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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 1038–1039 erg s−1. 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 1.5 M⊙ 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 ∼ 1012 − 1013 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 107–108 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 L1 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 M1

and M2 in the reference frame rotating with the binary. If the stars are approximated by
point-like masses, the potential can be calculated as φ = −GM1/r1−GM2/r2−ω2r 2

3 /2,
where ω is the orbital frequency of the binary. The Roche lobe is shown by the solid
curve. In the Lagrange point L1, 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 L1

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):

RA =
(

µ2

2Ṁ
√

2GM

)2/7

, (1.1)

where M is the NS mass, µ is its magnetic dipole moment, and Ṁ 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.
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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; Mészáros, 1992,
and references therein). In the accretion column, the accreted matter is decelerated
from ∼0.5c 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 Ṁ). 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 1012 G B-fields, these levels are separated approximately by
∆E = Ecyc ≃ 12 keV · (B/1012 G). The cross section for the scattering of photons off
these quantized electrons shows strong resonances at Ecyc 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 Ecyc) 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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Fig. 1.3 The accretion flow onto a low-
magnetized neutron star from the MHD
simulations by Romanova et al. (2008).
A constant-density surface and sample
magnetic field lines are shown.

Fig. 1.4 A schematic representation of
the magnetic field configuration around a
magnetized neutron star considered by
Lovelace et al. (1995).

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 I 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 Ṁ 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; Mészáros, 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. I 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 ωNS 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):
d
dt

IωNS = Ṁ(GMRA)
1
2 , (2.1)

where M and I are the neutron star’s mass and moment of inertia. The Alfvén radius
RA depends on the mass accretion rate Ṁ (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 Ṗ of an accreting pulsar (spin-up rate) on its X-ray luminosity LX in
this simple model:

−Ṗ = L6/7
X . (2.2)

In this picture, accretion can only take place if the Keplerian angular frequency of
matter at the inner disk rim ωK(RA) is lower than that of the NS, ωNS. In this case, the
co-rotation radius RC, where the Keplerian angular frequency is equal to that of the
magnetosphere (RC = [GM/ωNS]1/3), stays outside RA. In the opposite case, when
ωK(RA) < ωNS, accretion is inhibited by centrifugal forces. Such a regime is often
referred to as “propeller” (Illarionov & 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 RC
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Fig. 2.1 The averaged 35 d profile of Her X-1 obtained by stacking of a large number
of RXTE/ASM light curves from individual 35 d 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, ωNS increases shifting RC inwards. The pulsar is approaching
the centrifugal barrier where the spin-down torque increases. The considerations
above imply the existence of an equilibrium frequency ωeq of the accreting NS where
the spin-up and spin-down torques exactly balance. From these considerations, ωeq

should be reached when the co-rotation radius is close to the Alfvén radius.

I 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. I 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 ∼35 d. One 35 d 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 35 d periodicity is believed to be caused by the tilted
and twisted accretion disk precessing with a period of ∼35 d (e.g., Klochkov et al.,
2006, and references therein). In my work, I 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 Ṗ 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 Ṗ 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 Ṗ 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 (−Ṗ) are proportional
to the mass accretion rate Ṁ (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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Iωω̇ 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 Mej derived from the secular decay of the orbital period:

Iωω̇ ∼ Ṁej
GM
RC

. (2.3)

2.2 Flaring activity and oscillations of the magneto-
spheric boundary

At the mass accretion rate below ∼1018 g s−1 (LX . 1037 erg s−1), 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 (Fürst 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).

I have studied the data on EXO 2030+375 taken with the INTEGRAL X-/γ-ray
orbital observatory (Winkler et al., 2003) granted in response to an accepted Data
Right proposal under my PIship. 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 τc 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, τc 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).

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 Ṁ. It determines the energy budget available for radiation (LX ≃ 0.1Ṁc2 for
a 10 km 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 Ṁ
governs the structure and physics of the NS polar emitting regions (Basko & Sunyaev,
1976). It is very advantageous that Ṁ 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
Ecyc (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 Ecyc − LX

correlation has been reported for V 0332+53 (Tsygankov et al., 2010). An opposite
behavior, i.e. a positive Ecyc −LX correlation, has been observed in Her X-1 (Klochkov
et al., 2011b; Staubert et al., 2007), in A 0535+26 (Klochkov et al., 2011b; Müller
et al., 2013; Sartore et al., 2015), and for GX 304−1 (Klochkov et al., 2012). Also the
sign of the correlation between the hardness of the spectral continuum (reflected by
the photon index Γ characterizing the power-law part of the spectrum, F ∝ E−Γ) and
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Fig. 3.1 The X-ray spectra of two accreting pulsars, V 0332+53 (Tsygankov et al.,
2006) and GX 304−1 (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.

LX 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 Lcrit ∼ (a few) × 1037 erg s−1. In accreting pulsars radiating above Lcrit (“super-
critical” sources), the observed negative Ecyc − LX correlation can be explained either
by an increase of the height of the emitting region above the NS surface with LX

(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 Lcrit (“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; Müller 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, I utilized such a “pulse-to-pulse” variability to explore for
the first time the spectrum–luminosity dependences in accreting pulsars on the time



3.1 Luminosity dependence of the emitting region 15

4 5 6 7 8 9
max. ASM cts/s

38

39

40

41

42

25.8

25.9

26.0

26.1

26.2

26.3

26.4

2500 3000 3500 4000 4500 5000 5500

40.0

40.5

41.0

41.5

42.0

- 0.64

- 0.63

-

5

0

0

.

0

6

6

2

-

0

0

0

.

7

6

0

1

0

-

8

0

0

.

0

6

9

0

-

0

0

0

.

1

5

0

9

0

-

0

0

1

.

1

5

0

8

-

0

0

1

.

2

5

0

7

0130
0.75

0.76

0.77

0.78

0.79

0.80

0.81

V0332+53 Her X-1A0332+26

E
cy

c 
[k

eV
]

P
ho

to
n 

In
de

x

Pulse height [PCA cts/s] Pulse height [PCA cts/s] Pulse height [ISGRI cts/s]

"Pulse-to-pulse" analysis by Klochkov et al. (2011)

Tsygankov et al. (2010) Staubert et al. (2007)
Caballero et al. (2007)

E
cy

c 
[k

eV
]

Lx / 1E37 erg/s

Local super-Eddington regime (L > Lc) Local sub-Eddington regime (L < Lc)

45.0

45.5

46.0

46.5

47.0

47.5

48.0

48.5

50 100 150 200 250 300 350
0.52

0.54

0.56

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.01 0.10 1.00 10.00

L X (10
37

ergs
-1

)

40

45

50

55

60
SUZAKU

RXTE

INTEGRAL

TTM/HEXE

46
48
50
52
54
56
58

LX / 1037 erg s− 1

− 9.0 − 8.5 − 8.0
log10(F4− 80keV ), ergcm− 2 s

0.8
1.0
1.2
1.4
1.6

0,1 1,0

GX 304-1

Long-term analysis by Klochkov et al. (2012)

Long-term variability of Ecyc reported by different authors

Fig. 3.2 The dependences of the cyclotron line energy Ecyc 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
Ecyc − 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 Ecyc − 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 Ecyc−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 Lcrit) to
a combination of pencil and fan beams at the end of the decay phase (below Lcrit).
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 Lcrit 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 Ṁ 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 Lcrit, 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 Lcrit has been
obtained:

Lcrit = 1.49 × 1037erg s−1
(

Λ

0.1

)− 7
5

w− 28
15

(
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) 29
30
(
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10 km

) 1
10
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B
1012 G

) 16
15

,

(3.1)
where Λ 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 Ecyc with luminosity LX , the
critical luminosity calculated using Eq. (3.1) is consistent with the sign of the observed
correlation. Namely, the pulsars whose luminosity is below Lcrit show a positive
Ecyc −LX correlation while in the pulsars radiating above Lcrit, the Ecyc −LX correlation
is negative (see also the previous section) as it is expected in the described picture
of two accretion modes.

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 ∼1037 erg s−1. 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
&106 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 (1011−1013 G) and
the accreting NSs in old low-mass X-ray binaries (108 − 109 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 Ecyc 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 35 d
super-orbital phase of the source. Figure 3.3 shows the CRSF energy Ecyc 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 Ecyc −LX relation discussed in the previous
sections, the line centroid energy has been significantly evolving since the beginning
of the observations. Specifically, Ecyc has been systematically decreasing since
∼1995 from ∼41 to ∼37 keV, that is, by ∼10% in total. To take the Ecyc − LX depen-
dence into account, we modeled the measured CRSF energy by a linear function
of both time and luminosity Ecyc = F (t , LX). The time dependence of the line energy
was found to be characterized by the time derivative dEcyc/dt = −0.26 ± 0.01 keV/yr,
indicating a significant trend. Even more intriguing, the measured evolution of Ecyc

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 Ecyc 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 τOhmic = 4πR2σ/c2

for a small region like an NS polar cap with R . 1 km can be as short as ∼102 yr. 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 Ecyc

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,
Ecyc 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 Ecyc

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 Ṁ 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 Ṗorb 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 1037 erg s−1. 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 Ecyc 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 spectra.

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 LX 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 binary pulsars is an important tool to study the interaction betweenthe
magnetosphere of the neutron star and the accretion disk. While the X-ray flux of the brightest X-ray pulsars have been successfully
monitored over many years (e.g. withRXTE/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 theSwift/BAT observations can be used to monitor coherent pulsations of bright X-ray sources and use
Swift archival data to study one of the most enigmatic X-ray pulsars, Hercules X-1. A quasi-continuous monitoring of the pulseperiod
and the pulse period derivative of an X-ray pulsar, here Her X-1, is achieved over a long time (&4 yr). We compare our observational
results with predictions of accretion theory and use them totest different aspects of the physical model of the system.
Methods. In our analysis we use the data accumulated withSwift/BAT starting from the beginning of 2005 (shortly after launch) until
the present time. To search for pulsations and for their subsequent analysis we used the count rate measured by theBAT detector in
the entire field of view.
Results. The slope of the correlation between the locally determinedspin-up rate and the X-ray luminosity is measured for Her X-1
and found to be in agreement with predictions of basic accretion torque theory. The observed behaviour of the pulse period together
with the previously measured secular decrease of the system’s orbital period is discussed in the framework of a model assuming
ejection of matter close to the inner boundary of the accretion disk.

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

1. Introduction

The persistent accreting pulsar Hercules X-1 was one of the
first X-ray sources discovered by theUhuru satellite in 1972
(Tananbaum et al. 1972; Giacconi et al. 1973) and since then
it remains one of the most intensively studied X-ray pulsars. The
basic phenomenologicalpicture of Her X-1 was established soon
after its discovery: a close binary system consisting of an ac-
creting magnetized neutron star with a 1.24 s spin period anda
stellar companion HZ Her (first suggested byLiller 1972) – a
main sequence star of the spectral type A/F (Crampton 1974).
The mass of the optical companion is∼2 M⊙ which places
the system between high and low mass X-ray binaries. Other
main parameters of the binary system are the following: or-
bital period Porb ≃ 1.7 days, X-ray luminosity of the source
LX ∼ 2 × 1037 erg s−1 for a distance of∼7 kpc (Reynolds et al.
1997). The binary orbit is almost circular (Staubert et al. 2009b)
and has an inclinationi ∼ 85−88◦ (Gerend & Boynton 1976).
The magnetic field strength on the surface of the neutron staris
believed to be around 3×1012 G, as estimated from the energy of
the cyclotron resonant scattering feature (Trümper et al. 1978).

Like many other X-ray pulsars, Her X-1 exhibits significant
variation of the pulsation period (i.e. spin rate of the neutron
star). Alternation of spin-up and spin-down episodes on time-
scales of several months in this system is superimposed on a
background of systematic spin-up (Sheffer et al. 1992; Staubert
et al. 2006; Klochkov 2007). The behaviour of the pulsar’s spin
period on shorter time scales is not very well studied because
such a study would require a continuous monitoring of Her X-1

with a sensitive X-ray detector. Only between 1991 and 2000
did theBATSE instrument onboardCGRO (Fishman et al. 1989)
provide information about the source’s pulse period on a regu-
lar basis. These data allowedStaubert et al.(2006) to reveal an
anticorrelation between the pulse period and times of X-rayturn-
ons, i.e. switching from anoff -state with low X-ray flux to the
so-calledmain-on state with high flux (such turn-ons regularly
occur in Her X-1 with a period of∼35 days and are believed to
be caused by a precessing tilted accretion disk around the neu-
tron star, see e.g.Gerend & Boynton 1976).

In this work we present a continuous monitoring of the
Her X-1 pulse periodP and its local (measured at the time of the
observation) time derivativėP using theSwift/BAT instrument
starting from 2005 (begin of scientific operation) to 2009. We
compare the observed pulse period development with that mea-
sured previously withCGRO/BATSE. The data of the monitoring
allowed us to explore for the first time the correlation between
thelocally measureḋP and the X-ray flux of the pulsar and com-
pare the results with predictions of accretion theory. The ob-
served strong spin-down episodes are discussed in the frame-
work of a model assuming ejection of matter from the inner part
of the accretion disk along the open magnetic field lines.

2. Observations

For our analysis, we used the public archival data obtained with
the Burst Alert Telescope (BAT, 15–150 keV,Barthelmy et al.
2005) onboard theSwift observatory (Gehrels et al. 2004). With
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its large field of view (1.4 sterad), theBAT instrument was origi-
nally designed to provide fast triggers for gamma-ray bursts and
their accurate positions in the sky (∼4 arcsec). Following such a
trigger, the observatory points in the direction of the burst, which
can be then observed with the X-ray and UV/optical telescopes
onboard the satellite. While searching for bursts,BAT points at
different locations of the sky, thus performing an all-sky moni-
toring in hard X-rays (measurements of the X-ray flux are pro-
vided by theSwift/BAT team in the form of X-ray light curves
for the several hundred bright persistent and transient sources1).

Most of theBAT observations are stored in the form of de-
tector plane maps (histograms) accumulated over the 5-min ex-
posure time, which limits the possibilities of timing analysis. In
addition to the detector plane histograms, however, the stored
data contain 64-ms count rates corresponding to the total flux
detected byBAT. If a bright pulsating source with a known pe-
riod falls into the field of view of the instrument, the total count
rate can be used to search for coherent pulsations of that source.
We have used this strategy to measure the 1.24 s pulsations of
Her X-1 during its main-on states (when the X-ray flux of the
source is high), repeating every∼35 days.

3. Timing analysis of BAT data

To determine the pulse period, we used a method similar to that
described byStaubert et al.(2009b). The method includes two
techniques for the determination of the period:epoch folding
with aχ2 search (e.g.Leahy et al. 1983) andpulse phase connec-
tion (e.g.Deeter et al. 1981). The first one is used to establish the
presence of the periodic signal from Her X-1 in theBAT data,
determine the approximate period, and construct pulse profiles
(by folding the data with the found period), while the secondis
subsequently applied to the pulse profiles to determine the pre-
cise value of the period and its time derivative.

As already mentioned, for our analysis we used the total
count rates measured byBAT with a time resolution of 64 ms.
All times of the count rates were translated to the solar system
barycenter and corrected for binary motion (using our newest or-
bital ephemeris presented inStaubert et al. 2009b). We then per-
formed a period search usingepoch folding in a narrow period
interval around the expected pulse period (∼1.237 s). If a strong
periodic signal was present, we determined the period and used
it to construct X-ray pulse profiles for subsequentpulse phase
connection. The integration time in each case was chosen to be
large enough to obtain a pulse profile with sufficient statistics
(normally∼1 ks). A typical profile used in our phase-connection
analysis is shown in Fig.1.

