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Reviewers
Dr. Didier Barret, Centre d’Etude Spatiale des Rayonnements, Toulouse, France
Dr. Diana Hannikainen, Metsähovi Radio Observatory, Finland

Opponent
Dr. Rudy Wijnands, Astronomical Institute ’Anton Pannekoek’, University of Amsterdam,
The Netherlands

Custos
Prof. Juri Poutanen, University of Oulu, Finland

Cover CG artwork: “Remnants” by Sami Mattila (http://freelancah.deviantart.com, used
by permission)

ISBN 978-951-42-9205-7
Oulu University Press
Oulu 2009



Abstract

The thesis is devoted to the observational studies of the black-hole binary Cyg X-1
and the accretion-powered millisecond pulsar SAX J1808.4–3658. Most of the work
has been done using data from the Rossi X-ray Timing Explorer (RXTE) satellite, that
provides an excellent timing resolution and large photon statistics owing to the un-
precedented collection area of its main detector, Proportional Counting Array.

Broad-band spectral analysis is a direct way to detect and separate various spectral
components present in the X-ray band. It helps to reveal the underlying physics of a
compact object. In our work devoted to the broad-band spectroscopy of Cyg X-1, we
used 42 spectra in the energy range 3–1000 keV, when the source was simultaneously
observed by the RXTE and CGRO satellites. We have studied the observed variability
patterns and spectral parameter correlations and discussed the presence and origin
of the spectral components. We have also compared the observed correlations to the
predictions of the the dynamic corona (Malzac, Beloborodov, & Poutanen, 2001) and
the truncated disc (e.g., Zdziarski et al. 2002) theoretical models.

We have investigated the physics behind the 152-day superorbital long-term vari-
ability seen in Cyg X-1. Decade-long daily data from RXTE/All Sky Monitor allowed us
to obtain statistically good variability profiles. The origin of this variability is believed
to be due to the accretion disc precession. Taking into account several models for the
emission, we have constrained some system parameters; in particular, we obtained the
disc precession angle of 10o− 20o. We demonstrated that the thermal Comptonization
model explains very well the observed decrease from 1 to 300 keV of the variability
amplitude. In a subsequent paper we have discovered that the orbital variability prop-
erties of Cyg X-1 are connected to its superorbital phase. This effect can be explained
by a combination of the accretion disc precession and absorption of the X-rays by an
accretion bulge located near the disc edge.

We conducted a comprehensive study of spectral and temporal characteristics of the
accretion-powered millisecond pulsar SAX J1808.4–3658. Our main finding is that the
variety of observational data support the physical picture where the accretion disc inner
edge recedes from the neutron star as the outburst progresses and flux decays. In order
to explain the complex pulse profile evolution, we suggest that at a certain moment the
secondary emitting spot becomes visible to an observer, and this effect, together with
other consequences due to changes in the accretion flow geometry, causes the observed
complex pulse evolution. In the following theoretical paper, we perform modelling of
the pulse profiles that includes the effect of partial screening of the antipodal emitting
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spot, and demonstrate that there is an agreement between the theoretical pulse shapes
and the observed ones.

These works discuss several new observational facts and are important for under-
standing the physics and accretion disc geometry in accreting black holes and neutron
stars.
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Chapter 1

Accreting binaries

About one third of all the stars in our Galaxy are, in fact, members of binary systems
– when two stars are gravitationally bound together and rotating around a single centre
of mass. Under some circumstances, matter can be transferred from one star to the
other due to the influence of gravity. When the accretor is a neutron star or a black
hole, the accreting matter in the vicinity of the compact object heats up to 107 − 109

K and emits in the X-ray band. Such systems are called X-ray binaries. Nowadays,
about 300 X-ray binaries are known in our Galaxy (Liu, van Paradijs, & van den Heuvel,
2007).

There are two distinct observational classes, low- and high-mass X-ray binaries
(LMXB and HMXB, respectively). LMXBs have a companion of spectral class A – M
and mass lower than about 2M⊙. The mass transfer in the systems occurs via Roche
lobe overflow. Most LMXBs are transients, i.e. these are radiating non-permanently, ex-
periencing periods of quiescence, which range from a few days to more than ten years.
By contrast, HMXBs are much more massive systems, with companions such as Be-stars
(M > 5M⊙) or OB supergiants (M > 15M⊙). In these objects the mass transfer oc-
curs because the compact object crosses gaseous disc around Be star or because of the
strong stellar wind generated by the giant companion (with the mass loss reaching up
to 10−5M⊙/year). All known HMXBs are persistent sources. The “intermediate mass"
X-ray binaries are rarely observed, as they do not supply enough stellar wind and their
evolution makes the Roche lobe transfer phase very short. Her X-1 and Cyg X-2 are the
few known examples.

Accretion acts as a power source for the X-ray binary systems: if all the kinetic
energy of the gas converted to radiation, the released power will be of the amount

L ≈ GM Ṁ

R
, (1.1)

where M and R are the mass and the radius of the central object and Ṁ is the accretion
rate. Therefore, the energy release depends strongly on the ratio M/R, making it most
effective in compact objects. The accretion efficiency (in other words, the released
fraction of the rest mass energy) for a neutron star is about 0.15, while nuclear burning
of hydrogen has efficiency of only about 0.007.
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rate. Therefore, the energy release depends strongly on the ratio M/R, making it most
effective in compact objects. The accretion efficiency (in other words, the released
fraction of the rest mass energy) for a neutron star is about 0.15, while nuclear burning
of hydrogen has efficiency of only about 0.007.



12 ACCRETING BINARIES

Figure 1.1. An artistic view of Cyg X-1 high-mass black hole binary. Image from
http://www.spacetelescope.org/.

The Eddington luminosity is the limiting luminosity corresponding to the balance
between the gravitational force and radiation pressure force. In the case of spherical
accretion of pure hydrogen it is

LE =
4πGMmpc

σT
≃ 1.3× 1038
� M

M⊙

�
erg s−1, (1.2)

where mp is the proton mass and σT is the Thomson cross section for photon scattering
off free electrons. The ratio L/LE is often used as a “scaling factor" to characterize
accretion properties.

Since the accreting matter carries some angular momentum, it should be carried
away to allow matter to accrete. The matter does not experience free-fall but rather
forms an accretion disc, where angular momentum transfers outwards while the matter
spirals down towards the compact object. The exact properties of accretion discs are
the subject of intensive research since the 1960s.1.1 Emission of a �ow: a

retion solutions

The emission of the accretion disc is one of the observed components in X-ray bi-
naries and in order to compute theoretical spectra it is necessary to have a model of
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§1.1 Emission of a flow: accretion solutions 13

accretion flow. In the canonical accretion disc model by Shakura & Sunyaev (1973), the
assumption is that viscous stress converts the gravitational potential energy into heat
and the heat, in turn, is radiated locally. The theory uses the so-called α-prescription,
where all the physics of viscous stress is parameterized via the phenomenological scale
coefficient α, which relates the total pressure to the shear stress. This solution produces
a geometrically thin and optically thick disc. The model predicts the temperature pro-
file across the disc to be T (r)∼ r−3/4 and one can then obtain a standard “multicolour
blackbody disc spectrum" by integrating the local blackbody spectra along the radius. A
modification to this approach, which takes into account the pseudo-Newtonian poten-
tial (Paczyński & Wiita, 1980), is presented by Gierliński et al. (1999). Although the
spectral model fits well the “disc" component in the observed spectra, its parameters
should not be taken literally as the corrections for relativistic effects must be consid-
ered (Li et al., 2005; Davis et al., 2005).

Recently, magneto-rotational instability (MRI) has been identified as the physical
process that produces the stress (Balbus & Hawley, 1991; Balbus, 2005). The Shakura-
Sunyaev prescription is subject to the instability due to the ionization of hydrogen (at
low luminosities, L/LE ∼0.001 for an orbital period of ∼1 hour, see Lasota 2001).
Despite many works that claim that the Shakura-Sunyaev disc is subject to radiation
instability at high luminosities (L/LE ∼0.06, e.g. Lightman & Eardley 1974; Shakura &
Sunyaev 1976; Piran 1978), a recent study by Hirose, Krolik, & Blaes (2009) shows that
in fact radiation-dominated discs may be thermally stable. The instability would affect
the source lightcurve and would be obvious for an observer, while in fact the discs of
accreting systems remain mostly stable at least till L/LE ∼ 0.7.

The energy can thermalize locally (to meet the Shakura-Sunyaev assumption), but
this is not always the case. If the flow is hot enough, then it can become optically thin
to electron-photon collisions. These conditions then result in the accreting flow con-
figuration that differs considerably from the Shakura-Sunyaev regime. Gravitational
energy is carried mostly by protons, while electrons can take only a small part of it via
Coloumb interactions, but they radiate more efficiently; this would lead to incomplete
thermalization of protons with electrons and therefore to a two-temperature flow. Due
to low optical depth, the shape of the emitted spectrum will be due to Comptonization,
bremsstrahlung and cyclo-synchrotron emission. Shapiro, Lightman, & Eardley (1976)
computed two-temperature flows without advection (the effect of carrying part of the
energy away together with the flow); however, advection of gravitational energy by
protons is quite important, and this is accounted for in the Advection-Dominated Ac-
cretion Flow models by Ichimaru (1977); Narayan & Yi (1995); Esin, McClintock, &
Narayan (1997). In these papers, advection is treated as a cooling process only, but
if the advection fraction becomes negative, the process can heat up matter, produc-
ing a Luminous Hot Accretion Flow (Yuan, 2001, 2003; Yuan & Zdziarski, 2004). The
other effects that can affect the solution are: wind from the disc (Narayan & Yi, 1995;
Blandford & Begelman, 1999), convection (Blandford & Begelman, 1999; Abramowicz
& Igumenshchev, 2001), the existence of magnetic fields (Meier, 2005) and a jet (Fal-
cke, Körding, & Markoff, 2004). These solutions all result in hot, quasi-spherical flows.
It is believed that in such regions Comptonization of soft “seed" photons takes place,
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producing the observed Compton continuum.1.2 Comptonization
Compton scattering is the scattering of photons against free (or, if the photons

are very energetic, bound) electrons. During scattering, photons and electrons can
exchange energies. The commonly known Thomson scattering is the simplified case
when energy exchange is negligible. The detailed description of all possible scatter-
ing regimes is beyond the scope of this introduction, but we are especially interested
in the case when relatively cool seed photons encounter a hot electron cloud. These
seed photons can be supplied by the accretion disc or, if a magnetic field is available,
produced as synchrotron emission by the same electrons that later participate in Comp-
ton scattering (such a process is called synchrotron-self-Compton emission and is used,
in particular, to explain spectra of jets from blazars; it can be also of importance to
accreting binaries).

Seed photons
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Energy 
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Figure 1.2. The schematic illustration of the Comptonization process. Figure courtesy
by Marek Gierliński.

A single scattering of a photon against an electron in the case of a Maxwellian
electron distribution will result in the photon’s average relative energy gain ofD∆E

E

E
= 4

kT

mec2 , (1.3)

where E is the photon energy, ∆E is the change of photon energy, k is the Boltzmann
constant, T is the temperature of the electron cloud and me is the electron rest mass.
“Comptonization" is the term for the effect of multiple scattering of low energy photons

14 ACCRETING BINARIES

producing the observed Compton continuum.1.2 Comptonization
Compton scattering is the scattering of photons against free (or, if the photons

are very energetic, bound) electrons. During scattering, photons and electrons can
exchange energies. The commonly known Thomson scattering is the simplified case
when energy exchange is negligible. The detailed description of all possible scatter-
ing regimes is beyond the scope of this introduction, but we are especially interested
in the case when relatively cool seed photons encounter a hot electron cloud. These
seed photons can be supplied by the accretion disc or, if a magnetic field is available,
produced as synchrotron emission by the same electrons that later participate in Comp-
ton scattering (such a process is called synchrotron-self-Compton emission and is used,
in particular, to explain spectra of jets from blazars; it can be also of importance to
accreting binaries).

Seed photons
log E F(E)

Energy 

gain

log E

L
soft

Comptonized spectrum

L
hard

Figure 1.2. The schematic illustration of the Comptonization process. Figure courtesy
by Marek Gierliński.
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by hot electrons, during which the photons can be up-scattered to very high energies
(as sketched in Fig. 1.2). Such a process is governed by the Kompaneets parameter
y = 4 kT

mec2 max(τT,τ2
T), where τT is the Thomson optical depth of the electron cloud.

Based on the value of the parameter, we can distinguish:

• Very unsaturated Comptonization, y ≪ 1. Just a few scatterings are possible,
resulting in a very steep powerlaw with the photon energy index α≫ 1 (where
α = −d ln FE/d ln E and FE is the flux). Such a regime is achieved, for example,
when the cosmic microwave background radiation is scattered on the hot electron
gas in galaxy clusters (Sunyaev-Zeldovich effect).

• Unsaturated Comptonization, y ∼ 1 and α∼ 1−2. This regime describes the hard
X-ray spectra of galactic black holes, neutron stars and active galactic nuclei. If
the electron cloud has a Maxwellian velocity distribution, then the photon spec-
trum experiences a cutoff around the energy of kT . If the velocity distribution
is non-thermal (commonly, a powerlaw), then no cutoff is present in power-law
continuum (as e.g. in the soft state of Cyg X-1, see Fig. 1.3). In reality, some
hybrid combinations of thermal and non-thermal Comptonization are observed
(Coppi, 1999).

• Saturated Comptonization, y ≫ 1, when all photons scatter for a very long time
and end up in a Bose-Einstein distribution at around E = kT preceded by a flat
spectrum with α∼ 0. This regime is possible in high accretion rate systems.

In our Papers I and IV, we model the numerous spectra of the Cyg X-1 black hole
binary and accretion millisecond X-ray pulsar SAX J1808.4–3658 using the Comptoniza-
tion model COMPPS (Poutanen & Svensson, 1996). The model was also used in Paper II
to obtain energy-dependent emissivity patterns of a Comptonizing slab.1.3 Compton re�e
tion and iron line

The hard X-rays, produced by Comptonization process in a region around the cen-
tral compact object, can irradiate the accretion disc, producing the Compton reflection
component (see Fig. 1.3). Magdziarz & Zdziarski (1995) derived approximations to
Green’s functions for the reflection of Xγ-rays by cold electrons.

This irradiation also gives rise to a fluorescent iron 6.4 keV line and iron edge at
7 keV (and can also lead to the ionization of matter, however present observations
from Cyg X-1 are consistent with neutral reflecting medium). The iron line (as well
as reflection) is produced in the strong gravity field and in the disc material orbiting
rapidly the central compact object, and thus becomes relativistically “smeared" by a
combination of Doppler shifts, gravitational redshift and light bending (e.g. Reynolds &
Nowak 2003). Even though analysis of the iron line is complex, its exact shape can give
us important information about the accretion flow in the vicinity of the compact object,
such as the object’s spin and the actual inner disc radius. The width of the iron line
and the amplitude of the reflection are usually well correlated, indicating their origin
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from the same media (e.g. Ibragimov et al. 2005). In recent works by Beckwith & Done
(2004); Dovčiak, Karas, & Yaqoob (2004); Li et al. (2005), iron line and continuum
modelling in the relativistic regime was considered.

Figure 1.3. The simultaneous RXTE and CGRO/OSSE observation of Cyg X-1 in the soft
state on 1996 June 17. The solid line show a best-fit model. The emission components
are marked in the figure. Figure from Gierliński et al. (1999).
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Chapter 2

Black hole binaries

In 1939, Oppenheimer & Snyder (1939) made the first precise calculations describ-
ing the birth of a black hole (hereafter BH). Optical observations of Cyg X-1 (Bolton,
1972; Webster & Murdin, 1972) brought to light the first strong observational evidence
of this class of object. Today, about 20 objects are known to contain a compact ob-
jects that is too massive to be a neutron star (M > 3M⊙). Population estimates result in
108−109 black holes in our Galaxy (Brown & Bethe, 1994; Timmes, Woosley, & Weaver,
1996). Stellar-mass black holes are one of the endpoints of stellar evolution and are
responsible for the heavy element abundance in the Universe; observations of BHs can
constrain theories about their formation and the evolution of binary systems; some
BHs in binary systems might be related to “hypernovae" believed to power gamma-ray
bursts. Studies of fast quasi-periodic oscillations and high-energy spectra could help in
understanding e.g. the accretion physics and jet formation in the vicinity of the BHs.

It is usually quoted, that a “black hole has no hair" (Ruffini & Wheeler, 1971),
i.e. it possesses only mass and spin. These parameters, along with geometrical con-
straints, should completely determine the accretion flow that we observe through its
radiation. Mass acts like a “scale factor", while spin controls the geometry. Depend-
ing on the spin, the innermost stable circular orbit (ISCO) around BH ranges from 6Rg
for Schwarzschild (non-rotating) BH to 1Rg for a maximally-rotating Kerr BH (here,
Rg = GM/c2 is the gravitational radius and RS = 2Rg is the Schwarzschild radius).2.1 Spe
tral states

The most dramatic phenomenon observed in accreting systems is the existence of
different spectral states, that switch from one to another every few years (see Fig.
2.1). While Cyg X-1 mainly shows the so-called “hard" and “soft" states with some
intermediate states (nomenclature of the states is not quite robust across the literature,
see e.g. Zdziarski & Gierliński 2004 and Remillard & McClintock 2006 for various state
definitions), several other states are observed in other BH binaries. These states differ
considerably in almost every observational characteristic.

• Hard state. The hard state spectrum has its energy peak at about 100 keV

Chapter 2

Black hole binaries

In 1939, Oppenheimer & Snyder (1939) made the first precise calculations describ-
ing the birth of a black hole (hereafter BH). Optical observations of Cyg X-1 (Bolton,
1972; Webster & Murdin, 1972) brought to light the first strong observational evidence
of this class of object. Today, about 20 objects are known to contain a compact ob-
jects that is too massive to be a neutron star (M > 3M⊙). Population estimates result in
108−109 black holes in our Galaxy (Brown & Bethe, 1994; Timmes, Woosley, & Weaver,
1996). Stellar-mass black holes are one of the endpoints of stellar evolution and are
responsible for the heavy element abundance in the Universe; observations of BHs can
constrain theories about their formation and the evolution of binary systems; some
BHs in binary systems might be related to “hypernovae" believed to power gamma-ray
bursts. Studies of fast quasi-periodic oscillations and high-energy spectra could help in
understanding e.g. the accretion physics and jet formation in the vicinity of the BHs.

It is usually quoted, that a “black hole has no hair" (Ruffini & Wheeler, 1971),
i.e. it possesses only mass and spin. These parameters, along with geometrical con-
straints, should completely determine the accretion flow that we observe through its
radiation. Mass acts like a “scale factor", while spin controls the geometry. Depend-
ing on the spin, the innermost stable circular orbit (ISCO) around BH ranges from 6Rg
for Schwarzschild (non-rotating) BH to 1Rg for a maximally-rotating Kerr BH (here,
Rg = GM/c2 is the gravitational radius and RS = 2Rg is the Schwarzschild radius).2.1 Spe
tral states

The most dramatic phenomenon observed in accreting systems is the existence of
different spectral states, that switch from one to another every few years (see Fig.
2.1). While Cyg X-1 mainly shows the so-called “hard" and “soft" states with some
intermediate states (nomenclature of the states is not quite robust across the literature,
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Figure 2.1. Spectral states of Cyg X-1 (Gierliński et al., 1999).

and is believed to originate from thermal Comptonization in a hot electron cloud
(Shapiro, Lightman, & Eardley, 1976; Ichimaru, 1977; Sunyaev & Truemper,
1979; Sunyaev & Titarchuk, 1980; Poutanen, 1998; Zdziarski & Gierliński, 2004).
The strong cutoff around 100 keV is observed (which is expected from a thermal
electron cloud), but some weak MeV tail also exists, suggesting the presence of
non-thermal particles (McConnell et al., 1994; Ling et al., 1997). This state is
accompanied by a steady radio jet (Fender, 2001).

• Soft state. This state consists of a prominent ∼ 1 keV black-body and a power-
law-like tail (see Figs. 1.3 and 2.1). The spectral component reminiscent of a
black-body is associated with the optically thick accretion disc (Shakura & Sun-
yaev, 1973) with a temperature of about 0.4–1.5 keV. Above that, a powerlaw tail
exists that shows no cutoff till at least 10 MeV (McConnell et al., 2002), which can
be explained by the emission of purely non-thermal plasma (Poutanen & Coppi,
1998; Gierliński et al., 1999; Coppi, 1999; Zdziarski et al., 2001; Zdziarski &
Gierliński, 2004). No QPOs are observed in this state. This state is sometimes
also referred to as thermal dominant.

• Very high state. The state observed during the brightest phases of many BH
binaries; characterized by the very bright disc emission that is similar to the soft
state, but also with a prominent high-energy tail that is steeper than in hard
or soft state (photon index above 2.4, e.g., Miyamoto et al. 1991, 1993; Done,
Wardziński, & Gierliński 2004; Abe et al. 2005).

• Ultrasoft state. Similar to the soft state with a very small amount of high-energy
emission.
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• Intermediate state. A state which takes place between the soft and hard states, but
does not have the luminosity of the very high state (Ebisawa et al., 1994; Belloni
et al., 1996). Sometimes, due to similarity of properties, also referred to as the
very high state.

Theoretical grounds for the explanation of the observed spectra were addressed in
accretion disc models (see reviews by Beloborodov 1999; Done, Gierliński, & Kubota
2007) and in the works devoted to the computation of the Comptonized emission in
various geometries (Poutanen & Svensson, 1996; Coppi, 1999). In the recent work of
Poutanen & Vurm (2009) the authors model a spherical inner accretion flow, similar to
advection-dominated (Esin, McClintock, & Narayan, 1997) or luminous hot accretion
flows (Yuan, 2003; Yuan & Zdziarski, 2004). The model can explain the hard state
as being produced by the synchrotron-self-Compton mechanism, without any input of
emission from the accretion disc and with a low magnetic field. Explanation of the
soft state spectra requires input from a disc and presense of a magnetically-dominated
emission region. The model provides a good match with the observed Cyg X-1 soft and
hard state spectra. Difference in the required amount of seed photons from the disc
suggests similarities to the “truncated disc" model, as explained below.2.2 �Trun
ated dis
" model framework

From the theoretical point of view, we have two stable accretion flows: a Shakura-
Sunyaev disc and a “hot inner flow" (see Section 1.1). The combination of these two
solutions, likely switching from one to another at some “truncation radius", is at the
core of the “truncated disc" model, aimed to explain the origin of spectral states. The
soft and hard state configurations are sketched in detail in Fig. 2.2. In the hard state,
the disc turns into a hot inner flow (probably penetrating it to some extent) at some ra-
dius, and the flow manifests itself by creating the thermal Comptonization continuum,
while the disc provides some reflection and seed photons for the Comptonization. In
the soft state, the hot flow is greatly suppressed and the disc extends almost towards the
ISCO, and therefore we mainly see emission from the disc itself. Comptonization how-
ever probably takes place in active regions (flares) above the disc or some other form
of the hot, optically thin medium (Done, Gierliński, & Kubota, 2007). These regions
are likely to contain non-thermal electrons which lead to nonthermal Comptonization
continuum. In Fig. 2.3 we illustrate a variety of “additional" states along with proposed
configurations of the truncated disc.

Our Paper I discusses the application of this framework to the observational data
of Cyg X-1. While the observed correlation between the spectral slope and the reflec-
tion scaling factor (see Fig. 11 in Paper I) is not well reproduced by the truncated disc
model, a clear anticorrelation between the Quasi-Periodic Oscillation frequency (prob-
ably related to the truncation radius) and coronal compactness follows the relation
expected from the truncation disc configuration (Fig. 10 in Paper I).
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Figure 2.2. The geometries of hard and soft states according to the “truncated disc"
model. Adapted from Zdziarski et al. (2002).
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Figure 2.3. A selection of states taken from the 2005 outburst of GRO J1655−40. Ab-
breviations VHS, TDS, USS and LHS refer to the very high, soft (thermal dominant), soft
with extremely weak tail (ultrasoft) and hard states. The right hand panel shows the
proposed accretion geometry configurations of the “truncated disc" model with sketched
accretion disc, hot inner flow, its associated jet and active regions above the disc. Figure
from Done, Gierliński, & Kubota (2007).2.3 Variability

Cyg X-1 displays variability on all timescales, from milliseconds to years. The main
large-scale variability phenomena are state transitions, large outbursts, orbital modula-
tion (due to absorption in the companion wind at certain orbital phase) and superor-
bital modulation. X-ray outbursts in low-mass X-ray BH binaries lasting between ∼20
days and many months are explained by an instability arising in the accretion disc.
When the accretion rate from the donor star can not maintain continuous viscous flow,
matter builds up in the outer disc and when the critical density is reached, the outburst
is triggered. Such an explanation predicts recurrent outbursts with period of 1− 20
years, and indeed, half of known BH binaries show such a behaviour (but this model,
described in Lasota 2001, does not explain outbursts that happen at longer or shorter
timescales). In day-to-day variability patterns, Cyg X-1 shows two clear “modes": spec-
tral normalization change and “pivoting" around 10 keV (Zdziarski et al. 2002 and
Paper I).

The power density spectra (PDS, usual frequencies for RXTE/PCA are in the range
of 0.002 – 4096 Hz) vary greatly with the spectral state. These are usually decom-
posed as a sum of Lorentzians plus a powerlaw component in the hard state and just
a powerlaw in the soft state. These observed Lorentzians are commonly referred to
as Quasi-Periodic Oscillations and studied extensively (e.g., Pottschmidt et al. 2003;
Gleissner et al. 2004a,b; Axelsson, Borgonovo, & Larsson 2005, 2006; Axelsson et al.
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2008; Wilms et al. 2006). The similarities between black hole and neutron star PDS
suggest that most of these features are physically connected not to the nature of the
central object but instead to the accretion flow (although a difference would follow
from the presence of a solid surface in the case of neutron stars). Some particular radii
are picked up by variability, and when a source makes a transition from the hard to
the soft state, the frequencies of QPOs increase. This fact strongly supports the “trun-
cated disc" model (that was initially developed for explaining spectral, not temporal,
changes).

In Cyg X-1 the long-term variability phenomena include orbital (e.g., Brocksopp
et al. 1999b) and superorbital variations (see Brocksopp et al. 1999a; Pooley et al.
1999; Özdemir & Demircan 2001; Benlloch et al. 2001, 2004; Karitskaya et al. 2001;
Lachowicz et al. 2006). Orbital variability of 5.6 days occurs due to the obscuration of
the central source of X-rays by the focused wind from the companion, the OB supergiant
HD 226868. The bound-free absorption in the wind causes strong modulation in X-
rays, while the free-free absorption modulates the radio emission. The superorbital
variability observed at almost all wavelengths has a period of ∼150 days and is possibly
caused by the disc precession, the properties of which we investigate in detail in our
papers II and III.
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Chapter 3

Accretion-powered millisecond
pulsars3.1 Pulsating emission from neutron stars

Neutron stars (hereafter NS) are one of the most fascinating bodies in the universe.
They contain over a solar mass of matter within ∼ 10 km radius. The density of a NS
is about 1015 g/cm3. Such a high density can not be reproduced artificially, therefore
NS could serve as a laboratory to study condensed matter. Also, these are excellent
subjects to test the effects of General Relativity. In 1967, Bell and Hewish discovered
radio pulsars, and Gold (1968) identified these as rotating neutron stars. The famous
Crab pulsar was discovered in the remnants of the Crab supernova from 1054, con-
firming the scenario of NS origin from a supernova explosion. Reliable observational
determinations of NS masses in radio pulsars give a quite narrow range of 1.35± 0.04
M⊙ (Thorsett & Chakrabarty, 1999), and 1–2 M⊙ is obtained from several other binary
systems containing a NS (Page & Reddy, 2006). Stellar evolution theory predicts proto-
neutron stars with masses of 1.2−1.8M⊙. The expected population of NS in our Galaxy
is about 108. In Fig. 3.1 we present a sketch of the NS structure (for an overview of re-
cent studies on NS theory see Heiselberg & Pandharipande 2000; Page & Reddy 2006),
where the inner core region is marked by a question mark, as there is no consensus of
its composition.

