006).
Or, whether screening or burial of the magnetic field at the po-
lar caps is possible (Brown & Bildsten 1998; Payne & Melatos
2004; Litwin et al. 2001; Payne & Melatos 2007). It needs to
be investigated, how much mass could eventually be stored in
the magnetically confined mountains, whether matter is contin-
uously leaking out to larger areas of the neutron star surface
(due to plasma pressure exceeding the magnetic pressure) and
on what timescales an observational effect can be expected.

Finally, the question of Ohmic dissipation and diffusion of
the magnetic field may play a role and physical processes either
in the accretion mound or in or below the surface of the neutron
star (like hydrodynamic flows) could bury or reduce the surface
field (Choudhuri & Konar 2002; Patruno 2012). One would need
to investigate whether physical parameters like the characteris-
tic length scale and the relevant conductivity o for either the
crust or the plasma in the accretion mound could be of the right
order of magnitude to allow the magnetic diffusion timescale
T = 47R?0/c* (Cumming et al. 2001; Ho 2011) to be com-
patible with the timescale of a few tens of years — as observed
for the decrease in the local polar field strength in Her X-1. If
magnetic diffusion is indeed relevant, we note that the necessary
small length scales and relatively low conductivities would ar-
gue for local physics in the hot plasma of the accretion mound,
the structure of which is most likely complex because of contri-
butions from higher-order multipoles.

We finally speculate on a possible cyclic behavior of Ecyc
on timescales of a few tens to hundreds of years. Could it be
that the fast rise of the observed E.y. values after 1991 (see
Fig. 4) represents a special event in which the magnetic field
in the accretion mound has rearranged itself as a result of a sud-
den radial outflow of material? In models by Brown & Bildsten
(1998); Litwin et al. (2001); Payne & Melatos (2004); Payne &
Melatos (2007); Mukherjee & Bhattacharya (2012); Mukherjee
et al. (2013a) the field configuration is shown to change con-
siderably with increased material, leading to a ballooning of
the field configuration with diluted field in the symmetry cen-
ter and increased density of field lines at the circumference of
the base of the mound. The estimates of how much mass could
be confined by the field vary substantially between the differ-
ent models. It remains unclear, how important continuous leak-
ing through the outer magnetic boundary may be and what the
timescales for semi-catastrophic events might be, in which the
field would release (on a short timescale) a substantial fraction
of stored material to larger areas of the neutron star surface. For
Her X-1 this scenario could mean that we are now in a phase
of continuous build-up of the accretion mound with the mass
(and the height?) of the mound growing and the observed cy-
clotron line energy continuously decreasing until another event
like the one around 1991 happens again. The mean E . value
measured before 1991 of ~35 keV may represent a bottom value.
So, when the current decay continues steadily, one may expect
another event of a rather fast increase in E¢y..

In conclusion, we like to urge both observers and model
builders to continue to accumulate more observational data as
well as more understanding of the physics responsible for the
various observed properties of Her X-1 and other objects of sim-
ilar nature. For model builders a challenge would be to work
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towards dynamical computations that might eventually lead to
self-consistent solutions of the structure and evolution of mag-
netized accretion mounds of accreting neutron stars with only a
few input parameters.
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