To obtain pulse arrival times for the subsequent phase con-
nection analysis we have fit all individual pulse profiles with a
template profile constructed by superposing the individualpro-
files from the same main-on state. In many cases we ignored the
data at the start and the end of a main-on where the profiles devi-
ate noticeably from those obtained in the middle of the main-on.
Thus, within one main-on, we restricted our analysis to the time
intervals where the shape of the pulse profile does not changeap-
preciably. Nevertheless, we cannot completely exclude possible
systematic effects which might affect our results due the varia-
tion of the profile shape (see also the Discussion). If the interval
between the adjacent pulse arrival times is short enough (orif
the uncertainty of the assumed pulse period is sufficiently small),

1 http://heasarc.gsfc.nasa.gov/docs/swift/results/
transients/
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Fig. 1. An example of aSwift/BAT pulse profile used to study pulse
shifts for the precise measurement of the pulse period variations in
Her X-1. The profile is taken at MJD 54516.083 with ∼1200 s inte-
gration time.

one can reconstruct the number of pulsation cycles passed inbe-
tween, excluding any mis-counting. In this case, the estimated
pulse arrival times can be analytically modelled. For example, if
the pulse periodP is constant, the expected arrival time of pulse
numbern is

tn = t0 + nP, (1)

wheret0 is the arrival time of the “zero”-th pulse. In the case
of non-zero first and second derivatives of the pulse period,the
arrival times are given by (see e.g.Staubert et al. 2009b)

tn = t0 + nP0 +
1
2

n2PṖ0 +
1
6

n2P2
0P̈0 + ..., (2)

whereP0, Ṗ0, andP̈0 are the pulse period and its time derivatives
at the timet0 respectively.

A convenient way to explore the variation of the pulse pe-
riod, often used in the phase connection technique, is to con-
struct a so-called (O–C) diagram showing the estimated (ob-
served) pulse arrival time minus the calculated one assuming a
constant period (i.e. using Eq. (1)). An example of such a di-
agram measured withBAT during one of the Her X-1 main-on
states is shown in Fig.2. A straight line in the graph would cor-
respond to a constant period defined by the slope of the line. The
solid curve indicates a parabolic fit to the data corresponding to
a constant positivėP according to Eq. (2) (in the shown case the
best-fitṖ ≃ 1.4× 10−12 s/s).

4. Pulse period variability

Using the method described in the previous section we deter-
mined the pulse periodP and its time derivativėP for most of the
Her X-1 main-on cycles observed withBAT (for other parts of
the 35 d cycle the flux was too low for such determinations). At
the time of writing this paper the data are available for the time
period from March 2005 to May 2009 that covers 45 35d cycles
(main-on states) of the pulsar. For several cycles theBAT obser-
vations have relatively poor statistics due to gaps in the data. For
such cycles, onlyP, but noṖ, could be determined. For the cy-
cle with the turn-on at MJD∼ 54339.68, even the pulse period
could not be found due to a gap in the data. However, during
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Fig. 2.Estimated (observed) minus calculated (assuming a constant pe-
riod) pulse arrival times of Her X-1 in units of its pulse period during
one of its main-on states observed withSwift/BAT. A parabolic fit to
the data shown with the solid line corresponds to a constant positive
Ṗ ≃ 1.4× 10−12 s/s (according to Eq. (2)).
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Fig. 3. Pulse periodP of Her X-1 measured withSwift/BAT as a func-
tion of time. The cones around each point indicate the allowed range
of the slope corresponding to the measuredṖ and its uncertainties.
Measurement errors of the period itself are smaller than thesymbol
sizes.

this cycle Her X-1 was observed with theINTEGRAL satellite
(Staubert et al. 2009b). So, we included the value ofP measured
with INTEGRAL in our data set (since theINTEGRAL observa-
tions caught only the end of the main-on,Ṗ could not be mea-
sured).

For the main-on starting at MJD∼ 53577.14 only the pulse
period P could be measured withBAT (no Ṗ). But the main-
on was simultaneously observed with theINTEGRAL andRXTE
observatories (Klochkov et al. 2008; Staubert et al. 2009b). The
value ofP measured during these pointings is consistent (within
1σ uncertainty) with the value found from theBAT data. We
consider this agreement as a successful cross-check between the
Swift, RXTE, andINTEGRAL observations.

The time evolution of the measured pulse period for the
main-ons of Her X-1 is shown in Fig.3. Where a corresponding
value ofṖ was measured, the 1σ-uncertainty range is indicated
by the cones, the orientation of which reproduce the measured Ṗ
value.

A close quantitative inspection of all measured values ofP
andṖ leads to the following list of statements about their evolu-
tion with time.

– The pulse period evolution shown in Fig.3 resembles 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 is〈Ṗ〉 = −1.8203(3)× 10−13 s s−1

or −15.728(2) ns d−1. We note that this is slightly steeper
than the general mean spin-up of−9 ns d−1 observed from
the discovery of the source to the dramatic spin-down event
during theAnomalous Low of 1999/2000 (Klochkov 2007).

– The spin-down episodes (with mean spin-down rates be-
tween 0.95× 10−13 and 4.5× 10−13 s s−1), lasting from 1 to 3
35 d cycles, are generally shorter than the spin-up episodes
(with mean spin-up rates from 2.9×10−13 to 4.4×10−13 s s−1)
which last from 3 to 13 35 d cycles.

– Locally measureḋP values, ranging from−11× 10−13 s s−1

to+48×10−13 s s−1, show stronger modulation thaṅP values
found from comparing the pulse period of adjacent 35 d cy-
cles which range from−6.0×10−13s s−1 to+14×10−13s s−1.

– Generally, the locally measureḋP values and the “cycle-to-
cycle” Ṗ values show a similar behavior (with the former
having the larger amplitude). For many points, however, the
locally measureḋP is substantially different from the one de-
rived fromP values of adjacent measurements (that is, from
the slope of the pulse period development).

From the last two statements one can conclude that strong pulse
period variations in Her X-1 occur on shorter time scales than
the 35 d super-orbital period of the system.

We will discuss the pulse period variations again in Sect.6.

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

A positive correlation between the spin-up rate of a neutronstar
and its X-ray luminosity is generally expected from accretion
theory (see e.g.Pringle & Rees 1972), where an increase of the
mass accretion ratėM leads to an increase in the rate of change
of the neutron star’s angular momentum. Such a correlation has
been observed in many accreting pulsars (see e.g.Bildsten et al.
1997, for a review). In Her X-1, however, the correlation was
so far questionable (see howeverWilson et al. 1994; Klochkov
2007). One of the difficulties is the relatively low amplitude of
the Ṁ variation in the system (reflected by the maximum main-
on flux, see below), of a factor∼2. Another problem is the lack
of local spin-up measurements (so farṖ in Her X-1 was locally
measured only in a few cases). For the rest of the existing data Ṗ
was estimated by taking differences of the pulse periods between
adjacent main-on states which gives an averaged value over two
or more 35 d cycles (see e.g.Klochkov 2007, where data from
CGRO/BATSE were used). The X-ray luminosityLX which we
assume to be proportional to the mass accretion rateṀ is usu-
ally estimated from the maximum X-ray flux during the main-on
coincident with the observation (Staubert et al. 2007). Such an
estimate is supposed to be very close to the local value ofLX .

In this work we have used the values ofṖ locally 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 withBAT2 as a mea-
sure ofLX . In Fig.4 we plot the measured pulse period derivative

2 We used theSwift/BAT transient monitor results provided by the
Swift/BAT team (http://heasarc.gsfc.nasa.gov/docs/swift/
results/transients/).
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Fig. 4. The locally measured time derivative of the pulse period,Ṗ, in
Her X-1 versus the maximum X-ray flux during the main-on stateas
determined from theSwift/BAT data. A linear fit (taking uncertainties of
both variables into account) is shown with the dashed line.

versus the maximum main-on flux. The dashed line indicates a
linear fit to the data that takes uncertainties of both variables into
account (using the orthogonal regression method,Boggs et al.
1989). The data indicate an anticorrelation as predicted by the
basic accretion theory. Inspection of the linear Pearson’scorre-
lation coefficient gives a probability of∼4 × 10−4 to find the
measured correlation by chance. We note, however, that sucha
high significance appears mainly due to the group of four points
with high spin-down rate and low flux (in the upper left part of
the graph in Fig.4). The rest of the points form an uncorrelated
“cloud” aroundṖ = 0. On the other hand, the data contain no
points with large spin-down (̇P > 1012 s/s) and large luminos-
ity (in the upper right part of the graph) that could destroy the
correlation.

The best-fit slope of thėP(LX) dependence assuming a lin-
ear relation is found to be∆Ṗ−13/∆FBAT = −(1.2± 0.2)× 103,
where Ṗ−13 = Ṗ/(10−13 s/s) andFBAT is the count rate mea-
sured withBAT. Assuming a distance of 7 kpc (see Introduction)
one can find that 0.05BAT cts s−1 approximately corresponds to
2×1037 erg s−1. Thus, we can rewrite the found value of the slope
as∆Ṗ−13/∆L37 = −30± 5 whereL37 = LX/(1037) erg s−1. At a
first approximation the value of the slope can be calculated using
the equation:

dIω
dt
= Ṁx

√
GMRd − κ0 µ

2

R3
c
+ κ1µ

2


1

R3
d

− 1

R3
c

 , (3)

where the first term stands for the spin-up from the inner disk
radiusRd, the second term describes spin-down due to magnetic
coupling beyond the corotation radiusRc, and the last term takes
into account angular momentum exchange due to magnetic cou-
pling in the region betweenRc andRd; κ0 andκ1 are numerical
coefficients. The inner disk radius is about the Alfvén radius of
the magnetosphereRA, which is determined in the standard way
(e.g.Pringle & Rees 1972):

RA =

(
µ2

2Ṁ
√

2GM

)2/7

· (4)

At the corotational regime whenRd ∼ Rc, the last term in Eq. (3)
can be rewritten in the formκ1µ23(Rc − Rd)/R4
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Fig. 5. Pulse periodP of Her X-1 measured withCGRO/BATSE as a
function of time. The values are derived from the publicly available
pulse search data (Wilson, priv. comm.). The solid lines indicate the
exponential fit to the pulse period during the “relaxation” time after two
“glitch”-like episodes.

smaller than the first two terms separately, but can be compara-
ble to their difference at the point of equilibrium, whereRd ≃ Rc.
Indeed, from Eq. (3) one can find that the spin-up and spin-down
torques separately would givėP ∼ + or−10−11 s s−1, whereas on
average we observe< Ṗ >∼ 10−13 s s−1. Eq. (3) can be rewrit-
ten as

Ṗ = − P2

2πI

(
Ṁ

√
GMRc − κ0 µ

2

R3
c

)
(5)

and used to calculate the theoretical slope of theṖ(LX) depen-
dence. Here we did not include the third term in Eq. (3), which
is by (Rc − Rd)/Rd times smaller than the spin-up term, and
can be ignored when calculating the expected slope ofṖ − LX
relation. Assuming a radiative efficiency of accretion of∼10%
(LX = 0.1 Ṁc2) we can obtain∂Ṗ−13/∂L37 ≃ −50 which is close
to the value of∆Ṗ−13/∆L37 found from the fit of theBAT data
(−30± 5). A detailed discussion of the observed correlation will
be given in Sects.6.2and6.3.

6. Discussion

6.1. Pulse period variations. Comparison with BATSE data

The general behaviour of the pulse period in Her X-1 measured
with Swift/BAT (Fig. 3) is similar to that observed previously
in this source. The long-term spin-up trend is occasionallyin-
terrupted by short (a few 35 d cycles) spin-down episodes. In
Fig. 5 we plot for comparison the historical development of the
Her X-1 pulse period measured withCGRO/BATSE. We have
made use of the publicly distributed pulsar data as well as lists
kindly provided by Wilson (see alsoStaubert et al. 2006).

In both theBATSE andBAT data, the spin-down episodes are
generally shorter than the spin-up episodes. One also sees that
in most cases the averaged absolute value ofṖ is larger during
the spin-down intervals than during spin-ups. Such an asymme-
try is difficult to explain within the basic accretion theory (i.e.
using Eq. (3)) assuming that the spin period reflects stochastic
variations ofṀ. In some cases spin-down episodes with subse-
quent spin-ups are reminiscent of glitch-like behaviour observed
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in some radio-pulsars where a rapid change of the pulse pe-
riod is followed by a slower “relaxation” to the long-term trend.
However, compared to radio pulsars, the “glitches” in Her X-1
appear with an opposite sign: an initial rapid increase of the pe-
riod is followed by a slower decrease (as it should be if in both
radio pulsars and Her X-1 the glitches are caused by a sudden de-
crease/increase of the moment of inertia of the star’s crust). Two
such glitch-like episodes are indicated in Fig.5 by solid lines
which show the fit of the “relaxation” intervals by an exponen-
tial function on top of the linear decrease of the period (seee.g.
Shemar & Lyne 1996). The characteristic relaxation times,τ, for
the two cases are around 100 days which is similar to the values
observed in radio pulsars (Shemar & Lyne 1996). Some of the
other spin-up/spin-down transitions also resemble glitches, even
though their decay is less clearly exponential. One should note,
however, than in radio pulsars the glitch-like variations of the
spin period are predominantly observed in cases of young neu-
tron stars, with characteristic ages (τ = P/2Ṗ) less than 1 Myr.
The neutron star in Her X-1 is believed to be much older.

6.2. Correlation Ṗ − LX

As we have shown, theBAT data indicate a correlation between
the spin-up rate (−Ṗ) and the X-ray fluxLX with the slope of
the correlation consistent with the prediction of the basicac-
cretion theory. However, even for the relatively narrow range of
LX observed in Her X-1 the correlation appears to be surpris-
ingly loose. There are severalphysical andobservational factors
that might introduce dispersion in the observedṖ − LX relation.
The observational factors include the systematics that affects our
measurements of the spin-up rate and the X-ray flux. As it was
already mentioned in Sect. 3, the pattern-matching technique re-
quires a stable shape of the pulse profiles. Even though we tried
to restrict our analysis to the intervals where the pulse profile
does not change significantly, we cannot exclude that the vari-
ability of the profile shape contributes to the measured value of
Ṗ. We believe, however, that this systematic effect, if present,
does not exceed the statistical errors. On the other hand, the
X-ray luminosityLX might not be unambiguously related to the
maximum main-on flux if the latter is subject to variable absorp-
tion by a hot corona even in the middle of a main-on where the
angle between the plane of the accretion disk and observer’sline
of sight reaches a maximum.

A physical reason for the scattering in the correlation is the
possible bimodal behaviour of the pulsar where it switches be-
tween the spin-up and spin-down regimes at the same level of
X-ray luminosity. Such a possibility appears e.g. in the accretion
torque theory presented byLovelace et al.(1995) where spin-
up/spin-down transitions occur if the corotation radius is close
to the Alfvén radius (or, more precisely, to the turnover radius
rto introduced byLovelace et al. 1995), i.e. if the pulsar is close
to the so-called corotational regime when the spin-up and spin-
down torques are nearly balanced.

The “uncorrelated” cloud of data points aroundṖ = 0 in
Fig. 4 might indicate an area of the spin-up/spin-down transi-
tions (bimodal behaviour) where different values oḟP are ob-
served at the same level ofLX .

Another factor that might increase the dispersion of data
points in the correlation relates to the idea of a freely precess-
ing neutron star in Her X-1 (Trümper et al. 1978). While hav-
ing a number of difficulties from the theoretical point of view
(Shaham 1977; Sedrakian et al. 1999), this hypothesis, how-
ever, can explain the systematic variation of X-ray pulse profiles
exhibited by the system (Staubert et al. 2009a, and references

therein). Free precession results in systematic variations of the
observed spin period of the neutron star (Shakura 1988; Postnov
et al. 1991; Bisnovatyj-Kogan & Kahabka 1993). With the geo-
metrical parameters of free precession that can be assumed for
Her X-1 on the basis of modelling of its pulse profiles (Postnov,
priv. comm., paper in preparation), the amplitude ofṖ variation
due to free precession might be as high as 10−12 s/s which is
comparable to the variations that we observe withBAT (Fig. 4).
Since the precessional phase might be different in different ob-
servations, the described effect might introduce additional scat-
tering in theṖ−LX correlation if the free precession indeed takes
place in Her X-1.

6.3. Evidence for the coronal mass ejection

As mentioned in Sect.5, in Her X-1, spin-up and spin-down
torques are very well balanced, so that the averagedṖ is rela-
tively close to zero. However, from the points in the upper left
part of the graph in Fig.4, one can conclude that there occur
extremely large spin-down torques (at small fluxes), which are
up to 5 times as strong as spin-up ones. So, the key feature to
explain is why do we observe such strong spin-down episodes?