It is very difficult to observe very dim, non-accreting NS, though a few objects of this
kind are known (“The Magnificent Seven", e.g., Haberl 2007). Rotating NS generate
pulsed emission, hence the name pulsars. Radio pulsars are objects where the magnetic
and rotational angles are misaligned, so they emit radiation in the form of radio waves.
In general, their periods are around 1 s (see Fig. 3.2). From the frequency derivative
of the observed pulse periods it is known that their magnetic fields are about 1012 G.
A distinct class are millisecond pulsars with periods below 10 ms and very low period
derivatives suggesting a magnetic field strength of about 108–1010 G. In the 1970s, it
was discovered that X-ray pulsars exist. These are mostly NS accreting matter from high-
mass (M > 10M⊙) companions. The accretion flow follows the magnetic field lines that
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Figure 3.1. Inside a neutron star. Figure from Page & Reddy (2006).

disrupt the accretion disc at some radius and lead matter towards the magnetic poles,
as sketched in Fig. 3.3.

In the accreting disc, magnetic pressure becomes equal to the ram pressure of the
accreting matter at the Alfvén radius

Rm =
h B2

0R6

2Ṁ
p

GM

i2/7
, (3.1)

where B0 is the magnetic field, M and R are the NS mass and radius and Ṁ is the
accretion rate. We can compare Rm to the corotation radius Rco, where the Keplerian
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Figure 3.2. Distribution of pulsars and anomalous X-ray pulsars (AXPs) in the P − Ṗ
plane. Binary systems are indicated by a circle around the point. Lines of constant
pulsar characteristic age, τc = P/(2Ṗ), and surface dipole magnetic field strength, Bs ∼
(P Ṗ)1/2, are indicated. The spin-up line, representing the minimum period attainable
by accretion from a binary companion, is also shown. Figure from Manchester (2001).

rotational frequency is equal to the spin of the NS:

Rco =
hGM P2

4π2

i1/3
, (3.2)

where P is the pulsar period. If Rm > Rco, then matter will be ejected by the magnetic
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Figure 3.3. An artist’s representation of a magnetically-driven accretion onto NS. Figure
from Gierliński, Done, & Barret (2002).

field, as the field will have a field velocity greater than Keplerian. This will also cause
the NS to slow down. In the opposite situation, accretion is possible and the momentum
is transferred to the NS, causing it to spin up (since Keplerian motion of the accreting
matter will be faster than the angular velocity of the NS and its magnetic field). A drop
in the accretion rate can cause accretion to cease (since Rm ∼ Ṁ−2/7). The “spin-up"
line in Fig. 3.2 corresponds to the situation when the “spin equilibrium" takes place
(Rm = Rco).

How can a millisecond pulsar be born? Young pulsars have high magnetic fields
and short periods (as during the collapse of the star the magnetic flux and angular
momentum remain conserved). They emit relativistic winds, radio waves, photons
and undergo magnetic field interactions with their surroundings, and hence lose their
energy and spin down. Then, the accretion of gas from the companion, which also
carries some angular momentum, spins the star up to millisecond periods.

Magnetized accretion is a rather complex problem. MHD simulations performed
by Romanova with coauthors (see Romanova et al. 2003, 2004; Long, Romanova, &
Lovelace 2007; Romanova, Kulkarni, & Lovelace 2008; Kulkarni & Romanova 2008;
Long, Romanova, & Lovelace 2008) show that the flow of matter could be far from the
“dipole-like" approximation under certain conditions. In fact, observed pulse profiles
can be reasonably well explained by a simple accreting geometry, such as in Fig. 3.3.3.2 Observational properties of millise
ond pulsars

When a pulsar is detected, the first step is to obtain accurate parameters of the
system. To obtain a pulsar ephemeris, one has to propose a “phase model”, which
predicts pulse times of arrival. By fitting such a model to the arrival time residuals,
it is possible to constrain binary system and pulsar parameters (such as inclination,
binary separation, eccentricity, pulsar frequency and frequency derivatives). While such

26 ACCRETION-POWERED MILLISECOND PULSARS

Accretion disc Inner hot flow

Hotspot

Shock Inner disc radius

Magnetic field

Figure 3.3. An artist’s representation of a magnetically-driven accretion onto NS. Figure
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line in Fig. 3.2 corresponds to the situation when the “spin equilibrium" takes place
(Rm = Rco).

How can a millisecond pulsar be born? Young pulsars have high magnetic fields
and short periods (as during the collapse of the star the magnetic flux and angular
momentum remain conserved). They emit relativistic winds, radio waves, photons
and undergo magnetic field interactions with their surroundings, and hence lose their
energy and spin down. Then, the accretion of gas from the companion, which also
carries some angular momentum, spins the star up to millisecond periods.

Magnetized accretion is a rather complex problem. MHD simulations performed
by Romanova with coauthors (see Romanova et al. 2003, 2004; Long, Romanova, &
Lovelace 2007; Romanova, Kulkarni, & Lovelace 2008; Kulkarni & Romanova 2008;
Long, Romanova, & Lovelace 2008) show that the flow of matter could be far from the
“dipole-like" approximation under certain conditions. In fact, observed pulse profiles
can be reasonably well explained by a simple accreting geometry, such as in Fig. 3.3.3.2 Observational properties of millise
ond pulsars

When a pulsar is detected, the first step is to obtain accurate parameters of the
system. To obtain a pulsar ephemeris, one has to propose a “phase model”, which
predicts pulse times of arrival. By fitting such a model to the arrival time residuals,
it is possible to constrain binary system and pulsar parameters (such as inclination,
binary separation, eccentricity, pulsar frequency and frequency derivatives). While such



§3.2 Observational properties of millisecond pulsars 27

Table 3.1. Parameters of the accretion-powered millisecond pulsars. Table adopted
from Poutanen (2006).

Source Porb
a νspin

b ax sin ic fx
d Mc,min

e

(min) (Hz) (lt-ms) (M⊙) (M⊙)
1 SAX J1808.4−3658 121 401 62.809 3.779× 10−5 0.043
2 XTE J1751−305 42.4 435 10.113 1.278× 10−6 0.014
3 XTE J0929−314 43.6 185 6.290 2.9× 10−7 0.0083
4 XTE J1807−294 40.1 191 4.75 1.49× 10−7 0.0066
5 XTE J1814−338 257 314 390.3 2.016× 10−3 0.17
6 IGR J00291+5934 147 599 64.993 2.813× 10−5 0.039
7 HETE J1900.1−2455 83.3 377 18.39 2.00× 10−6 0.016
8 SWIFT J1756.9−2508 55 182 5.942 1.66 · 10−7 0.007

a Orbital period; b neutron star spin frequency; c projected semimajor axis; d pulsar
mass function; e minimum companion mass for a Mx = 1.4M⊙ neutron star.
References: [1] Wijnands & van der Klis (1998); Chakrabarty & Morgan (1998); [2]
Markwardt & Swank (2002); Markwardt et al. (2002); [3] Remillard et al. (2002);
Galloway et al. (2002); [4] Markwardt et al. (2003a); Kirsch et al. (2004); Falanga et
al. (2005a); [5] Markwardt & Swank (2003); Markwardt et al. (2003b); [6] Eckert et
al. (2004); Markwardt et al. (2004a,b); Galloway et al. (2005); [7] Vanderspek et al.
(2005); Morgan et al. (2005); Kaaret et al. (2005); [8] Krimm et al. (2007).

an approach, taken from research on radio pulsars, in principle is the same for the
accretion-powered X-ray millisecond pulsars (AMSPs), their pulse shapes evolve with
time, leading to the “timing noise" that complicates ephemeris determination (Hartman
et al., 2008; Riggio et al., 2008; Papitto et al., 2008). Small occasional noise can be
caused by, e.g., the movement of the accretion spot (Patruno, Wijnands, & van der Klis,
2009c), but dramatic changes in pulse profile, such as seen in SAX J1808.4–3658, are
probably caused by the gradual unscreening of the antipodal emitting spot. We study
the latter effect in our Paper V.

Currently known AMSPs are listed in Table 3.1 along with their basic physical char-
acteristics. In addition to these sources, typically non-pulsating LMXBs such as Aql X-1
and SAX J1748.9−2021 are known to show episodes of “intermittent" pulsations, last-
ing for hundreds of seconds (Altamirano et al., 2008; Casella et al., 2008; Patruno et
al., 2009a). AMSPs are transient sources: for example, SAX J1808.4–3658 goes into
outburst approximately every two years and IGR J00291+5934 has an outburst period
of about 3 years (Chakrabarty et al., 2008). Their orbital periods are quite close (40
min to 4.3h) and three of them, probably not coincidentally, have a nearly equal periods
of 42±2 minutes (three other binaries in NGC6652, namely 4U1626−67, 4U1916−05
and X1832−330, also have similar periods). The typical average accretion rate is about
10−11M⊙/year.

The outburst profile of SAX J1808.4–3658 can be split into a few typical stages:
“flare" (very high, constant flux), “slow decay" (exponential decay of flux, e-folding
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factor is about 6-7 days), “rapid drop" (steep drop of flux) and “flaring tail" (jumps in
the flux until the source becomes undetectable). Such a profile seems rather common
among AMSPs, though many sources were observed mainly during their “slow decay"
stage (Gierliński & Poutanen, 2005; Falanga et al., 2005b). However, some peculiarities
are known: XTE J1807−294 shows a purely exponential decay with timescale of 120
days (Falanga et al., 2005a); in HETE J1900.1−2455, quasi-persistent emission remains
present while pulsations had disappeared within two months of discovery.

Figure 3.4. Broad-band spectrum of XTE J1751–305. The models consists of the mul-
ticolour disc (green curve), single temperature blackbody (blue curve), and thermal
Comptonization of the blackbody photons (magenta curve). The dotted curves show
unabsorbed spectral components. Panel (a) shows a best-fit for the case, when black-
body component temperature is equal to the “seed" photon temperature for Comp-
tonization, and panel (b) shows fit for independent temperatures. The lower pan-
els shows the residuals of XMM/EPIC-pn (cyan), RXTE/PCA (black) and RXTE/HEXTE
(blue). Figure from Gierliński & Poutanen (2005).

Energy spectra of pulsars are quite similar to each other (see the example in Fig.
3.4). There are a few basic components: a powerlaw-like tail (due to the thermal
Comptonization in the accretion shock, Zel’dovich & Shakura 1969; Alme & Wilson
1973; Lyubarskii & Syunyaev 1982; Viironen & Poutanen 2004), a blackbody-like com-
ponent with effective temperature of about 1 keV (originating from the hot spot on the
NS surface) and a colder blackbody with temperature of ∼ 0.4− 0.6 keV, probably due
to the accretion disc. The signature of a reflecting medium is also present, but most of
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unabsorbed spectral components. Panel (a) shows a best-fit for the case, when black-
body component temperature is equal to the “seed" photon temperature for Comp-
tonization, and panel (b) shows fit for independent temperatures. The lower pan-
els shows the residuals of XMM/EPIC-pn (cyan), RXTE/PCA (black) and RXTE/HEXTE
(blue). Figure from Gierliński & Poutanen (2005).

Energy spectra of pulsars are quite similar to each other (see the example in Fig.
3.4). There are a few basic components: a powerlaw-like tail (due to the thermal
Comptonization in the accretion shock, Zel’dovich & Shakura 1969; Alme & Wilson
1973; Lyubarskii & Syunyaev 1982; Viironen & Poutanen 2004), a blackbody-like com-
ponent with effective temperature of about 1 keV (originating from the hot spot on the
NS surface) and a colder blackbody with temperature of ∼ 0.4− 0.6 keV, probably due
to the accretion disc. The signature of a reflecting medium is also present, but most of
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the time it is very weak. The “case studies" of pulsar spectra can be found in Gierliński,
Done, & Barret (2002); Gierliński & Poutanen (2005); Falanga et al. (2005a,b, 2007).
Most of the time, RXTE data were used, however, XMM-Newton observations gave sig-
nificant insights into what is happening at the soft energies unobservable by RXTE. For
example, Patruno et al. (2009b) demonstrated that in SAX J1808.4–3658 below 2 keV
the amplitude of millisecond pulsations drops dramatically, therefore the emission in
this energy range can not be due to the rotating hot spot but likely originates from the
accretion disc.

The pulse profiles at different energies do not arrive in phase, but have a “soft" phase
lag (Fig. 3.5). The lag increases from ∼2 keV to about 7–10 keV, and then remain
constant. However, in the special case of IGR J00291+5934 (Falanga et al., 2005b)
the lags beyond 7 keV start decreasing again, and likely saturate at higher energies.
The explanation of the existence of the lag comes from the fact that blackbody and
Comptonized components have different emissivity patterns, see also Section 3.3.

Figure 3.5. (a) The rms amplitude of the pulse profile of XTE J1751–305 as a function
of energy. (b) The time lag of the pulse profile versus energy, with respect to the first
energy channel, 2−3.3 keV. Figure from Gierliński & Poutanen (2005).

Phase-resolved spectra can be studied in order to track changes in spectral compo-
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nents between various pulsar phases. They show that the blackbody and Comptonized
continuum components remain similar in shape but their normalizations are “pulsat-
ing". The phase of blackbody normalization lags the Comptonized tail (e.g., Gierliński,
Done, & Barret 2002; Gierliński & Poutanen 2005).3.3 Modelling the pulse pro�les

The pulse profile of an AMSP is usually rather simple and looks like a harmonic
wave. However, this fact is not a general rule, as the SAX J1808.4–3658 pulse profiles
show a sophisticated evolution and can be, in fact, very complicated. The pulse pro-
file is very sensitive to the emissivity pattern, fractional contribution of an antipodal
emitting spot (and therefore to the disc screening effects), and physical parameters of
the system, including the mass and radius of the central star. Poutanen & Gierliński
(2003) modelled the emission from a finite-size spot, taking into account relativistic
effects (light bending, time delay and Doppler boosting, see Fig. 3.7) and fitted the ob-
tained lightcurves to the observed pulses from the 1998 outburst of SAX J1808.4–3658
(these data belong to the “slow decay" phase, where only one spot is visible). They also
present analytical expressions that describe emission from a fast-rotating, always visi-
ble finite-size spot. In a subsequent work, Poutanen & Beloborodov (2006) presented
a large analytical study of a fast pulsar that has two very small spots. Similar work
on pulsar shape modelling has been done by Leahy, Morsink, & Cadeau (2008); Leahy
et al. (2009), where the additional effect of oblateness (important for very fast rota-
tion with frequency ∼ 600 Hz, see Morsink et al. 2007) was considered. In our Papers
IV and V, we present the further improvement of the model of Poutanen & Gierliński
(2003) that now includes the effect of disc screening.
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Figure 3.6. Geometry used in modelling of fast pulsar lightcurves. Figure adopted from
Poutanen & Beloborodov (2006).
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Figure 3.7. (a) The bolometric blackbody flux as a function of the observed phase.
Dotted curve is for a slowly rotating star ignoring all relativistic effects. The pulse
profile where gravitational light bending is accounted for is shown by the dashed curve.
Dot-dashed curve gives the profile modified by the Doppler boost and aberration for a
neutron star rotational frequency 600 Hz. Solid curve accounts also for the time delay.
Thin solid curve is a pulse profile produced using the approximate Fourier amplitudes.
(b) Doppler factor as a function of the observed phase. 600 Hz frequency, i = θ = 45o,
star radius 5Rg and 1.4M⊙ are assumed. Figure from Poutanen & Beloborodov (2006).

The geometry of the problem is illustrated in Fig. 3.6. The incident spectrum is ex-
pressed as IE = I0(1+ hcosα)E−Γ, where the energy-independent parameter h charac-
terizes the anisotropy of the emission. Here, h= 0 corresponds to the constant specific
intensity (blackbody) case, h= 2 is for Chandrasekhar-Sobolev optically-thick electron
scattering atmosphere (Chandrasekhar, 1960; Sobolev, 1963), and some values in the
−1< h< 0 range correspond to Comptonization in a slab with moderate optical depth
(Sunyaev & Titarchuk, 1985; Viironen & Poutanen, 2004). Values of h < −0.5 corre-
spond to the Thomson optical depth across the slab less than unity. Γ ∼ 1.9 is typical
for observed Comptonized spectra of AMSPs. Photons emitted toward direction α with
respect to the normal of a current cell are bent towards the observer (Beloborodov,
2002). These photons could also be screened by a star or disc surface. The time delay
effect will make photons emitted from different points within the hot spot arrive at the
observer at different times. Integrating over the spot surfaces, we can obtain the mod-
elled light curves in the observer frame. Fig. 3.7 illustrates how relativistic effects can
affect the initial lightcurve.

§3.4 Neutron star inner core equation of state 31

Figure 3.7. (a) The bolometric blackbody flux as a function of the observed phase.
Dotted curve is for a slowly rotating star ignoring all relativistic effects. The pulse
profile where gravitational light bending is accounted for is shown by the dashed curve.
Dot-dashed curve gives the profile modified by the Doppler boost and aberration for a
neutron star rotational frequency 600 Hz. Solid curve accounts also for the time delay.
Thin solid curve is a pulse profile produced using the approximate Fourier amplitudes.
(b) Doppler factor as a function of the observed phase. 600 Hz frequency, i = θ = 45o,
star radius 5Rg and 1.4M⊙ are assumed. Figure from Poutanen & Beloborodov (2006).

The geometry of the problem is illustrated in Fig. 3.6. The incident spectrum is ex-
pressed as IE = I0(1+ hcosα)E−Γ, where the energy-independent parameter h charac-
terizes the anisotropy of the emission. Here, h= 0 corresponds to the constant specific
intensity (blackbody) case, h= 2 is for Chandrasekhar-Sobolev optically-thick electron
scattering atmosphere (Chandrasekhar, 1960; Sobolev, 1963), and some values in the
−1< h< 0 range correspond to Comptonization in a slab with moderate optical depth
(Sunyaev & Titarchuk, 1985; Viironen & Poutanen, 2004). Values of h < −0.5 corre-
spond to the Thomson optical depth across the slab less than unity. Γ ∼ 1.9 is typical
for observed Comptonized spectra of AMSPs. Photons emitted toward direction α with
respect to the normal of a current cell are bent towards the observer (Beloborodov,
2002). These photons could also be screened by a star or disc surface. The time delay
effect will make photons emitted from different points within the hot spot arrive at the
observer at different times. Integrating over the spot surfaces, we can obtain the mod-
elled light curves in the observer frame. Fig. 3.7 illustrates how relativistic effects can
affect the initial lightcurve.



32 ACCRETION-POWERED MILLISECOND PULSARS

Figure 3.8. Equations of state and constraints on the radius of the compact star. Circles
are for the masses and radii obtained by Poutanen & Gierliński (2003) from fitting the
observed profiles of SAX J1808.4–3658 with the theoretical model developed by the
authors (see also Paper V); double error bars are for 90 and 99 per cent confidence
intervals. The relations between the star mass and its radius for several equations of
state of neutron stars and strange stars are marked as follows: BBB1 and BBB2 – Baldo
et al. (1997), BPAL12 – Prakash et al. (1997), SBD – Sahu et al. (1993), SS1 and
SS2 – MIT bag model (Gondek-Rosińska et al., 2002), DEY1 and DEY2 – Dey (1998)
computed as in Gondek-Rosińska et al. (2000). All realistic equations of state lie to the
right of the causality line. The line R = 2RS is shown to guide the eye. Figure from
Poutanen & Gierliński (2003).

32 ACCRETION-POWERED MILLISECOND PULSARS

Figure 3.8. Equations of state and constraints on the radius of the compact star. Circles
are for the masses and radii obtained by Poutanen & Gierliński (2003) from fitting the
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ore equation of state
The structure of the inner core of a neutron star remains a challenging question.

Several models exist (see Hansel, Potekhin, & Yakovlev 2007), and it is customary to
compare these using a M −R diagram, such as shown in Fig. 3.8. Fitting the pulse pro-
files can provide some constraint on NS mass and radius, which can be used for com-
parison with present NS equation of state theories. Poutanen & Gierliński (2003) have
fitted the observed pulse profiles from the 118 ks of 1998 outburst of SAX J1808.4–3658
in the energy bands 3–4 and 12–18 keV. Since the mass of the object is not constrained,
several choices of mass were made. For instance, for a mass of 1.4M⊙, the authors ob-
tain NS radius R = 8.3+0.6−0.4 km. The pulse profile analysis also provided constraints on
system inclination, spot colatitude and emissivity pattern. Since the 1998 outburst of
SAX J1808.4–3658 apparently show pulsations from a single non-eclipsed spot, further
constraints on inclination and colatitude based on the analytical expression for pulse
amplitude were also possible. As a result, the authors suggested the most probable
mass to be in range 1.2–1.6M⊙ and system inclination in the range 65–82o. The upper
limit of 82o comes from the absence of binary eclipses (Bildsten & Chakrabarty, 2001).
However, previous determinations of the EOS were based on a limited amount of data,
therefore these constraints are not conclusive.

Works of Leahy, Morsink, & Cadeau (2008); Leahy et al. (2009) were also dedicated
to a similar analysis of a few pulse profiles of SAX J1808.4–3658 and XTE J1814-338.
However, these results are inconclusive as well: these two objects constrain different
regions on the mass-radius plane, thus favouring different equations of state. These
works used just a limited number of pulse profiles and considered the one-spot model.
As we demonstrated in Papers IV and V, a two-spot configuration that involves a disc
screening is a far better approach for the description of complex pulse shapes. In our
Paper V, we describe our model that takes these effects into account and show promising
results describing sophisticated pulse shapes observed from SAX J1808.4–3658.

There are also other methods to constrain mass and radius from X-ray observations.
Briefly, one can fit the spectra of spreading layers on NS surface (Suleimanov & Pouta-
nen, 2006); Roche lobe constrains can be made (Falanga et al., 2005a); the “saturation"
of the highest QPO frequency can be a measure of the innermost stable circular orbit,
thus providing the upper limit for the star size.
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Chapter 4

Rossi X-Ray Timing Explorer

The Rossi X-ray Timing Explorer (RXTE, Bradt, Rothschild, & Swank 1993) was
launched on December 30th, 1995, and continues its operation till now. Most of the
results of this thesis are owed to this observatory. The RXTE has three main instruments
whose properties are described below.4.1 All-Sky Monitor (ASM)

The ASM (Levine et al., 1996) consists of three wide-angle shadow cameras
equipped with proportional counters with a total collecting area of 90 cm2. It has three
shadow cameras, each with 6 x 90 degrees FOV. The instrument has three channels that
cover 1.5–3, 3–5 and 5–12 keV. The instrument can scan 80% of the sky every 90 min-
utes; spatial resolution is 3’ x 15’. The detector is the position-sensitive proportional
counter with sensitivity of 30 mCrab.

Despite its simplicity, this instrument serves several important tasks. It can monitor
state transitions of the sources, thus triggering the Target-of-Opportunity observations
of interesting phenomena. Another outcome is excellent long-term lightcurves from
many sources covering the entire mission lifetime (about 13 years now). This provides
a great source of information for the behaviour of many objects on timescales from days
to years. In our Papers II and III we investigate the Cyg X-1 long-term variability using
ASM data collected over several years.4.2 Proportional Counter Array (PCA)

The Proportional Counter Array (PCA, Jahoda et al. 2006) is the main instrument
of the mission. It contains five mechanically collimated counters (so-called PCUs) filled
with Xenon, with a total collecting area of 6500 cm2 and field of view about 1 square
degree. It covers the energy range 2–60 keV (from which 3–20 keV are usually used for
most analysis) with energy resolution about 18% at 6 keV. The instrument has quite a
high time resolution of 1 microsec, that allows one to “see" very fast phenomena such
as millisecond pulsations. The sensitivity of the instrument is 0.1 mCrab, background
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Figure 4.1. The RXTE spacecraft viewed from above to reveal the scientific instruments.
The five PCA proportional counters and the two HEXTE clusters are shown in relation
to the rest of the spacecraft components, such as the two high gain antennae for com-
munications with the ground via the Tracking and Data Relay Satellite System, the
two solar-power arrays that can rotate to face the sun, and the ASM on the end with
clearance to view the sky. Figure from Rothschild et al. (1998).

level is 2 mCrab. The models of the background are built based on numerous “blank
sky" observations, which are used in the course of the data reduction process to predict
the background at a given date and pointing position. Deadtime of the detectors is
about 10 microsecond for each photon. While the instrument can not produce images,
scanning observations can localize bright sources up to the accuracy of 1′−2′. The large
collecting area and high timing resolution makes this instrument unique for timing
research. In our Paper IV, we used PCA data to obtain observed pulse profiles of SAX
J1808.4–3658.
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§4.3 High Energy X-ray Timing Experiment (HEXTE) 374.3 High Energy X-ray Timing Experiment (HEXTE)
The HEXTE (Rothschild et al., 1998) consists of two clusters each containing four

photon counter NaI/CsI scintillation detectors. Each cluster can “rock” along mutu-
ally orthogonal directions to provide background measurements 1.5 or 3.0 degrees
away from the source every 16 to 128 s (while the background varies on much slower
timescales). Automatic gain control is provided by using a 241Am radioactive source
mounted in each detector’s field of view. The instrument energy range is 15–250 keV
(of which, 20–200 keV range is used commonly) with energy resolution 15% at 60 keV.
Time sampling is 8 microsecond, field of view is 1 square degree. Collecting area of
each cluster is 800 cm2, sensitivity is 360 count/s per HEXTE cluster, background rate
per cluster is 50 count/s and deadtime is about 1–2 microsecond. Although timing with
HEXTE is not often considered, the spectral results from this detector are very helpful
in determining broad-band spectra of observed objects. In our Paper I, we used spectra
obtained by PCA and HEXTE (together with coincidental CGRO observations) to ana-
lyze wide-range energy spectra of Cyg X-1. In Paper IV, PCA and HEXTE data of SAX
J1808.4–3658 were used to track changes in the source during its outburst.
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Chapter 5

Summary of the original
publications

5.1 Paper I � Broad-band spe
tra of Cygnus X-1 and
orrelations between spe
tral 
hara
teristi
s
Broad-band spectral information is necessary for an accurate theoretical modeling

of the source emission, as the data from narrow ranges provide only very limited con-
straints. In the paper, we present the results of spectral analysis of 42 simultaneous
broad-band Ginga–CGRO/OSSE and RXTE–CGRO/OSSE observations of Cyg X-1 car-
ried out in 1991 and 1996–1999. The broad-band spectra from 3 to ∼ 1000 keV can be
well described by a thermal Comptonization model with reflection from the cold disc,
with an additional soft component visible below 10 keV. We show, that the additional
soft component can result from thermal Comptonization by electrons with a low Comp-
ton parameter, or can be a part of a nonthermal, power-law like emission extending
above 1 MeV.

We study correlations between parameters obtained from the spectral fits and con-
firm a general correlation between the photon index Γ and the amplitude of reflection
R. We find that simple phenomenological models (like power-law plus Compton reflec-
tion) applied to the narrow band (3–20 keV) data overestimated the values of R and Γ.
The dynamic corona model (Malzac, Beloborodov, & Poutanen, 2001) provides a satis-
factory description of the observed correlation, while the truncated inner disc models
have problems in reproducing it quantitatively. On the other hand, we show that the
spectral parameters are well correlated with the timing characteristics of the source,
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40 SUMMARY OF THE ORIGINAL PUBLICATIONS5.2 Paper II � Superorbital variability of X-ray and radioemission of Cyg X-1. � I. Emission anisotropy of pre
essingsour
es
We study theoretical interpretations of the ∼150-d (superorbital) modulation ob-

served in the X-ray and radio emission of Cyg X-1 in the framework of models con-
necting this phenomenon to the accretion disc precession. We consider, in particular,
anisotropy patterns of blackbody-type emission, thermal Comptonization in slab geom-
etry, jet/outflow beaming, and absorption in a coronal-type medium above the disc.
We then fit these models to the data from the RXTE/All Sky Monitor, CGRO/BATSE,
and the Ryle and Green Bank radio telescopes, and find angles between the precession
and orbital planes to be ∼ 10o–20o. The thermal Comptonization model for the X-ray
emission explains well the observed decrease of the variability amplitude from 1 to 300
keV as a result of a reduced anisotropy of the emission due to multiple scatterings. Our
modelling also yields the jet bulk velocity of ∼ (0.3–0.5)c, which is in agreement with
the previous constraint from the lack of an observed counterjet and lack of short-term
X-ray/radio correlations.

5.3 Paper III � Superorbital variability of X-ray and radioemission of Cyg X-1 � II. Dependen
e of the orbitalmodulation on the superorbital phase
We report the discovery of a pronounced dependence of the strength of the soft

X-ray orbital modulation and the spectral hardness in Cyg X-1 in the hard state on its
superorbital phase. We find our results can be well modelled as a combination of the
precession of the accretion disc (which causes the superorbital flux modulation) and the
orbital-phase dependent X-ray absorption in an accretion bulge. The bulge is located at
the accretion disc edge close to the supergiant companion but displaced from the line
connecting the stars by about 25o. Our findings are supported by the distribution of the
X-ray dips showing concentration towards zero superorbital phase, which corresponds
to the bulge passing through the line of sight. We Fourier analyse our model, and find
that it explains the previous finding of asymmetric beat frequencies in the observed
power spectrum, provided the disc precession is prograde.

There are statistically significant changes of the orbital modulation with the su-
perorbital phase in the 15-GHz radio data, which are consistent with the radio being
emitted by a jet in the system far from the central source. Additionally, we find that
both the X-ray and radio fluxes of Cyg X-1 in the hard state on time scales ≥104-s have
lognormal distributions. We provide a correct formula for the uncertainty of rms of a
light curve for the case when the uncertainty is higher than the measurement.
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We analyse an outburst of the accreting X-ray millisecond pulsar SAX J1808.4−3658
in October–November 2002. For the first time, we demonstrate how the area covered
by the hotspot at the neutron star surface is decreasing in the course of the outburst
together with the reflection amplitude. These trends are in agreement with the natural
scenario, where the disc inner edge is receding from the neutron star as the mass ac-
cretion rate drops. These findings are further supported by the variations of the pulse
profiles, which clearly show the presence of the secondary maximum at the late stages
of the outburst after October 29, when the disc has moved sufficiently far from the
neutron star to open the view of the lower magnetic pole. We use this fact to estimate
the disc inner radius, the inclination at i = 60o±5o and to put constraints on the stellar
magnetic moment µ = (7± 3)× 1025 G cm3, which corresponds to the surface field
of about 108 G, and is in excellent agreement with the value obtained recently from
the observed pulsar spin-down rate. We show that the timing noise and sharp changes
in the phase of the fundamental are intimately related to the variations of the pulse
profile, which we associate with the varying obscuration of the antipodal spot. Us-
ing the phase-resolved spectra, we also demonstrate that the strong dependence of the
pulse profiles on photon energy and the observed soft time lags result from the different
phase dependence of the two spectral components, the blackbody and the Comptonized
tail, being consistent with the model, where these components have significantly dif-
ferent angular emission patterns. The pulse profile amplitude allows us to estimate the
colatitude of the hotspot centroid to be ∼4o–10o.5.5 Paper V � On the nature of pulse pro�le variations andtiming noise in a

reting X-ray millise
ond pulsars

We consider the effect of timing noise, that is known to be present in the data on
accretion-powered millisecond pulsars. The noise mostly appears as irregular pulse
phase jumps on timescales from hours to weeks around a mean trend implied by
ephemeris. Besides that, a large systematic drift is observed for example in the first
discovered accretion millisecond pulsar SAX J1808.4–3658. To study the origin of the
timing noise, we use here the data for the 2002 outburst of SAX J1808.4–3658, which
has the best coverage. By directly fitting the pulse profile shapes with the theoretical
model for pulse profiles, which includes the effect of partial screening of the antipodal
emitting spot by the accretion disc, we are able to quantify the variations in the position
of the spot centroid, its emissivity pattern and the inner accretion disc radius. We show
that the main parameters of the emitting spot such as its mean latitude and azimuth
as well as the emissivity pattern change irregularly causing small shifts in pulse phase.
We stress that the sharp systematic shift in Fourier phases, observed together with the
strong changes in the pulse form, can only be explained by the variations of the visibility
of the antipodal spot associated with the receding accretion disc.
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42 SUMMARY OF THE ORIGINAL PUBLICATIONS5.6 Contributions of the authors
In Paper I, the observational data were reduced and analysed by the author of the

thesis, and the paper was written by him together with J. Poutanen, A. A. Zdziarski and
M. Gilfanov, who provided the overall guidance of the process and contributed to the
scientific discussion and interpretation. C. Shrader provided the OSSE data unavailable
in the public archives.

In Paper II, the data analysis and all computational results were produced by the
author of the thesis, who also wrote the main body of the manuscript. The idea of the
work belongs to A. A. Zdziarski as a continuation of work by Lachowicz et al. (2006).
J. Poutanen contributed greatly to the paper methodology and analysis approach.

The idea for Paper III, which led to the discovery of the effect, belongs to A. A.
Zdziarski, who also contributed to the methodology and provided the section on the
rms uncertainty. The author of the thesis performed the analysis of the observational
data and confirmed the presence of the dependence. J. Poutanen made the theoretical
modelling and fitted the data, as well as preparing a large part of the manuscript.

In Paper IV, all the data reduction and analysis was made by the author of the thesis.
The theoretical section in the Discussion was contributed by J. Poutanen. The text was
written jointly by the authors.

In Paper V, the original code of the light curve modelling has been written by J.
Poutanen. Implementation of the disc screening condition and the fitting of the pulse
profiles were made by the author of the thesis. The estimation of the spot size using
dipole approximation was done by M. Annala. The manuscript was prepared by the
author of the thesis and J. Poutanen.5.7 Summary and future work

In the presented dissertation, the following main results were acquired:

• We studied a large number of broad-band energy spectra of Cyg X-1, analyzed
the observed correlations between the model parameters, and concluded that the
“soft excess" observed in the source can be produced by either thermal or non-
thermal Comptonization. In the later case, the soft excess is also likely related to
the spectral tail in the MeV range.

• We analysed in details the superorbital variability of Cyg X-1 and constrained the
precession angle of the accretion disc. The changes of the variability amplitude
with energy in the X-ray band are well explained by the energy-dependent emis-
sion pattern of the Comptonization in a slab geometry.

• We have discovered the dependence of the orbital variability on the superorbital
phase in Cyg X-1. The effect can be explained as due to the existence of a “bulge”
attached to the accretion disc in the place where it connects to the focused wind
from the companion star.
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• We studied the 2002 outburst of the accretion-powered millisecond pulsar SAX
J1808.4–3658 and demonstrated how spectral parameters and the pulse shapes
at different energies evolve in the course of the outburst. The data show an
evidence that the accretion disc recedes with time from the neutron star. We also
provide an estimation of the pulsar’s magnetic field.

• The dramatic pulse evolution in SAX J1808.4-3658 (when, during approximately
one day, the pulse completely changes its shape from nearly sinusoidal to a com-
plex, double-peaked profile) is explained using our theoretical model, where the
secondary antipodal emitting spot becomes visible as the disc retreats from the
neutron star.

The amount of data on accretion-millisecond pulsars is enormous and is still grow-
ing as the RXTE observes them during their outbursts. We are looking forward to con-
tinue our work in the following directions. We aim to analyze other RXTE data on
AMSPs and to track the evolution of spectral and timing properties during their out-
bursts.

Also, as we demonstrated in our work, the results of theoretical modeling of the
pulse shapes strongly depend on the assumed spot geometry. We plan to include into
our model the realistic spot shapes, obtained from the MHD simulations, in a hope
that the obtained physical parameters become more reliable. As the amount of data on
AMSPs grows, the simple models, that seem to be successful previously, fail and as a
result more and more complexity is necessarily added to them. We hope, however, that
our understanding of these enigmatic sources will become more complete in the very
near future.
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Gierliński M., Done C., Barret D., 2002, MNRAS, 331, 141
Gierlinski M., Zdziarski A. A., Done C., Johnson W. N., Ebisawa K., Ueda Y., Haardt F., Phlips

B. F., 1997, MNRAS, 288, 958
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ABSTRACT
We present the results of the spectral analysis of 42 simultaneous broad-band Ginga–OSSE and
RXTE–OSSE observations of Cygnus X-1 carried out in 1991 and 1996–1999. The broad-band
spectra from 3 to ∼1000 keV can be well described by the thermal Comptonization model
with reflection from the cold disc, with an additional soft component visible below 10 keV.
The relative contribution of this component to the total energy flux appears to be higher in the
spectra with larger reflection amplitude and steeper photon index of the thermal Comptonized
component. We consider a number of physically realistic models to describe the shape of the
E � 10 keV excess. The additional soft component can result from thermal Comptonization
by electrons with a low Compton parameter, or can be a part of a non-thermal, power-law-like
emission extending above 1 MeV.

We study correlations between parameters obtained from the spectral fits with different
models. We confirm a general correlation between the photon index � and the amplitude of
reflection R. We find that simple phenomenological models (such as power law plus Compton
reflection) applied to the narrow band (3–20 keV) data overestimated the values of R and �,
although the simple models did rank correctly the spectra according to R and �, as demonstrated
in the original publications on this subject.

The dynamic corona model provides a satisfactory description of the observed correlation,
while the hot inner disc models have problems in reproducing it quantitatively. On the other
hand, in the context of the dynamic corona model it is difficult to understand correlations
with the timing characteristics, which seems natural in the hot disc scenario. We do not find
significant correlation between the electron temperature and other spectral parameters, while
the optical depth of the hot medium seems to decrease when the spectrum becomes softer. It
is also shown that spectral parameters are well correlated with the timing characteristics of the
source.

Key words: accretion, accretion discs – black hole physics – stars: individual: Cygnus X-1 –
gamma-rays: observations – X-rays: binaries.

1 I N T RO D U C T I O N

Matter accreting on to a black hole, whether supermassive in Seyfert
galaxies or stellar mass in Galactic X-ray binaries, releases most of

�E-mail: askar.ibragimov@oulu.fi (AI); juri.poutanen@oulu.fi (JP)
†Corresponding Fellow, NORDITA, Copenhagen.

its gravitational energy in the form of X-rays deep in the potential
well. Accretion may proceed in a number of regimes. The accret-
ing gas can approach the black hole in a disc-like configuration
(Shakura & Sunyaev 1973) if the gravitational energy is effectively
transported away in the form of radiation, or in the form of an almost
spherical flow if the energy exchange mechanism between protons
(carrying most of the energy) and electrons is inefficient (Shapiro,
Lightman & Eardley 1976; Ichimaru 1977; Narayan, Mahadevan &

C© 2005 RAS
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ABSTRACT
We present the results of the spectral analysis of 42 simultaneous broad-band Ginga–OSSE and
RXTE–OSSE observations of Cygnus X-1 carried out in 1991 and 1996–1999. The broad-band
spectra from 3 to ∼1000 keV can be well described by the thermal Comptonization model
with reflection from the cold disc, with an additional soft component visible below 10 keV.
The relative contribution of this component to the total energy flux appears to be higher in the
spectra with larger reflection amplitude and steeper photon index of the thermal Comptonized
component. We consider a number of physically realistic models to describe the shape of the
E � 10 keV excess. The additional soft component can result from thermal Comptonization
by electrons with a low Compton parameter, or can be a part of a non-thermal, power-law-like
emission extending above 1 MeV.

We study correlations between parameters obtained from the spectral fits with different
models. We confirm a general correlation between the photon index � and the amplitude of
reflection R. We find that simple phenomenological models (such as power law plus Compton
reflection) applied to the narrow band (3–20 keV) data overestimated the values of R and �,
although the simple models did rank correctly the spectra according to R and �, as demonstrated
in the original publications on this subject.

The dynamic corona model provides a satisfactory description of the observed correlation,
while the hot inner disc models have problems in reproducing it quantitatively. On the other
hand, in the context of the dynamic corona model it is difficult to understand correlations
with the timing characteristics, which seems natural in the hot disc scenario. We do not find
significant correlation between the electron temperature and other spectral parameters, while
the optical depth of the hot medium seems to decrease when the spectrum becomes softer. It
is also shown that spectral parameters are well correlated with the timing characteristics of the
source.

Key words: accretion, accretion discs – black hole physics – stars: individual: Cygnus X-1 –
gamma-rays: observations – X-rays: binaries.

1 I N T RO D U C T I O N

Matter accreting on to a black hole, whether supermassive in Seyfert
galaxies or stellar mass in Galactic X-ray binaries, releases most of
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†Corresponding Fellow, NORDITA, Copenhagen.

its gravitational energy in the form of X-rays deep in the potential
well. Accretion may proceed in a number of regimes. The accret-
ing gas can approach the black hole in a disc-like configuration
(Shakura & Sunyaev 1973) if the gravitational energy is effectively
transported away in the form of radiation, or in the form of an almost
spherical flow if the energy exchange mechanism between protons
(carrying most of the energy) and electrons is inefficient (Shapiro,
Lightman & Eardley 1976; Ichimaru 1977; Narayan, Mahadevan &
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Quataert 1998). Magnetic fields can play an important role trans-
porting a large fraction of the total available energy and dissipating
it in a rarefied medium (corona) above the disc (Galeev, Rosner &
Vaiana 1979; Tout & Pringle 1992; Svensson & Zdziarski 1994;
Beloborodov 1999a; Miller & Stone 2000). However, every model
is based on a number of assumptions that include prescriptions for
the viscosity, the vertical distribution of the energy release through
the flow, the energy transport mechanisms, etc. Given the difficul-
ties in the accretion physics, observations should help in choosing
among the different possibilities as well as guiding theoreticians in
the right direction.

Cygnus X-1, one of the best studied black hole binaries (BHBs),
has served as an accretion disc laboratory since the end of the 1960s.
The most dramatic observed phenomena are the spectral state transi-
tions occurring every few years, when the source, typically emitting
most of its energy at about 100 keV in the hard state, switches
to a soft state consisting of a prominent ∼1-keV blackbody and a
power-law-like tail. The hard state spectrum was believed to origi-
nate from thermal Comptonization in a hot electron cloud (Shapiro
et al. 1976; Ichimaru 1977; Sunyaev & Trümper 1979; Sunyaev &
Titarchuk 1980). The blackbody-looking soft-state spectrum was as-
sociated with the optically thick accretion disc (Shakura & Sunyaev
1973), while the origin of ∼100-keV emission in that state was not
discussed much, because the detailed spectrum was not available.

During the last decade, the quality of the X/γ -spectra increased
dramatically improving our knowledge as well as producing many
new questions. In the hard state, the spectrum turns out to be
rather complicated containing a number of components. Thanks
to the broad-band coverage by Ginga and CGRO (and later by
ASCA, RXTE and BeppoSAX), and advances in modelling of Comp-
tonization at mildly relativistic temperatures (Coppi 1992; Poutanen
& Svensson 1996), the parameters of the electron cloud where
Comptonization takes place were determined to a high accuracy.
In Cyg X-1, the electron temperature of kT e � 100 ± 50 keV and
Thomson optical depth of τ � 1–2 were found to be typical
(Zdziarski et al. 1996, 1997; Gierliński et al. 1997; Poutanen 1998;
Di Salvo et al. 2001; Frontera et al. 2001; Zdziarski & Gierliński
2004). The Compton reflection bump, a signature of the pres-
ence of cold matter in the vicinity of the X-ray emitting source,
was discovered (Done et al. 1992; Ebisawa et al. 1996; Gierliński
et al. 1997). The blackbody associated with the cooler accretion
disc (Balucińska & Hasinger 1991; Balucińska-Church et al. 1995;
Ebisawa et al. 1996) and an additional soft excess at a few keV of un-
known origin further complicate spectral decomposition (Di Salvo
et al. 2001; Frontera et al. 2001). A high-energy excess at >500 keV
discovered by CGRO (McConnell et al. 1994; Ling et al. 1997)
gives some clues about the presence of non-thermal particles in the
source.

The X/γ -ray soft-state spectrum has been studied extensively
by simultaneous observations with ASCA, RXTE, BeppoSAX and
CGRO during the summer of 1996. In addition to the dominat-
ing blackbody, a long power-law-like tail extending up to 10 MeV
was discovered (McConnell et al. 2002). The high-energy spectrum
could be well described by single Compton scattering off electrons
having a nearly power-law distribution (Poutanen 1998; Poutanen
& Coppi 1998; Gierliński et al. 1999, hereafter G99; Frontera et al.
2001). The Compton reflection was stronger than in the hard state,
which was interpreted as a change in the geometry of the system,
from the hot inner flow in the hard state to the standard Shakura–
Sunyaev disc with a non-thermal corona in the soft state (Bisnovatyi-
Kogan & Blinnikov 1977; Ichimaru 1977; Poutanen, Krolik & Ryde
1997; Li & Miller 1997; Esin et al. 1998; Poutanen & Coppi 1998).

Evaporation and condensation of the gas can provide a physical
basis for the change of the transition radius between standard disc
and hot inner flow (Meyer, Liu & Meyer-Hofmeister 2000; Różańska
& Czerny 2000). A smaller reflection fraction in the hard state, how-
ever, can be explained by a beaming of the primary emission away
from the disc due to mildly relativistic motion of the emitting plasma
(ejection model; see Beloborodov 1999a,b; Malzac, Beloborodov &
Poutanen 2001, hereafter MBP01). In order to distinguish among
different possibilities, it is necessary to compare model predictions
with other observational facts.

A few, well separated in time, broad-band spectra do not give
us a good picture about relations between different components,
such as, for example, Comptonized continuum and the reflection
bump. It is possible to study these relations on a larger data set in
a narrower energy band. Zdziarski, Lubiński & Smith (1999, here-
after ZLS99) and Gilfanov, Churazov & Revnivtsev (1999, hereafter
GCR99) analysing data from Ginga and RXTE, respectively, have
shown that the photon spectral slope of the Comptonized emission,
�, is strongly correlated with the amplitude of Compton reflection
component, R = �/2π , where � is the solid angle the cool material
covers as viewed from the source of primary X-rays. This correla-
tion exists for individual BHBs and Seyfert galaxies as well as in
a sample of sources (see also Gilfanov, Churazov & Revnivtsev
2000; Revnivtsev, Gilfanov & Churazov 2001). Zdziarski et al.
(2003) studied possible statistical and systematic effects and con-
cluded that the correlation exists beyond any reasonable doubt. Sim-
ilar correlation also exists for Fourier-frequency resolved spectra,
i.e. those corresponding to the variability in a given range of Fourier
frequencies (Revnivtsev, Gilfanov & Churazov 1999).

The observed correlation provides extremely important clues to
the geometry of the accreting material and can be used for testing the
theoretical model. The fact that � and R are correlated is a natural
consequence of coexistence of the cold media (accretion disc) and
a hot Comptonizing gas in the vicinity of the black hole. The cold
material acts as a source of seed photons for Comptonization and, at
the same time, reflects and reprocesses the hard radiation produced
in the hot gas.

The cold disc with the hot inner flow model naturally produces
the correlation if there is an overlap between hot and cold phases
(Poutanen et al. 1997; ZLS99). However, the �–R dependence ob-
served in BHBs can be quantitatively reproduced only if the ratio
of the seed photon temperature, kT seed, to the electron temperature
is about 10−4 (ZLS99; Gilfanov et al. 2000). For kT e ∼ 100 keV,
this gives kT seed ∼ 10 eV, which is an order of magnitude smaller
than the disc temperature in BHBs and closer to that expected from
Seyferts. For kT seed ∼ 300 eV, the spectra are too hard for the given
reflection fraction. In this model, the spectral slope is an extremely
steep function of the overlap between the corona and the disc, while
the reflection varies very little (Beloborodov 2001). Intrinsic dissi-
pation in the disc can make spectra softer for the given reflection,
but then the spectral slope will be an even steeper function of the
overlap. Values of reflection larger than 1 sometimes observed in
Seyferts also cannot be explained. On the other hand, all the data
can be well described by the ejection model with the correct kT seed

(Beloborodov 1999a,b; MBP01).
The problem is that theoretical models try to reproduce the best-

fitting � and R, which are subject to a number of systematic effects.
The photon index and, especially, the strength of the Compton re-
flection depend crucially on the spectral shape of the underlying
continuum and description of the reflection physics (see detailed
discussion in Zdziarski et al. 2003). All the papers above, where
this correlation was studied, assumed the underlying spectrum to be
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a power law. Because the Comptonization spectrum has a cut-off at
high energies, it gives fewer incident photons that are available for
reflection (Weaver, Krolik & Pier 1998; Malzac & Petrucci 2002;
Perola et al. 2002), and thus the fitted R would be larger. Fitting an
exponentially cut-off power law to the broad-band data (e.g. Matt
2001; Perola et al. 2002) does not improve the situation, because
this model does not reproduce well the shape of the Comptoniza-
tion continuum (Malzac & Petrucci 2002; Zdziarski et al. 2003).
The approximate treatment of ionization could be another source of
errors.

As discussed above, the spectra of BHBs are rather complex
having a number of components, and it is not possible to resolve
different spectral components (e.g. thermal Comptonization and
soft excess) in the narrow energy range of an instrument such as
RXTE/Proportional Counter Array (PCA) or Ginga/Large Area Pro-
portional Counter (LAC). There is a danger that different compo-
nents overlap in that energy band producing effectively a power
law of one index while in reality the slope of the primary emission
could be rather different. The resulting reflection amplitude could
be also influenced significantly. Thus, in order to obtain actual �

and R to be used in theoretical models, the analysis of broad-band
data with physical models (such as Comptonization) is absolutely
necessary.

Additional sources of information are the width of the fluores-
cent Fe Kα line at 6.4 keV and the frequencies of the quasi-periodic
oscillations (QPOs) that were also observed to correlate with the
reflection fraction and the spectral slope (GCR99; Gilfanov et al.
2000). This seems to be consistent with the variations of the inner
cold disc radius. Not much data exist on the variability of the elec-
tron temperature and Thomson optical depth of the Comptonizing
source, which can provide information about the nature of the emit-
ting plasma (electron–proton or electron–positron). It would be of
interest to determine how the optical depth changes with the bolo-
metric flux, because this can help in distinguishing the accretion
mode the flow is in.

In this paper, we analyse a large set of simultaneous broad-
band spectra. Four observations of Cyg X-1 by Ginga/LAC and
CGRO/OSSE from 1991 as well as 38 observations by RXTE/PCA,
RXTE/HEXTE and CGRO/OSSE from 1996–1999 are studied in de-
tail. For the spectral analysis, we use physically motivated Comp-
tonization models and study correlations between model param-
eters such as the spectral slope of the primary Comptonization
continuum, the reflection amplitude, the width of the Fe line,
the electron temperature of the hot gas, and its Thomson optical
depth.

2 O B S E RVAT I O N S A N D DATA A NA LY S I S

The observation log is presented in Table 1. Data reduction for RXTE
has been carried out using LHEASOFT 5.3.1 software; PCA responses
were generated using PCARSP v. 10.1 and HEXTE responses were
used from 2000 May 26. In PCA data reduction, all five PCUs were
taken into account, when possible. If not all PCUs were turned on,
we use PCUs 0, 2 and 3. Judging from the Crab data, these two PCU
configurations produce similar spectral slopes. Systematic errors of
0.5 per cent were added in quadrature to the PCA data. CGRO/OSSE
spectra were prepared by adding per-orbit data (average exposure
2–5 ks), with total exposure up to 12 h and contemporary PCA
observation in the middle of the period. The systematic error in
OSSE spectra varies from 3 per cent at 50 keV to 0.3 per cent at
300 keV. The stability of the OSSE spectra was checked using hard-
ness ratios (154–282/52–154 keV) for per-orbit spectra being added.

If orbital spectra within 12 h were apparently different, we lowered
the total integration time to include only similar data.

We used PCA data from 3 to 20 keV, HEXTE data from
20–25 to 200 keV and OSSE data from 50 to 1000 keV. In addition,
four Ginga/LAC and OSSE simultaneous observations from 1991,
previously studied by Gierliński et al. (1997), were also analysed.
The Ginga/LAC data are available from 1.7 keV, but we decided to
use exactly the same energy interval as covered by the PCA. For the
spectral analysis, we use XSPEC 11.3.1k (Arnaud 1996).

The spectra may be separated into two groups based on the dif-
ference of their photon index (see Fig. 1). Spectra from 1991 and
1997, represented by observation 6, have � ∼ 1.6 (usual for the
hard state) and those from 1999 (observations 25 and 31) have
� ∼ 1.8–2.2; hereafter, we call the corresponding state flat (be-
cause the spectrum is nearly flat in the EFE plot). The spectra from
1996 and 1998 are close to the hardest ones from 1999. We do not
consider here the broad-band soft-state spectra, for which a similar
analysis has been performed by G99 and Frontera et al. (2001).

3 S P E C T R A L A NA LY S I S

In order to describe the observed broad-band spectra, we use the
following models:

(0) power law (without or with an exponential cut-off) and Comp-
ton reflection (PEXRAV model; Magdziarz & Zdziarski 1995);

(1) two thermal Comptonization models and reflection, with the
soft excess also modelled by thermal Comptonization;

(2) thermal Comptonization with reflection plus a non-thermal
Comptonization corresponding to the soft state spectrum.

We use the EQPAIR code (Coppi 1999; G99) for modelling thermal
and non-thermal Comptonization. All models include also a Gaus-
sian line at 6.4 keV and interstellar absorption with column density
N H, which we find often larger than the value of 0.6 × 1022 cm−2

(derived from the reddening towards the companion star; see
Balucińska-Church et al. 1995). To avoid unreasonably low val-
ues of this parameter, its low limit was set to 0.5 × 1022 cm−2. The
presented uncertainties are given at a 90 per cent confidence level for
a single parameter (�χ2 = 2.71). Fluxes, unless stated otherwise,
correspond to the range covering all the model emission.

3.1 Power law and reflection model in the 3–20 keV data

The spectra of Cyg X-1 clearly show correlations between reflec-
tion amplitude and the spectral index (GCR99, ZLS99). Detailed
analysis confirms (Zdziarski et al. 2003) that the extent of correla-
tion is much larger than typical errors in the best-fitting parameters.
However, because the PCA spectrum falls in a quite narrow en-
ergy interval, it is difficult to distinguish between various spectral
components that may form an ‘effective’ power law. Therefore, it
is not certain that the values for � and R obtained from the simple
power-law/reflection fits indeed correspond to the actual physical
situation.