One possibility is to assume that the accretion disk carries
some magnetic field which can interact via reconnection withthe
neutron star’s magnetosphere beyond the corotation radiusRc.
This might imply that beyondRc the field lines can sometimes
inflate to become open (see also discussion inLovelace et al.
1995). During such episodes, a substantial fraction of matter in
the inner part of the accretion disk can escape the system in the
form of a coronal wind ejection along the open field lines.

Such an ejection of matter should be reflected in a secu-
lar change of the system’s orbital period which is indeed ob-
served in Her X-1 (Deeter et al. 1991; Staubert et al. 2009b).
To assess the importance of coronal mass ejections for the or-
bital period evolution, we invoke general considerations of the
non-conservative treatment of binary orbital parameters (see e.g.
Grishchuk et al. 2001). We shall assume a circular binary orbit.
Let Mo be the mass of the optical star andMx – that of the neu-
tron star,q = Mx/Mo is the binary mass ratio. The total angular
momentum of the binary is mostly stored in the orbital motion
of the binary components:J = Jorb = MxMo/(Mx + Mo)ωorba2,
whereωorb = 2π/Porb is the orbital angular frequency,Porb is the
orbital period, anda = ax + ao is the binary’s semimajor axis.
Let us define the non-conservativeness parameter in the standard
way (e.g.Ritter & Kolb 1992):

η = − Ṁx

Ṁo
≤ 1, Ṁo < 0. (6)

Next we assume that the ejected mass carries away the spe-
cific angular momentum of the neutron starjx = ωorba2

x =
ωorba2(Mo/(Mx + Mo))2. (This assumption is justified by the
small inner radius of the diskRd ≪ ax). Then using the Kepler’s
3rd law and the total angular momentum balance,J̇ = jx(Ṁx +
Ṁo), we can express the fractional change of the orbital period
throughṀx/Mx, q andη:

1
3

Ṗorb

Porb
= − Ṁx

Mx

[
1− q
η
−

(
1− 1
η

)
q/3+ 1
q + 1

]
· (7)

For η = 1 the familiar expression for the conservative mass ex-
change is obtained. It is convenient to normalize the mass accre-
tion rate onto the neutron staṙMx to the value that can be derived
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from the observed fractional change of the orbital period inthe
conservative case:

(Ṁx)cons

Mx
=

1
3

Ṗorb

Porb

1
q − 1

, (8)

so that ṁ ≡ Ṁx/(Ṁx)cons. In Her X-1 q ≃ 0.63 and one
finds (Ṁx)cons ≃ 8 × 1017 g s−1 for the measuredṖorb =
−4.85× 10−11 s s−1 (Staubert et al. 2009b). Then we can elim-
inate Ṗorb/Porb from the left hand side of Eq. (7) to obtain the
equation forη at a givenṁ:

η =
q2 + 2

3q − 1
q2−1

ṁ + 2
3q
· (9)

From here we see that ˙m < 1 leads toη < 1, i.e. if one wants
to decrease the mass accretion rate onto the neutron star to get
a smaller X-ray luminosity (as is the case of Her X-1, where the
mean observedLx ∼ 2 × 1037 erg s−1 is 4 times smaller than
the one following from the conservative mass exchange analy-
sis,Staubert et al. 2009b), a non-conservative mass exchange is
required. Specifically, if we want to bring into accordance the
observedṖorb andLX in Her X-1, we would need ˙m ≃ 1/4 and
(from Eq. (9)) η ∼ 0.1, a fairly high non-conservative mass ex-
change.

The binary mass ratioq in Her X-1, however, may be uncer-
tain. Indeed, recent analysis of non-LTE effects in the formation
of the Hγ absorption line allows two solutions:q = 0.45 and
q = 0.72 (Abubekerov et al. 2008). Equation (8) implies that the
critical (Ṁx)consdecreases for smallerq: for q = 0.45 we obtain
(Ṁx)cons ≃ 5.4 × 1017 g s−1. For this mass ratio the appropriate
value of the dimensionless parameter ˙m is 1/2, for which from
Eq. (9) we find η ≃ 0.38. This value implies that on average
about half of the matter transferred through the disk shouldes-
cape from the system to provide the observed decrease of the
system’s orbital period. Note, however, that such a small mass
ratio suggests an unusually small mass of the neutron star of
about 0.85M⊙.

It is very likely that an accretion disk corona is present in
Her X-1 (see the recent analysis ofChandra X-ray observations
by Ji et al. 2009). This suggests that there might be a permanent
coronal accretion disk wind which carries away some angular
momentum from the system. Episodic ejection of matter in Her
X-1 has sporadically been invoked in the literature to explain
some properties of the system.Crosa & Boynton(1980) found
that the average mass transfer rate to the outer rim of the accre-
tion disk is somewhat larger than that required to maintain the
observed X-ray luminosity. In the model ofSchandl & Meyer
(1994), the disk wind results from irradiation of the disk by the
central source.Vrtilek et al. (2001) andBoroson et al.(2001)
found signatures of outflowing gas in the UV spectrum of the
system. In the framework of our model, the mass ejection from
the system through the open magnetic field lines occurs most ef-
ficiently during strong spin-down episodes which are associated
with low X-ray luminosity. Indeed, as we see in Fig.4, the ob-
served X-ray flux is decreased by a factor of two during strong
spin-down. From Eq. (9) it is easy to find that at a givenq a frac-
tional decrease in ˙m leads to a comparable fractional decrease in
η, i.e. accretion indeed becomes more non-conservative during
strong mass ejection episodes. During such episodes, the neu-
tron star spin-down powerIωω̇ is spent to expel accreting matter
from the inner disk radiusRd ∼ Rc:

Iωω̇ ∼ Ṁej
GM
Rc
· (10)

This equation is satisfied for the observed parameters of
Her X-1: the ejected mass rate during strong spin-downsṀej ∼
0.5Ṁx ≃ 1017 g s−1, Ṗ ≃ 10−12 s s−1, andRc ≃ 1.3× 108 cm.

7. Summary

We have used the publicly availableSwift/BAT data to study the
long-term behaviour of the pulsar’s spin period in Her X-1. The
measured pulse period variations were compared with those ob-
served previously withCGRO/BATSE.

For the first time, the pulse period derivative was measured
for a long series of observed main-on states of the source. This
allowed us for the first time to test the correlation between the
X-ray luminosity and the locally measured spin-up rate of the
neutron star in Her X-1. We argue that the data indeed show such
a correlation with the slope consistent with the predictionof the
basic accretion theory for the parameters of Her X-1. The rela-
tively large scattering of the data points in the vicinity ofṖ ∼ 0
can be caused by the bimodal behaviour of the accretion flow
configuration at the magnetospheric boundary which resultsin
switching of the pulsar between spin-up and spin-down branches
when it stays close to the corotational regime. In addition,free
precession of the neutron star, if it takes place in the system,
can significantly affect the measured values ofṖ and, therefore,
contribute to the scattering.

We argue that together with the long-term decrease of the
orbital period in Her X-1 the measured pulse period behaviour
requires the presence of mass ejection from the inner parts of
the accretion disk along the open magnetic field lines. The mass
ejection episodes probably take place during strong spin-down
episodes which are associated with the low X-ray luminosity.

The described technique allows one to use theBAT instru-
ment as a long-term monitor of spin periods in other bright ac-
creting pulsars (see alsoCamero-Arranz et al. 2009).
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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. EXO 2030+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 EXO 2030+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; Fürst 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
recent review). 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).
EXO 2030+375 is one of the most regularly monitored BeXRBs.
In addition to two “major” outbursts in 1985 and 2006 with a
peak X-ray luminosity of LX � 1038 erg s−1, assuming a distance

of 7 kpc (Wilson et al. 2002), the source exhibited less powerful
“normal” outbursts with LX ∼ 1037 erg s−1 almost every orbit.
The orbital period of the system is ∼46 d (Wilson et al. 2008).

Some flaring of EXO 2030+375 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 2030+375 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 ∼20 keV 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 ∼35 keV (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 2030+375, the INTEGRAL coverage of the source’s
normal outbursts is rather sparse. The Swift/BAT light curve of
the pulsar1 with the indicated INTEGRAL observations is shown
in Fig. 1.

For our analysis we used the ISGRI detector layer of IBIS
sensitive in the 20–300 keV 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 base2 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
∼55 520–55 540), 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

1 We used the Swift/BAT transient monitor results provided by the
Swift/BAT team
2 http://www.isdc.unige.ch/heavens/heavens

Fig. 2. INTEGRAL/ISGRI light curve of EXO 2030+375 during the
rise of its normal outburst in Nov.–Dec. 2010. The flaring activity is
clearly seen. The light curve of the entire outburst is shown in Fig. 3.
One Crab corresponds to ∼260 cts/s in the specified energy range.

Fig. 3. Top: ISGRI light curve of the EXO 2030+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):

σ2
NXS =

1

N〈 f 〉2 Σ
N
i= 1[( fi − f aver

i )2 − σ2
i ]. (1)

Here N is the number of data points in the corresponding time
interval, fi is the flux of the individual data points, σi – their
uncertainty, f aver

i
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 σ2

NXS in our case represents the amplitude
of intrinsic flux variations superimposed on the smoothed flux
development. The term σi under the summation (Σ) 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
55 518.5 and 55 521.5) 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. 4. Top: Lomb-Scargle periodogram of the “flaring” part of
EXO 2030+375 light curve (between MJD 55 518.5 and 55 521.5). The
peak around ∼0.3 d is clearly seen. Bottom: “Flaring” part of the light
curve folded with best period found from the periodogram (0.293 d).
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Fig. 5. Pulse profiles of EXO 2030+375 obtained with ISGRI (top)
and JEM-X (bottom) instruments during the outburst (MJD 55 518.5-
55 533.0).

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 T0(MJD) =
55 526.056994 and the period derivative Ṗ = −1.9(1) × 10−9 s/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
35 keV, 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

Fig. 6. Photon index Γ 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.

55 518.5 and 55 533.0) was modeled with the cutoff-powerlaw
model (F(E) ∝ E−Γ × exp [E/Efold], where E is the photon
energy, Γ and Efold are the photon index and the folding en-
ergy, respectively) modified at lower energies by photoelectric
absorption.

The best-fit parameters are Γ = 1.6(1), Efold = 30(2) keV, the
absorption column density nH = 11(1)×1022 hydrogen atoms per
cm2. The uncertainties in parentheses refer to the last digit and
are at the 90% confidence level. The value of nH is substantially
higher than measured in previous observations of the source, in-
cluding older INTEGRAL measurements (1–3×1022 cm−2, e.g.
Klochkov et al. 2007; Wilson et al. 2008). We note, however, that
studying nH with JEM-X is generally problematic as the data be-
low ∼3 keV 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 20–80 keV 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 nH and Efold to their averaged val-
ues (11 × 1022 cm−2 and 30 keV, respectively) and explored the
photon index Γ 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 Γ 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 1σ-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)× 10−3 (cts/s)−1 in the rising
part and (2.8 ± 4.2) × 10−3 (cts/s)−1 in the decay of the outburst
(uncertainties at 1σ 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

L8, page 3 of 4
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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 2030+375, 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 2030+375
during normal outbursts (Wilson et al. 2002) and to even survive
during quiescence (Hayasaki & Okazaki 2006), is at least several
days, which would smooth out any variations in the mass accre-
tion rate Ṁ 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 rm (where magnetic field of the neutron star truncates
the accretion disk) is larger but close to the corotation radius
rc (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 rm. When rm crosses rc, 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 Ṁ-oscillations. Without going into physical
details of the disk-field coupling at rm one would generally ex-
pect that the oscillations in Ṁ take place on the time scale close
to the local viscous time at rm ∼ rc. Following the standard
α-viscosity prescription (Shakura & Sunyaev 1973), this time
can be estimated as τc ∼ r2

c/ν(rc) ∼ 1/[Ωα(H/R)2], where ν(rc)
is the viscosity at rc, Ω is the spin frequency of the neutron star,
and (H/R) the semithickness of the accretion disk. Using “stan-
dard” values of α = 0.1, H/R = 0.05, and the known pulse
period P ≃ 40 s, one gets τc ∼ 7 h, 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

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.

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 4U 0115+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, 4U 0115+63, A 0535+26, and
Her X-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. Trümper et al.
1978; Isenberg et al. 1998; Araya-Góchez & 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 V 0332+53 and 4U 0115+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, 4U 0115+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/IBIS(ISGRI) (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 A 0535+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

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

Source name Instrument Mid MJD Exposure (ks)
V 0332+53 RXTE 53 354a 23.7
4U 0115+63 RXTE 51 249b 32.8
A 0535+26 RXTE 53 615c 30.8

INTEGRAL 53 615c 104.7
Her X-1 RXTE 52 600d 98.7

Notes. (a) Giant outburst in 2004; (b) giant outburst in 1999; (c) normal
outburst in 2005; (d) 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 HEASoft 6.91, for INTEGRAL –
OSA 9.02.

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 V 0332+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

1 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%3. 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 software4. 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
(∼3−80 keV) X-ray spectra corresponding to different pulse am-
plitudes. The spectral continua are modeled using the powerlaw-
cutoff function. The fluorescent Kα 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,
χ2 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 1σ (68%) confidence
level.

Pulse amplitude

bin [PCA cts/s] 2800–3400 3400–3650 3650–3900 3900–4100 4100–4300 4300–5100

Γ −0.621+0.009
−0.010 −0.609+0.009

−0.008 −0.593+0.008
−0.007 −0.586+0.008

−0.008 −0.600+0.011
−0.011 −0.591+0.014

−0.013

Efold [keV] 5.79 (fixed) 5.79 (fixed) 5.79 (fixed) 5.79 (fixed) 5.79 (fixed) 5.79 (fixed)

Ebump [keV] 11.64+0.29
−0.26 11.39+0.25

−0.23 11.12+0.26
−0.23 10.97+0.27

−0.24 10.99+0.41
−0.39 10.34+0.51

−0.55

σbump [keV] 2.65 (fixed) 2.65 (fixed) 2.65 (fixed) 2.65 (fixed) 2.65 (fixed) 2.65 (fixed)

EFe [keV] 6.4 (fixed) 6.4 (fixed) 6.4 (fixed) 6.4 (fixed) 6.4 (fixed) 6.4 (fixed)

σFe [keV] 0.01 (fixed) 0.01 (fixed) 0.01 (fixed) 0.01 (fixed) 0.01 (fixed) 0.01 (fixed)

Ecyc [keV] 26.27+0.05
−0.05 26.21+0.04

−0.04 26.05+0.04
−0.04 26.01+0.05

−0.05 25.98+0.06
−0.06 25.85+0.08

−0.08

σcyc [keV] 3.65+0.08
−0.07 3.61+0.07

−0.07 3.64+0.06
−0.06 3.74+0.07

−0.07 3.97+0.10
−0.10 4.04+0.13

−0.12

τcyc 11.54+0.32
−0.31 11.11+0.28

−0.27 10.83+0.25
−0.24 10.84+0.29

−0.28 11.41+0.40
−0.38 11.23+0.50

−0.47

Ecyc,1 [keV] 48.96+0.95
−0.92 47.71+0.65

−0.62 48.56+0.71
−0.68 48.98+1.08

−1.02 48.15+0.83
−0.80 47.76+0.97

−0.90

σcyc,1 [keV] 3 (fixed) 3 (fixed) 3 (fixed) 3 (fixed) 3 (fixed) 3 (fixed)

τcyc,1 4.7+1.6
−1.2 4.9+1.0

−0.9 4.3+1.0
−0.8 3.3+1.1

−0.9 5.1+1.4
−1.1 6.0+1.9

−1.5

χ2
red/d.o.f. 1.2/96 1.5/96 1.5/96 1.3/96 0.8/96 1.5/96

one between the photon index and the cutoff 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. V 0332+53

V 0332+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 II) 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 1038 erg s−1 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−Γ exp (−E/Efold), where E is the photon en-
ergy, Γ – photon index, and Efold – 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 Ebump ∼ 11 keV and a width of σbump ∼ 3 keV.