Still, in order to compare our results with those of previous anal-
ysis, we have performed fits similar to those presented in ZLS99
and GCR99. We later compare them to the results obtained with
more physical models (see Section 4.4). We use the XSPEC model
PHABS*(PEXRAV+GAUSSIAN) (model 0), i.e. a power law with the pho-
ton index, �, and Compton reflection with the relative strength, R
(Magdziarz & Zdziarski 1995), accompanied by a Gaussian fluores-
cence Fe Kα line (characterized by the relativistic smearing width
σ and the equivalent width), all absorbed by interstellar material of
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3 S P E C T R A L A NA LY S I S

In order to describe the observed broad-band spectra, we use the
following models:

(0) power law (without or with an exponential cut-off) and Comp-
ton reflection (PEXRAV model; Magdziarz & Zdziarski 1995);
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(derived from the reddening towards the companion star; see
Balucińska-Church et al. 1995). To avoid unreasonably low val-
ues of this parameter, its low limit was set to 0.5 × 1022 cm−2. The
presented uncertainties are given at a 90 per cent confidence level for
a single parameter (�χ2 = 2.71). Fluxes, unless stated otherwise,
correspond to the range covering all the model emission.

3.1 Power law and reflection model in the 3–20 keV data

The spectra of Cyg X-1 clearly show correlations between reflec-
tion amplitude and the spectral index (GCR99, ZLS99). Detailed
analysis confirms (Zdziarski et al. 2003) that the extent of correla-
tion is much larger than typical errors in the best-fitting parameters.
However, because the PCA spectrum falls in a quite narrow en-
ergy interval, it is difficult to distinguish between various spectral
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Still, in order to compare our results with those of previous anal-
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ton index, �, and Compton reflection with the relative strength, R
(Magdziarz & Zdziarski 1995), accompanied by a Gaussian fluores-
cence Fe Kα line (characterized by the relativistic smearing width
σ and the equivalent width), all absorbed by interstellar material of
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Table 1. Observation log.

No RXTE Ginga or PCA HEXTE Date Time (UT) CGRO OSSE Time (UT)
ObsID exposurea (s) exposureb (s) VP exposure (s)

1991 hard state
G1 2304 June 6 00:18–02:10 02 4121 00:03–02:11
G2 888 June 6 04:43–06:29 02 4040 04:29–06:51
G3 2828 June 6 11:03–14:25 02 5975 10:43–14:32
G4 1272 June 6 20:22–20:44 02 1629 20:02–20:33

1996 flat state
1 10238-01-08-000 14 592 5083 March 26 10:12–17:36 516.5 17 538 07:22–20:01
2 10238-01-07-000 8446 2922 March 27 23:06–05:20 516.5 23 018 20:20–07:47
3 10238-01-06-00 11 455 3713 March 29 11:43–17:33 516.5 21 868 08:24–21:06
4 10238-01-05-000 10 397 3524 March 30 19:54–01:58c 516.5 24 153 16:51–04:12c

1997 hard state
5 10239-01-01-00 9095 – Feb 2 20:13–02:03 612.5 47 864 16:53–04:52c

6 10238-01-03-00 6441 1938 Feb 3 19:30–22:06 612.5 44 530 14:38–02:36c

7 30158-01-01-00 1175 809 Dec 10 07:08–08:30 705 7552 02:55–12:46
8 30158-01-02-00 2012 823 Dec 11 07:06–08:45 705 12 004 04:11–14:05
9 30158-01-03-00 2027 706 Dec 14 08:48–10:20 705 11 599 03:09–11:35
10 30158-01-05-00 2614 901 Dec 15 05:26–07:09 705 16 721 23:31–11:18c

11 30158-01-06-00 3210 941 Dec 17 00:40–02:05 706 13 017 20:13–07:32d

12 30157-01-02-00 2309 784 Dec 18 07:07–08:16 706 9924 01:49–08:46
13 30158-01-07-00 2275 766 Dec 20 07:11–08:29 706 11 847 02:46–12:52
14 30158-01-08-00 2581 878 Dec 21 05:28–07:05 706 14 924 00:51–12:31c

15 30157-01-03-00 2846 860 Dec 24 21:24–23:03 707 10 127 21:36–03:18c

16 30161-01-01-000 13 244 4136 Dec 28 13:56–21:03 707 13 717 11:33–00:24c

17 30158-01-12-00 2836 916 Dec 30 03:52–05:00 707 8979 23:49–07:57d

1998 flat state
18 30155-01-01-020 10 027 3897 Dec 23 00:07–05:58 804 2957 21:52–09:00d

19 30155-01-02-00 9625 3399 Dec 28 01:40–07:09 804 5124 23:14–10:29d

20 30161-01-03-01 9863 3371 Dec 28 13:08–18:37 804 5289 11:50–21:31
21 40100-01-04-00 8472 – Dec 29 01:37–05:57 804 5476 22:51–10:08d

22 40100-01-05-00 8476 – Dec 30 01:38–05:57 804 5288 22:30–09:46d

23 40100-01-06-00 7245 – Dec 31 03:12–07:11 804 5552 23:44–11:00d

1999 flat state
24 40101-01-09-00 2405 665 Oct 5 18:39–19:45 831.5 29 605 15:04–01:12c

25 40101-01-11-00 731 165 Oct 6 19:22–20:03 831.5 25 960 14:39–00:50c

26 40101-01-12-00 865 – Oct 7 07:10–07:40 831.5 28 389 03:08–12:55
27 40101-01-15-00 741 218 Oct 8 08:07–08:48 831.5 31 014 04:20–14:35
28 40101-01-16-00 757 215 Oct 9 09:41–10:22 831.5 33 770 03:55–15:48
29 40099-01-20-01 1228 354 Oct 12 17:33–19:56 831.5 37 186 12:11–01:23c

30 40100-01-11-01 4300 – Oct 28 10:46–15:12 832 19 559 06:16–17:46
31 40099-01-22-00 1444 520 Nov 8 14:44–15:25 832 17 504 09:52–21:28
32 40099-01-23-01 3084 1453 Nov 23 15:26–17:32 834.5 8734 15:14–21:54
33 40100-01-13-01 770 – Nov 24 20:08–20:59 834.5 19 652 14:51–02:13c

34 40100-01-14-02 479 – Nov 25 20:05–20:56 834.5 16 683 14:24–01:47c

35 40100-01-15-03 1729 – Nov 26 21:40–22:32 834.5 24 372 17:11–04:33c

36 40100-01-16-02 1448 – Nov 27 19:59–20:50 834.5 19 063 15:13–02:34c

37 40100-01-17-03 1902 – Nov 28 21:32–22:27 834.5 10 309 19:19–00:28c

38 40100-01-18-03 1961 – Nov 29 21:29–22:25 834.5 19 999 16:03–03:19c

aThe deadtime-corrected exposure. bHEXTE cluster 0 exposure. Symbol ‘–’ means that no HEXTE data are available. cThe observation finished on the
following day. dThe observation started on the previous day.

column density N H. Hereafter, we assume the disc inclination of
i = 50◦ and neutral reflector.

The fit results are presented in Table 2. Only the low-energy
3–20 keV (RXTE/PCA and Ginga/LAC) data were fitted, and there-
fore we did not apply any high-energy cut-off to the power law. We
find that the correlations between spectral parameters (see Fig. 2)
are similar to the results of GCR99.

As shown in Section 3.2, there is a likely overlap of different
spectral components in the PCA energy range. Therefore, model 0

cannot represent a good approach for physical interpretations for
the spectra. Taking into account also the OSSE data and includ-
ing an exponential cut-off in the model, we can model the joint
data only very roughly, with χ2/dof ∼2. This is likely to be due to
the shape of the exponential cut-off (which is assumed in PEXRAV)
being substantially different from the shape of the cut-off of ther-
mal Comptonization (see, for example, Zdziarski et al. 2003). This
provides an argument against utilizing simple phenomenological
models in the analysis of BHB spectra.
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3–20 keV (RXTE/PCA and Ginga/LAC) data were fitted, and there-
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ing an exponential cut-off in the model, we can model the joint
data only very roughly, with χ2/dof ∼2. This is likely to be due to
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Figure 1. Broad-band spectra of Cyg X-1 as observed by RXTE and OSSE (with the respective observation number from Table 1) and the best-fitting models.
Theoretical curves represent model 1 for observations 6, 25 and 31 (see Section 3). All of the figures are colour in the online version of the paper on Synergy.

3.2 Comptonization model and broad-band spectra

The hard-state spectra are well described by thermal Comptoniza-
tion (Gierliński et al. 1997; Poutanen 1998; Frontera et al. 2001),
with a weak soft excess. To describe Comptonization we use the
XSPEC model EQPAIR (see Coppi 1999; G99). The spectrum of seed
photons is from a pseudo-Newtonian accretion disc (see G99). The
parameters of emission are expressed through the compactness

� = LσT

Rmec3
, (1)

where L is the source luminosity, R is the radius of the emitting
spherical cloud, and σ T is the Thomson cross-section. We consider
here thermal plasma. The model is characterized by the following
parameters:�s is the compactness of soft seed photons (assumed here
to be 1); �h/�s is the ratio of the dimensionless energy dissipation
rate in a hot cloud to �s; kT max is the maximal colour temperature
of the disc (at 9.5 gravitational radii, Rg = GM/c2, or at the inner
radius of the disc, if it is cut-off at larger value); τ p is the Thomson
optical depth corresponding to the ions; R is the reflection amplitude.
Because there are large (∼25 per cent at 1σ ) errors on kT max, we
decided to fix it at the common value of 200 eV. The model computed
the coronal temperature, kT e, and the total optical depth, τ , from
the background electrons and produced e± pairs self-consistently
from the energy and pair balance. For the assumed compactness,
pair production is negligible for all considered spectra, and thus
the resulting total optical depth τ = τ p. In the fits, we assume the
inner disc radius of 6Rg (this parameter only has an effect on the
relativistic smearing of the reflected component, which could hardly
be resolved with present energy resolution).

The normalization of EQPAIR, corresponding to the disc compo-
nent, is fc M2cos i/(D2β c

4), where fc is the covering factor, M is the
black hole mass in units of the solar mass, D is the distance to the
source in units of kpc, and β c is the ratio of the colour temperature
to the effective temperature.

At low energies, the effect of the interstellar absorption is clearly
visible. The addition of an additional soft component leads to further
improvement of the fits. Such soft excesses were observed in both the
hard state by Di Salvo et al. (2001) and in a flat state (similar to that
analysed here) by Frontera et al. (2001) in BeppoSAX data. However,
this component, whose nature we address below, is relatively weak in
the case of 1991 and 1997 (observations G1–G4, 05–17) hard-state

data. The spectra observed in 1996, 1998 and 1999 (observations
1–4, 18–38) appear similar in overall shape to those of the hard state,
but are significantly softer (see Fig. 2). The soft excess in the flat
state is stronger.

We stress that the requirement of an additional soft excess is
implied only by the joint PCA/HEXTE/OSSE data, because the PCA
data cover a too narrow energy range. Even if the actual spectrum
in the PCA 3–20 keV band is not a power law but is, for example,
concave, a good fit with a power law plus reflection (model 0) can
be still achieved. However, the real strength of Compton reflection
can be significantly different.

Because the data require an additional component only in a rela-
tively narrow range (∼3–10 keV), the parameters of the soft excess
cannot be constrained accurately. Below we consider a number of
physically realistic scenarios of its nature. In each of the considered
models, we restrict the parameters controlling its spectral shape to
values that make its flux significant only at low energies, and we fit
only its normalization. These fits allow us to completely describe
the broad-band spectra and to constrain the parameters of main
continuum.

3.2.1 High temperature of the optically thick disc

The additional component may, in principle, be emitted by the
hottest part of the optically thick disc provided its temperature is
high enough. We find that the spectra of the observations 1–4, 18–
38 can be well fitted with kT max ∼ 1 keV. However, Di Salvo et al.
(2001) have shown that the spectral decomposition of the BeppoSAX
data of Cyg X-1 in the hard state requires the presence of both the
soft blackbody disc photons (with kT max � 0.1–0.2 keV) and an ad-
ditional soft excess component. Therefore, we consider this model
to be not appropriate.

3.2.2 Hybrid model

We also tried to apply hybrid thermal + non-thermal EQPAIR model
to the spectra. Most of the data require nearly non-thermal injection
and the resulting spectrum becomes a power law directed by the
PCA part of the spectrum. Because the observed hard tail is not a
power law, large reflection appears to mimic the cut-off region, but
it is still not enough to describe both the soft excess below 10 keV
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Figure 1. Broad-band spectra of Cyg X-1 as observed by RXTE and OSSE (with the respective observation number from Table 1) and the best-fitting models.
Theoretical curves represent model 1 for observations 6, 25 and 31 (see Section 3). All of the figures are colour in the online version of the paper on Synergy.
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to be 1); �h/�s is the ratio of the dimensionless energy dissipation
rate in a hot cloud to �s; kT max is the maximal colour temperature
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radius of the disc, if it is cut-off at larger value); τ p is the Thomson
optical depth corresponding to the ions; R is the reflection amplitude.
Because there are large (∼25 per cent at 1σ ) errors on kT max, we
decided to fix it at the common value of 200 eV. The model computed
the coronal temperature, kT e, and the total optical depth, τ , from
the background electrons and produced e± pairs self-consistently
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pair production is negligible for all considered spectra, and thus
the resulting total optical depth τ = τ p. In the fits, we assume the
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relativistic smearing of the reflected component, which could hardly
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4), where fc is the covering factor, M is the
black hole mass in units of the solar mass, D is the distance to the
source in units of kpc, and β c is the ratio of the colour temperature
to the effective temperature.
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improvement of the fits. Such soft excesses were observed in both the
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analysed here) by Frontera et al. (2001) in BeppoSAX data. However,
this component, whose nature we address below, is relatively weak in
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data. The spectra observed in 1996, 1998 and 1999 (observations
1–4, 18–38) appear similar in overall shape to those of the hard state,
but are significantly softer (see Fig. 2). The soft excess in the flat
state is stronger.

We stress that the requirement of an additional soft excess is
implied only by the joint PCA/HEXTE/OSSE data, because the PCA
data cover a too narrow energy range. Even if the actual spectrum
in the PCA 3–20 keV band is not a power law but is, for example,
concave, a good fit with a power law plus reflection (model 0) can
be still achieved. However, the real strength of Compton reflection
can be significantly different.

Because the data require an additional component only in a rela-
tively narrow range (∼3–10 keV), the parameters of the soft excess
cannot be constrained accurately. Below we consider a number of
physically realistic scenarios of its nature. In each of the considered
models, we restrict the parameters controlling its spectral shape to
values that make its flux significant only at low energies, and we fit
only its normalization. These fits allow us to completely describe
the broad-band spectra and to constrain the parameters of main
continuum.

3.2.1 High temperature of the optically thick disc

The additional component may, in principle, be emitted by the
hottest part of the optically thick disc provided its temperature is
high enough. We find that the spectra of the observations 1–4, 18–
38 can be well fitted with kT max ∼ 1 keV. However, Di Salvo et al.
(2001) have shown that the spectral decomposition of the BeppoSAX
data of Cyg X-1 in the hard state requires the presence of both the
soft blackbody disc photons (with kT max � 0.1–0.2 keV) and an ad-
ditional soft excess component. Therefore, we consider this model
to be not appropriate.

3.2.2 Hybrid model

We also tried to apply hybrid thermal + non-thermal EQPAIR model
to the spectra. Most of the data require nearly non-thermal injection
and the resulting spectrum becomes a power law directed by the
PCA part of the spectrum. Because the observed hard tail is not a
power law, large reflection appears to mimic the cut-off region, but
it is still not enough to describe both the soft excess below 10 keV
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Table 2. The best-fitting parameters for model 0 (fitted to the low-energy Ginga and RXTE/PCA data only).

No. N H (1022 cm−2) � R σ (keV) EW (eV) χ2/dof

1991
G1 0.5+1.2

−0 1.63+0.09
−0.03 0.39+0.19

−0.08 0.46+0.81
−0.46 134+47

−66 3/11

G2 0.5+1.2
−0 1.62+0.09

−0.03 0.37+0.18
−0.09 0.58+0.93

−0.58 152+54
−73 4/11

G3 1.3+1.3
−0.8 1.60+0.10

−0.07 0.26+0.17
−0.13 0.60+0.95

−0.60 142+77
−75 3/11

G4 1.4+1.2
−0.9 1.69+0.09

−0.08 0.41+0.19
−0.16 0.42+0.97

−0.42 82+36
−60 5/12

1996
01 1.2 ± 0.2 1.80 ± 0.02 0.51 ± 0.05 0.68 ± 0.16 96 ± 19 24/43
02 0.6 ± 0.2 1.79 ± 0.02 0.48 ± 0.05 0.80 ± 0.12 148 ± 20 20/43
03 0.7 ± 0.2 1.80 ± 0.02 0.48 ± 0.04 0.72 ± 0.12 138 ± 19 20/43
04 1.2 ± 0.2 1.89 ± 0.02 0.66 ± 0.05 0.87 ± 0.16 112 ± 19 24/43

1997
05 1.3 ± 0.3 1.65 ± 0.02 0.25 ± 0.04 0.40+0.22

−0.40 66 ± 20 19/39

06 1.2 ± 0.3 1.65 ± 0.02 0.24 ± 0.04 0.38+0.19
−0.33 76 ± 20 27/39

07 1.0 ± 0.3 1.71 ± 0.02 0.35 ± 0.05 0.52+0.21
−0.26 79 ± 22 16/39

08 1.0 ± 0.3 1.69 ± 0.02 0.29 ± 0.04 0.44+0.19
−0.24 86 ± 21 35/39

09 1.2 ± 0.3 1.71 ± 0.02 0.36 ± 0.05 0.56+0.21
−0.25 82 ± 22 26/39

10 1.2 ± 0.2 1.69 ± 0.02 0.32 ± 0.05 0.43+0.20
−0.27 77 ± 20 22/39

11 1.2 ± 0.2 1.70 ± 0.02 0.32 ± 0.04 0.35+0.20
−0.35 69 ± 19 15/39

12 3.1 ± 0.2 1.72 ± 0.02 0.38 ± 0.05 0+0.42
−0 32 ± 12 23/39

13 2.1 ± 0.3 1.71 ± 0.02 0.37 ± 0.05 0.30+0.55
−0.30 56 ± 19 21/39

14 1.1 ± 0.3 1.70 ± 0.02 0.37 ± 0.05 0.43+0.20
−0.29 78 ± 21 21/39

15 2.1 ± 0.3 1.70 ± 0.02 0.35 ± 0.05 0.15+0.53
−0.15 41 ± 18 17/39

16 2.1 ± 0.2 1.69 ± 0.02 0.41 ± 0.05 0.17+0.43
−0.17 57 ± 16 22/39

17 2.7 ± 0.3 1.71 ± 0.02 0.36 ± 0.05 0.03+2.79
−0.03 37 ± 17 19/39

1998
18 1.2 ± 0.2 1.87 ± 0.02 0.54 ± 0.05 0.73 ± 0.16 99 ± 20 19/39
19 1.2 ± 0.2 1.84 ± 0.02 0.48 ± 0.05 0.71 ± 0.17 95 ± 20 19/39
20 1.2 ± 0.2 1.85 ± 0.02 0.50 ± 0.05 0.71 ± 0.17 96 ± 20 17/39
21 1.1 ± 0.2 1.83 ± 0.02 0.47 ± 0.05 0.71 ± 0.17 93 ± 20 14/39
22 0.7 ± 0.2 1.83 ± 0.02 0.47 ± 0.05 0.69 ± 0.14 123 ± 21 20/39
23 0.7 ± 0.2 1.82 ± 0.02 0.46 ± 0.05 0.72 ± 0.13 135 ± 21 17/39

1999
24 0.5+0.1

−0 2.09 ± 0.01 0.89 ± 0.07 0.93 ± 0.12 203 ± 23 28/33

25 0.5+0.1
−0 2.30 ± 0.02 1.38 ± 0.16 1.12 ± 0.16 249 ± 34 48/33

26 0.5+0.1
−0 2.23 ± 0.01 1.15 ± 0.10 1.09 ± 0.13 247 ± 27 43/33

27 0.5+0.2
−0 2.05 ± 0.01 0.81 ± 0.08 0.95 ± 0.14 188 ± 25 14/33

28 0.7 ± 0.3 2.05 ± 0.03 0.84 ± 0.10 0.82 ± 0.15 161 ± 26 32/33

29 0.5+0.1
−0 2.01 ± 0.01 0.74 ± 0.07 0.91 ± 0.15 185 ± 25 22/33

30 0.5+0.1
−0 2.20 ± 0.01 1.07 ± 0.07 1.03 ± 0.11 237 ± 22 27/33

31 0.5+0.2
−0 1.94 ± 0.02 0.61 ± 0.06 0.82 ± 0.13 170 ± 22 25/33

32 1.1 ± 0.3 1.85 ± 0.03 0.50 ± 0.06 0.54 ± 0.23 79 ± 22 20/33

33 0.7+0.3
−0.2 1.87 ± 0.03 0.53 ± 0.07 0.63 ± 0.19 113 ± 26 30/33

34 0.6+0.3
−0.1 1.86 ± 0.03 0.47 ± 0.08 0.61 ± 0.19 125 ± 28 14/33

35 0.5+0.2
−0 1.88 ± 0.02 0.52 ± 0.05 0.65 ± 0.13 141 ± 18 25/33

36 0.5+0.2
−0 1.88 ± 0.02 0.55 ± 0.06 0.72 ± 0.14 156 ± 22 25/33

37 1.2 ± 0.3 1.92 ± 0.03 0.62 ± 0.07 0.68 ± 0.18 109 ± 24 27/33
38 1.2 ± 0.3 1.98 ± 0.03 0.77 ± 0.08 0.78 ± 0.16 125 ± 24 39/33

and the hard tail, in which the systematic difference between the
data and the model remains. Therefore, we ruled out this model.

3.2.3 Two thermal Comptonization components

The soft component can be described by additional thermal Comp-
tonization (Di Salvo et al. 2001; Frontera et al. 2001). We use the

model 1, PHABS(COMPTT+EQPAIR+GAUSSIAN), where EQPAIR gives
the main Comptonization and COMPTT (Titarchuk 1994) the addi-
tional soft component. Because the parameters of the soft excess
are rather weakly constrained by our data, we fixed the parameters
of COMPTT at kT e = 20 keV and τ = 1. Such a model produces
a soft power law that does not extend to very high energies. This
model fitted to the data of observation 24 is shown in Fig. 3. In
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Table 2. The best-fitting parameters for model 0 (fitted to the low-energy Ginga and RXTE/PCA data only).

No. N H (1022 cm−2) � R σ (keV) EW (eV) χ2/dof

1991
G1 0.5+1.2

−0 1.63+0.09
−0.03 0.39+0.19

−0.08 0.46+0.81
−0.46 134+47

−66 3/11

G2 0.5+1.2
−0 1.62+0.09

−0.03 0.37+0.18
−0.09 0.58+0.93

−0.58 152+54
−73 4/11

G3 1.3+1.3
−0.8 1.60+0.10

−0.07 0.26+0.17
−0.13 0.60+0.95

−0.60 142+77
−75 3/11

G4 1.4+1.2
−0.9 1.69+0.09

−0.08 0.41+0.19
−0.16 0.42+0.97

−0.42 82+36
−60 5/12

1996
01 1.2 ± 0.2 1.80 ± 0.02 0.51 ± 0.05 0.68 ± 0.16 96 ± 19 24/43
02 0.6 ± 0.2 1.79 ± 0.02 0.48 ± 0.05 0.80 ± 0.12 148 ± 20 20/43
03 0.7 ± 0.2 1.80 ± 0.02 0.48 ± 0.04 0.72 ± 0.12 138 ± 19 20/43
04 1.2 ± 0.2 1.89 ± 0.02 0.66 ± 0.05 0.87 ± 0.16 112 ± 19 24/43

1997
05 1.3 ± 0.3 1.65 ± 0.02 0.25 ± 0.04 0.40+0.22

−0.40 66 ± 20 19/39

06 1.2 ± 0.3 1.65 ± 0.02 0.24 ± 0.04 0.38+0.19
−0.33 76 ± 20 27/39

07 1.0 ± 0.3 1.71 ± 0.02 0.35 ± 0.05 0.52+0.21
−0.26 79 ± 22 16/39

08 1.0 ± 0.3 1.69 ± 0.02 0.29 ± 0.04 0.44+0.19
−0.24 86 ± 21 35/39

09 1.2 ± 0.3 1.71 ± 0.02 0.36 ± 0.05 0.56+0.21
−0.25 82 ± 22 26/39

10 1.2 ± 0.2 1.69 ± 0.02 0.32 ± 0.05 0.43+0.20
−0.27 77 ± 20 22/39

11 1.2 ± 0.2 1.70 ± 0.02 0.32 ± 0.04 0.35+0.20
−0.35 69 ± 19 15/39

12 3.1 ± 0.2 1.72 ± 0.02 0.38 ± 0.05 0+0.42
−0 32 ± 12 23/39

13 2.1 ± 0.3 1.71 ± 0.02 0.37 ± 0.05 0.30+0.55
−0.30 56 ± 19 21/39

14 1.1 ± 0.3 1.70 ± 0.02 0.37 ± 0.05 0.43+0.20
−0.29 78 ± 21 21/39

15 2.1 ± 0.3 1.70 ± 0.02 0.35 ± 0.05 0.15+0.53
−0.15 41 ± 18 17/39

16 2.1 ± 0.2 1.69 ± 0.02 0.41 ± 0.05 0.17+0.43
−0.17 57 ± 16 22/39

17 2.7 ± 0.3 1.71 ± 0.02 0.36 ± 0.05 0.03+2.79
−0.03 37 ± 17 19/39

1998
18 1.2 ± 0.2 1.87 ± 0.02 0.54 ± 0.05 0.73 ± 0.16 99 ± 20 19/39
19 1.2 ± 0.2 1.84 ± 0.02 0.48 ± 0.05 0.71 ± 0.17 95 ± 20 19/39
20 1.2 ± 0.2 1.85 ± 0.02 0.50 ± 0.05 0.71 ± 0.17 96 ± 20 17/39
21 1.1 ± 0.2 1.83 ± 0.02 0.47 ± 0.05 0.71 ± 0.17 93 ± 20 14/39
22 0.7 ± 0.2 1.83 ± 0.02 0.47 ± 0.05 0.69 ± 0.14 123 ± 21 20/39
23 0.7 ± 0.2 1.82 ± 0.02 0.46 ± 0.05 0.72 ± 0.13 135 ± 21 17/39

1999
24 0.5+0.1

−0 2.09 ± 0.01 0.89 ± 0.07 0.93 ± 0.12 203 ± 23 28/33

25 0.5+0.1
−0 2.30 ± 0.02 1.38 ± 0.16 1.12 ± 0.16 249 ± 34 48/33

26 0.5+0.1
−0 2.23 ± 0.01 1.15 ± 0.10 1.09 ± 0.13 247 ± 27 43/33

27 0.5+0.2
−0 2.05 ± 0.01 0.81 ± 0.08 0.95 ± 0.14 188 ± 25 14/33

28 0.7 ± 0.3 2.05 ± 0.03 0.84 ± 0.10 0.82 ± 0.15 161 ± 26 32/33

29 0.5+0.1
−0 2.01 ± 0.01 0.74 ± 0.07 0.91 ± 0.15 185 ± 25 22/33

30 0.5+0.1
−0 2.20 ± 0.01 1.07 ± 0.07 1.03 ± 0.11 237 ± 22 27/33

31 0.5+0.2
−0 1.94 ± 0.02 0.61 ± 0.06 0.82 ± 0.13 170 ± 22 25/33

32 1.1 ± 0.3 1.85 ± 0.03 0.50 ± 0.06 0.54 ± 0.23 79 ± 22 20/33

33 0.7+0.3
−0.2 1.87 ± 0.03 0.53 ± 0.07 0.63 ± 0.19 113 ± 26 30/33

34 0.6+0.3
−0.1 1.86 ± 0.03 0.47 ± 0.08 0.61 ± 0.19 125 ± 28 14/33

35 0.5+0.2
−0 1.88 ± 0.02 0.52 ± 0.05 0.65 ± 0.13 141 ± 18 25/33

36 0.5+0.2
−0 1.88 ± 0.02 0.55 ± 0.06 0.72 ± 0.14 156 ± 22 25/33

37 1.2 ± 0.3 1.92 ± 0.03 0.62 ± 0.07 0.68 ± 0.18 109 ± 24 27/33
38 1.2 ± 0.3 1.98 ± 0.03 0.77 ± 0.08 0.78 ± 0.16 125 ± 24 39/33

and the hard tail, in which the systematic difference between the
data and the model remains. Therefore, we ruled out this model.

3.2.3 Two thermal Comptonization components

The soft component can be described by additional thermal Comp-
tonization (Di Salvo et al. 2001; Frontera et al. 2001). We use the

model 1, PHABS(COMPTT+EQPAIR+GAUSSIAN), where EQPAIR gives
the main Comptonization and COMPTT (Titarchuk 1994) the addi-
tional soft component. Because the parameters of the soft excess
are rather weakly constrained by our data, we fixed the parameters
of COMPTT at kT e = 20 keV and τ = 1. Such a model produces
a soft power law that does not extend to very high energies. This
model fitted to the data of observation 24 is shown in Fig. 3. In
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Broad-band spectra of Cyg X-1 1441

Figure 2. Correlations between parameters for model 0 (PEXRAV). (a) The reflection amplitude, R, versus the photon spectral index, �. (b) The relativistic
smearing Gaussian width σ versus reflection R. (c) The Fe Kα 6.4-keV line equivalent width versus R.

Figure 3. The model spectrum with two thermal Comptonization compo-
nents (model 1, Section 3.2.3) fitted to the RXTE+OSSE observation 24
(from 1999). The spectral components of the fit are shown by the dotted
(green), dot-dashed (red) and dashed (blue) curves, which correspond to
the main thermal Comptonization continuum, the additional thermal Comp-
tonization with kT e = 20 keV and τ = 1, and the Compton reflection in-
cluding the Fe line, respectively. The solid (black) curve shows the total
spectrum. The lower panel shows the residuals of the fit.

spite of its simplicity, it yields a relatively good description of the
data.

The fit parameters are given in Table 3, and the dependences
between various model parameters are shown in Fig. 4. We also
quote the values of the spectral index � of the power law obtained
from the least-squares fitting of the logarithm of the intrinsic model
flux at a logarithmic energy grid in the 2–10 keV range (chosen to
enable comparison with the results of other papers).

The meaning of the normalization of EQPAIR has been described in
Section 3.2. Substituting fc = 1, M = 10 M�, i = 50◦, D = 2.0 kpc
(see references in G99; Frontera et al. 2001) and β c = 1.7 (Shimura
& Takahara 1995), we expect the normalization of �1.92. The lower
normalization of the obtained fits (see Table 3) is caused either by a
larger β c ∼ 1.77–1.98 or by a smaller covering factor fc. A slightly
smaller, than the assumed disc temperature of 200 eV, can also re-
duce the normalization. On the other hand, some flat-state normal-
izations are larger than the expected value of 1.92. This cannot be
explained by changing fc (a smaller covering factor can only reduce
the normalization), but could be a result of somewhat larger inner

disc radius or larger temperature. The largest observed normaliza-
tions correspond to kT max ∼ 220–245 eV.

We see that there is a clear anticorrelation between the strength
of the soft component and the hardness of spectrum expressed in
terms of �h/�s. There is also a correlation between τ and �h/�s.
The reflection amplitude is correlated with the Fe line equivalent
width and anticorrelated with �h/�s (while at high values of �h/�s

the anticorrelation possibly breaks down).
The electron temperature kT e is a calculated parameter and no

errors on it can be obtained from fitting. However, we estimated its
1σ limits using its extremal values within the uncertainties of the
parameters controlling spectral shape, i.e. �h/�s and τ . This estima-
tion gives us a possible conservative error on kT e of about 15 keV
for both models 1 and 2. Taking this into account, no correlations
between kT e–flux and kT e − �h/�s are apparent.

3.2.4 Thermal continuum and non-thermal Comptonization
component

As an alternative to the second thermal Compton component, we
consider here addition of a non-thermal Comptonization compo-
nent. We find that such a non-thermal component can describe both
the soft excess and the MeV non-thermal tail observed in hard states
by the Compton Telescope (COMPTEL; McConnell et al. 2002),
while neither of these components can be described by the main
thermal Compton emission. This model fitted to the spectrum 24 is
shown in Fig. 5. Note that the COMPTEL data are shown for illus-
tration only and were not taken into account in the fitting. The used
model 2 consists of PHABS(EQPAIR+EQPAIR+GAUSSIAN), in which the
second EQPAIR component produces the non-thermal spectrum. In
EQPAIR, the available power is supplied in part into heating electrons
and in part into their acceleration, with the resulting steady-state
electron distribution calculated self-consistently. The compactness
corresponding to the acceleration is hereafter denoted as �nth. Then
the relative fraction of the input power going into the non-thermal
acceleration is �nth/�h, where �h (as before) corresponds to the total
rate of energy dissipation in the plasma.

For that additional component, we assumed that all the available
power goes into non-thermal acceleration, i.e. �nth/�h = 1. Note that
the resulting self-consistent electron distribution is not purely non-
thermal but hybrid, i.e. it does contain a low-energy Maxwellian
heated by Compton and Coulomb interactions. We further assume
R = 0, the power-law index of the accelerated electrons of � inj =
2.4 (see Poutanen & Coppi 1998; G99; Frontera et al. 2001;
McConnell et al. 2002), the minimum and maximum Lorentz fac-
tors of the power law of γ min = 1.3 and γ max = 1000, respectively,
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Figure 2. Correlations between parameters for model 0 (PEXRAV). (a) The reflection amplitude, R, versus the photon spectral index, �. (b) The relativistic
smearing Gaussian width σ versus reflection R. (c) The Fe Kα 6.4-keV line equivalent width versus R.

Figure 3. The model spectrum with two thermal Comptonization compo-
nents (model 1, Section 3.2.3) fitted to the RXTE+OSSE observation 24
(from 1999). The spectral components of the fit are shown by the dotted
(green), dot-dashed (red) and dashed (blue) curves, which correspond to
the main thermal Comptonization continuum, the additional thermal Comp-
tonization with kT e = 20 keV and τ = 1, and the Compton reflection in-
cluding the Fe line, respectively. The solid (black) curve shows the total
spectrum. The lower panel shows the residuals of the fit.

spite of its simplicity, it yields a relatively good description of the
data.

The fit parameters are given in Table 3, and the dependences
between various model parameters are shown in Fig. 4. We also
quote the values of the spectral index � of the power law obtained
from the least-squares fitting of the logarithm of the intrinsic model
flux at a logarithmic energy grid in the 2–10 keV range (chosen to
enable comparison with the results of other papers).

The meaning of the normalization of EQPAIR has been described in
Section 3.2. Substituting fc = 1, M = 10 M�, i = 50◦, D = 2.0 kpc
(see references in G99; Frontera et al. 2001) and β c = 1.7 (Shimura
& Takahara 1995), we expect the normalization of �1.92. The lower
normalization of the obtained fits (see Table 3) is caused either by a
larger β c ∼ 1.77–1.98 or by a smaller covering factor fc. A slightly
smaller, than the assumed disc temperature of 200 eV, can also re-
duce the normalization. On the other hand, some flat-state normal-
izations are larger than the expected value of 1.92. This cannot be
explained by changing fc (a smaller covering factor can only reduce
the normalization), but could be a result of somewhat larger inner

disc radius or larger temperature. The largest observed normaliza-
tions correspond to kT max ∼ 220–245 eV.

We see that there is a clear anticorrelation between the strength
of the soft component and the hardness of spectrum expressed in
terms of �h/�s. There is also a correlation between τ and �h/�s.
The reflection amplitude is correlated with the Fe line equivalent
width and anticorrelated with �h/�s (while at high values of �h/�s

the anticorrelation possibly breaks down).
The electron temperature kT e is a calculated parameter and no

errors on it can be obtained from fitting. However, we estimated its
1σ limits using its extremal values within the uncertainties of the
parameters controlling spectral shape, i.e. �h/�s and τ . This estima-
tion gives us a possible conservative error on kT e of about 15 keV
for both models 1 and 2. Taking this into account, no correlations
between kT e–flux and kT e − �h/�s are apparent.

3.2.4 Thermal continuum and non-thermal Comptonization
component

As an alternative to the second thermal Compton component, we
consider here addition of a non-thermal Comptonization compo-
nent. We find that such a non-thermal component can describe both
the soft excess and the MeV non-thermal tail observed in hard states
by the Compton Telescope (COMPTEL; McConnell et al. 2002),
while neither of these components can be described by the main
thermal Compton emission. This model fitted to the spectrum 24 is
shown in Fig. 5. Note that the COMPTEL data are shown for illus-
tration only and were not taken into account in the fitting. The used
model 2 consists of PHABS(EQPAIR+EQPAIR+GAUSSIAN), in which the
second EQPAIR component produces the non-thermal spectrum. In
EQPAIR, the available power is supplied in part into heating electrons
and in part into their acceleration, with the resulting steady-state
electron distribution calculated self-consistently. The compactness
corresponding to the acceleration is hereafter denoted as �nth. Then
the relative fraction of the input power going into the non-thermal
acceleration is �nth/�h, where �h (as before) corresponds to the total
rate of energy dissipation in the plasma.

For that additional component, we assumed that all the available
power goes into non-thermal acceleration, i.e. �nth/�h = 1. Note that
the resulting self-consistent electron distribution is not purely non-
thermal but hybrid, i.e. it does contain a low-energy Maxwellian
heated by Compton and Coulomb interactions. We further assume
R = 0, the power-law index of the accelerated electrons of � inj =
2.4 (see Poutanen & Coppi 1998; G99; Frontera et al. 2001;
McConnell et al. 2002), the minimum and maximum Lorentz fac-
tors of the power law of γ min = 1.3 and γ max = 1000, respectively,
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Table 3. The best-fitting parameters for model 1.

Obs. N a
H �h/�s τ R σ EW Nb Fc

tot Fd
add kT e

e � f χ2/dof

G1 1.1+0.8
−0.6 13.8+0.9

−0.7 1.39+0.07
−0.08 0.38+0.04

−0.03 0.67+0.32
−0.34 189+57

−51 1.36+0.05
−0.06 5.32 0.11 90 1.62 49/73

G2 1.3 ± 0.8 15.6+1.3
−0.8 1.58+0.12

−0.05 0.35+0.04
−0.05 0.87+0.36

−0.31 235+75
−63 1.63+0.06

−0.09 7.24 0.24 82 1.59 58/74

G3 1.4 ± 0.2 14.0+0.9
−1.6 1.34+0.08

−0.20 0.26+0.06
−0.04 0.60+0.92

−0.60 151+54
−47 1.13+0.10

−0.04 4.18 0 94 1.62 53/73

G4 2.0+0.7
−0.9 13.4 ± 1.8 1.36+0.29

−0.30 0.26+0.09
−0.08 0.63+0.41

−0.31 132+57
−48 1.04+0.14

−0.11 3.83 0.14 90 1.63 53/73

01 2.6 ± 0.2 10.3+0.4
−0.1 1.31+0.06

−0.03 0.27+0.02
−0.01 1.00+0.16

−0.13 173+26
−20 1.99+0.03

−0.09 7.32 1.26 86 1.68 501/478

02 2.1 ± 0.3 9.76+0.18
−0.24 1.32+0.02

−0.03 0.29+0.01
−0.02 1.11+0.12

−0.13 240+25
−27 2.50+0.06

−0.04 8.83 1.56 83 1.69 531/493

03 2.2+0.3
−0.2 10.2+0.1

−0.2 1.47+0.05
−0.03 0.26 ± 0.02 1.02+0.14

−0.13 227+28
−29 2.18 ± 0.03 8.04 1.49 75 1.68 542/506

04 2.9 ± 0.2 8.77+0.18
−0.14 1.38+0.03

−0.02 0.31 ± 0.01 1.12 ± 0.11 215+23
−19 2.85+0.05

−0.07 10.0 2.44 77 1.71 529/493

05 1.6+0.4
−0.3 11.8+1.2

−0.4 1.09+0.16
−0.03 0.22 ± 0.02 0.48+0.22

−0.23 77+18
−16 1.30+0.03

−0.09 4.46 0.08 110 1.65 61/73

06 1.8 ± 0.4 12.8+0.3
−0.5 1.29+0.03

−0.08 0.19+0.02
−0.01 0.54+0.19

−0.21 96 ± 19 1.05+0.04
−0.02 3.99 0.19 95 1.64 374/402

07 1.9+0.3
−0.4 12.0 ± 0.4 1.24+0.13

−0.07 0.22 ± 0.02 0.75+0.19
−0.23 121+24

−27 1.54+0.04
−0.06 5.80 0.52 96 1.65 367/415

08 2.0+0.3
−0.4 11.9+0.3

−0.4 1.41+0.03
−0.04 0.20+0.02

−0.01 0.68+0.19
−0.21 118+21

−22 1.47+0.04
−0.02 5.43 0.46 84 1.65 404/415

09 2.3 ± 0.3 12.0+0.4
−0.2 1.41+0.03

−0.06 0.23 ± 0.02 0.85+0.20
−0.18 131+26

−21 1.56+0.03
−0.04 5.98 0.62 84 1.65 350/415

10 1.6+0.5
−0.4 11.3+0.3

−0.4 1.18+0.08
−0.05 0.24+0.02

−0.01 0.56+0.19
−0.18 102+21

−18 1.43+0.02
−0.04 4.92 0.25 99 1.66 301/334

11 4.1 ± 0.3 11.6+0.4
−0.5 1.19+0.06

−0.03 0.23 ± 0.02 0.41+0.74
−0.41 54+18

−17 1.53 ± 0.04 5.72 0.58 99 1.65 193/236

12 4.2 ± 0.3 11.8+0.6
−0.5 1.20+0.10

−0.03 0.23+0.02
−0.01 0.43+0.78

−0.41 55+20
−17 1.52+0.04

−0.06 5.77 0.61 99 1.65 202/238

13 2.5+1.0
−0.8 12.8 ± 0.4 1.45+0.05

−0.03 0.22 ± 0.02 0.58+0.24
−0.18 106+19

−20 1.45+0.04
−0.03 5.74 0.47 83 1.63 369/411

14 2.2 ± 0.3 12.4+0.4
−0.3 1.34 ± 0.03 0.24 ± 0.02 0.74+0.19

−0.17 126+23
−19 1.58+0.03

−0.04 6.25 0.63 90 1.64 397/415

15 3.2 ± 0.3 13.6 ± 0.5 1.26+0.11
−0.04 0.19 ± 0.02 0.60+0.35

−0.30 75+27
−19 1.29+0.03

−0.04 5.51 0.57 99 1.62 201/244

16 3.4 ± 0.3 13.7 ± 0.2 1.61 ± 0.04 0.24 ± 0.01 0.55+0.19
−0.16 98+19

−14 1.47 ± 0.02 6.53 0.76 76 1.62 446/402

17 3.8 ± 0.3 12.9+0.6
−0.4 1.33+0.15

−0.10 0.19+0.02
−0.03 0.60+0.29

−0.38 73 ± 21 1.25+0.02
−0.05 5.12 0.55 92 1.63 345/415

18 2.5 ± 0.3 8.13 ± 0.15 1.23+0.02
−0.03 0.28+0.02

−0.01 0.98+0.13
−0.11 182+23

−21 2.32 ± 0.04 7.09 1.41 84 1.73 512/489

19 2.7 ± 0.3 9.43+0.23
−0.09 1.61+0.04

−0.03 0.21 ± 0.02 1.02+0.15
−0.12 182+25

−21 1.67+0.02
−0.03 5.87 1.29 66 1.69 457/502

20 2.6 ± 0.3 9.14+0.20
−0.09 1.45+0.03

−0.06 0.24+0.01
−0.02 1.00+0.15

−0.12 182+26
−20 1.79+0.02

−0.03 6.11 1.29 73 1.70 472/502

21 2.6 ± 0.4 9.91+2.16
−2.68 1.36+0.59

−0.43 0.20+0.11
−0.14 0.94+0.18

−0.14 161+46
−23 1.83+0.56

−0.42 6.52 1.28 81 1.68 46/73

22 2.1+0.3
−0.4 8.96+2.38

−2.05 1.19+0.43
−0.55 0.24+0.08

−0.13 0.90 ± 0.12 188+25
−19 2.13+0.58

−0.55 6.86 1.21 90 1.71 45/73

23 2.0 ± 0.4 8.57+1.55
−1.42 1.29+0.25

−0.65 0.26+0.14
−0.09 0.89+0.12

−0.11 192+30
−20 2.14+0.58

−0.16 6.57 1.10 81 1.72 43/73

24 1.6+0.3
−0.2 5.43+0.68

−0.19 1.08+0.13
−0.03 0.36 ± 0.03 0.99+0.09

−0.08 337+28
−26 1.85+0.06

−0.27 4.71 1.46 83 1.82 389/409

25 1.5 ± 0.2 4.70+0.57
−0.29 1.04+0.17

−0.06 0.36+0.04
−0.06 0.98+0.08

−0.07 395+33
−30 2.46+0.14

−0.24 6.51 2.71 81 1.85 355/409

26 1.3 ± 0.3 4.08+0.92
−0.49 0.89+0.25

−0.14 0.40+0.08
−0.09 1.01 ± 0.07 382+28

−28 2.54+0.29
−0.42 5.44 1.92 90 1.89 48/67

27 1.8 ± 0.3 5.95 ± 0.30 1.10+0.05
−0.06 0.33 ± 0.03 1.02 ± 0.10 305 ± 30 2.19+0.10

−0.09 5.92 1.81 84 1.80 386/409

28 1.7+0.2
−0.3 5.75+0.35

−0.50 1.21+0.06
−0.16 0.33+0.06

−0.04 0.98+0.09
−0.08 335+31

−27 1.74 ± 0.16 4.71 1.52 75 1.81 389/409

29 1.6 ± 0.3 6.01+0.32
−0.24 1.09+0.05

−0.04 0.33 ± 0.03 0.99+0.11
−0.10 295+30

−29 1.98+0.07
−0.09 5.06 1.28 85 1.80 394/409

30 0.9+0.2
−0.3 2.71+1.06

−0.23 0.46+0.26
−0.19 0.62+0.08

−0.05 0.97 ± 0.08 328+19
−25 4.06+0.48

−0.15 5.67 1.46 141† 1.93 52/67

31 1.7 ± 0.3 6.74+0.32
−0.39 1.09+0.06

−0.14 0.29+0.04
−0.03 0.93 ± 0.11 253+27

−26 1.91+0.11
−0.09 5.10 1.12 89 1.77 390/409

32 2.4 ± 0.3 9.38+0.37
−0.40 1.37+0.10

−0.08 0.22+0.03
−0.02 0.83 ± 0.15 151+22

−25 1.49 ± 0.06 5.08 1.01 79 1.70 393/409

33 2.1+0.2
−0.6 7.94+0.56

−1.26 1.23+0.09
−0.24 0.27+0.07

−0.02 0.83+0.15
−0.19 179+33

−32 1.93+0.29
−0.10 5.76 1.16 84 1.73 62/67

34 1.5+0.3
−0.5 7.08+0.35

−0.89 1.08+0.13
−0.19 0.29+0.07

−0.04 0.74+0.17
−0.18 174 ± 31 1.83+0.25

−0.11 4.64 0.67 92 1.76 43/67

35 1.4+0.3
−0.4 7.05+0.53

−0.73 1.08+0.11
−0.16 0.30+0.06

−0.04 0.78 ± 0.11 206+25
−23 2.03+0.19

−0.12 5.26 0.85 91 1.76 40/67

36 1.6+0.4
−0.6 7.46+0.73

−1.24 1.07+0.15
−0.20 0.32+0.06

−0.05 0.88+0.12
−0.17 230+27

−39 1.92+0.30
−0.14 5.35 0.96 94 1.75 62/64

37 3.3+1.3
−1.3 6.52+1.11

−1.01 1.04+0.22
−0.21 0.35+0.06

−0.07 0.98+0.26
−0.23 179+31

−42 2.02+0.30
−0.23 5.53 1.39 92 1.78 40/62

38 3.2+0.6
−1.2 6.24+0.67

−0.72 0.96+0.14
−0.13 0.37 ± 0.05 0.96+0.19

−0.18 199 ± 28 2.29+0.25
−0.18 6.33 1.80 98 1.78 41/62

aHydrogen column density, in units of 1022 cm−2. bNormalization of the EQPAIR model component. cThe unabsorbed total model flux, in units of 10−8

erg cm−2 s−1. dThe unabsorbed model flux of the COMPTT component, in units of 10−8 erg cm−2 s−1. eTemperature of the emitting plasma in keV (for the
EQPAIR component). f Photon spectral index of the EQPAIR component in the 2–10 keV range.

kT max equal to that of the main component, �h/�s = 1, and τ p =
1. No pair production is required, and τ is found to be equal
to τ p.

The best-fitting parameters are presented in Table 4 and correla-
tions between them are shown in Figs 6 and 11. The normalization
of the thermal EQPAIR component corresponds to β c = 1.63–2.01,

values similar to those obtained with model 1. The strength of the
additional (non-thermal) component is again clearly anticorrelated
with the spectral hardness. The anticorrelation between R and �h/�s

is apparent and corresponds to the R–� correlation that we discuss
in Section 4.4. The values of R and the Fe line equivalent width
are well correlated and can be approximated by a linear function
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Table 3. The best-fitting parameters for model 1.

Obs. N a
H �h/�s τ R σ EW Nb Fc

tot Fd
add kT e

e � f χ2/dof

G1 1.1+0.8
−0.6 13.8+0.9

−0.7 1.39+0.07
−0.08 0.38+0.04

−0.03 0.67+0.32
−0.34 189+57

−51 1.36+0.05
−0.06 5.32 0.11 90 1.62 49/73

G2 1.3 ± 0.8 15.6+1.3
−0.8 1.58+0.12

−0.05 0.35+0.04
−0.05 0.87+0.36

−0.31 235+75
−63 1.63+0.06

−0.09 7.24 0.24 82 1.59 58/74

G3 1.4 ± 0.2 14.0+0.9
−1.6 1.34+0.08

−0.20 0.26+0.06
−0.04 0.60+0.92

−0.60 151+54
−47 1.13+0.10

−0.04 4.18 0 94 1.62 53/73

G4 2.0+0.7
−0.9 13.4 ± 1.8 1.36+0.29

−0.30 0.26+0.09
−0.08 0.63+0.41

−0.31 132+57
−48 1.04+0.14

−0.11 3.83 0.14 90 1.63 53/73

01 2.6 ± 0.2 10.3+0.4
−0.1 1.31+0.06

−0.03 0.27+0.02
−0.01 1.00+0.16

−0.13 173+26
−20 1.99+0.03

−0.09 7.32 1.26 86 1.68 501/478

02 2.1 ± 0.3 9.76+0.18
−0.24 1.32+0.02

−0.03 0.29+0.01
−0.02 1.11+0.12

−0.13 240+25
−27 2.50+0.06

−0.04 8.83 1.56 83 1.69 531/493

03 2.2+0.3
−0.2 10.2+0.1

−0.2 1.47+0.05
−0.03 0.26 ± 0.02 1.02+0.14

−0.13 227+28
−29 2.18 ± 0.03 8.04 1.49 75 1.68 542/506

04 2.9 ± 0.2 8.77+0.18
−0.14 1.38+0.03

−0.02 0.31 ± 0.01 1.12 ± 0.11 215+23
−19 2.85+0.05

−0.07 10.0 2.44 77 1.71 529/493

05 1.6+0.4
−0.3 11.8+1.2

−0.4 1.09+0.16
−0.03 0.22 ± 0.02 0.48+0.22

−0.23 77+18
−16 1.30+0.03

−0.09 4.46 0.08 110 1.65 61/73

06 1.8 ± 0.4 12.8+0.3
−0.5 1.29+0.03

−0.08 0.19+0.02
−0.01 0.54+0.19

−0.21 96 ± 19 1.05+0.04
−0.02 3.99 0.19 95 1.64 374/402

07 1.9+0.3
−0.4 12.0 ± 0.4 1.24+0.13

−0.07 0.22 ± 0.02 0.75+0.19
−0.23 121+24

−27 1.54+0.04
−0.06 5.80 0.52 96 1.65 367/415

08 2.0+0.3
−0.4 11.9+0.3

−0.4 1.41+0.03
−0.04 0.20+0.02

−0.01 0.68+0.19
−0.21 118+21

−22 1.47+0.04
−0.02 5.43 0.46 84 1.65 404/415

09 2.3 ± 0.3 12.0+0.4
−0.2 1.41+0.03

−0.06 0.23 ± 0.02 0.85+0.20
−0.18 131+26

−21 1.56+0.03
−0.04 5.98 0.62 84 1.65 350/415

10 1.6+0.5
−0.4 11.3+0.3

−0.4 1.18+0.08
−0.05 0.24+0.02

−0.01 0.56+0.19
−0.18 102+21

−18 1.43+0.02
−0.04 4.92 0.25 99 1.66 301/334

11 4.1 ± 0.3 11.6+0.4
−0.5 1.19+0.06

−0.03 0.23 ± 0.02 0.41+0.74
−0.41 54+18

−17 1.53 ± 0.04 5.72 0.58 99 1.65 193/236

12 4.2 ± 0.3 11.8+0.6
−0.5 1.20+0.10

−0.03 0.23+0.02
−0.01 0.43+0.78

−0.41 55+20
−17 1.52+0.04

−0.06 5.77 0.61 99 1.65 202/238

13 2.5+1.0
−0.8 12.8 ± 0.4 1.45+0.05

−0.03 0.22 ± 0.02 0.58+0.24
−0.18 106+19

−20 1.45+0.04
−0.03 5.74 0.47 83 1.63 369/411

14 2.2 ± 0.3 12.4+0.4
−0.3 1.34 ± 0.03 0.24 ± 0.02 0.74+0.19

−0.17 126+23
−19 1.58+0.03

−0.04 6.25 0.63 90 1.64 397/415

15 3.2 ± 0.3 13.6 ± 0.5 1.26+0.11
−0.04 0.19 ± 0.02 0.60+0.35

−0.30 75+27
−19 1.29+0.03

−0.04 5.51 0.57 99 1.62 201/244

16 3.4 ± 0.3 13.7 ± 0.2 1.61 ± 0.04 0.24 ± 0.01 0.55+0.19
−0.16 98+19

−14 1.47 ± 0.02 6.53 0.76 76 1.62 446/402

17 3.8 ± 0.3 12.9+0.6
−0.4 1.33+0.15

−0.10 0.19+0.02
−0.03 0.60+0.29

−0.38 73 ± 21 1.25+0.02
−0.05 5.12 0.55 92 1.63 345/415

18 2.5 ± 0.3 8.13 ± 0.15 1.23+0.02
−0.03 0.28+0.02

−0.01 0.98+0.13
−0.11 182+23

−21 2.32 ± 0.04 7.09 1.41 84 1.73 512/489

19 2.7 ± 0.3 9.43+0.23
−0.09 1.61+0.04

−0.03 0.21 ± 0.02 1.02+0.15
−0.12 182+25

−21 1.67+0.02
−0.03 5.87 1.29 66 1.69 457/502

20 2.6 ± 0.3 9.14+0.20
−0.09 1.45+0.03

−0.06 0.24+0.01
−0.02 1.00+0.15

−0.12 182+26
−20 1.79+0.02

−0.03 6.11 1.29 73 1.70 472/502

21 2.6 ± 0.4 9.91+2.16
−2.68 1.36+0.59

−0.43 0.20+0.11
−0.14 0.94+0.18

−0.14 161+46
−23 1.83+0.56

−0.42 6.52 1.28 81 1.68 46/73

22 2.1+0.3
−0.4 8.96+2.38

−2.05 1.19+0.43
−0.55 0.24+0.08

−0.13 0.90 ± 0.12 188+25
−19 2.13+0.58

−0.55 6.86 1.21 90 1.71 45/73

23 2.0 ± 0.4 8.57+1.55
−1.42 1.29+0.25

−0.65 0.26+0.14
−0.09 0.89+0.12

−0.11 192+30
−20 2.14+0.58

−0.16 6.57 1.10 81 1.72 43/73

24 1.6+0.3
−0.2 5.43+0.68

−0.19 1.08+0.13
−0.03 0.36 ± 0.03 0.99+0.09

−0.08 337+28
−26 1.85+0.06

−0.27 4.71 1.46 83 1.82 389/409

25 1.5 ± 0.2 4.70+0.57
−0.29 1.04+0.17

−0.06 0.36+0.04
−0.06 0.98+0.08

−0.07 395+33
−30 2.46+0.14

−0.24 6.51 2.71 81 1.85 355/409

26 1.3 ± 0.3 4.08+0.92
−0.49 0.89+0.25

−0.14 0.40+0.08
−0.09 1.01 ± 0.07 382+28

−28 2.54+0.29
−0.42 5.44 1.92 90 1.89 48/67

27 1.8 ± 0.3 5.95 ± 0.30 1.10+0.05
−0.06 0.33 ± 0.03 1.02 ± 0.10 305 ± 30 2.19+0.10