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) ∝
exp [−τcyc/(

√
2πσcyc) · exp(−0.5(E − Ecyc)2/σ2

cyc)], where Ecyc,
σcyc, and τcyc 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
1σ-uncertainties and the corresponding reduced χ2 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 Γ and the exponential folding energy Efold 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. Efold showed weaker vari-
ability with pulse amplitude compared to Γ and was fixed to its
average value. Thus, we only explored the variation of Γ as a
function of the pulse amplitude.

The data revealed significant changes of the photon index
and the energy of the fundamental cyclotron line Ecyc 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 Ecyc (top) and the photon index Γ (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 1σ (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 Ecyc 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 Γ). The dotted lines repre-
sent linear fits to the data. The measured slope of the Ecyc –
pulse-height dependence is (−2.84 ± 0.50) × 10−4 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 × 10−4, indicating a highly significant anti-correlation.
The slope of the Γ – pulse-height dependence is (2.21 ± 0.88) ×
10−5 (cts/s)−1. 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: powerlaw×highecut
(I(E) ∝ E−Γ below Ecutoff and E−Γ exp [−(E − Ecutoff)/Efold]
above Ecutoff) 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 Γ and Ecyc with pulse
amplitude emerge with similar significance.

As mentioned above, we checked our fits for any possible
statistical (model-dependent) correlations of parameters using
χ2-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 χ2 minimum and
the corresponding confidence range are well defined. Examples
of the χ2-contour plots for some parameters are shown in Fig. 5.
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Fig. 5. χ2-contour plots for some pairs of spectral parameters of V 0332+53. The χ2-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 Ecyc 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 Γ 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. 4U 0115+63

Another member of the BeXRB class, 4U 0115+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
4U 0115+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 1038 erg s−1, 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 powerlaw×highecutmodel for the spec-
tral continuum.

The amplitude of variations in the pulse height exhibited
by 4U 0115+63 in our data sample reached a factor of ∼2.5.
As for V 0332+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 Γ with pulse height (Fig. 3, right column).
The exponential folding energy Efold was again found to be cou-
pled with Γ. As for V 0332+53, we fixed Efold to its mean (over

pulse-height bins) value, 8.2 keV, so that the softening/hardening
of the spectral continuum is described by the changes in Γ and
the cutoff energy Ecutoff (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+53.

As before, the dotted lines represent linear fits to the
data points. The measured slopes are (−1.32 ± 0.38) ×
10−4 keV/(cts/s) for the Ecyc – pulse-height dependence and
(4.27 ± 0.68) × 10−5 (cts/s)−1 for the Γ – 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 Ecyc, and ∼0.70
and ∼0.12 for Γ. 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 Ecyc – 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
Γ – 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 Γ 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 Ecyc with
the average flux measured on a much longer time scale during
the decay of the source’s outbursts.

For 4U 0115+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 Ecyc (top) and the photon index Γ (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 1σ (68%) confidence level. The dotted lines represent linear fits to the data points.

The reported effects (variations of Ecyc and Γ) 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 × 1037 erg s−1 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 (Trümper 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) – powerlaw×highecutwith

a Gaussian absorption line to model the CRSF. The exponential
cutoff energy Ecutoff was found to be strongly coupled with the
photon index Γ 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 Ecyc 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) × 10−3 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 × 10−3 – 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 Γ 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 Γ and
the pulse height is (−7.46 ± 1.56) × 10−5 (cts/s)−1. The Pearson
linear correlation coefficient and the corresponding two-sided
null-hypothesis probability are ∼−0.99 and ∼4 × 10−4 respec-
tively – again, a highly significant (negative) correlation.

As for 4U 0115+63, the powerlaw×highecut 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. A 0535+26

A 0535+26 is another BeXRB that sporadically shows intense
outbursts. It has, however, a much longer pulsation period com-
pared to V 0332+53 and 4U 0115+63 – 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 A 0535+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 ∼1038 erg s−1 (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 Γ and the exponential folding
energy Efold (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 Γ.

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) × 10−3 keV/(PCA cts/s) for
the RXTE observations (Fig. 6, top middle) and (1.36 ± 0.53) ×
10−2 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 Ecyc with flux has been reported (see above). Our results
make A 0535+26 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 Γ) 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) × 10−4 keV/(PCA cts/s) for the
RXTE observations (Fig. 6, bottom middle) and (−8.71±0.86)×
10−2 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 × 10−3 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 V 0332+53 and 4U 0115+63 but similar to the one found in
Her X-1, which also shows a positive correlation between Ecyc
and pulse amplitude. The negative correlation of Γ 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).

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 Ecyc and Γ 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 Ṁ (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 Ṁ 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 Ecyc vs. pulse height Γ vs. pulse height
slope Pearson 2-sided slope Pearson 2-sided

[keV/(cts/s)] cor. coeff. P-value [(cts/s)−1] cor. coeff. P-value

V 0332+53 (−2.84 ± 0.50) × 10−4 −0.98 4 × 10−4 (2.21 ± 0.88) × 10−5 +0.77 0.07
4U 0115+63 (−1.32 ± 0.38) × 10−4 −0.58 0.22 (4.27 ± 0.68) × 10−5 +0.70 0.12
Her X-1 (2.59 ± 0.58) × 10−3 +0.97 6 × 10−3 (−7.46 ± 1.56) × 10−5 −0.99 4 × 10−4

A 0535+26, XTE (1.92 ± 0.92) × 10−3 +0.70 0.19 (−1.54 ± 0.19) × 10−4 −0.98 4 × 10−3

A 0535+26, INT. (1.36 ± 0.53) × 10−2 +0.94 0.02 (−8.71 ± 0.86) × 10−2 −0.96 0.01

direction: a positive correlation of Ecyc and a negative correlation
of Γ 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 0332+53 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 Ṁ (Basko & Sunyaev 1976).
We argue that the negative correlation of Ecyc with pulse am-
plitude reflects the same physical effect (changing of the shock
height with Ṁ) but on much shorter time scales. Indeed, the
pulse height most probably reflects the local Ṁ, 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 10−6−10−7 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 Ṁ (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 Ecyc− Ṁ 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 Lc, roughly
corresponding to the local Eddington limit at the polar caps
(Basko & Sunyaev 1976; Nelson et al. 1993). If the luminos-
ity is below Lc, a different accretion regime is expected. So far,
only one pulsar, Her X-1, has been reported to have a statistically
significant positive Ecyc − Ṁ correlation (Staubert et al. 2007).
The authors argued that this correlation is indeed expected at
the luminosities below Lc, 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 − Ṁ 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 Ecyc 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 Ecyc−Ṁ cor-
relation in an accreting pulsar. A similar to Her X-1 dependence
of Γ 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 Lc 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. A 0535+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 >∼ 1012 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 & Wolff 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., Trümper 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.

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
et al. 2010), 4U 0115+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 & Wolff (2007).

GX 304−1 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,
GX 304−1 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 GX 304−1 was mea-
sured with Suzaku and RXTE to be around 52 keV by
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Table 1. INTEGRAL observations of the GX 304−1 outburst in
January–February 2012.

Rev. Obs. ID Mid. MJD Exposure [ks]
JEM-X IBIS SPI

1131 09400230006 55 944.0 64.6 42.7 68.6
1132 09400230007 55 947.0 42.4 31.9 36.6
1133 09400230008 55 950.0 – – 10.7
1134 09400230009 55 952.8 7.3 25.4 37.8
1135 09400230010 55 955.7 – 6.7 25.1
1136 09400230011 55 958.7 36.9 28.1 32.9
1137 09400230012 55 962.0 78.1 59.7 78.4
1138 09400230013 55 965.0 60.7 45.2 52.3

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, GX 304−1 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
MJD ∼ 55 943.5, 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 GX 304−11. 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

1 We used the Swift/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 ∝E−Γ exp [E/Efold], where E is the photon energy, Γ is
the photon index, and Efold 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 I(E) = Icont(E) · e−G(E) , where G(E) = −τcyc/(

√
2πσcyc) ·

exp[−0.5(E − Ecyc)2/σ2
cyc], Icont(E) is the continuum function,

Ecyc, σcyc, and τcyc 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 χ2 from 3.10 for
145 d.o.f. (with the corresponding null-hypothesis probability
of only ∼10−32) 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 Kα fluorescence emission line around 6.4 keV.
The inclusion of the line reduces the residuals around 6 keV.
The corresponding improvement of the reduced χ2 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 Ecyc 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 1σ-uncertainties for the INTEGRAL observations used in this work.

Revolution 1131 1132 1134 1136 1137 1138

Γ 1.10+0.03
−0.03 0.83+0.03

−0.03 0.93+0.09
−0.09 1.10+0.08

−0.08 1.23+0.08
−0.08 1.56+0.13

−0.05

Efold, keV 19.1+0.7
−0.6 15.5+0.4

−0.4 14.5+0.6
−0.6 16.9+0.8

−0.7 19.5+1.1
−1.0 28.6+3.8

−2.2

Ecyc , keV 52.98+0.80
−0.75 54.39+0.75

−0.73 55.28+0.87
−0.81 51.44+0.54

−0.52 51.70+0.66
−0.63 48.37+1.19

−1.12

σcyc, keV 6.45+0.62
−0.58 7.56+0.59

−0.57 8.45+0.83
−0.75 5.60+0.48

−0.46 5.44+0.56
−0.55 4.80+0.91

−0.89

τcyc 9.4+1.3
−1.2 12.1+1.4

−1.3 13.3+2.4
−2.0 8.8+0.9

−0.9 8.9+1.2
−1.1 5.7+1.3

−1.3

Flux/10−8 erg s−1 cm−2 0.375+0.002
−0.002 0.811+0.004

−0.004 1.630+0.011
−0.011 0.729+0.005

−0.005 0.340+0.002
−0.003 0.151+0.002

−0.002

LX/1037 erg s−1 0.26 0.56 1.12 0.50 0.23 0.10
χ2

red/d.o.f. 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 c); 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 Ecyc generally follows
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the outburst of GX 304−1 as measured with INTEGRAL. The vertical
error bars indicate 1σ-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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(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
Ecyc–log10(Flux) dependence.

the X-ray flux. To assess the interdependence of the two pa-
rameters, we plotted Ecyc 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 Ecyc on
the logarithm of flux (dotted line in the plot) reveals a slope of
4.97 ± 1.12 keV/log10(erg cm−2 s−1). The standard linear cor-
relation analysis of the Ecyc− log10(Flux) dependence yields a
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Fig. 5. χ2-contour plots of the parameter pair Ecyc/σcyc for a few selected
observations. The contours correspond to χ2

min + 1.0 (the projections of
this contour to the parameter axes correspond to the 68%-uncertainty
for one parameter of interest), χ2

min + 2.3 (68%-uncertainty for two pa-
rameters of interest), and χ2

min + 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 Ecyc

and other model parameters using χ2-contour plots. No signif-
icant model-driven dependences between Ecyc and any of the
continuum parameters were found. The line energy was, how-
ever, found to be somewhat coupled to the line width σcyc and
its central optical depth τcyc. Nevertheless, the χ2-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/σcyc pair. The Ecyc/τcyc contours
look similar.

To check whether the Ecyc/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 powerlaw×highecutand compTTmodels. In the
former model, the highecut component controls the exponen-
tial roll-off. In addition to Efold, this component has an additional
parameter – the cutoff energy Ecutoff , above which the spectrum
is affected by the roll-off. In our fits, Ecutoff stays between a few
and ∼10 keV. In all cases, the positive Ecyc/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 GX 304−1 as the third member of a slowly
emerging class of accreting pulsars showing a positive Ecyc/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
4U 0115+63 (e.g., Tsygankov et al. 2007, 2010). According to

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 Lc, 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 Lc (“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 Lc (“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 Ecyc/flux correlation. The criti-
cal luminosity Lc depends on the parameters of the accreting
neutron star, but is generally around a few times ∼1037 erg s−1

(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 ×
1036 erg s−1 and ∼1.13 × 1037 erg s−1. Thus, according to the
described picture, the source should belong to the class of “sub-
critical” sources, for which a positive Ecyc/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
Ecyc/flux correlations.
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ABSTRACT

In June–September 2006 the Be/X-ray binary EXO 2030+375 experienced the second giant outburst since its discovery. The source
was shown to have a complicated pulse-averaged X-ray spectral continuum with possible evidence of cyclotron absorption features.
In this paper we present the first pulse-phase resolved analysis of the broad band X-ray spectra of EXO 2030+375 obtained with the
INTEGRAL observatory close to the maximum and during the decay phase of the giant outburst. We report a strong variability of
the spectrum with pulse phase. Alternative spectral continuum models are discussed. The dependence of the spectral parameters on
pulse phase during the maximum of the outburst and the evolution of the pulse profiles with time are qualitatively consistent with the
pulsar’s emission diagram changing from the fan-beam geometry close to the maximum of the outburst to a combination of pencil
and fan beams (of comparable intesities) at the end of the decay phase. Evidence of a cyclotron absorption line around 63 keV at the
pulse phase interval preceeding the main peak of the pulse profile is present in the spectrum obtained close to the maximumof the
outburst.

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

1. Introduction

The transient accreting pulsar EXO 2030+375 belongs to the
most common type of X-ray pulsar systems – the Be/X-ray bi-
naries. Such systems form a subclass of high mass X-ray bina-
ries. They consist of a pulsar and a Be (or Oe) companion, a
main-sequence star of spectral type B (or O) that shows Balmer
emission lines (see e.g.Slettebak 1988, for a review). The line
emission is believed to be associated with an equatorial outflow
of material expelled from the rapidly rotating Be star that proba-
bly forms a quasi-Keplerian disk around its equator (Hanuschik
1996; Quirrenbach et al. 1997). If the disk reaches a radius com-
parable to the periastron separation, then disk gas accreted by
the neutron star can power a significant (and usually transient)
X-ray source.

Be/X-ray binaries typically show two types of outburst be-
havior:

1. normal (or type I) outbursts. They are characterized by rel-
atively low X-ray luminositiesLX ∼ 1036−1037 erg s−1, low
spin-up rates (if any), and recurrence at the orbital period(or
its multiples). Such outbursts last from days to weeks and are
associated with the periastron passages of the neutron star;

2. giant (or type II) outbursts. They are characterized by higher
X-ray luminositiesLX & 1037 erg s−1 and high spin-up rates.
Such outbursts occur irregularly. They last several weeks and
are not correlated with any particular orbital phase. The typ-
ical time between outbursts is around several years. Giant
outbursts are thought to stem from a dramatic expansion of
the disk surrounding the Be star, leading to the formation of
an accretion disk around the compact object.

EXO 2030+375 is one of the best-studied Be/X-ray binaries. It
was discovered with theEXOSAT satellite during a giant outburst

in 1985 (Parmar et al. 1989b). The optical companion of the
pulsar is a B0 Ve star identified by optical and infrared obser-
vations of theEXOSAT error circle (Motch & Janot-Pacheco
1987; Janot-Pacheco et al. 1988; Coe et al. 1988). The orbital
period and eccentricity of the system are∼46 d and∼0.42, re-
spectively (Wilson et al. 2002). The period of X-ray pulsations
is ∼42 s. There were two giant outbursts in the history of obser-
vations of EXO 2030+375. During the first one in 1985 (when
the pulsar was discovered), the X-ray luminosity of the source
reached a value ofL1−20 keV ∼ 2 × 1038 erg s−1 (assuming a
distance of 7.1 kpc,Wilson et al. 2002). The spin frequency
of the pulsar changed dramatically, with a spin-up timescale
−P/Ṗ ∼ 30 yr indicating the formation of an accretion disk
around the neutron star. The second giant outburst took place in
June–September 2006 (Corbet & Levine 2006; Klochkov et al.
2007) and was again accompanied by a strong spin-up of the
neutron star. The X-ray luminosity at the maximum of the out-
burst was slightly lower than during the 1985 giant outburst:
L1−20 keV ∼ 1.2× 1038 erg s−1 (Wilson & Finger 2006).