−0.09 5.92 1.81 84 1.80 386/409

28 1.7+0.2
−0.3 5.75+0.35

−0.50 1.21+0.06
−0.16 0.33+0.06

−0.04 0.98+0.09
−0.08 335+31

−27 1.74 ± 0.16 4.71 1.52 75 1.81 389/409

29 1.6 ± 0.3 6.01+0.32
−0.24 1.09+0.05

−0.04 0.33 ± 0.03 0.99+0.11
−0.10 295+30

−29 1.98+0.07
−0.09 5.06 1.28 85 1.80 394/409

30 0.9+0.2
−0.3 2.71+1.06

−0.23 0.46+0.26
−0.19 0.62+0.08

−0.05 0.97 ± 0.08 328+19
−25 4.06+0.48

−0.15 5.67 1.46 141† 1.93 52/67

31 1.7 ± 0.3 6.74+0.32
−0.39 1.09+0.06

−0.14 0.29+0.04
−0.03 0.93 ± 0.11 253+27

−26 1.91+0.11
−0.09 5.10 1.12 89 1.77 390/409

32 2.4 ± 0.3 9.38+0.37
−0.40 1.37+0.10

−0.08 0.22+0.03
−0.02 0.83 ± 0.15 151+22

−25 1.49 ± 0.06 5.08 1.01 79 1.70 393/409

33 2.1+0.2
−0.6 7.94+0.56

−1.26 1.23+0.09
−0.24 0.27+0.07

−0.02 0.83+0.15
−0.19 179+33

−32 1.93+0.29
−0.10 5.76 1.16 84 1.73 62/67

34 1.5+0.3
−0.5 7.08+0.35

−0.89 1.08+0.13
−0.19 0.29+0.07

−0.04 0.74+0.17
−0.18 174 ± 31 1.83+0.25

−0.11 4.64 0.67 92 1.76 43/67

35 1.4+0.3
−0.4 7.05+0.53

−0.73 1.08+0.11
−0.16 0.30+0.06

−0.04 0.78 ± 0.11 206+25
−23 2.03+0.19

−0.12 5.26 0.85 91 1.76 40/67

36 1.6+0.4
−0.6 7.46+0.73

−1.24 1.07+0.15
−0.20 0.32+0.06

−0.05 0.88+0.12
−0.17 230+27

−39 1.92+0.30
−0.14 5.35 0.96 94 1.75 62/64

37 3.3+1.3
−1.3 6.52+1.11

−1.01 1.04+0.22
−0.21 0.35+0.06

−0.07 0.98+0.26
−0.23 179+31

−42 2.02+0.30
−0.23 5.53 1.39 92 1.78 40/62

38 3.2+0.6
−1.2 6.24+0.67

−0.72 0.96+0.14
−0.13 0.37 ± 0.05 0.96+0.19

−0.18 199 ± 28 2.29+0.25
−0.18 6.33 1.80 98 1.78 41/62

aHydrogen column density, in units of 1022 cm−2. bNormalization of the EQPAIR model component. cThe unabsorbed total model flux, in units of 10−8

erg cm−2 s−1. dThe unabsorbed model flux of the COMPTT component, in units of 10−8 erg cm−2 s−1. eTemperature of the emitting plasma in keV (for the
EQPAIR component). f Photon spectral index of the EQPAIR component in the 2–10 keV range.

kT max equal to that of the main component, �h/�s = 1, and τ p =
1. No pair production is required, and τ is found to be equal
to τ p.

The best-fitting parameters are presented in Table 4 and correla-
tions between them are shown in Figs 6 and 11. The normalization
of the thermal EQPAIR component corresponds to β c = 1.63–2.01,

values similar to those obtained with model 1. The strength of the
additional (non-thermal) component is again clearly anticorrelated
with the spectral hardness. The anticorrelation between R and �h/�s

is apparent and corresponds to the R–� correlation that we discuss
in Section 4.4. The values of R and the Fe line equivalent width
are well correlated and can be approximated by a linear function
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Broad-band spectra of Cyg X-1 1443

Figure 4. Dependences of the spectral parameters for model 1 (Section 3.2.3) fitted to the 1991 and 1997 (blue filled circles) and the 1996, 1998 and 1999 data
(red filled squares) on the Compton amplification factor of the main Comptonization component �h/�s. (a) The reflection fraction R; (b) the relativistic smearing
Gaussian width σ at 6.4 keV; (c) ratio of the additional thermal Comptonization flux to the total flux; (d) Thomson optical depth of the main Comptonization
continuum component τ ; (e) electron temperature of the main Comptonization component kT e; (f) total luminosity of the Comptonizing cloud (assuming
D = 2 kpc).

Figure 5. The model spectrum with the thermal and non-thermal Comp-
tonization components (model 2, Section 3.2.4) fitted to the RXTE+OSSE
observation 24 (from 1999) together with the COMPTEL (McConnell et al.
2002) hard-state data (marked by squares). The spectral components of the fit
are shown by the dotted (green), dot-dashed (red) and dashed (blue) curves,
which correspond to the main thermal Comptonization continuum, the ad-
ditional non-thermal Comptonization and the Compton reflection including
the Fe line, respectively. The solid curve shows the total spectrum. The lower
panel shows the residuals of the fit.

passing through zero (see Fig. 11c). Again, there is a correlation
between τ and �h/�s. The electron temperature does not seemingly
depend on the hardness, but the spread becomes smaller at larger
�h/�s where kT e ∼ 90 keV.

4 D I S C U S S I O N

4.1 Absorption

As noted in Section 3, the hydrogen column density N H was free in
our fits. We find that our data require absorption significantly larger
than 0.6 ± 0.2 × 1022 cm−2, which is derived from the reddening
towards the companion star (Balucińska-Church et al. 1995).

Cyg X-1 is known to show X-ray dips in its light curve, caused
by obscuration by the stellar wind from the companion star. During
dips, the absorption increases up to N H = 20 × 1022 cm−2. The
absorption shows strong orbital phase dependence with maximal
column density around phase 0, when companion star is in front of
the black hole (Balucińska-Church et al. 2000; Feng & Cui 2002).
We plotted the fitted values of N H versus Cyg X-1 orbital phase (see
Fig. 7), using the ephemeris with the time of the primary minimum
at 50234.79 MJD and the period of 5.599829 d (LaSala et al. 1998;
Brocksopp et al. 1999). We see a good correlation of N H with the
orbital phase, which indicates that variable absorption can indeed
be caused by the companion’s wind obscuring the X-rays from the
black hole.

We note that because our models are relatively complicated in
the range of 3–10 keV (consisting of absorption, Comptonization
together with the seed photon emission and a soft excess), and also
the PCA energy range is affected by absorption rather weakly, it
is difficult to determine the exact values of N H, even though the
derived values of the parameter are in the range quoted by other
authors and its relative changes are quite remarkable.

4.2 Spectral variability patterns

Using CGRO/BATSE and RXTE/ASM data, Zdziarski et al. (2002)
showed that Cyg X-1 has two types of variability: changes of
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Figure 5. The model spectrum with the thermal and non-thermal Comp-
tonization components (model 2, Section 3.2.4) fitted to the RXTE+OSSE
observation 24 (from 1999) together with the COMPTEL (McConnell et al.
2002) hard-state data (marked by squares). The spectral components of the fit
are shown by the dotted (green), dot-dashed (red) and dashed (blue) curves,
which correspond to the main thermal Comptonization continuum, the ad-
ditional non-thermal Comptonization and the Compton reflection including
the Fe line, respectively. The solid curve shows the total spectrum. The lower
panel shows the residuals of the fit.

passing through zero (see Fig. 11c). Again, there is a correlation
between τ and �h/�s. The electron temperature does not seemingly
depend on the hardness, but the spread becomes smaller at larger
�h/�s where kT e ∼ 90 keV.

4 D I S C U S S I O N

4.1 Absorption

As noted in Section 3, the hydrogen column density N H was free in
our fits. We find that our data require absorption significantly larger
than 0.6 ± 0.2 × 1022 cm−2, which is derived from the reddening
towards the companion star (Balucińska-Church et al. 1995).

Cyg X-1 is known to show X-ray dips in its light curve, caused
by obscuration by the stellar wind from the companion star. During
dips, the absorption increases up to N H = 20 × 1022 cm−2. The
absorption shows strong orbital phase dependence with maximal
column density around phase 0, when companion star is in front of
the black hole (Balucińska-Church et al. 2000; Feng & Cui 2002).
We plotted the fitted values of N H versus Cyg X-1 orbital phase (see
Fig. 7), using the ephemeris with the time of the primary minimum
at 50234.79 MJD and the period of 5.599829 d (LaSala et al. 1998;
Brocksopp et al. 1999). We see a good correlation of N H with the
orbital phase, which indicates that variable absorption can indeed
be caused by the companion’s wind obscuring the X-rays from the
black hole.

We note that because our models are relatively complicated in
the range of 3–10 keV (consisting of absorption, Comptonization
together with the seed photon emission and a soft excess), and also
the PCA energy range is affected by absorption rather weakly, it
is difficult to determine the exact values of N H, even though the
derived values of the parameter are in the range quoted by other
authors and its relative changes are quite remarkable.

4.2 Spectral variability patterns

Using CGRO/BATSE and RXTE/ASM data, Zdziarski et al. (2002)
showed that Cyg X-1 has two types of variability: changes of
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Table 4. The best-fitting parameters for model 2.

Obs. N H
a �h/�s τ R σ EW Nb Fc

tot Fd
add kT e

e � f χ2/dof

G1 0.9+0.5
−0.4 14.2+1.1

−0.9 1.41 ± 0.08 0.40 ± 0.04 0.61+0.32
−0.38 182+59

−52 1.29 ± 0.09 5.32 0.21 90 1.62 49/73

G2 1.0+0.5
−0.6 16.4+2.1

−1.2 1.62+0.17
−0.08 0.37 ± 0.05 0.78+0.34

−0.32 210+68
−60 1.50+0.12

−0.20 8.23 0.93 81 1.58 56/74

G3 1.4+0.4
−0.2 14.0+0.9

−1.7 1.35+0.08
−0.21 0.26+0.07

−0.03 0.58+0.93
−0.58 144+57

−50 1.12+0.10
−0.06 4.19 0.01 93 1.62 53/73

G4 1.6+0.5
−0.6 13.8+2.9

−1.9 1.37+0.34
−0.30 0.30+0.09

−0.08 0.56+0.95
−0.58 122+55

−48 0.97+0.13
−0.15 3.81 0.23 91 1.62 53/73

01 2.0 ± 0.2 11.4 ± 0.3 1.39+0.02
−0.04 0.34 ± 0.02 0.85+0.13

−0.14 148+19
−21 1.63+0.07

−0.05 7.55 1.98 83 1.66 498/478

02 1.4 ± 0.2 10.5 ± 0.2 1.36 ± 0.02 0.35+0.02
−0.01 0.95 ± 0.10 203+21

−19 2.12 ± 0.06 9.00 2.30 83 1.67 528/493

03 1.6+0.1
−0.2 11.1+0.2

−0.1 1.55+0.03
−0.04 0.32 ± 0.02 0.85 ± 0.11 182+22

−17 1.81+0.05
−0.04 8.28 2.34 73 1.66 527/506

04 2.1+0.1
−0.2 9.86+0.19

−0.24 1.49+0.03
−0.07 0.41+0.02

−0.03 0.93 ± 0.12 167+23
−17 2.16+0.09

−0.06 10.45 3.86 73 1.69 515/493

05 1.7+0.2
−0.3 13.0+0.5

−0.6 1.21+0.05
−0.04 0.21 ± 0.02 0.51+0.21

−0.23 81+18
−17 1.17+0.05

−0.02 4.62 0.31 101 1.63 60/73

06 1.6 ± 0.2 13.0+0.4
−0.5 1.29+0.03

−0.07 0.20 ± 0.01 0.47+0.18
−0.20 90+18

−16 1.01+0.04
−0.03 4.02 0.29 95 1.63 372/402

07 1.5+0.2
−0.3 12.5 ± 0.4 1.27+0.13

−0.08 0.25 ± 0.02 0.64 ± 0.18 108 ± 21 1.42+0.06
−0.08 5.85 0.76 95 1.64 366/415

08 1.6 ± 0.2 12.2+0.4
−0.3 1.42 ± 0.03 0.23 ± 0.02 0.56+0.18

−0.19 106+20
−19 1.37+0.04

−0.05 5.45 0.65 84 1.64 401/415

09 1.9+0.2
−0.3 12.7+0.3

−0.2 1.44+0.03
−0.07 0.27 ± 0.02 0.72+0.20

−0.19 110+27
−18 1.40+0.06

−0.04 6.11 0.98 84 1.64 348/415

10 1.4+0.4
−0.3 11.5+0.7

−0.4 1.17+0.13
−0.03 0.26+0.02

−0.03 0.55+0.19
−0.25 103+21

−26 1.37+0.05
−0.08 4.97 0.40 101 1.66 301/334

11 3.7+0.1
−0.3 12.3+0.4

−0.7 1.22+0.10
−0.05 0.27+0.03

−0.02 0.07+0.56
−0.07 43+19

−10 1.38+0.07
−0.06 5.82 0.90 99 1.64 193/236

12 3.6+0.4
−0.2 12.3+1.1

−0.4 1.22+0.18
−0.04 0.27 ± 0.03 0.21+0.62

−0.21 46+21
−12 1.38+0.04

−0.06 5.78 0.85 99 1.64 201/238

13 2.5 ± 0.8 13.4+0.6
−0.5 1.47+0.06

−0.03 0.25 ± 0.02 0.50+0.21
−0.22 88+21

−22 1.31+0.06
−0.07 5.96 0.91 83 1.62 365/411

14 1.7 ± 0.2 13.0+0.5
−0.4 1.37+0.13

−0.03 0.28 ± 0.02 0.61+0.18
−0.19 109+20

−19 1.42+0.05
−0.06 6.35 0.96 89 1.63 391/415

15 2.8+0.2
−0.4 14.6+0.6

−0.8 1.32+0.09
−0.08 0.23 ± 0.02 0.42+0.34

−0.40 62+27
−17 1.14+0.07

−0.04 5.63 0.92 96 1.61 198/244

16 2.8 ± 0.2 14.0 ± 0.3 1.49+0.02
−0.03 0.30+0.01

−0.02 0.41+0.17
−0.22 85+16

−15 1.38 ± 0.04 6.67 1.02 84 1.62 436/402

17 3.3 ± 0.2 13.7 ± 0.5 1.42+0.08
−0.13 0.22 ± 0.02 0.37+0.30

−0.37 58+19
−15 1.11+0.05

−0.04 5.16 0.83 87 1.62 342/415

18 2.0+0.1
−0.3 9.53+0.40

−0.23 1.59+0.04
−0.03 0.33 ± 0.02 0.83+0.13

−0.12 150+32
−16 1.70+0.07

−0.06 7.34 2.47 67 1.69 481/489

19 2.0+0.2
−0.3 10.4+0.1

−0.3 1.66+0.01
−0.05 0.29 ± 0.02 0.86+0.13

−0.15 148+22
−21 1.34+0.06

−0.03 6.10 1.99 66 1.67 455/502

20 1.9 ± 0.2 9.93+0.43
−0.18 1.49+0.03

−0.06 0.31+0.01
−0.02 0.85 ± 0.13 151+19

−20 1.47+0.04
−0.05 6.30 1.95 73 1.69 467/502

21 1.7 ± 0.2 9.73+2.14
−1.38 1.31+0.25

−0.36 0.30+0.04
−0.06 0.82 ± 0.14 139 ± 20 1.64+0.30

−0.46 6.47 1.73 84 1.69 47/73

22 1.3 ± 0.2 8.70+2.75
−1.41 1.08+0.32

−0.26 0.34+0.05
−0.06 0.76+0.13

−0.12 160+30
−20 1.98+0.39

−0.47 6.82 1.59 99 1.71 44/73

23 1.2 ± 0.3 7.25+2.36
−0.56 0.97+0.31

−0.42 0.39 ± 0.04 0.80 ± 0.12 171+22
−21 2.29+0.34

−0.46 6.32 1.11 103 1.75 43/73

24 0.7+0.3
−0.1 6.61+0.37

−0.31 1.42+0.09
−0.05 0.49+0.06

−0.04 0.89+0.08
−0.11 301+22

−39 1.15+0.06
−0.09 5.03 2.55 66 1.78 379/409

25 0.5+0.2
−0 6.06+0.73

−0.67 1.47+0.20
−0.22 0.63+0.12

−0.09 0.88+0.08
−0.07 346+26

−27 1.17+0.07
−0.14 4.28 2.22 62 1.80 354/409

26 0.5+0.2
−0 5.29+1.47

−1.15 1.30+0.38
−0.29 0.59+0.08

−0.06 0.93 ± 0.07 348 ± 27 1.32+0.35
−0.28 3.69 1.70 67 1.83 52/67

27 1.0+0.3
−0.2 6.86+0.98

−0.78 1.28+0.23
−0.17 0.46+0.06

−0.05 0.91+0.10
−0.11 263+28

−29 1.48+0.21
−0.14 4.21 1.39 76 1.77 380/409

28 0.8 ± 0.2 6.63+0.36
−0.31 1.43+0.08

−0.05 0.50+0.05
−0.04 0.90+0.08

−0.11 299+23
−35 1.14+0.07

−0.09 3.31 1.20 66 1.78 379/409

29 0.9 ± 0.2 6.51+0.77
−0.39 1.14+0.05

−0.06 0.47+0.04
−0.05 0.91 ± 0.10 264 ± 27 1.51+0.13

−0.17 3.74 1.01 83 1.78 388/409

30 0.6 ± 0.1 3.68+0.81
−0.79 0.86+0.49

−0.14 0.75+0.09
−0.07 0.93+0.08

−0.07 324+26
−23 2.17+0.65

−0.73 3.91 1.58 89 1.91 49/67

31 1.0 ± 0.2 7.26+0.47
−0.41 1.15+0.14

−0.12 0.38 ± 0.04 0.85 ± 0.11 228+26
−25 1.53+0.11

−0.15 3.86 0.84 87 1.75 388/409

32 1.8 ± 0.2 10.4+0.3
−0.6 1.47+0.04

−0.13 0.29 ± 0.02 0.69+0.15
−0.16 128+22

−21 1.19+0.11
−0.04 4.03 0.75 76 1.67 388/409

33 1.4+0.2
−0.4 8.26+1.38

−0.82 1.24+0.19
−0.20 0.35+0.04

−0.05 0.69+0.18
−0.15 151+38

−21 1.63 ± 0.21 4.44 0.81 83 1.72 62/67

34 1.0 ± 0.3 7.18+1.54
−0.83 1.08+0.25

−0.16 0.34+0.03
−0.05 0.66+0.17

−0.16 160+30
−26 1.66+0.10

−0.30 3.65 0.46 92 1.75 42/67

35 0.9 ± 0.2 7.48+1.20
−0.87 1.13+0.21

−0.15 0.36+0.05
−0.04 0.70 ± 0.11 189+23

−22 1.74+0.23
−0.24 4.15 0.63 89 1.75 41/67

36 1.1 ± 0.4 8.15+1.22
−1.33 1.16+0.17

−0.29 0.38+0.07
−0.05 0.78+0.12

−0.11 203+26
−25 1.56+0.31

−0.21 4.21 0.74 89 1.73 58/64

37 2.3+1.0
−0.9 7.27+2.05

−1.28 1.14+0.35
−0.24 0.45+0.08

−0.06 0.79+0.19
−0.18 149+29

−27 1.54+0.35
−0.18 5.72 2.16 88 1.75 41/62

38 2.2 ± 0.9 7.26+1.12
−1.02 1.11+0.20

−0.19 0.49+0.08
−0.06 0.79+0.16

−0.13 169+25
−24 1.60+0.34

−0.25 4.58 1.32 89 1.75 45/62

aHydrogen column density, in units of 1022 cm−2. bNormalization of the thermal EQPAIR model component. cThe unabsorbed total model flux (without
reflection) in units of 10−8 erg cm−2 s−1. dThe unabsorbed model flux from the non-thermal component, in units of 10−8 erg cm−2 s−1. eTemperature of the
emitting plasma in keV (for the thermal EQPAIR component). f Photon spectral index of the thermal EQPAIR component in the 2–10 keV range.

flux without spectral slope change and pivoting at ∼50 keV,
which produces anticorrelation of the fluxes in the soft and hard
parts of the spectrum. However, these instruments do not pro-
vide detailed spectral information, giving fluxes only in some en-
ergy intervals. The effective photon spectral indices using fluxes

in two energy bands and calculated in the wide (20–300 keV)
energy interval, where real spectra experience a cut-off, should
be treated with caution. Now it is possible to check the re-
sults of Zdziarski et al. (2002) using our set of observations, on
which we have detailed spectral information in the wide energy
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Table 4. The best-fitting parameters for model 2.