During the 2006 giant outburst the source was observed
several times with theINTEGRAL satellite. A preliminary
pulse-averaged spectral analysis of some of these observations
are presented inKlochkov et al. (2007). A detailed analysis
of pulse-averagedRXTE spectra obtained during the outburst
was performed byWilson et al. (2008). It has been shown
that the pulse averaged X-ray continuum of the source has a
complicated shape and cannot be modeled by a simple power
law/cutoffmodel.Wilson et al.(2008) include an absorption line
at∼10 keV (which they interpreted as a cyclotron line) in their
spectral model, whereasKlochkov et al.(2007) have shown that
the spectrum can be fitted equally well without the absorption
line, but including a broad emission “bump” at∼15 keV.

Article published by EDP Sciences
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Fig. 1. TheRXTE/ASM light curve of EXO 2030+375 showing the 2006
giant outburst. Times ofINTEGRAL observations analyzed in this work
are marked with vertical lines. The observations are referred to as Set 1,
Set 2, and Set 3 in the text.

Here we present for the first time pulse-phase resolved broad
band (3–150 keV) spectra of EXO 2030+375 during a giant
outburst. For our analysis we used all the availableINTEGRAL
data taken during the 2006 outburst. The X-ray continuum of
the source shows strong variability with pulse phase, with some
features present only at particular pulse-phase intervals. The de-
scription of observations that we used is provided in Sect.2.
Details of data processing are described in Sect.3. Sections4
and5 are devoted to the analysis of the data close to the maxi-
mum and during the decay of the outburst, respectively. The re-
sults are discussed in Sect.6 and briefly summarized in Sect.7.

2. Observations

The INTErnational Gamma Ray Astrophysics Laboratory
(INTEGRAL, Winkler et al. 2003) performed three pointed ob-
servations of EXO 2030+375 during its giant outburst in June–
September 2006. Two observations (on 19–20 August and 23–
25 September) were done close to the maximum of the outburst.
The third one (on 6–8 October) was performed at the end of the
decay phase, when the X-ray luminosity dropped by a factor of
∼10 with respect to the maximum of the outburst. A part of the
RXTE/ASM light curve1 including the giant outburst is shown in
Fig. 1. The times of theINTEGRAL observations are indicated
and referred to as Set 1, Set 2, and Set 3 throughout the paper.

Observations corresponding to Sets 1 and 2 were done
when the source was at similar luminosity levels (L1−20 keV ∼
1038 erg s−1) before and after the maximum of the outburst.
A preliminary analysis of the two data sets was presented by
Klochkov et al. (2007) who showed that spectral and timing
characteristics of the source during the two observations were
similar. Due to the high X-ray flux, the data allowed us to
perform a detailed pulse-phase resolved spectral analysisof
EXO 2030+375 using twelve phase bins. During the observa-
tions corresponding to Set 3, the X-ray luminosity of the source
was at a level typical of normal (Type I) outbursts by this sys-
tem (L1−20 keV ∼ 1037 erg s−1). Spectra and pulse profiles of
the source during these observations were considerably differ-
ent with respect to those in Sets 1 and 2. In spite of a poorer

1 We used the results provided by the ASM/RXTE team.

Table 1. Summary of observations.

Obs. Obs.time Mean Mean ASM
(ks) MJD flux (mCrab)

Set 1 62 53 942.9 450
Set 2 140 53 967.6 500
Set 3 122 54 015.2 60

statistics, the data taken in Set 3 still allowed us to perform pulse-
phase resolved spectral analysis, although with a coarser binning
(four bins) in pulse phase. Table1 contains the summary of the
observations analyzed in this work.

3. Data processing

For our analysis we used the data obtained with the instruments
IBIS/ISGRI (20–300 keV,Ubertini et al. 2003) andJEM-X (3–
30 keV,Lund et al. 2003) onboardINTEGRAL. To perform the
standard data reduction, the Off-line Science Analysis (OSA)
software (version 6) was used (Courvoisier et al. 2003). To con-
struct energy-resolved pulse profiles we used the software de-
veloped at IASF, Palermo (Mineo et al. 2006). While extract-
ing spectra and pulse profiles of EXO 2030+375, two other
bright sources in the field of view of theINTEGRAL instruments,
Cyg X-1 and Cyg X-3, were included to the extraction catalog
used by the analysis software, which removes the contamination
of EXO 2030+375. All other sources in the field of view are
much weaker than EXO 2030+375 and therefore do not provide
any noticeable contamination. The spectral analysis of theobser-
vations was performed using theXSPEC v.11.3.2l spectral fitting
package (Arnaud 1996). Following the OSA User Manuals2, we
added a systematic error to the final count rates at a level of 1%
for ISGRI and 2% forJEM-X to account for small-scale uncer-
tainties in the response matrices of the respective instruments.

To extract X-ray pulse profiles and to define pulse phase
intervals for pulse phase resolved spectra, all photon arrival
times were translated into the solar system barycenter and cor-
rected for orbital motion in the binary. The orbital parameters
were taken fromWilson et al. (2005): Porb = 46.0202(2) d,
Tperi = MJD 51 099.43(2),a sini = 238(2) lt-sec,e = 0.416(1),
ω = 210.◦8(4). The pulse periods and associated derivatives were
determined for each of the three observational sets individu-
ally by employing initial epoch-folding and a subsequent phase-
connection analysis similar toFerrigno et al.(2007) andDeeter
et al. (1981). To perform phase-connection, we used a pattern-
matching technique applied to well-defined pulse profiles from a
sufficient number of pulses. Any variation in the pulse shape in-
side each observation is marginal and does not affect our method.
The determined periods and period derivatives are summarized
in Table2. Values corresponding to Sets 1 and 2 are slightly im-
proved with respect to those reported inKlochkov et al.(2007).

4. Maximum of the outburst

Observations corresponding to Sets 1 and 2 were performed
close to the maximum of the outburst (Fig.1). During Set 1,
which is roughly half as long as Set 2 (see Table1), the
main target of observations was Cyg X-3 located 4◦ away from
EXO 2030+375. Therefore, the statistics of the EXO 2030+375
data obtained during Set 1 is noticeably worse than during Set 2.

2 http://isdc.unige.ch/index.cgi?Support+documents
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Fig. 2. Energy-resolved pulse profiles of EXO 2030+375 obtained withJEM-X (below 20 keV) andIBIS/ISGRI (above 20 keV) in Set 2 (where
the data have the best statistics).

Table 2. The pulse periods and associated derivatives for three setsof
observations analyzed in this work.

Observation Reference P −dP/dt
epoch (MJD) [s] [10−8 s/s]

Set 1 53 942.240864 41.58084(3) 2.96(21)
Set 2 53 966.392169 41.519270(5) 2.758(20)
Set 3 54 014.010200 41.45425(6) 0.22(23)

Note. Uncertainties in parentheses (68%) refer to the last digit(s).

As a result, our pulse-phase resolved analysis of the maximum
of the outburst is mainly driven by the data taken in Set 2.

To explore spectral changes with pulse phase, we constructed
pulse-phase resolved spectra and energy-resolved pulse profiles.
While the former allow detailed study of spectral parameters as
a function of pulse phase, the latter can be used to explore the
intensity of different pulse-profile components (peaks, dips, etc.)
in different energy ranges without relying on any particular spec-
tral function.

4.1. Energy-resolved pulse profiles

Figure2 presents energy-resolved background-subtracted pulse
profiles of the source obtained during the observations
corresponding to Set 2. The corresponding pulse period and its
derivative, as well as the zero epoch, are provided in Table2. The
pulse profiles in the energy bands below 20 keV were obtained

from theJEM-X data, while theIBIS/ISGRI data were used for
energies above 20 keV. Several components can be distinguished
in the profiles: the main peak at phase∼0.2 followed by a fainter
component at phase∼0.5 (which we will refer to as the “trail-
ing shoulder”) and two smaller peaks in the interpulse interval
0.6–1.0. The sharpest detail of the profile is a narrow dip preced-
ing the main peak. Phase 0.0 was arbitrarily chosen to coincide
with the dip in the averageISGRI 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. The pulse
fraction of the source determined as (Fmax−Fmin)/(Fmax+Fmin)
(where Fmax and Fmin are fluxes in the maximum and mini-
mum of the pulse profile, respectively) as a function of energy is
shown in Fig.3. One can see a bump-like structure around∼10–
20 keV that is probably related to the continuum feature in this
energy range (the “bump” or the absorption line, see Sects.1 and
4.2). Above∼20 keV, the pulse fraction seeply increases.

4.2. Pulse-resolved spectra

As one can conclude from the dependence of the pulse profile
shape on energy, the X-ray spectrum of EXO 2030+375 clearly
varies with pulse phase. We have therefore performed a separate
analysis of the spectra accumulated in different pulse phase in-
tervals. Phase binning was chosen to provide similar statistics of
spectra in each bin and to have better phase resolution around the
main peak where the most rapid spectral changes are expected.
The binning was chosen a priori based solely on the shape of
the pulse profile. No further adjustments were made after the
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spectra had been obtained. Figure4 shows unfolded pulse phase-
resolved spectra of the source (shifted vertically with respect to
each other to avoid overlaps). The pulse phase is defined in the
same way as in the previous section. Variability of the spectral
continuum is clearly seen.

As pointed out in Sect.1, the pulse-averaged spectral contin-
uum of the source is rather complicated and cannot be modeled
by any of the simple spectral functions (a power law modified
at higher energies by an exponential cutoff), which are usually
used to fit spectra of accreting pulsars. In an attempt to model
the spectrumWilson et al.(2008) modified a power law/cutoff
model by a Gaussian absorption line at∼10 keV, whileKlochkov
et al.(2007) included a broad Gaussian emission component at
∼15 keV instead. In this work we tried to use both models to
fit the pulse-resolved spectra. The reducedχ2 in all phase bins
is very similar for the two models. This does not allow one to
ultimately choose between the two spectral functions. The two
models are referred to as Model I (with a “bump”) and Model II
(with an absorption line at 10 keV) throughout the paper.

Below we describe the spectral functions corresponding to
the two models. The common part of Models I and II is the power
law/cutoff continuum smoothed at the cutoff energy by a third-
order polynomial:

Icont = K·



E−Γ, if E ≤ Ecutoff − ∆E
E−Γ · exp

(
− E−Ecutoff

Efold

)
, if E > Ecutoff + ∆E

AE3 + BE2 +CE + D, if Ecutoff − ∆E < E <
Ecutoff + ∆E,

(1)

whereK is the normalization coefficient,E the photon energy;
Γ, Ecutoff , Efold, and∆E are model parameters. Numerical co-
efficientsA, B, C, and D are chosen to obey the condition of
continuity for the function and its first derivative at the points
(Ecutoff − ∆E) and (Ecutoff + ∆E). Model I includes a broad
Gaussian emission component (a “bump”) around 15 keV:

IModel I = Icont+ Kbumpexp

−
(E − Ebump)2

2σ2
bump

, (2)

whereEbump andσbump are the energy and width of the “bump”,
and Kbump is the numerical constant describing the intensity
of the component. In Model II, the power law/cutoff contin-
uum Icont is modified by a multiplicative absorption line with
a Gaussian optical depth profile:

IModel II = Icont · exp

−τline exp

− (E − Eline)2

2σ2
line


, (3)

where Eline, σline, and τline are the centroid energy, width,
and the central depth of the line, respectively. Additionally,
we multiplied the functionsIModel I and IModel II by the factor
exp[−NHσbf(E)] describing the low-energy absorption by cold
matter in the line of sight. Here,σbf(E) is the photoabsorp-
tion cross-section per hydrogen atom for matter of cosmic abun-
dances (Bałucińska-Church & McCammon 1992) used in the
phabs model ofXSPEC, andNH is the equivalent hydrogen col-
umn density. We also added a Gaussian emission line to model
the iron fluorescence line at∼6.4 keV. The latter, however, im-
proves the fit only slightly. For all pulse-phase resolved spectra
the value ofNH was fixed to 2× 1022 cm−2 (the average of the
best-fit values found in all phase bins). It was also found that the
energy of the “bump” in Model I does not change significantly
with pulse phase being close to 15 keV. It was, therefore, fixed
to this value for all phase bins.

Figures5 and6 show the most important spectral parame-
ters obtained using the two models as a function of pulse phase.
The data correspond to the observations performed in Set 2,
which have the best statistics. Vertical error bars correspond to
90%-uncertainties. Note that the pulse phase range shown inthe
figures is from 0.0 to 1.5 so that some data points are repeated
(the same is true for Fig.10).

The same kind of analysis was performed using the obser-
vations corresponding to Set 1 (slightly before the maximumof
the outburst). Due to poorer statistics, we had to use a coarser
binning compared to Set 2. The spectral parameters of the pulse-
resolved spectra were less constrained in this case. However, the
behavior of the parameters agrees with what is found in Set 2.
We also notice that the best-fit parameters of the pulse-averaged
spectra taken in Sets 1 and 2 are also consistent with each other
(see Table 3 inKlochkov et al. 2007).

Residuals left after fitting the spectrum by Models I and II
from phase bin 0.06–0.12 obtained in Set 2 reveal an absorp-
tion feature at∼63 keV (see Fig.7). Inclusion of a Gaussian ab-
sorption line at this energy flattens the residuals. The best-fit en-
ergy of the line is 63.6+3.7

−2.9 keV for Model I and 63.3+4.0
−2.9 keV for
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Model II. We checked the presence and the energy of the feature
using other possible continuum models, such as Fermi-Dirac
cutoff (Tanaka 1986) and the so-called negative and positive
power-law times EXponential model (NPEX,Makishima et al.
1999), including a “bump” or an absorption line at 10 keV to
match the continuum. It was found that the presence and the en-
ergy of the feature are independent of the choice of the spectral
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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 I where a Gaussian
absorption line at∼63.6 keV is included (the corresponding fit with
Model II looks very similar).

function. The F-test probability that the line is due to statisti-
cal fluctuations is∼3× 10−5 (see howeverProtassov et al. 2002,
about non-applicability of the F-test to line-like features).

5. Decay of the outburst

5.1. Energy-resolved pulse profiles

As mentioned in Sect.2, during Set 3,INTEGRAL 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 (for pulse-
phase resolved spectra) than in Set 2 (4 instead of 12 in both
cases). The resulting pulse profiles are shown in Fig.8. As
before, the corresponding pulse period, its derivative, and the
epoch zero can be found in Table2. To 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 ofParmar et al.(1989a). The dependence al-
lows one to identify features in the profiles (e.g. the dip around
pulse phase 0.6) in both observations (Sets 1 and 2) and choose
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∼0.9 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 substantially
different as compared to the profiles obtained close to the maxi-
mum of the outburst at similar energies. In Sect.6 we show that
the changes could be qualitatively explained if assuming that a
pencil beam component appears at the end of the outburst.

5.2. Pulse-phase resolved spectra

To produce pulse-phase resolved spectra from the data obtained
in Set 3, we used four phase bins. They cover each of the two
peaks and two phase intervals of the interpulse. The spectral con-
tinuum can be modeled well by the power law/cutoff function
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provided by Eq. (1) without inclusion of the “bump” or the
10 keV absorption line. Like in Sect.4.2, we modified the model
at lower energies by photoabsorption (withNH ∼ 2×1022 cm−2)
and added a Gaussian line to model the iron fluorescence emis-
sion at∼6.4 keV. Figure9 represents the unfolded pulse-phase
resolved spectra fitted with the described model and shiftedver-
tically with respect to each other in order to avoid overlaps. (This
was done multiplying the flux in each spectrum by a numerical
factor indicated in parentheses.) Significant variation inthe con-
tinuum is clearly seen. The pulse phase is defined in the same
way as in Fig.8.

Figure10 shows the photon indexΓ and the folding energy
Efold as a function of pulse phase during Set 3. Vertical error bars
correspond to 90%-uncertainties.
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6. Interpretation and discussion

6.1. Pulse-period derivatives

The values of pulse-period derivatives measured close to the
maximum and at the end of the outburst (Table2) basically con-
firm the statement inKlochkov et al. (2007) that the spin-up
rate of the pulsar is proportional to its X-ray flux as expected in
the simple accretion torque theory (e.g.Pringle & Rees 1972).
The observed dependence is similar to what was measured by
EXOSAT during the 1985 giant outburst of EXO 2030+375
(Parmar et al. 1989b). However, with only a few points, it is
not possible to explore the correlation using more complicated
accretion torque models.