Obs. N H
a �h/�s τ R σ EW Nb Fc

tot Fd
add kT e

e � f χ2/dof

G1 0.9+0.5
−0.4 14.2+1.1

−0.9 1.41 ± 0.08 0.40 ± 0.04 0.61+0.32
−0.38 182+59

−52 1.29 ± 0.09 5.32 0.21 90 1.62 49/73

G2 1.0+0.5
−0.6 16.4+2.1

−1.2 1.62+0.17
−0.08 0.37 ± 0.05 0.78+0.34

−0.32 210+68
−60 1.50+0.12

−0.20 8.23 0.93 81 1.58 56/74

G3 1.4+0.4
−0.2 14.0+0.9

−1.7 1.35+0.08
−0.21 0.26+0.07

−0.03 0.58+0.93
−0.58 144+57

−50 1.12+0.10
−0.06 4.19 0.01 93 1.62 53/73

G4 1.6+0.5
−0.6 13.8+2.9

−1.9 1.37+0.34
−0.30 0.30+0.09

−0.08 0.56+0.95
−0.58 122+55

−48 0.97+0.13
−0.15 3.81 0.23 91 1.62 53/73

01 2.0 ± 0.2 11.4 ± 0.3 1.39+0.02
−0.04 0.34 ± 0.02 0.85+0.13

−0.14 148+19
−21 1.63+0.07

−0.05 7.55 1.98 83 1.66 498/478

02 1.4 ± 0.2 10.5 ± 0.2 1.36 ± 0.02 0.35+0.02
−0.01 0.95 ± 0.10 203+21

−19 2.12 ± 0.06 9.00 2.30 83 1.67 528/493

03 1.6+0.1
−0.2 11.1+0.2

−0.1 1.55+0.03
−0.04 0.32 ± 0.02 0.85 ± 0.11 182+22

−17 1.81+0.05
−0.04 8.28 2.34 73 1.66 527/506

04 2.1+0.1
−0.2 9.86+0.19

−0.24 1.49+0.03
−0.07 0.41+0.02

−0.03 0.93 ± 0.12 167+23
−17 2.16+0.09

−0.06 10.45 3.86 73 1.69 515/493

05 1.7+0.2
−0.3 13.0+0.5

−0.6 1.21+0.05
−0.04 0.21 ± 0.02 0.51+0.21

−0.23 81+18
−17 1.17+0.05

−0.02 4.62 0.31 101 1.63 60/73

06 1.6 ± 0.2 13.0+0.4
−0.5 1.29+0.03

−0.07 0.20 ± 0.01 0.47+0.18
−0.20 90+18

−16 1.01+0.04
−0.03 4.02 0.29 95 1.63 372/402

07 1.5+0.2
−0.3 12.5 ± 0.4 1.27+0.13

−0.08 0.25 ± 0.02 0.64 ± 0.18 108 ± 21 1.42+0.06
−0.08 5.85 0.76 95 1.64 366/415

08 1.6 ± 0.2 12.2+0.4
−0.3 1.42 ± 0.03 0.23 ± 0.02 0.56+0.18

−0.19 106+20
−19 1.37+0.04

−0.05 5.45 0.65 84 1.64 401/415

09 1.9+0.2
−0.3 12.7+0.3

−0.2 1.44+0.03
−0.07 0.27 ± 0.02 0.72+0.20

−0.19 110+27
−18 1.40+0.06

−0.04 6.11 0.98 84 1.64 348/415

10 1.4+0.4
−0.3 11.5+0.7

−0.4 1.17+0.13
−0.03 0.26+0.02

−0.03 0.55+0.19
−0.25 103+21

−26 1.37+0.05
−0.08 4.97 0.40 101 1.66 301/334

11 3.7+0.1
−0.3 12.3+0.4

−0.7 1.22+0.10
−0.05 0.27+0.03

−0.02 0.07+0.56
−0.07 43+19

−10 1.38+0.07
−0.06 5.82 0.90 99 1.64 193/236

12 3.6+0.4
−0.2 12.3+1.1

−0.4 1.22+0.18
−0.04 0.27 ± 0.03 0.21+0.62

−0.21 46+21
−12 1.38+0.04

−0.06 5.78 0.85 99 1.64 201/238

13 2.5 ± 0.8 13.4+0.6
−0.5 1.47+0.06

−0.03 0.25 ± 0.02 0.50+0.21
−0.22 88+21

−22 1.31+0.06
−0.07 5.96 0.91 83 1.62 365/411

14 1.7 ± 0.2 13.0+0.5
−0.4 1.37+0.13

−0.03 0.28 ± 0.02 0.61+0.18
−0.19 109+20

−19 1.42+0.05
−0.06 6.35 0.96 89 1.63 391/415

15 2.8+0.2
−0.4 14.6+0.6

−0.8 1.32+0.09
−0.08 0.23 ± 0.02 0.42+0.34

−0.40 62+27
−17 1.14+0.07

−0.04 5.63 0.92 96 1.61 198/244

16 2.8 ± 0.2 14.0 ± 0.3 1.49+0.02
−0.03 0.30+0.01

−0.02 0.41+0.17
−0.22 85+16

−15 1.38 ± 0.04 6.67 1.02 84 1.62 436/402

17 3.3 ± 0.2 13.7 ± 0.5 1.42+0.08
−0.13 0.22 ± 0.02 0.37+0.30

−0.37 58+19
−15 1.11+0.05

−0.04 5.16 0.83 87 1.62 342/415

18 2.0+0.1
−0.3 9.53+0.40

−0.23 1.59+0.04
−0.03 0.33 ± 0.02 0.83+0.13

−0.12 150+32
−16 1.70+0.07

−0.06 7.34 2.47 67 1.69 481/489

19 2.0+0.2
−0.3 10.4+0.1

−0.3 1.66+0.01
−0.05 0.29 ± 0.02 0.86+0.13

−0.15 148+22
−21 1.34+0.06

−0.03 6.10 1.99 66 1.67 455/502

20 1.9 ± 0.2 9.93+0.43
−0.18 1.49+0.03

−0.06 0.31+0.01
−0.02 0.85 ± 0.13 151+19

−20 1.47+0.04
−0.05 6.30 1.95 73 1.69 467/502

21 1.7 ± 0.2 9.73+2.14
−1.38 1.31+0.25

−0.36 0.30+0.04
−0.06 0.82 ± 0.14 139 ± 20 1.64+0.30

−0.46 6.47 1.73 84 1.69 47/73

22 1.3 ± 0.2 8.70+2.75
−1.41 1.08+0.32

−0.26 0.34+0.05
−0.06 0.76+0.13

−0.12 160+30
−20 1.98+0.39

−0.47 6.82 1.59 99 1.71 44/73

23 1.2 ± 0.3 7.25+2.36
−0.56 0.97+0.31

−0.42 0.39 ± 0.04 0.80 ± 0.12 171+22
−21 2.29+0.34

−0.46 6.32 1.11 103 1.75 43/73

24 0.7+0.3
−0.1 6.61+0.37

−0.31 1.42+0.09
−0.05 0.49+0.06

−0.04 0.89+0.08
−0.11 301+22

−39 1.15+0.06
−0.09 5.03 2.55 66 1.78 379/409

25 0.5+0.2
−0 6.06+0.73

−0.67 1.47+0.20
−0.22 0.63+0.12

−0.09 0.88+0.08
−0.07 346+26

−27 1.17+0.07
−0.14 4.28 2.22 62 1.80 354/409

26 0.5+0.2
−0 5.29+1.47

−1.15 1.30+0.38
−0.29 0.59+0.08

−0.06 0.93 ± 0.07 348 ± 27 1.32+0.35
−0.28 3.69 1.70 67 1.83 52/67

27 1.0+0.3
−0.2 6.86+0.98

−0.78 1.28+0.23
−0.17 0.46+0.06

−0.05 0.91+0.10
−0.11 263+28

−29 1.48+0.21
−0.14 4.21 1.39 76 1.77 380/409

28 0.8 ± 0.2 6.63+0.36
−0.31 1.43+0.08

−0.05 0.50+0.05
−0.04 0.90+0.08

−0.11 299+23
−35 1.14+0.07

−0.09 3.31 1.20 66 1.78 379/409

29 0.9 ± 0.2 6.51+0.77
−0.39 1.14+0.05

−0.06 0.47+0.04
−0.05 0.91 ± 0.10 264 ± 27 1.51+0.13

−0.17 3.74 1.01 83 1.78 388/409

30 0.6 ± 0.1 3.68+0.81
−0.79 0.86+0.49

−0.14 0.75+0.09
−0.07 0.93+0.08

−0.07 324+26
−23 2.17+0.65

−0.73 3.91 1.58 89 1.91 49/67

31 1.0 ± 0.2 7.26+0.47
−0.41 1.15+0.14

−0.12 0.38 ± 0.04 0.85 ± 0.11 228+26
−25 1.53+0.11

−0.15 3.86 0.84 87 1.75 388/409

32 1.8 ± 0.2 10.4+0.3
−0.6 1.47+0.04

−0.13 0.29 ± 0.02 0.69+0.15
−0.16 128+22

−21 1.19+0.11
−0.04 4.03 0.75 76 1.67 388/409

33 1.4+0.2
−0.4 8.26+1.38

−0.82 1.24+0.19
−0.20 0.35+0.04

−0.05 0.69+0.18
−0.15 151+38

−21 1.63 ± 0.21 4.44 0.81 83 1.72 62/67

34 1.0 ± 0.3 7.18+1.54
−0.83 1.08+0.25

−0.16 0.34+0.03
−0.05 0.66+0.17

−0.16 160+30
−26 1.66+0.10

−0.30 3.65 0.46 92 1.75 42/67

35 0.9 ± 0.2 7.48+1.20
−0.87 1.13+0.21

−0.15 0.36+0.05
−0.04 0.70 ± 0.11 189+23

−22 1.74+0.23
−0.24 4.15 0.63 89 1.75 41/67

36 1.1 ± 0.4 8.15+1.22
−1.33 1.16+0.17

−0.29 0.38+0.07
−0.05 0.78+0.12

−0.11 203+26
−25 1.56+0.31

−0.21 4.21 0.74 89 1.73 58/64

37 2.3+1.0
−0.9 7.27+2.05

−1.28 1.14+0.35
−0.24 0.45+0.08

−0.06 0.79+0.19
−0.18 149+29

−27 1.54+0.35
−0.18 5.72 2.16 88 1.75 41/62

38 2.2 ± 0.9 7.26+1.12
−1.02 1.11+0.20

−0.19 0.49+0.08
−0.06 0.79+0.16

−0.13 169+25
−24 1.60+0.34

−0.25 4.58 1.32 89 1.75 45/62

aHydrogen column density, in units of 1022 cm−2. bNormalization of the thermal EQPAIR model component. cThe unabsorbed total model flux (without
reflection) in units of 10−8 erg cm−2 s−1. dThe unabsorbed model flux from the non-thermal component, in units of 10−8 erg cm−2 s−1. eTemperature of the
emitting plasma in keV (for the thermal EQPAIR component). f Photon spectral index of the thermal EQPAIR component in the 2–10 keV range.

flux without spectral slope change and pivoting at ∼50 keV,
which produces anticorrelation of the fluxes in the soft and hard
parts of the spectrum. However, these instruments do not pro-
vide detailed spectral information, giving fluxes only in some en-
ergy intervals. The effective photon spectral indices using fluxes

in two energy bands and calculated in the wide (20–300 keV)
energy interval, where real spectra experience a cut-off, should
be treated with caution. Now it is possible to check the re-
sults of Zdziarski et al. (2002) using our set of observations, on
which we have detailed spectral information in the wide energy
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Figure 6. Dependences of the spectral parameters for model 2 (Section 3.2.4) fitted to the 1991 and 1997 (blue filled circles) and the 1996, 1998 and 1999
data (red filled squares) on the Compton amplification factor of the main Comptonization component �h/�s. The meaning of the axes is the same as in Fig. 4,
except (c) the ratio of the additional non-thermal Comptonization flux in model 2 to the total flux.

Figure 7. (a) Fitted value of absorption column density N H for model 1
versus orbital phase of the binary system. (b) Same, for model 2. Distributions
are repeated twice for clarity. N H is in units of 1022 cm−2.

range. For this purpose, we use the model spectra obtained from
model 1.

In Fig. 8 we present the spectra related to different time periods.
It is possible to see that 1991, 1996–1998 spectra only change their
normalization. However, the spectral slope is different for various

Figure 8. Sample of the spectra from different periods. Lowest and highest
spectra from each time period are shown: red solid lines, 1999; blue dotted
lines, 1991 (the 1997 spectra are similar to them); black dashed lines, 1996
and 1998. The 1991+1997 and 1996+1998 data form two groups with
slightly different spectral slopes.

years and forms two groups: 1991 + 1997 and 1996 + 1998 spectra.
In the 1999 data, we can again see normalization changes (see pairs
of red solid curves) as well as pivoting behaviour.

The �–flux correlations are shown in Fig. 9. It is clearly seen that
the 1991 and 1996–1998 data do not show dependence between
flux and �. The 1999 data show clear anticorrelation between �

and flux at low energies (3–12 keV) and correlation at high energies
(20–100, 100–300 keV), which indicates the pivoting behaviour
with the pivot energy between 12 and ∼50 keV. In Fig. 9(d) (see
also fig. 8 in Zdziarski et al. 2002), it can be seen that spectra
from 1996 and 1998 are somewhat softer at high energies than the
hard-state spectra from 1991 and 1997, but the fluxes in all en-
ergy intervals generally correlate with each other. The 1999 spectra
show clearly different dependence: the high-energy fluxes are corre-
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Figure 9. Flux–spectral index (3–12 keV) and flux–flux correlations. Respective energy intervals are indicated along the axis. The 1991 and 1997 data are
indicated by blue filled circles, 1996 and 1998 by red filled squares, and 1999 by red open squares. All fluxes are in units of keV cm−2 s−1.

lated, but there is a clear anticorrelation between 3–12 and 100–300
keV fluxes due to pivoting. The timing behaviour has also changed
its nature in late 1998, as was pointed out by Pottschmidt et al.
(2003).

4.3 Quasi-periodic oscillation frequencies

Among the data sets we have studied, there are timing data for 33 ob-
servations available from the recent paper by Axelsson, Borgonovo
& Larsson (2005). This allows us to check the relation between
the characteristic frequencies in the power density spectra and the
spectral parameters. In the work of Axelsson et al. (2005), several
values of QPO frequencies νQPO might be determined during one
observation, and for these data points we assume the averaged mid-
dle frequency and consider the uncertainty from lower to higher of
obtained values. In agreement with the earlier results of GCR99, we
find a clear anticorrelation between the characteristic frequencies
of the aperiodic variability and �h/�s (Fig. 10), indicating an appar-
ent connection between QPO frequencies and the parameters of the
Comptonizing region. This provides an argument (but not a proof)
in favour of the presence of a hot inner corona and a variable inner
radius of the surrounding disc.

The frequency–hardness correlation can be described by a power
law νQPO ∝ (�h/�s)−α with α = −1.48 ± 0.04. The best fit is shown
by the solid curve in Fig. 10. A similar correlation was observed by
Pottschmidt et al. (2003) and Nowak, Wilms & Dove (2002).

4.4 Comparison between phenomenological and physical
spectral models and R–Γ correlation

Fig. 11 compares the results obtained with the simple phenomeno-
logical model of power law + reflection in the 3–20 keV en-
ergy range (model 0) with those from our model 2 applied to the
3–1000 keV range. More elaborate and physically justified models
utilizing the full energy range of our data do not change the pic-

Figure 10. Dependence between QPO frequencies and �h/�s. The �h/�s

are best-fitting values from model 2. The QPO frequencies are from
Axelsson et al. (2005). The solid curve shows the best power-law fit νQPO ∝
(�h/�s)−1.48.

ture qualitatively. On the quantitative level, we find that the simple
power law + reflection spectral fits to the 3–20 keV data overesti-
mated the amplitude of the reflected component R and the slope � of
the primary Comptonization continuum. We confirm, however, that
the simple models did correctly rank the spectra according to the
strength of the reflected component and slope of the Comptonized
radiation, as demonstrated in the original publications on this sub-
ject (GCR99; ZLS99). This is also illustrated by the lower three
panels of Fig. 11. The difference of the obtained parameters comes
from the fact that, for wide-energy observations, the main thermal
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Figure 11. (a)–(c) Correlations obtained using model 0 (green open circles), model 1 (blue filled circles) and model 2 (red filled squares). (a) The spectral
slope � versus reflection scaling factor R correlation. For model 0, � is a fitting parameter, for model 2 the index of a power-law fitted to the spectral model
in the 2–10 keV range. The solid curve shows the dependence predicted for the ejection model (Beloborodov 1999a; MBP01) with the parameters of i = 50◦,
the albedo of 0.15, µs = 0.5 and τ = 2, the dotted curve shows the same for µs = 0.4. The dashed curve shows the dependence predicted by the model with
a hot spherical corona and cold overlapping disc (Poutanen et al. 1997; ZLS99) with the blackbody temperature of 0.2 keV (see Section 4.4 for details). The
dot-dashed curve shows the same model with the dissipation effect taken into account (dissipation parameter L int = 1, L int/4π = 1 at r < 1; see Appendix A
for details). (b) The relativistic smearing Gaussian width σ at 6.4 keV versus R. (c) The equivalent width of the 6.4-keV line equivalent width versus R. The
straight line is EW (eV) = 500R. (d)–(f) �, R and equivalent width obtained from model 2 versus those from model 0.

Comptonization component that describes well the hard energy tail
may lie well below the observed flux in the 2–10 keV range (see
Figs 3 and 5) and has a different slope in this band. The difference
is largest for 1996, 1998 and 1999 data, while in the 1991 and 1997
cases the soft excess is weak and parameters obtained with the phys-
ical models are similar to those obtained with the phenomenological
models.

In Fig. 11(a), we see a clear correlation between � and R. For
comparison, we also show the dependences predicted by the plasma
ejection model of Beloborodov (1999a,b) and MBP01 (cylindrical
geometry with h/r = 2), using the geometric parameter of that
model of µs = 0.4 and 0.5, i = 50◦, the albedo of the reflecting
medium of 0.15 and τ = 2. We used the dependence between the
amplification factor A of Comptonization and � from MBP01. We
also compared our data with the dependence expected in the model
of ZLS99, assuming the blackbody temperature of 0.2 keV, appro-
priate for Cyg X-1, with one minor change. In the original paper,
all the reflection luminosity was assumed to reach the observer. Re-
flection amplitude is an integral that consists of two parts, from the
disc inside the corona and from the outer part of it. We multiplied
the part of luminosity coming from the former part by e−τ , to ap-
proximately take into account scattering of radiation in the corona
(τ = 1 was chosen). We see that this model cannot quantitatively
describe the presented data. Moreover, taking into account intrinsic
dissipation in the disc (see Appendix A for details) will further in-
crease the slope of the dependence, making the discrepancy larger.
Intrinsic dissipation becomes important for a small inner disc radius
(when reflection is relatively large) and the increase of the soft seed
photon flux in that case makes the spectrum softer (see Beloborodov
2001).

4.5 Physical scenario

The hard spectral state of BHBs is commonly defined as the state
in which the spectrum is dominated by the hard Comptonization
component, without significant contribution of the blackbody-type
emission from the optically thick accretion disc. Naturally, the hard
state is not characterized by a single, uniquely defined spectrum,
but rather includes a continuum of spectral shapes with the major
spectral parameters varying in a rather broad range. The diversity
of the hard-state spectra reflects the position of the source with re-
spect to the ‘bottom hard’ state and the soft state. Quantitatively,
this position can be characterized by the strength of the reflected
component (reflection scaling factor R or Fe line equivalent width)
or properties of the main Comptonized component (Comptonization
parameter, or Compton amplification factor A = �h/�s, or the pho-
ton index � in the low-energy limit) or characteristic frequencies of
the aperiodic variability. The existence of good correlations between
all these quantities suggests that they all are an equally good mea-
sure of the source position within the hard state. The results found
in earlier work (GCR99; ZLS99; Gilfanov et al. 2000; Gilfanov,
Churazov & Revnivtsev 2004) and presented in the previous sec-
tions of this paper suggest the following pattern of spectral and
temporal variability. An increase of the strength of the reflected
component is accompanied by an increase of the width of the Fe
line, an increase of the characteristic QPO frequencies and a soft-
ening of the Comptonized component observed as an increase of its
photon index � in the low-energy limit.

We find from our spectral analysis that in the ‘bottom hard’
state the broad-band spectrum (3–1000 keV) is mostly described
by the single thermal Comptonization spectrum with superimposed
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in which the spectrum is dominated by the hard Comptonization
component, without significant contribution of the blackbody-type
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state is not characterized by a single, uniquely defined spectrum,
but rather includes a continuum of spectral shapes with the major
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of the hard-state spectra reflects the position of the source with re-
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this position can be characterized by the strength of the reflected
component (reflection scaling factor R or Fe line equivalent width)
or properties of the main Comptonized component (Comptonization
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We find from our spectral analysis that in the ‘bottom hard’
state the broad-band spectrum (3–1000 keV) is mostly described
by the single thermal Comptonization spectrum with superimposed
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component due to reflection of the primary emission from relatively
cool and neutral, or partly ionized, optically thick matter (the ac-
cretion disc), with an additional relatively weak soft component.
As the source moves towards the soft state, the strength of the re-
flected component increases, and the soft component becomes more
significant. Considering the 3–1000 keV energy range covered by
our data, this spectral component reveals itself most clearly in the
E �10 keV energy domain as the ‘soft excess’. Another independent
indication of spectral complexity is the gamma-ray power-law tail
detected at MeV energies by the COMPTEL telescope (McConnell
et al. 2002).

From the point of view of the formal fit quality, the E � 10 keV
excess can be described equally well by an additional thermal Comp-
tonization component due to low temperature, low Comptoniza-
tion parameter plasma or by non-thermal Comptonization with the
power-law index of accelerated electrons � inj ∼ 2–3. Owing to the
complex shape of the continuum at these energies defined by the su-
perposition of several spectral components, these two possibilities
cannot be easily discriminated based solely on the low-energy data.
The task is further complicated by the rather limited low-energy cov-
erage provided by the PCA instrument, E > 3 keV. However, the
above possibilities predict very different behaviour in the ∼MeV en-
ergy domain, where the main thermal Comptonization component
diminishes and the power-law tail due to the non-thermal Comp-
tonization should reveal itself. As the OSSE sensitivity and energy
range are insufficient to probe the existence of the MeV tail corre-
lated with the E < 10 keV excess, we cannot, strictly speaking, give
preference to either of these two models.

There are however several additional considerations to be taken
into account. (i) COMPTEL detected a weak MeV tail in the aver-
aged hard-state data for Cyg X-1 (McConnell et al. 2002). The slope
and amplitude of this tail are qualitatively consistent with the ex-
trapolation of the non-thermal Comptonized component, required
to explain the E � 10 keV excess (Fig. 5). (ii) In the soft state,
the non-thermal power law is the dominant (the only) high-energy
component. (iii) The E � 10 keV excess is more pronounced in the
spectra characterized by large reflection and the rather steep slope
of the main Comptonized component, i.e. in those sufficiently close
to the soft state. Its strength seems to increase with the increase of
the reflection. These arguments suggest that the non-thermal origin
of the E � 10 keV excess is more plausible. We note that the 1991
and 1997 data show much weaker excess. This may be explained
by the lower relative luminosity of the non-thermal Comptonization
component, which therefore reveals itself at lower energies, below
the E = 3 keV threshold of the PCA instrument, but can be de-
tected by instruments which have a response at lower energies, i.e.
BeppoSAX (see Di Salvo et al. 2001; Frontera et al. 2001).

The overall qualitative picture can be outlined as follows. The
overall geometry of the accretion flow is adequately represented
by the truncated disc model with the inner radius of the stan-
dard optically thick geometrically thin disc varying from ∼6Rg to
∼ several tens of Rg. Inside this radius, the accretion flow proceeds
via quasi-spherical optically thin hot flow. The plausible mechanism
governing the transition from the disc accretion to the coronal flow
is the disc evaporation process as proposed by Meyer & Meyer-
Hofmeister (1994). The geometrically thin disc gives rise to the soft
blackbody-type component. In addition, due to dynamo, solar-type
magnetic flares can be produced above the accretion disc (Galeev
et al. 1979). The electrons there can be accelerated and form non-
thermal distribution. Comptonization of the disc emission on these
electrons results in the power-law-like Comptonized emission. The
inner optically thin flow gives rise to the thermal Comptonization

component. The relative contributions of non-thermal and thermal
Comptonized components are defined by the fractions of the gravi-
tational energy released in the disc (i.e. outside Rin) and in the inner
hot flow (inside Rin). The position of the transition radius is defined
by the mass accretion rate and is modified by the irradiation-related
effects. The transition radius decreases as the mass accretion rate
increases.

The QPOs are due to some processes in the transition region near
Rin and approximately scale with the Keplerian frequency and other
characteristic time-scales of the coronal flow and standard accretion
disc in the transition region.

The configuration with the large inner disc radius, probably
R in � 50–100Rg, corresponds to the classical hard state. The main
features of this ‘bottom hard’ state are low strength of the reflected
continuum, relatively narrow fluorescent Fe line of small equiva-
lent width, large Comptonization parameter of the thermal Comp-
tonized component (hard spectra with the low-energy photon index
� ∼ 1.6), and low frequencies of QPOs. As only a small fraction of
the gravitational energy is released in the disc, the contribution of
the non-thermal component is small and the spectrum is adequately
described by thermal Comptonization.

As the mass accretion rate increases, the transition radius de-
creases, and the disc moves towards the compact object. This results
in an increase of the reflection, broader fluorescent Fe line, larger
QPO frequencies, and smaller �h/�s, i.e. a smaller Comptonization
parameter in the inner hot flow. The contribution of the non-thermal
component increases. The optical depth of the thermal plasma of
the inner flow decreases due the shrinking of the inner hot flow as
the disc extends towards the compact object.

The classical soft state (we ignore all the complications and sub-
states here) corresponds to the accretion disc extending all the way
towards the last stable orbit or very close to it. Correspondingly,
the inner hot flow disappears and the dominant or the only hard
component is that due to non-thermal Comptonization of the disc
emission on the non-thermal electrons accelerated in the magnetic
loops/flares above the disc.

The behaviour of the temperature of the thermal Comptonization
component is unclear. It seems relatively constant, which suggests
the possible presence of electron–positron pairs (see MBP01).

The physical scenario qualitatively outlined above is based on the
truncated disc picture and on the assumption that the spectral evolu-
tion is governed by the change of the transition radius between the
standard accretion disc and the hot inner flow. In this picture, many
of the observed correlations can be explained naturally. However,
the R–� correlation is significantly better quantitatively explained
by the non-stationary corona model (MBP01), in which the gov-
erning parameter is the velocity of the blobs of emitting plasma
relative to the accretion disc. We note that both models are geomet-
rical in their nature and the predicted qualitative relations between
the physical parameters are obtained with a number of simplify-
ing assumptions. Therefore, the results of quantitative comparison
of the model predictions with the observed pattern of the spectral
variability should be interpreted with caution and any conclusions
regarding the validity of either model based on such a comparison
would be premature.

5 C O N C L U S I O N S

Based on the broad-band (3–1000 keV) data from simultaneous
observations by Ginga and CGRO/OSSE in 1991 and PCA and
HEXTE instruments aboard RXTE and OSSE in 1996–1999 we
have studied the spectral variability of Cyg X-1.
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tonization component due to low temperature, low Comptoniza-
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power-law index of accelerated electrons � inj ∼ 2–3. Owing to the
complex shape of the continuum at these energies defined by the su-
perposition of several spectral components, these two possibilities
cannot be easily discriminated based solely on the low-energy data.
The task is further complicated by the rather limited low-energy cov-
erage provided by the PCA instrument, E > 3 keV. However, the
above possibilities predict very different behaviour in the ∼MeV en-
ergy domain, where the main thermal Comptonization component
diminishes and the power-law tail due to the non-thermal Comp-
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to explain the E � 10 keV excess (Fig. 5). (ii) In the soft state,
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of the main Comptonized component, i.e. in those sufficiently close
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by the lower relative luminosity of the non-thermal Comptonization
component, which therefore reveals itself at lower energies, below
the E = 3 keV threshold of the PCA instrument, but can be de-
tected by instruments which have a response at lower energies, i.e.
BeppoSAX (see Di Salvo et al. 2001; Frontera et al. 2001).

The overall qualitative picture can be outlined as follows. The
overall geometry of the accretion flow is adequately represented
by the truncated disc model with the inner radius of the stan-
dard optically thick geometrically thin disc varying from ∼6Rg to
∼ several tens of Rg. Inside this radius, the accretion flow proceeds
via quasi-spherical optically thin hot flow. The plausible mechanism
governing the transition from the disc accretion to the coronal flow
is the disc evaporation process as proposed by Meyer & Meyer-
Hofmeister (1994). The geometrically thin disc gives rise to the soft
blackbody-type component. In addition, due to dynamo, solar-type
magnetic flares can be produced above the accretion disc (Galeev
et al. 1979). The electrons there can be accelerated and form non-
thermal distribution. Comptonization of the disc emission on these
electrons results in the power-law-like Comptonized emission. The
inner optically thin flow gives rise to the thermal Comptonization

component. The relative contributions of non-thermal and thermal
Comptonized components are defined by the fractions of the gravi-
tational energy released in the disc (i.e. outside Rin) and in the inner
hot flow (inside Rin). The position of the transition radius is defined
by the mass accretion rate and is modified by the irradiation-related
effects. The transition radius decreases as the mass accretion rate
increases.

The QPOs are due to some processes in the transition region near
Rin and approximately scale with the Keplerian frequency and other
characteristic time-scales of the coronal flow and standard accretion
disc in the transition region.

The configuration with the large inner disc radius, probably
R in � 50–100Rg, corresponds to the classical hard state. The main
features of this ‘bottom hard’ state are low strength of the reflected
continuum, relatively narrow fluorescent Fe line of small equiva-
lent width, large Comptonization parameter of the thermal Comp-
tonized component (hard spectra with the low-energy photon index
� ∼ 1.6), and low frequencies of QPOs. As only a small fraction of
the gravitational energy is released in the disc, the contribution of
the non-thermal component is small and the spectrum is adequately
described by thermal Comptonization.

As the mass accretion rate increases, the transition radius de-
creases, and the disc moves towards the compact object. This results
in an increase of the reflection, broader fluorescent Fe line, larger
QPO frequencies, and smaller �h/�s, i.e. a smaller Comptonization
parameter in the inner hot flow. The contribution of the non-thermal
component increases. The optical depth of the thermal plasma of
the inner flow decreases due the shrinking of the inner hot flow as
the disc extends towards the compact object.

The classical soft state (we ignore all the complications and sub-
states here) corresponds to the accretion disc extending all the way
towards the last stable orbit or very close to it. Correspondingly,
the inner hot flow disappears and the dominant or the only hard
component is that due to non-thermal Comptonization of the disc
emission on the non-thermal electrons accelerated in the magnetic
loops/flares above the disc.

The behaviour of the temperature of the thermal Comptonization
component is unclear. It seems relatively constant, which suggests
the possible presence of electron–positron pairs (see MBP01).

The physical scenario qualitatively outlined above is based on the
truncated disc picture and on the assumption that the spectral evolu-
tion is governed by the change of the transition radius between the
standard accretion disc and the hot inner flow. In this picture, many
of the observed correlations can be explained naturally. However,
the R–� correlation is significantly better quantitatively explained
by the non-stationary corona model (MBP01), in which the gov-
erning parameter is the velocity of the blobs of emitting plasma
relative to the accretion disc. We note that both models are geomet-
rical in their nature and the predicted qualitative relations between
the physical parameters are obtained with a number of simplify-
ing assumptions. Therefore, the results of quantitative comparison
of the model predictions with the observed pattern of the spectral
variability should be interpreted with caution and any conclusions
regarding the validity of either model based on such a comparison
would be premature.

5 C O N C L U S I O N S

Based on the broad-band (3–1000 keV) data from simultaneous
observations by Ginga and CGRO/OSSE in 1991 and PCA and
HEXTE instruments aboard RXTE and OSSE in 1996–1999 we
have studied the spectral variability of Cyg X-1.
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(i) We confirm earlier results on R–� correlation. Considering the
3–20 keV data, we find very tight one-parameter relations between
reflection, spectral index and the width of the Fe line.