6.2. Variation in the spectral continuum with pulse phase

The INTEGRAL observations have shown that the spectral con-
tinuum of EXO 2030+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 dependence.
A harder main peak and softer interpulse region observed in
the source is a common property of accreting pulsars (see e.g.
Tsygankov et al. 2007, and references therein). It is usually ex-
plained by assuming that, during the peak, we mostly see the
comptonized photons coming from a hot region close to the foot-
step of the accretion column while in the interpulse softer ra-
diation scattered by the upper parts of the column is observed
(Basko & Sunyaev 1976). A closer look at Fig.2, however, re-
veals a more complicated picture. Both the main peak and its
left flank increase in relative amplitude with energy, leading to
a slight shift of the profile maximum towards an earlier pulse
phase. This shows that the spectral continuum changes asym-
metrically with respect to the main peak. The variation in spec-
tral parameters with pulse phase (Figs.5 and 6) demonstrates
the corresponding complex pulse-phase dependence of the spec-
trum. The photon indexΓ reaches a minimum (the hardest spec-
trum) in the middle of the main peak (top panel in Figs.5 and6),
while the maximum of the exponential folding energyEfold is
shifted with respect to the peak towards earlier pulse phases.
This contrasts to e.g. Her X-1, where both the maximum of
Efold and the minimum ofΓ are coincident with the main pulse
(Klochkov et al. 2008).
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A possible qualitative explanation for the observed asymme-
try of the spectral variation with pulse phase in EXO 2030+375
can be the following. Since the luminosity of the source close
to the maximum of the outburst,∼1038 erg s−1, is well above
the local Eddington limit (so-called critical luminosity,Lc ∼
1037 erg s−1, Basko & Sunyaev 1976; Staubert et al. 2007), it is
expected that accreted matter is decelerated by radiation pressure
leading to the formation of an optically thick accretion column.
The bulk of the emission in this case is expected to occur as a fan
beam (see also the modeling of the source’s pulse profiles per-
formed byParmar et al. 1989a). Therefore, during the maximum
of the profile (main peak) the angle between the column axis and
the observer’s line of sight has the highest value (the column is
seen from the side). The observer is looking almost along the
beam, seeing the photons coming from a Compton scattering re-
gion with large optical depth. This leads to the observed hard
power law during the peak. Before the peak, whenEfold reaches
a maximum, the direction of the line of sight might be closer to
that of the column axis and, thus, of the magnetic field lines.Due
to the dependence of the scattering cross-section on the angle be-
tween the photon direction and the magnetic field lines (Harding
& Daugherty 1991), one expects that the photons, whose direc-
tion in this case is closer to that of the field lines, have expe-
rienced less scatterings and, therefore, originated deeper inside
the accretion column where the temperature is higher. The X-ray
spectrum of these photons is expected to have largerEfold re-
flecting higher electron temperature but a softer power-lawindex
due to lower Compton scattering optical depth (see e.g.Rybicki
& Lightman 1979), as observed. This explanation, however, re-
quires that in the latter case the angle between the observer’s
line of sight and the column axis was not too small. Otherwise,
depending on the geometry of the accretion flow, the column
density along the line of sight will be very high, resulting in a
higher optical depth.

The changing of the pulse profile towards the end of the out-
burst seems to confirm this picture. In the pulse profiles corre-
sponding to the outburst’s decay (Fig.8), one can see a new peak
that appears at the phase interval preceeding the main pulse, i.e.
where, according to our view, the observer’s line of sight isclos-
est to the magnetic field lines. At this pulse phase one expects to
see a pencil beam if the luminosity decreases (Reig & Coe 1998;
Parmar et al. 1989a). The observed peak, therefore, may corre-
spond to the pencil beam component of the emission diagram,
whose intensity is comaprable to that of the fan beam compo-
nent at lower luminosity. Thus, both the pulse phase variation
of the spectral continuum during the maximum of the outburst
and the evolution of the pulse profile with luminosity fit the de-
scribed picture where the emission diagram changes from a fan
beam geometry close to the maximum of the outburst to a com-
bination of a fan and a pencil beam at the end of the decay phase.

The behavior of the spectral parameters with pulse phase in
Set 3 is less clear due to lower statistics (only four phase bins are
used). As in the maximum of the outburst, during the main peak
of the profile, the spectrum is characterized by a hardΓ and a
relatively lowEfold (Fig. 10). During the peak around phase 0.0
(pencil beam),Efold is higher. As before, this can be explained
by photons from the pencil beam moving along the magnetic
field lines originating deeper in the accretion column wherethe
electron temperature is higher. On the other hand, the emission
region is believed to move closer to the star surface as the lumi-
nosity decreases (Basko & Sunyaev 1976). This means that the
column density of gas above the emission region will be higher,
leading to greater optical depth for Compton scattering. This can
explain the hard photon index at this pulse phase.

6.3. “Bump” versus absorption line at 10 keV

As discussed in Sect.4.2, to model the spectral continuum of
EXO 2030+375 in the maximum of the outburst, one has to
modify the standard power law/cutoffmodel either by a “bump”
at ∼15 keV or by an absorption line at∼10 keV. Both models
provide equally good fits of the pulse-phase resolved spectra. If
interpreted as a cyclotron absorption feature (Wilson et al. 2008),
the absorption line at 10 keV is observed at rather unusual energy
that is much smaller than the exponential cutoff energyEcutoff .
This contrasts with all other know cyclotron line sources (see
e.g. Fig. 9 inCoburn et al. 2002). We point out here that a fea-
ture around 8–15 keV (a “wiggle” or a “bump”) is observed in
many accreting pulsars (e.g., 4U 1907, Her X-1,Coburn et al.
2002), including those that do not otherwise exhibit a cyclotron
line (e.g. GS 1843+00, Coburn 2001). Thus, the interpretation
of the absorption line at 10 keV in EXO 2030+375 as the cy-
clotron resonant scattering feature might be hasty. On the other
hand, the nature of the feature in this and other sources is still
unclear. Most probably it arises from modeling the spectralcon-
tinuum with a simple empirical function. For a proper modeling
of the spectrum in the considered energy range (including the
feature) one would need a proper theoretical model accounting
for all relevant processes at the site of the X-ray emission.

6.4. Evidence of a cyclotron line at ∼63 keV

The X-ray spectrum of EXO 2030+375 taken close to the max-
imum of the outburst in the narrow pulse-phase interval (0.06–
0.12) preceeding the main peak shows evidence of an absorption
line around∼63 keV (Fig. 7). If interpreted as a fundamen-
tal cyclotron line, the corresponding magnetic field strength is
B ≃ 5× 1012 G (Ecyc ∼ 11.6× (B/1012G) keV), which is one of
the highest values among accreting pulsars. However, evidence
of a cyclotron line at∼36 keV has previously been reported for
EXO 2030+375 by Reig & Coe(1999) during a normal out-
burst, so the line at∼63 keV might well be the first harmonic
rather than the fundamental line. It is known that the relative
strength of the fundamental line and harmonics might vary sig-
nificantly, sometimes making the fundamental line more difficult
to detect than the harmonic (a good example is A 0535+26, see
e.g.Kendziorra et al. 1994).

7. Summary and conclusions

We usedINTEGRAL observations to study the pulse-phase de-
pendence of the broad band X-ray spectrum of EXO 2030+375
close to the maximum and during the decay of its 2006 giant
outburst. This is the first pulse-phase resolved spectral study of
the source. In all observations, significant pulse phase variability
of the X-ray continuum was observed.

Alternative spectral continuum models are discussed. We ar-
gue that the interpretation of the feature at∼10 keV as a cy-
clotron absorption line proposed previously is questionable.

Pulse-phase dependencies of the continuum parameters
close to the maximum of the outburst, as well as the evolutionof
the pulse profiles from the maximum to the end of the outburst,is
qualitatively consistent with the picture where the pulsar’s emis-
sion diagram changes from the fan-beam configuration close to
the maximum of the outburst to a combination of pencil and fan
beams (whose amplitudes are comparable) at the end of the de-
cay phase.

Evidence of an absorption line at∼63 keV is found dur-
ing the maximum of the outburst at a narrow phase interval
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preceeding the main peak of the pulse profile. This feature can
be interpreted as the first harmonic of the previously reported
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, Lcrit, such that radiation pressure decelerates the matter to rest in
sources with X-ray luminosity LX > Lcrit. The formula for Lcrit 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, Lcrit = 1.5 × 1037 B
16/15

12
erg s−1, where B12 is the surface

magnetic field strength in units of 1012 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 B12. The results confirm that the group 1 sources are supercritical (LX > Lcrit) and the
group 2 sources are subcritical (LX < Lcrit), although the situation is less clear for those highly variable sources that cross over the line
LX = Lcrit. 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.

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 LX: a) subcritical, LX < Lcoul < Lcrit, pencil beam; b) subcritical, LX

<∼ Lcoul < Lcrit, pencil beam; c) subcritical,
Lcoul < LX

<∼ Lcrit, intermediate beam pattern; d) supercritical, LX
>∼ Lcrit, fan beam.

strong magnetic field, with a surface strength B∗ >∼ 1012 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 c, 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. Trümper et al. 1978; Isenberg et al. 1998;
Araya-Góchez & 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

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
et al. (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, Lcrit. The hypothesis is that the group 1 sources are
supercritical, with X-ray luminosity LX > Lcrit, and the group 2
sources are subcritical (LX < Lcrit).

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, LEdd, for spherically symmetric accretion onto a cen-
tral mass M∗. If the accreting gas is fully-ionized hydrogen,
we obtain

LEdd =
4πGM∗mpc

σT

, (1)

where σT is the Thomson cross section, mp is the proton mass,
c is the speed of light, and G is the gravitational constant. When
the X-ray luminosity LX = LEdd, the rate at which momen-
tum is transferred to the gas via Compton scattering balances
the gravitational force. Hence if LX > LEdd, 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, L∗

Edd
, appropriate for treating

X-ray pulsar accretion columns. The first adjustment is to re-
place the Thomson cross section σT with σ||, 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

L∗Edd = LEdd

σT

σ||

πr2
0

4πR2∗
=

GM∗mpc

σ||

πr2
0

R2∗
, (2)

where R∗ is the stellar radius and r0 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 >∼ 1036 erg s−1, 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 <∼ 1036 erg s−1.

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 LX ∼ 1037−38 erg s−1. 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 ∼ 1037−38 erg s−1, the radiation field
accomplishes the deceleration all the way down to the stellar
surface (Basko & Sunyaev 1976). At intermediate luminosities
LX ∼ 1036−37 erg s−1, 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 <∼ 1034−35 erg s−1, there is no radiation-dominated
shock at all, and the material passes through a conventional gas-
mediated shock at altitude z = hg 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 ∼ 1037−38 erg s−1), the emitted radiation primarily escapes
through the column walls in the sinking region, forming a “fan
beam” (Davidson 1973). For low-luminosity sources (LX <∼
1035 erg s−1), 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 <∼ 1035−37 erg s−1, 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,

vff =

(
2GM∗

R∗

)1/2
· (3)

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 γ = 4/3 (Basko & Sunyaev 1976). In this case, the matter
leaves the shock with the post-shock velocity

vps =
1

7
vff =

1

7

(
2GM∗

R∗

)1/2
, (4)

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 vff/7 to rest at the stellar surface in the dynamical time tdyn,
then we can write the simple kinematical relations

H =
1

2
a t2

dyn, vps = a tdyn. (5)

Upon elimination of tdyn, we obtain for the required upward
acceleration

a =
v2ps

2H
=

GM∗
49R∗H

· (6)

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

a =

(
LX

L∗
Edd

− 1

)
GM∗

R2∗
· (7)

Setting Eqs. (6) and (7) equal and solving for LX yields

LX = Lcrit ≡ L∗Edd

(
R∗

49H
+ 1

)
. (8)

Substituting for L∗
Edd

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

Lcrit =
GM∗mpc

σ||

πr2
0

R2∗

(
R∗

49H
+ 1

)
. (9)

Our goal is to express the parameters r0, σ||, 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, tdyn, and the photon escape timescale,
tdiff , 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 dwarf stars and
neutron stars (e.g., Imamura et al. 1987). Combining Eqs. (4)
and (5), we obtain for the dynamical time

tdyn =
2H

vps

= 14H

(
R∗

2GM∗

)1/2
· (10)

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

tesc =
r0

vdiff
⊥
, vdiff

⊥ =
c

τ⊥
, τ⊥ = r0neσT, (11)

where ne is the electron number density, vdiff
⊥ is the photon dif-

fusion velocity perpendicular to the column axis, and τ⊥ is the

perpendicular optical thickness. The Thomson cross section σT

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,

Ṁ = πr2
0nempv, (12)

where Ṁ 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

tesc =
ṀσT

πmpvc
· (13)

The deceleration in the sinking region begins on the downstream
side of the shock, and therefore we set v = vps in Eq. (13) and
equate tdyn and tesc to obtain

H =
ṀσT

2πmpc
, (14)

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

LX =
GM∗Ṁ

R∗
(15)

yields the equivalent expression

H = 1.14 × 105 cm

(
M∗

1.4 M⊙

)−1 (
R∗

10 km

) (
LX

1037 erg s−1

)
· (16)

This confirms that the shock is located a few kilometers
above the stellar surface in the luminous sources with LX ∼
1037−38 erg s−1 (Basko & Sunyaev 1976). It follows that
R∗/(49H) ≪ 1 for sources close to or above the critical
luminosity, and therefore Eq. (9) reduces to

Lcrit =
GM∗mpc

σ||

πr2
0

R2∗
, (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 Lcrit in
Eq. (17) to the magnetic field strength at the stellar surface, B∗,
by utilizing the connection between the radius of the accretion
column, r0, and the Alfvén radius in the disk, RA. 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

RA = 2.73 × 107 cm

(
Λ

0.1

) (
M∗

1.4 M⊙

)1/7 (
R∗

10 km

)10/7

×
(

B∗
1012 G

)4/7 ( LX

1037 erg s−1

)−2/7

, (18)

where the constant Λ = 1 for spherical accretion and Λ < 1
for disk accretion. A variety of uncertainties are folded into Λ,
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such as the spin-averaging of RA and the possible role of plasma
shielding and other magnetospheric effects. Based on Eq. (2)
from Harding et al. (1984), Λ can be approximated in the disk
application using

Λ ≈ 0.22 α18/69, (19)

where α < 1 denotes the Shakura-Sunyaev parameter (Shakura
& Sunyaev 1973). Although it is difficult to estimate α with
any certainty, we generally expect to find α ∼ 0.01−0.1. We
therefore set Λ = 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 θ is given by the
standard dipole formula

R = RA sin2 θ. (20)

Setting the radius R equal to the stellar radius R∗ yields for the
critical angle at the outer edge of the accretion column

sin2 θc =
R∗
RA

· (21)

Using the small-angle relation θc ≈ sin θc, we obtain for the
column radius

r0 = R∗ θc = R∗

(
R∗
RA

)1/2
· (22)

By substituting for the Alfvén radius in Eq. (22) using Eq. (18),
we find that the expression for the column radius r0 can be
rewritten in cgs units as

r0 = 1.93 × 105 cm

(
Λ

0.1

)−1/2 (
M∗

1.4 M⊙

)−1/14 (
R∗

10 km

)11/14

×
(

B∗
1012 G

)−2/7
(

LX

1037 erg s−1

)1/7
· (23)

Using Eq. (23) to substitute for r0 in Eq. (17), and setting LX =
Lcrit, we obtain for the critical luminosity the new expression

Lcrit = 7.79 × 1035 erg s−1

(
Λ

0.1

)−7/5 (σ||
σT

)−7/5

×
(

M∗
1.4 M⊙

)6/5 (
R∗

10 km

)−3/5 ( B∗
1012 G

)−4/5

, (24)

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

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, Ecyc. Hence the cross-
section ratio σ||/σT can be roughly approximated using (e.g.,
Arons et al. 1987).

σ||
σT

=

(
Ē

Ecyc

)2
, (25)

where Ē is a measure of the mean energy of the photons
propagating parallel to the magnetic field, and the cyclotron
energy Ecyc is given by

Ecyc = 11.58 keV

(
B

1012 G

)
· (26)

The mean photon energy Ē 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 Ē
based on the thermal structure of the accreting gas. Specifically,
we assume that

Ē = wkTeff, (27)

where Teff 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, Pr, via

aT 4
eff = 3Pr. (28)

The value of Pr can be estimated using the momentum balance
relation

Pr = ρffv
2
ff =

Ṁvff

πr2
0

, (29)

where ρff and vff (Eq. (3)) denote the upstream mass density and
velocity, respectively, just above the shock. Eliminating Pr be-
tween Eqs. (28) and (29), and substituting for Ṁ and r0 using
Eqs. (15) and (23), we find that

Teff = 4.35 × 107 K

(
Λ

0.1

)1/4 (
M∗

1.4 M⊙

)−5/56 (
R∗

10 km

)−15/56

×
(

B∗
1012 G

)1/7 ( LX

1037 erg s−1

)5/28

· (30)

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

σ||
σT

= 0.106

(
Λ

0.1

)1/2
w2

(
M∗

1.4 M⊙

)−5/28 (
R∗

10 km

)−15/28

×
(

B∗
1012 G

)−12/7
(

LX

1037 erg s−1

)5/14

· (31)

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

Lcrit = 1.49 × 1037 erg s−1

(
Λ

0.1

)−7/5

w−28/15

×
(

M∗
1.4 M⊙

)29/30 (
R∗

10 km

)1/10 ( B∗
1012 G

)16/15

· (32)
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For typical neutron star parameters, with M∗ = 1.4 M⊙,
R∗ = 10 km, Λ = 0.1, and w = 1, we obtain Lcrit =

1.49×1037 erg s−1B
16/15

12
, where B12 is the surface magnetic field

strength in units of 1012 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 LX, the cyclotron
energy Ecyc will exhibit a positive correlation with LX, 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 >∼ Lcrit), 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 hs, 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 hs 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′/tesc, where tesc 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

∫ hs

0

∣∣∣∣∣
dt′

dz′

∣∣∣∣∣
dz′

tesc (z′)
= 1. (33)

Using Eq. (13) to substitute for tesc yields

∫ hs

0

πmpvc

ṀσT

dz′

veff
= 1, (34)

where the effective velocity for the photon transport is defined by

veff ≡
∣∣∣∣∣
dz′

dt′

∣∣∣∣∣ · (35)

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

ξ ≡ veff
v
· (36)

We demonstrate in Appendix A that the value of ξ can be
estimated using

ξ =
1

M∞2
, (37)

whereM∞ 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 numberM∞ 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 ξ in
the range ξ ∼ 10−2−10−3. 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

∫ hs

0

πmpc

ṀσTξ
dz′ = 1, (38)

and therefore the altitude of the emission region is given by

hs =
ṀσTξ

πmpc
=

LXR∗σTξ

πmpcGM∗
, (39)

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

hs = 2.28 × 103 cm

(
ξ

0.01

) (
M∗

1.4 M⊙

)−1

×
(

R∗
10 km

) (
LX

1037 erg s−1

)
· (40)

Note that the emission height in the supercritical sources varies
in proportion to the luminosity LX (see Fig. 1).

Based on Eqs. (16) and (40), we conclude that

hs

H
= 2.0 ξ ≪ 1, (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 hs 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 <∼ Lcrit), 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 hc, 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 = hc where the strong Coulomb deceleration begins.

The Thomson optical depth, τ∗, 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

τ∗ = 51.4

(
M∗

1.4 M⊙

)2 (
R∗

10 km

)−2 1

ln(2nmax)
, (42)

where the maximum excited Landau level, nmax, is given by

nmax =
mev

2
ff

2Ecyc

· (43)

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

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

τ(z) =

∫ z

0

ρ(z′)σT

mp

dz′, (44)

where ρ = nemp is the mass density, given by (see Eq. (12))

ρ(z) =
Ṁ

πr2
0
v(z)
· (45)

Assuming that the gas decelerates uniformly in the Coulomb
stopping region (starting at altitude hc) from the post-shock ve-
locity vps, we find that the required deceleration is given by

a = v2ps/(2 hc) (cf. Eq. (6)). The velocity profile v(z) associated
with the constant deceleration a is computed using the standard
kinematical relations

a = −dv

dt
= v

dv

dz
=

1

2

dv2

dz
, (46)

where the negative sign appears because we have defined v and a
to be positive. Setting vps = vff/7 (see Eq. (4)), we obtain for the

deceleration a = v2
ff
/(98 hc). Upon integration of Eq. (46), we

therefore find that the velocity profile in the Coulomb stopping
region is given by

v(z) =
vff
7

√
z

hc

, (47)

where vff is evaluated using Eq. (3).

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

τ(z) =
14ṀσT

πr2
0
mp

(
2GM∗

R∗

)−1/2 √
hcz. (48)

Finally, setting z = hc and τ = τ∗, we find that the Thomson
optical depth required for Coulomb stopping is given by

τ∗ =
14ṀσThc

πr2
0
mp

(
2GM∗

R∗

)−1/2

, (49)

which can be rearranged to obtain for the subcritical emission
height

hc =
πr2

0
mpτ∗

14ṀσT

(
2GM∗

R∗

)1/2
· (50)

Substituting for Ṁ and r0 using Eqs. (15) and (23), respectively,
yields the equivalent cgs expression

hc = 1.48 × 105 cm

(
Λ

0.1

)−1 (
τ∗
20

) (
M∗

1.4 M⊙

)19/14 (
R∗

10 km

)1/14

×
(

B∗
1012 G

)−4/7
(

LX

1037 erg s−1

)−5/7

· (51)

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).

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 hc < 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, vff , rather than the
reduced post-shock velocity, vps = vff/7. The associated drop
in the density causes the Thomson depth τ to fall below the
value τ∗ ∼ 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 hc < H implies that

LX >
21/4πmpr0

σT

(
τ∗c
7

)1/2 (GM∗
R∗

)5/4
· (52)

Substituting for r0 using Eq. (23) and rearranging, we obtain

LX > Lcoul, (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 = Lcrit and Ecyc = E∗, where Lcrit is evaluated using Eq. (55). The red dashed line represents the Coulomb stopping luminosity, plotted
by setting LX = Lcoul and Ecyc = E∗, where Lcoul 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 ∆E Distance
correlation correlation (keV) (kpc)

4U 0115+63 INTEGRAL/RXTE cont. dependent1 negative6 [3−60] 8.07

V0332+53 INTEGRAL/RXTE negative2 negative6 [3−100] 7.58

Her X-1 RXTE positive3 positive6 [5−60] 6.49

A0535+26 INTEGRAL/RXTE no4 positive6 [3−50] 2.010

GX 304-1 RXTE/Suzaku positive5 – [3−100] 2.411

References. (1) Müller et al. (2011); (2) Tsygankov et al. (2010); (3) Staubert et al. (2007); (4) Caballero et al. (2007); (5) Yamamoto et al. (2011);
(6) Klochkov et al. (2011); (7) Negueruela & Okazaki (2001); (8) Negueruela et al. (1999); (9) Reynolds et al. (1997); (10) Steele et al. (1998);
(11) 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

Lcoul = 1.17 × 1037 erg s−1

(
Λ

0.1

)−7/12 (
τ∗
20

)7/12
(

M∗
1.4 M⊙

)11/8

×
(

R∗
10 km

)−13/24 ( B∗
1012 G

)−1/3

· (54)

For luminosities LX <∼ Lcoul, we expect that the characteris-
tic emission height settles down onto the stellar surface. For
very low luminosities, LX <∼ 1034−35 erg s−1, 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

Lcrit = 1.28 × 1037 erg s−1

(
Λ

0.1

)−7/5

w−28/15

×
(

M∗
1.4 M⊙

)29/30 (
R∗

10 km

)1/10 ( E∗
10 keV

)16/15

, (55)

where

E∗ = 11.58 keV

(
B∗

1012 G

)
(56)

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 Ecyc as a function of LX 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 Ecyc−LX behavior (positive/negative
correlation or no dependence) for each source. The two pan-
els in Fig. 2 depict the variability of Ecyc 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
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Fig. 3. Same as Fig. 2 except with the x-axis rescaled as LX/Lcrit and the y-axis rescaled as Ecyc/E∗. The values of E∗ and Lcrit 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 Ecyc as a function of LX for each source, computed using Eq. (58), with the emission height h 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 Lcrit Pulse-pulse Pulse-pulse E∗ Pulse-pulse Lcrit

ξ [keV] [1037 erg s−1] ξ [keV] [1037 erg s−1]

4U 0115+63 5.72 × 10−2 17.0 2.24 2.14 × 10−2 16.5 2.17

V 0332+53 7.86 × 10−3 29.7 4.06 1.43 × 10−3 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
GX 304-1 – 58.0 8.30 – – –

Notes. The parameter ξ 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 ∆E (see Table 1). For V 0332+53
(Tsygankov et al. 2010) and GX 304-1 (Yamamoto et al. 2011)
published values for LX and Ecyc 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 Ecyc with LX for sources on each
side of the critical line LX = Lcrit is qualitatively consistent
with the theoretical predictions, i.e., the correlation between Ecyc

and LX is negative for the supercritical sources, and positive for
the subcritical ones, reflecting the positive variation of the emis-
sion height h = hs (Eq. (40)) with increasing LX for the former
sources and the negative variation of the emission height h = hc

(Eq. (51)) for the latter sources. In the next section, we explore
the variation of Ecyc as a function of LX in more detail.

4.1. Variation of Ecyc with LX

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

B(R)

B∗
=

(
R

R∗

)−3

, R = R∗ + h. (57)

The corresponding variation of Ecyc as a function of the emission
height h is therefore given by

Ecyc

E∗
=

(
R∗ + h

R∗

)−3

, (58)

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 = hs (Eq. (40)) and h = hc (Eq. (51)), respectively.
Hence Eq. (58) can be used to develop theoretical predictions
for the variation of Ecyc 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 Lcrit,
respectively, which are related to each other via Eq. (55). The
value of Lcrit used for each source is listed in Table 2, along with
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the corresponding value for the surface cyclotron energy E∗ ob-
tained by comparing the theoretical variation of Ecyc with the ob-
served variation for each source. In computing Lcrit, we assume
for all sources the same canonical neutron star mass and radius
values M∗ = 1.4 M⊙ and R∗ = 10 km, and we set Λ = 0.1 and
w = 1 based on the theoretical considerations discussed above.
The vertical dashed line marked LX = Lcrit separates the sources
into their sub- and supercritical luminosity states. It should be
noted that, as M∗ and R∗ are also input parameters for Lcrit, 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 Ecyc as a function of the
luminosity LX, computed using Eq. (58) with either h = hs

(Eq. (40)) for the supercritical sources or h = hc (Eq. (51))
for the subcritical ones. We again adopt the canonical values
M∗ = 1.4 M⊙, R∗ = 10 km, Λ = 0.1, and w = 1, and we set the
Coulomb stopping optical depth using τ∗ = 20. The values of E∗
and ξ are varied for each source so as to improve the agreement
with the data (see Table 2). The parameter ξ is only relevant for
the supercritical sources. The values of ξ reported in Table 2 for
V 0332+53 and 4U 0115+63 are in the range ξ ∼ 10−2−10−3,
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 Ecyc and that
predicted by the theoretical models developed here is reasonably
close for both the supercritical and subcritical sources.

A special case is 4U 0115+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 Ecyc

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 (Müller et al. 2011).

4.2. Comparison of LX with Lcoul

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

Lcoul = 1.23 × 1037 erg s−1

(
Λ

0.1

)−7/12 (
τ∗
20

)7/12
(

M∗
1.4 M⊙

)11/8

×
(

R∗
10 km

)−13/24 ( E∗
10 keV

)−1/3

· (59)

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 Lcoul. This interpretation is consistent with the observa-
tional data plotted in Figs. 2 and 3, which indicate that Ecyc ap-
proaches a constant value in the limit LX/Lcoul ≪ 1.

Following our hypothesis, sources in their supercritical state
(LX/Lcrit >∼ 1) should display a negative correlation between the
luminosity and the cyclotron energy while sources in the sub-
critical state (LX/Lcrit <∼ 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

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 Ecyc as a function of LX 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 0535+26 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, Lcoul, which suggests that we should expect little varia-
tion of Ecyc 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 Lcoul, which places it in the
subcritical regime according to our theory. However, we note
that our model for the variation of Ecyc with LX does not work
well for A 0535+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 <∼ Lcoul. For GX 304-1, only an indication of a
positive Ecyc−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 Ecyc 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 Lcrit 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 Lcrit is given by Eq. (32),
but essentially we find that for typical neutron star parameters,

Lcrit ∼ 1.5×1037B
16/15

12
erg s−1, where B12 is the surface magnetic

field strength in units of 1012 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 > Lcrit in the group 1 sources and
LX < Lcrit in the group 2 sources. The situation is less clear for
highly variable sources with luminosity LX that crosses over the
line LX = Lcrit, such as V 0332+53 and 4U 0115+63. These two
sources display a negative correlation between Ecyc and LX in the
supercritical regime, as expected, but the trend does not reverse
as predicted by our model when LX < Lcrit. 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 Λ 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 Ecyc with LX in the supercritical and
subcritical sources, given by Eq. (58), with the emission height h
set using h = hs (Eq. (40)) for the supercritical sources (group 1),
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and h = hc (Eq. (51)) for the subcritical sources (group 2). In
Fig. 3 the formulas we derived for Ecyc 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
hc and hs are not equipped to handle the trans-critical case with
LX ∼ Lcrit, and therefore further work is required in order to treat
sources such as V 0332+53 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 Lcrit 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”, veff ,
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 veff and the flow velocity v is expressed by the dimension-
less parameter ξ, defined by

ξ ≡ veff
v
· (A.1)

In “trapped” regions of the flow, vertical advection and diffu-
sion are nearly balanced, and consequently veff ≪ v and ξ ≪ 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 vff (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 ξ 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 ≡ ρ v = const., I ≡ Pr + ρ v
2 = 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 Eqs. (A.2) to obtain a relationship between the
flow velocity v and the radiation Mach number,M, defined by

M ≡ v
a
, (A.3)

where a denotes the radiation sound speed, given by

a =

√
γPr

ρ
, γ =

4

3
· (A.4)

The result obtained is

I

J
= v

(
1 +

1

γM2

)
=

7

4
vc, (A.5)

where vc denotes the flow velocity at the radiation sonic point,
whereM = 1.

The value of ξ 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

Er = 4Prv +
c

neσ||
dPr

dz
, (A.6)

where Pr is the radiation pressure, and the first and second
terms on the right-hand side represent advection and diffusion,
respectively. We define veff by writing

4Prveff ≡ Er, (A.7)

so that veff represents the “effective” bulk velocity that would
yield the correct energy flux.

By combining Eqs. (A.6) and (A.7), we obtain

veff = v +
c

4 neσ||Pr

dPr

dz
, (A.8)

or, equivalently,

ξ =
veff
v
= 1 +

cmp

4σ||JPr

dPr

dz
, (A.9)

where we have eliminated the electron number density using the
relation J = nempv. The pressure Pr can be expressed in terms of
the flow velocity v by using Eqs. (A.2) to write

Pr(z) = I − J v(z). (A.10)
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Using this relation to substitute for the pressure Pr in Eq. (A.9)
yields

ξ = 1 − cmp

4σ||(I − Jv)

dv

dz
· (A.11)

The exact solution for the flow velocity profile v(z) in a cylin-
drical accretion column is given by (Basko & Sunyaev 1976;
Becker 1998)

v(z) = vc

(
14

7 + 2ǫc

) 1 −
(

14

7 − 2ǫc

)−z/zst
 , (A.12)

where

ǫc =
3 m2

pc2

8r2
0
J2σ⊥σ||

(A.13)

denotes the value of the dimensionless total energy flux (Er +
ρv3/2)/(Jv2c) at the sonic point, and

zst = r0

(
8ǫcσ⊥
3σ||

)1/2 (
2

7 + 2ǫc

)
ln

(
14

7 − 2ǫc

)
(A.14)

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

algebra

ξ = 1 −
(
1 − 4v

7vc

)−1 [
1 −
(
7 + 2ǫc

14

)
v

vc

]
· (A.15)

In particular, at the sonic point (z = zst), we have v = vc, and
therefore our result for ξ reduces to

ξ

∣∣∣∣∣
z=zst

=
2ǫc − 1

6
· (A.16)

The dimensionless energy flux is related to the incident Mach
number of the flow,M∞, via (Becker 1998)

ǫc =
1

2
+

3

M2∞
· (A.17)

Combining Eqs. (A.16) and (A.17) yields for the value of ξ at
the radiation sonic point

ξ

∣∣∣∣∣
z=zst

=
1

M∞2
· (A.18)

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

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,
τ, measured from the stellar surface, and setting it equal to the
value required to stop the flow, denoted by τ∗. Nelson et al.
(1993) carried out a detailed calculation of τ∗, and the final re-
sult is presented in their equation Eq. (3.34). In this section we
summarize the derivation.

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,

Ep =
1

2
mpv

2, (B.1)

is given by Eq. (3.31) from Nelson et al. (1993), which states
that

dEp

dz
=

4πnee
4

mev2
lnΛc, (B.2)

where lnΛc 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 Ep decreases with
decreasing altitude.

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

dE2
p

dz
=

mp

me

4πnee
4 lnΛc. (B.3)

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

dτ = neσTdz, (B.4)

which yields

dE2
p

dτ
=

mp

me

4πe4

σT

lnΛc. (B.5)

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

Ep(τ) = E0

(
1 − τ
τ∗

)1/2
, (B.6)

where the stopping depth, τ∗, is defined by

τ∗ =
me

mp

σTE2
0

4πe4 lnΛc

, (B.7)

and the incident proton kinetic energy, E0, is equal to the free-fall
value,

E0 =
1

2
mpv

2
ff . (B.8)

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

σT =
8πe4

3c4m2
e

, (B.9)

yields the equivalent result

τ∗ =
1

6 lnΛc

mp

me

v4
ff

c4
· (B.10)

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

lnΛc = ln (2nmax) , (B.11)
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where the maximum excited Landau level, nmax, is given by

nmax =
mev

2
ff

2Ecyc

· (B.12)

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

τ∗ = 51.4

(
M∗

1.4 M⊙

)2 (
R∗

10 km

)−2 1

ln (2nmax)
, (B.13)

in agreement with Eq. (3.34) from Nelson et al. (1993). For typ-
ical X-ray pulsar parameters, we obtain τ∗ ∼ 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 Ecyc 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 ∼40 keV; 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 Ecyc since its discovery in 1976 is characterized
by an initial value around 35 keV, an abrupt jump upwards to beyond ∼40 keV 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 Ecyc and the X-ray luminosity
Lx 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 Ecyc 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 Ecyc 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 1.24 s
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 Ecyc by 4.2 keV 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 Ecyc 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 Ecyc 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 35 d
modulation is present in the systematic variation of the shape
of the 1.24 s pulse profile. It has been suggested (Trümper 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

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
(∼300 d).

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 ∼1012 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
(Trümper et al. 1978). This feature is now generally accepted as
an absorption feature around 40 keV 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 = �eB/mec = 11.6 keV B12,

where B12 = B/1012 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 B12 = (1+ z) Eobs/11.6 keV,
with Eobs 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-Góchez & Harding 2000; Schönherr et al. 2007).

Here we present new results (from the last five years) on the
energy of the cyclotron resonance scattering feature Ecyc 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 Ecyc on phase of the
35 d 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 (Trümper 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 (Fürst 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 35 d phase (see Sect. 5). The spectral analy-
sis was performed using the standard software appropriate for

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 54 348.0 Rev. 597/598 414.72
RXTE 2009 Feb. 04–05 54 866.6 P 80015 22.19
INTEGRAL 2010 Jul. 10–18 55 390.0 Rev. 945–947 621.03
Suzaku 2010 Sep. 22 55 462.0 405058010/20 41.66
Suzaku 2010 Sep. 29 55 468.0 405058030/40 45.66
INTEGRAL 2011 Jun. 25–27 55 738.3 Rev. 1062 95.9
INTEGRAL 2011 Jul. 03–05 55 744.5 Rev. 1069 107.8
INTEGRAL 2012 Apr. 1–4 56 019.5 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 highecut1 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 35 d 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 Ecyc increases with increasing
X-ray luminosity Lx.

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

1 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 35 d Center 35 d observed max. Flux Flux normalized References

year/month cycle [MJD] phase Ecyc [keV] [ASM cts/s]1 Ecyc [keV]3

RXTE 2009 Feb. 388 54 866.60 0.11 37.76 ± 0.70 5.94 ± 0.50 38.14 ± 0.71 this work

Suzaku 2005 Oct. 353 53 648.00 0.11 38.70 ± 1.00 5.03 ± 0.20 39.47 ± 1.02 Enoto et al. (2008)2

2006 Mar. 358 53 824.20 0.19 38.20 ± 1.00 4.70 ± 0.35 39.12 ± 1.02 Enoto et al. (2008)2

2010 Sep. 405 55 462.00 0.07 37.83 ± 0.22 7.56 ± 0.23 37.50 ± 0.22 this work
2010 Sep. 405 55 468.00 0.25 36.50 ± 1.05 7.56 ± 0.23 35.17 ± 1.04 this work
2012 Sep. 426 56 192.23 0.09 37.03 ± 0.50 6.60 ± 0.50 37.12 ± 0.50 this work

INTEGRAL 2010 July 403 55 390.00 0.05 37.50 ± 0.30 6.67 ± 0.20 37.56 ± 0.30 this work
2011 June 413 55 738.26 0.08 37.34 ± 0.28 6.03 ± 0.20 37.68 ± 0.28 this work
2007 July/Aug. 373 54 348.00 0.25 36.50 ± 0.60 4.50 ± 0.48 37.51 ± 0.62 this work
2011 July 413 55 744.50 0.25 38.53 ± 0.78 7.00 ± 0.20 38.44 ± 0.78 this work
2012 Aug. 421 56 019.50 0.09 38.97 ± 0.38 5.03 ± 0.20 39.74 ± 0.39 this work

NuSTAR 2012 Sep. 426 56 192.20 0.09 37.33 ± 0.17 6.60 ± 0.20 37.42 ± 0.17 Fürst et al. (2013)

Notes. Uncertainties are at the 68% level. 35 d cycle numbering and 35 d phase is according to Staubert et al. (1983, 2013). (1) 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 × (15–50 keV BAT-cts cm−2 s−1). (2) 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). (3) These values refer to this work: normalization to an ASM flux of 6.8
(ASM-cts/s) using the Ecyc/flux relationship (slope of 0.44 keV/ASM-cts/s) of the two-variable fit to the 1996–2012 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 Ecyc

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: (2–10 keV ASM-cts/s) =
89 × (15–50 keV BAT-cts cm−2 s−1). 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 Ecyc 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 Ecyc 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 (Ecyc = (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 Ecyc 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
Ecyc 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.
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Fig. 2. Mean dependence of cyclotron line energy on pulse phase
for the Main-On of 35 d 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 30–45 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. Ecyc 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 (Ecyc 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 30–45 keV 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 Ecyc with 35 d phase: with progress-
ing 35 d 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 35 d 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 30–45 keV pulse profiles (for 10 dif-
ferent 35 d phases) with template (Ecyc 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 35 d 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 Ecyc profile, the ex-
pected pulse phase averaged Ecyc 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 Ecyc

values (data points with uncertainties) for 13 small integra-
tion intervals covering the Main-On of cycle 323 (MJD 52 599/
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.

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 (Ecyc vs. pulse phase)-profiles for the same 35 d phases (see
text for a detailed description).

6. Variation of Ecyc 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; Fürst et al. 2013). For the analysis of the long-term vari-
ation of Ecyc we exclude values with 35 d phases >0.20 in order
to avoid contamination due to a possible third variable, the 35 d
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 Ecyc and their stated uncertainties at face
value, the mean cyclotron line energies 〈Ec〉 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 ± 0.1 keV 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 Ecyc 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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2008), plus recent values as given in Table 2.
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energy Ecyc. However, working with a uniform set of RXTE data
between 1996 and 2005, we discovered that there was a depen-
dence of Ecyc 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 35 d 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 Ecyc 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 Ecyc 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 Fürst 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 Ecyc at least after 2006 (>MJD 54 500).
Based on a repeated analysis we give the following additional
information.

(1) The normalized Ecyc values between 1996 and 2006
(MJD 50 000–54 000) are consistent with a constant (based

on χ2/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) ×
10−4 keV d−1. 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.

(2) The weighted mean of the normalized Ecyc values

for 2006–2012 is (37.69 ± 0.10) keV (with a high χ2/d.o.f.
of 6.6, mainly due to the INTEGRAL 2012 point).

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

6.2. Normalizing Ecyc using fits to the 1996–2006 data
with two variables

From Fig. 1, it is already evident that most of the Ecyc 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

Ecyc(calc) = E0 + a × (F − F0) + b × (T − T0) (1)

with F being the X-ray flux (the maximum flux of the re-
spective 35 d cycle) in units of ASM-cts/s, as observed by
RXTE/ASM (and/or Swift/BAT), with F0 = 6.80 ASM-cts/s,
and T being time in MJD with T0 = 53 000 – the relation-
ship between ASM and BAT is the following: (2–10 keV ASM-
cts/s) = 89 * (15–50 keV BAT-cts cm−2 s−1).

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 (a = b = 0.0), as well as dependence only
on time (a = 0) leads to unacceptable fits with χ2/d.o.f. of 3.4
and 2.9, respectively. Allowing simultaneous dependence on flux
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Fig. 5. Upper panel, left scale: Her X-1
pulse phase averaged cyclotron line ener-
gies Ecyc normalized to a reference ASM
count rate of 6.8 cts/s using a flux depen-
dence of 0.54 keV/ASM-cts/s. A break in
mean Ecyc after MJD 54 000 (>2006) is ap-
parent. Lower panel, right scale: 2–10 keV
X-ray flux (of 35 d maximum) from moni-
toring by RXTE/ASM (from Swift/BAT after
MJD 56 000). Blue data points with uncertain-
ties are those fluxes which are used to correlate
with Ecyc , the green curve connects measure-
ments of each 35 d cycle.

Table 3. Details of fits with formula (1) to Ecyc values observed between
1996 and 2006.

Param. E0 a [keV/ b [10−4 χ2 d.o.f.
fitted [keV] ASM-cts/s] keV/d]

E0 40.15 ± 0.09 0.00 0.00 47.6 14
E0, a 40.08 ± 0.09 0.58 ± 0.10 0.00 10.9 13
E0, b 39.88 ± 0.12 0.00 −4.60 ± 1.43 37.3 13
E0, a, b 39.88 ± 0.12 0.54 ± 0.10 −2.91 ± 1.47 7.0 12

Notes. The reference time is T0 = 53 000.

and on time leads to a good fit (χ2/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
applied2.

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)).

2) 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.

3) Because of the lack of measurements in 2007 and 2008
(at 35 d 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 2–10 keV X-ray flux
(the maximum flux of each 35 d cycle) from monitoring by

2 The respective improvements in χ2, when one additional free param-
eter is added, yields chance probabilities of 1.7% and <10−10, respec-
tively, for an improvement by chance, when as the third free parameter
the time dependence or the flux dependence is added.

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
Ecyc 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 χ2 = 20.4 for 18 d.o.f.

From Fig. 6 we see that the INTEGRAL12 point is far (∼6σ)
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) × 10−4 to (−6.91 ± 0.39) ×
10−4 keV d−1), which means that the conclusions about the decay
of Ecyc 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) × 10−4 keV d−1 and
the quadratic time term is (−6.88 ± 3.18) × 10−8 keV d−2 (both
with a reference time MJD 53 500), and a χ2 = 15.7 for 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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Fig. 6. Her X-1 pulse phase averaged cyclotron
line energies Ecyc normalized to a reference
ASM count rate of 6.8 cts/s using a flux de-
pendence of 0.44 keV/ASM-cts/s. The data are
now consistent with a linear decline of Ecyc

with time with a slope of −7.22×10−4 keV d−1.

Table 4. Details of fits with formula (1) to Ecyc values observed between 1996 and 2012 (excluding INTEGRAL12).

Fit Param. E0 a b χ2 d.o.f. F-values Chance

No. fitted [keV] [keV/ASM-cts/s] [10−4 keV/d] probab.

1 E0 39.12 ± 0.07 0.00 0.00 430 20
2 E0, a 39.08 ± 0.07 0.74 ± 0.09 0.00 357 19 F(1–2) = 3.86 0.06

3 E0, b 39.29 ± 0.07 0.00 −7.59 ± 0.39 45.0 19 F(1–3) = 163 9 × 10−11

4 E0, a, b 39.25 ± 0.07 0.44 ± 0.09 −7.22 ± 0.39 20.4 18 F(3–4) = 131 5 × 10−5

Notes. The reference flux is F0 = 6.8 (ASM-cts/s) and the reference time is T0 = MJD 53 500. The F-values are calculated according to the
following formula: F = ∆(χ2)/χ2

2
× d.o.f.(2). The last column gives the F-test probability that the improvement in χ2 (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 (χ2 = 430 for 20 d.o.f.): Ecyc is
not constant.

2) Introducing a linear flux dependence (neglecting any time de-
pendence (fit 2)), improves the χ2 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 (χ2 =
313, compare the corresponding values of Table 4).

3) Introducing a linear time dependence (neglecting any flux de-
pendence (fit 3)), improves the χ2 dramatically. The F-value
corresponds to a formal probability of <10−10 for the im-
provement to be just by chance.

4) Adding now the linear flux dependence (fit 4), χ2 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 × 10−5).
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).

5) 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 Ecyc

over the covered time range (1996–2012), while the increase

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).

6) An even better fit can be achieved by introducing a quadratic
term in the time dependence (Ecyc/dt2 = (−6.88 ± 3.18) ×
10−8 keV d−2), albeit marginally significant (3.7% chance
probability). The negative second derivative means that the
decrease in Ecyc accelerates with time. We note, that one
might rather expect the opposite, e.g., a kind of exponential
decay.

7) 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.

7. Summary of observational results

Here we summarize our 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 Ecyc 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) × 10−4 keV d−1 (0.26 keV yr−1
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or 4.2 keV over 16 yrs). The data are, however, also consis-
tent with two other models: First (see Fig. 5), a somewhat
slower decay (∼3×10−4 keV d−1) 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 Ecyc 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 Ecyc is confirmed with a value be-
tween 0.44 and 0.54 keV/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 Ecyc with this precessional
phase: while there is very little (if any) variation until 35 d
phase 0.2, there may be a decrease at later phases. If it is
indeed so, that the pulse phase dependence of Ecyc 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 35 d
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 Ecyc on luminosity

A negative correlation between the pulse phase averaged cy-
clotron line energy and the X-ray luminosity (a decrease in Ecyc

with increasing Lx), 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, Ṁ. In the model of
Burnard et al. (1991), the height of the polar accretion struc-
ture is tied to Ṁ. 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 Ecyc. 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 0115+63 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 Ecyc and luminosity.

However, Müller 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 2–10 keV flux is a good measure of the bolometric
luminosity. While the above discussed analysis tests the corre-
lated variability of Ecyc and Lx on long timescales (35 d and
longer), the pulse-amplitude resolved analysis of Klochkov et al.
(2011) does so on short timescales (down to the pulse period
of 1.24 s). 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 Γ of the underlying power law continuum scales negatively
with the pulse amplitude (the absolute value of Γ 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 (Müller 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: Ecyc decreases and Γ increases with increas-
ing Lx. Finally, we mention that a positive correlation of Ecyc

with Lx 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 (Fürst 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 Ṁ, 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 Ṁ 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 Ecyc of the fundamental CRSF
with Lx in 4U 0115+63 (Müller 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 Ecyc. Do we possibly see here
the transition between the two accretion regimes?

8.2. The long-term decay of Ecyc

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 Ecyc

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 Ecyc 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 r−3 dependence of
field strength, the observed ∼5 keV reduction in Ecyc from 1992
to 2012 (0.25 keV 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 σ 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
τ = 4πR2σ/c2 (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 Ecyc 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 Ecyc 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 Ecyc.

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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