(ii) More elaborate and physically justified models utilizing the
full energy range of our data do not change the picture qualita-
tively. On the quantitative level, we find that the simple power law
+ reflection spectral fits to the 3–20 keV data overestimated the am-
plitude of the reflected component R and the slope � of the primary
Comptonization continuum. We confirm, however, that the simple
models did correctly rank the spectra according to the strength of
the reflected component and slope of the Comptonized radiation, as
demonstrated in the original publications on this subject (GCR99;
ZLS99).

(iii) Based on the analysis of the broad-band data, we found that
the spectra in our sample can be adequately described by the thermal
Comptonized component with superposed reflection from the opti-
cally thick disc and a soft excess. This excess is relatively weak in the
case of the hardest spectra of our sample (� ∼ 1.7). As the strength of
the reflection increases, the excess becomes much more significant.
The presence of this excess was the primary reason for the simple
spectral approximations of the 3–20 keV data to overestimate both
R and �. The nature of this excess cannot be unambiguously deter-
mined from our data. Based on the circumstantial evidence we sug-
gest that it is the lower energy part of the non-thermal Comptonized
component with the power-law index of accelerated electrons
� inj ∼ 2–3. At higher energies, this non-thermal component reveals
itself as a power law detected by COMPTEL at MeV energies in the
average hard state spectrum of Cyg X-1.

(iv) We note the variability of the absorption correlated with the
phase of binary system. These results confirm previous findings of
the X-ray dips in the source.

(v) The overall pattern of spectral and temporal variability can be
summarized as follows. An increase of the strength of the reflected
component is accompanied by an increase of the width of the Fe line,
an increase of the characteristic QPO frequencies and a softening
of the Comptonized component observed as an increase of its pho-
ton index � in the low-energy limit or, equivalently, a decrease of
the Compton amplification factor �h/�s. Simultaneously, the optical
depth of the thermal Comptonization decreases and the fractional
contribution of the non-thermal component to the total energy flux
increases. The exact behaviour of the electron temperature in the
hot inner flow is not constrained by our data.

(vi) We suggest a qualitative physical scenario naturally explain-
ing the observed behaviour. In this scenario, the evolution of the
spectral parameters is governed by the value of the transition ra-
dius between the standard optically thick accretion disc and the
inner quasi-spherical hot flow. The thermal Comptonized compo-
nent originates in the inner hot flow as a result of Comptonization of
the soft photons emitted by the accretion disc. The origin of the non-
thermal component is related to the optically thick disc; for example,
it can be produced due to non-thermal electrons accelerated near the
surface of the optically thick disc in the solar-type magnetic flares.
The relative contributions of non-thermal and thermal components
to the total energy flux depend on the fractions of the gravitational
energy of accreting matter released in the optically thick disc and
in the hot inner flow.
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(i) We confirm earlier results on R–� correlation. Considering the
3–20 keV data, we find very tight one-parameter relations between
reflection, spectral index and the width of the Fe line.

(ii) More elaborate and physically justified models utilizing the
full energy range of our data do not change the picture qualita-
tively. On the quantitative level, we find that the simple power law
+ reflection spectral fits to the 3–20 keV data overestimated the am-
plitude of the reflected component R and the slope � of the primary
Comptonization continuum. We confirm, however, that the simple
models did correctly rank the spectra according to the strength of
the reflected component and slope of the Comptonized radiation, as
demonstrated in the original publications on this subject (GCR99;
ZLS99).

(iii) Based on the analysis of the broad-band data, we found that
the spectra in our sample can be adequately described by the thermal
Comptonized component with superposed reflection from the opti-
cally thick disc and a soft excess. This excess is relatively weak in the
case of the hardest spectra of our sample (� ∼ 1.7). As the strength of
the reflection increases, the excess becomes much more significant.
The presence of this excess was the primary reason for the simple
spectral approximations of the 3–20 keV data to overestimate both
R and �. The nature of this excess cannot be unambiguously deter-
mined from our data. Based on the circumstantial evidence we sug-
gest that it is the lower energy part of the non-thermal Comptonized
component with the power-law index of accelerated electrons
� inj ∼ 2–3. At higher energies, this non-thermal component reveals
itself as a power law detected by COMPTEL at MeV energies in the
average hard state spectrum of Cyg X-1.

(iv) We note the variability of the absorption correlated with the
phase of binary system. These results confirm previous findings of
the X-ray dips in the source.

(v) The overall pattern of spectral and temporal variability can be
summarized as follows. An increase of the strength of the reflected
component is accompanied by an increase of the width of the Fe line,
an increase of the characteristic QPO frequencies and a softening
of the Comptonized component observed as an increase of its pho-
ton index � in the low-energy limit or, equivalently, a decrease of
the Compton amplification factor �h/�s. Simultaneously, the optical
depth of the thermal Comptonization decreases and the fractional
contribution of the non-thermal component to the total energy flux
increases. The exact behaviour of the electron temperature in the
hot inner flow is not constrained by our data.

(vi) We suggest a qualitative physical scenario naturally explain-
ing the observed behaviour. In this scenario, the evolution of the
spectral parameters is governed by the value of the transition ra-
dius between the standard optically thick accretion disc and the
inner quasi-spherical hot flow. The thermal Comptonized compo-
nent originates in the inner hot flow as a result of Comptonization of
the soft photons emitted by the accretion disc. The origin of the non-
thermal component is related to the optically thick disc; for example,
it can be produced due to non-thermal electrons accelerated near the
surface of the optically thick disc in the solar-type magnetic flares.
The relative contributions of non-thermal and thermal components
to the total energy flux depend on the fractions of the gravitational
energy of accreting matter released in the optically thick disc and
in the hot inner flow.
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1997, in Winkler C., Courvoisier T. J.-L., Durouchoux Ph., eds, SP-
382, The Transparent Universe, Proc. 2nd INTEGRAL Workshop. ESA
Publications Division, Noordwijk, p. 373
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A P P E N D I X A : D I S S I PAT I O N A N D
AT T E N UAT I O N I N T H E D I S C – H OT
F L OW M O D E L

ZLS99 have considered an idealized geometrical model for thermal
Comptonization, reprocessing and reflection in an accretion flow
consisting of a central hot sphere surrounded by a flat cold disc (see
fig. 2 in ZLS99). The sphere has a unit radius, and the inner radius
of the disc can assume any value, d. For d < 1, there is an overlap
between the two components. The hot sphere Comptonizes soft seed
photons emitted by the disc. In the original model of ZLS99, the
disc reprocesses and re-emits only the photons emitted by the sphere
incident on the disc.

Here, we generalize this model to include intrinsic dissipation
in the cold disc (as expected in an accretion flow). Also, we take
into account scattering of the Compton-reflected photons in the hot
sphere, which was neglected in ZLS99. For completeness, we give
here the full set of relevant equations, but refer the reader to ZLS99
for details of the derivation.

The hot sphere has a unit luminosity and emits isotropically. The
total flux incident on the disc at a radius, r, is then given by (ZLS99)

Finc(r ) = 3h(r )

16π2
, (A1)

where

h(r ) = (4/3)

×
{[

(2 − r−2)E(r 2) + (r−2 − 1)K (r 2)
]
, r < 1,[

(2r − r−1)E(r−2) + 2(r−1 − r )K (r−2)
]
, r � 1, (A2)

where E and K are complete elliptic integrals. The luminosity of the
disc due to re-emission of photons incident on it is

L inc(d) = 4π

∫ ∞

d

dr r Finc(r ). (A3)

This can be divided into the contributions to the integral from the
parts of the disc at d � 1 and d > 1, L inc = L<

inc + L>
inc, where the

first term is non-zero only for d < 1.
Then, the relative strength of Compton reflection can be identified

(ZLS99) with the ratio of the luminosity of the disc due to irradiation
to the fraction of the sphere luminosity that is not incident on the
disc. However, we correct here for attenuation of the reflection from
the parts of the disc with d < 1 because of scattering by the hot
electrons in the sphere. For the radial optical depth of the sphere τ ,
we can then write

R � e−τ L<
inc + L>

inc

1 − L inc
. (A4)

Another effect not included in the treatment of ZLS99 is the
intrinsic dissipation in the disc. Far away from the centre (so any
effect of the inner boundary condition is negligible), the dissipated
flux per unit area is ∝r−3, and we assume it for r > 1. On the other
hand, the dissipation in the part of the disc inside the hot sphere,
r < 1, is reduced due to the transfer of the power to the hot plasma.
We assume here that dissipation is either null or constant matching
that of the outside disc

Fint(r ) = L int

4π

{
0 or 1, r � 1,

r−3, r > 1,
(A5)

where we parametrized the relative intrinsic dissipation by the di-
mensionless factor, Lint, defined as the intrinsic luminosity of the
disc extending from r = 1 to infinity (regardless of the actual value
of d).

The power in seed photons scattered in the sphere from both the
reprocessing and the intrinsic dissipation (assuming τ = 1) is then

L s(d) ≈ 3(1 − a)

4π2

∫ ∞

d

dr rh2(r ) + L int

π

∫ ∞

max(d,1)

dr
h(r )

r 2

+ L int

π

∫ 1

d

dr rh(r ), (A6)

where a is the albedo and the term given by the second line of
equation (A6) appears only in the case of non-zero dissipation within
the sphere and when d < 1.

The amplification factor of the process of thermal Comptonization
is then A(d) ≡ 1/L s(d). It can be related to the spectral index of the
power-law part of the Comptonization spectrum using, for example,
the formula of MBP01

� = C(A − 1)−δ, (A7)

where C = 2.19 and δ = 0.14 for BHBs with kT seed = 0.2 keV.
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A P P E N D I X A : D I S S I PAT I O N A N D
AT T E N UAT I O N I N T H E D I S C – H OT
F L OW M O D E L

ZLS99 have considered an idealized geometrical model for thermal
Comptonization, reprocessing and reflection in an accretion flow
consisting of a central hot sphere surrounded by a flat cold disc (see
fig. 2 in ZLS99). The sphere has a unit radius, and the inner radius
of the disc can assume any value, d. For d < 1, there is an overlap
between the two components. The hot sphere Comptonizes soft seed
photons emitted by the disc. In the original model of ZLS99, the
disc reprocesses and re-emits only the photons emitted by the sphere
incident on the disc.

Here, we generalize this model to include intrinsic dissipation
in the cold disc (as expected in an accretion flow). Also, we take
into account scattering of the Compton-reflected photons in the hot
sphere, which was neglected in ZLS99. For completeness, we give
here the full set of relevant equations, but refer the reader to ZLS99
for details of the derivation.

The hot sphere has a unit luminosity and emits isotropically. The
total flux incident on the disc at a radius, r, is then given by (ZLS99)

Finc(r ) = 3h(r )

16π2
, (A1)

where

h(r ) = (4/3)

×
{[

(2 − r−2)E(r 2) + (r−2 − 1)K (r 2)
]
, r < 1,[

(2r − r−1)E(r−2) + 2(r−1 − r )K (r−2)
]
, r � 1, (A2)

where E and K are complete elliptic integrals. The luminosity of the
disc due to re-emission of photons incident on it is

L inc(d) = 4π

∫ ∞

d

dr r Finc(r ). (A3)

This can be divided into the contributions to the integral from the
parts of the disc at d � 1 and d > 1, L inc = L<

inc + L>
inc, where the

first term is non-zero only for d < 1.
Then, the relative strength of Compton reflection can be identified

(ZLS99) with the ratio of the luminosity of the disc due to irradiation
to the fraction of the sphere luminosity that is not incident on the
disc. However, we correct here for attenuation of the reflection from
the parts of the disc with d < 1 because of scattering by the hot
electrons in the sphere. For the radial optical depth of the sphere τ ,
we can then write

R � e−τ L<
inc + L>

inc

1 − L inc
. (A4)

Another effect not included in the treatment of ZLS99 is the
intrinsic dissipation in the disc. Far away from the centre (so any
effect of the inner boundary condition is negligible), the dissipated
flux per unit area is ∝r−3, and we assume it for r > 1. On the other
hand, the dissipation in the part of the disc inside the hot sphere,
r < 1, is reduced due to the transfer of the power to the hot plasma.
We assume here that dissipation is either null or constant matching
that of the outside disc

Fint(r ) = L int

4π

{
0 or 1, r � 1,

r−3, r > 1,
(A5)

where we parametrized the relative intrinsic dissipation by the di-
mensionless factor, Lint, defined as the intrinsic luminosity of the
disc extending from r = 1 to infinity (regardless of the actual value
of d).

The power in seed photons scattered in the sphere from both the
reprocessing and the intrinsic dissipation (assuming τ = 1) is then

L s(d) ≈ 3(1 − a)

4π2

∫ ∞

d

dr rh2(r ) + L int

π

∫ ∞

max(d,1)

dr
h(r )

r 2

+ L int

π

∫ 1

d

dr rh(r ), (A6)

where a is the albedo and the term given by the second line of
equation (A6) appears only in the case of non-zero dissipation within
the sphere and when d < 1.

The amplification factor of the process of thermal Comptonization
is then A(d) ≡ 1/L s(d). It can be related to the spectral index of the
power-law part of the Comptonization spectrum using, for example,
the formula of MBP01

� = C(A − 1)−δ, (A7)

where C = 2.19 and δ = 0.14 for BHBs with kT seed = 0.2 keV.
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ABSTRACT
We study theoretical interpretations of the ∼150-d (superorbital) modulation observed in
X-ray and radio emission of Cyg X-1 in the framework of models connecting this phenomenon
to precession. Precession changes the orientation of the emission source (either disc or jet)
relative to the observer. This leads to emission modulation due to an anisotropic emission
pattern of the source or orientation-dependent amount of absorbing medium along the line
of sight or both. We consider, in particular, anisotropy patterns of blackbody-type emission,
thermal Comptonization in slab geometry, jet/outflow beaming and absorption in a coronal-
type medium above the disc. We then fit these models to the data from the Rossi X-ray Timing
Explorer All-Sky Monitor, CGRO BATSE and the Ryle and Green Bank radio telescopes, and
find relatively small best-fitting angles between the precession and the orbital planes, ∼10◦−
20◦. The thermal Comptonization model for the X-ray emission explains well the observed
decrease in the variability amplitude from 1 to 300 keV as a result of a reduced anisotropy
of the emission due to multiple scatterings. Our modelling also yields the jet bulk velocity of
∼(0.3–0.5)c, which is in agreement with the previous constraint from the lack of an observed
counterjet and the lack of short-term X-ray/radio correlations.

Key words: accretion, accretion discs – radiation mechanisms: thermal – stars: individual:
Cyg X-1 – radio continuum: stars – X-rays: binaries – X-rays: stars.

1 I N T RO D U C T I O N

Periodic variability of emission from Cyg X-1 flux at various fre-
quencies at the period of ∼150 d has been reported by, for ex-
ample, Brocksopp et al. (1999a), Pooley, Fender & Brocksopp
(1999), Özdemir & Demircan (2001), Benlloch et al. (2001, 2004),
Karitskaya et al. (2001) and Lachowicz et al. (2006, hereafter L06).
This period is much longer than the 5.6-d orbital period (Brocksopp
et al. 1999b) and this type of periodicity (or quasi-periodicity) in
binaries is called superorbital. The generally accepted interpretation
of the underlying cause of superorbital periodicity in X-ray binaries
is precession of the accretion disc and/or jet (e.g. Katz 1973, 1980;
Larwood 1998; Wijers & Pringle 1999; Ogilvie & Dubus 2001;
Torres et al. 2005; Caproni et al. 2006; L06; but with the exception
of 4U 1820−303; e.g. Zdziarski, Wen & Gierliński 2007). How-
ever, the question arises in which way the precession causes the
modulation of the observed flux. There appear to be a number of
possibilities.

Considering the X-ray modulation first, the outer edge of the opti-
cally thick disc may partially cover the X-ray source. This, however,

�E-mail: askar.ibragimov@oulu.fi (AI); aaz@camk.edu.pl (AAZ)

would require extreme fine-tuning. Namely, the X-ray source has
the size ∼102 Rg (where Rg ≡ GM/c2) as indicated by the X-ray
power spectrum and agreement with theoretical prediction on the
range of radii where most of the accretion power is released, while
the disc size is generally much larger, up to the order of the size of
the Roche lobe (∼106 Rg in Cyg X-1). Another possibility is that
the outer part of the disc fully obscures the X-ray source, but we see
the X-rays scattered in a large corona above the disc (this appears to
take place e.g. in Her X-1; Leahy 2002). This, however, would dra-
matically affect the X-ray power spectrum, removing oscillations
at all frequencies above 1 Hz, which effect is clearly not seen, and
thus this scenario can be ruled out. The bound–free absorption in
a spatially extended medium of moderate optical depth associated
with the outer regions of the disc appears to be ruled out as there
are rather weak or no energy dependencies of the modulation (see
L06 and Section 3) (bound–free absorption in the wind from the
companion is responsible for the orbital modulation of the X-rays
in Cyg X-1; Wen et al. 1999). On the other hand, a viable scenario
is the wind/corona around the outer disc being almost fully ionized,
with scattering away from the line of sight being responsible for the
X-ray superorbital modulation.

Yet another possibility is that the X-ray emission is intrinsically
anisotropic. Such a possibility was considered by Brocksopp et al.
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the size ∼102 Rg (where Rg ≡ GM/c2) as indicated by the X-ray
power spectrum and agreement with theoretical prediction on the
range of radii where most of the accretion power is released, while
the disc size is generally much larger, up to the order of the size of
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the outer part of the disc fully obscures the X-ray source, but we see
the X-rays scattered in a large corona above the disc (this appears to
take place e.g. in Her X-1; Leahy 2002). This, however, would dra-
matically affect the X-ray power spectrum, removing oscillations
at all frequencies above 1 Hz, which effect is clearly not seen, and
thus this scenario can be ruled out. The bound–free absorption in
a spatially extended medium of moderate optical depth associated
with the outer regions of the disc appears to be ruled out as there
are rather weak or no energy dependencies of the modulation (see
L06 and Section 3) (bound–free absorption in the wind from the
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(1999b) who have relied on the blackbody-type anisotropy, where
the flux is proportional to the projected area. However, there is over-
whelming evidence that the dominant radiative process producing
X-rays in the hard state of Cyg X-1 (and other black-hole bina-
ries) is thermal Comptonization (e.g. Poutanen 1998; Zdziarski &
Gierliński 2004). Therefore, it is of interest to study models of the
anisotropy of the Comptonized emission to see whether they can
reproduce the observed superorbital variability.

We note that the hot Comptonizing plasma most likely also forms
the base of the jet, which is present in the hard state and radiates, at
larger distances from the black hole, non-thermal synchrotron radio
emission correlated with the X-rays (e.g. Gallo, Fender & Pooley
2003). However, the radiative process giving rise to the X-rays is still
thermal Comptonization. Early models accounting for the radio–X-
ray correlation postulated that the observed X-ray emission is due
to non-thermal synchrotron emission of very energetic power-law
electrons with a fine-tuned high-energy cut-off. However, that pro-
cess cannot account, for example, for the sharpness of the observed
cut-offs (Zdziarski et al. 2003). Then, recent X-ray jet models turned
to thermal Comptonization to account for the high-energy cut-off.
However, the electron temperature in that model is very high, kT ∼
3–4 MeV (Markoff, Nowak & Wilms 2005), yet still fitted to the
cut-off observed at ∼100 keV. Those authors do not explain how it is
done; if it is due to the first-order scattering by the thermal electrons,
very strong fine-tuning in all hard states of black-hole binaries is ob-
viously required. Generally, assume the jet X-ray origin also leads
to a number of other conflicts with the observations (e.g. Poutanen
& Zdziarski 2003; Zdziarski et al. 2003, 2004; Maccarone 2005;
Yuan et al. 2007).

The synchrotron, radio emission of the jet may be isotropic in
the comoving frame (in the presence of a tangled magnetic field).
However, if the jet bulk motion is at least mildly relativistic, the
observed flux will depend on the jet angle, and will thus change
with the jet precession. Indeed, Stirling et al. (2001) find that the
absence of an observable counter jet requires such a velocity for the
extended part of the jet. This constraint combined with one from
the lack of radio–X-ray correlations on short time-scales (Gleissner
et al. 2004) leads to the estimate on the jet velocity of ∼(0.5–0.7)c.
If the jet precesses together with the disc, the radio emission will be
modulated with the precession period. On the other hand, we have
no information on the velocity in the core of the jet, which can be, in
principle, much lower. In that case, the process responsible for the
radio superorbital modulation may be free–free absorption in the
wind from the companion star which will depend on the direction,
the jet is inclined. This may provide an alternative explanation of the
superorbital modulation of the radio emission (Szostek & Zdziarski
2007). Furthermore, both the Doppler beaming and the precession-
dependent absorption may take place in Cyg X-1.

Here, we study the precession physical scenarios leading to super-
orbital modulations in a systematic way. In general, any emission
anisotropic (in the rest frame of the system) with respect to the
disc/jet axis will be observed to be modulated when the direction of
that axis changes.

2 T H E DATA

We use the X-ray dwell data from the All-Sky Monitor (ASM)
aboard Rossi X-ray Timing Explorer (RXTE; Bradt, Rothschild &
Swank 1993; Levine et al. 1996). We also use Compton Gamma
Ray Observatory BATSE data in the 20–100 and 100–300 keV en-
ergy ranges, the 15-GHz radio data from the Ryle Telescope of the
Mullard Radio Astronomy Observatory and the 2.25- and 8.30-GHz

data from the Green Bank Interferometer (GBI) of the National Ra-
dio Astronomy Observatory, Green Bank, WV, USA (see L06 for
a detailed description of those data sets). Compared to the analysis
of L06, we also include more recent ASM and Ryle data. We study
the RXTE/ASM data for MJD 50087–53789 (1995 May 1–2006
February 23), the BATSE data for MJD 48371–51686 (1991 April
25–2000 May 22), the 15 GHz Ryle data for MJD 50377–53791
(1996 October 10–2006 February 25) and the GBI data for MJD
50409–51823 (1996 November 22–2000 October 6). Hereafter, we
refer to the RXTE/ASM channels of 1.5–3, 3–5 and 5–12 keV as the
ASM A, B and C, respectively, and the BATSE 20–100 and 100–
300 keV data as the BATSE A and B, respectively.

Cyg X-1 is a highly variable source. Therefore, in order to ac-
curately analyse its superorbital variability it is preferable to use
observations affected in the least way by its aperiodic variability.
Thus, we study only the hard state, in which Cyg X-1 is for majority
of the time. We define it following Zdziarski et al. (2002), requir-
ing the average photon spectral index derived from the RXTE/ASM
fluxes to be <2.1. In addition, we exclude hard-state intervals with
high X-ray variability following the criterion used by L06. Namely,
we define MJD 50660–50990 as our reference interval. We then
include only those 30-d intervals of the ASM data where <40 per
cent of points exceed by 4σ the average flux in the reference inter-
val. This has resulted in the removal of the following time intervals.
MJD <50350, 50590–50660, 50995–51025, 51400–51640, 51840–
51960, 52100–52565, 52770–52880, 52975–53115, 53174–53554,
>53690. We apply the above selection to RXTE/ASM and Ryle data
sets, as shown in Fig. 1.

On the other hand, the GBI data cover a relatively short-time in-
terval, also shown in Fig. 1. That interval is entirely in the hard state.
Therefore, we have not applied any additional screening criteria to
those data except the removal of the data marked as bad. Then, for
the BATSE data, we exclude the periods of the soft state of 1994
and 1996, that is, MJD 49250–49440 and MJD 50230–50307 (as in
L06).

Figure 1. The panel (a) 1.5–3, 3–5 and 5–12 keV (red, greed and blue,
respectively) RXTE/ASM, panel (b) Ryle and panel (c) 2.25 and 8.30 GHz
(red and green, respectively) GBI light curves for the available span of
the data. The shaded areas show the data not taken into account in our
analysis.
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larger distances from the black hole, non-thermal synchrotron radio
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Therefore, we have not applied any additional screening criteria to
those data except the removal of the data marked as bad. Then, for
the BATSE data, we exclude the periods of the soft state of 1994
and 1996, that is, MJD 49250–49440 and MJD 50230–50307 (as in
L06).

Figure 1. The panel (a) 1.5–3, 3–5 and 5–12 keV (red, greed and blue,
respectively) RXTE/ASM, panel (b) Ryle and panel (c) 2.25 and 8.30 GHz
(red and green, respectively) GBI light curves for the available span of
the data. The shaded areas show the data not taken into account in our
analysis.
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Figure 2. The Lomb–Scargle periodograms for panel (a) the ASM C and
panel (b) the Ryle data (before pre-whitening; corresponding periodograms
after pre-whitening are shown by L06).

3 P E R I O D I C M O D U L AT I O N S I N T H E DATA

The currently most comprehensive analysis of the orbital and the
superorbital modulations of Cyg X-1 has been done by L06. In par-
ticular, they found the superorbital period of ∼150 d consistent with
constant in all the available data since approximately 1976. Further-
more, they found the phase of the superorbital also compatible with
constant (see fig. 7 and table 3 in L06).

Here, we use the Lomb–Scargle method (Lomb 1976; Scargle
1982) to characterize the periodicities in the data analysed by us.
The periodograms for the ASM C and Ryle data are shown in
Fig. 2. We clearly see the peaks corresponding to 5.6 and ∼150 d
for both data sets. In addition, we see strong peaks corresponding
to periods longer than 150 d for the Ryle data. Their origin re-
mains unclear though they are likely to be artefacts (see L06 for
discussion).

We first consider the orbital modulation (caused by absorption
in the wind; Wen et al. 1999; Brocksopp, Fender & Pooley 2002;
Szostek & Zdziarski 2007; see the latter paper for corrections to
Brocksopp et al. 2002). For it, we use the spectroscopic ephemeris
(LaSala et al. 1998; Brocksopp et al. 1999a):

min[MJD] = 50234.79 + 5.599829E, (1)

Table 1. The coefficients for the orbital modulation fitted by equation (2). The units of exp 〈G〉 are s−1 for the RXTE/ASM data and Jy for the Ryle and GBI
data.

Detector 〈G〉 G1 φ1 G2 φ2 G3 φ3

RXTE/ASM A 1.829 ± 0.005 0.113 ± 0.008 0.007 ± 0.011 0.042 ± 0.008 −0.02 ± 0.01 0.017 ± 0.008 −0.01 ± 0.02
RXTE/ASM B 1.825 ± 0.004 0.066 ± 0.006 0.005 ± 0.013 0.022 ± 0.006 0.03 ± 0.02 0.008 ± 0.006 0.00 ± 0.04
RXTE/ASM C 2.188 ± 0.003 0.035 ± 0.005 0.005 ± 0.022 0.011 ± 0.005 −0.04 ± 0.04 0.007 ± 0.005 −0.02 ± 0.04
Ryle −4.429 ± 0.007 0.167 ± 0.011 0.14 ± 0.01 0.035 ± 0.010 0.16 ± 0.02 0.017 ± 0.010 0.15 ± 0.03
GBI (8.30 GHz) −4.122 ± 0.011 0.064 ± 0.015 0.17 ± 0.04 – – – –
GBI (2.25 GHz) –4.187 ± 0.010 0.024 ± 0.014 0.4 ± 0.1 – – – –

where E is an integer. At those times, the companion star is in front
of the X-ray source. We then fit the light curves folded over the
orbital period and averaged within each of 20 phase bins. We then
use logarithm, G = ln F, of the photon or energy fluxes or count
rates, F, for fitting with the sum of harmonics,

Gmod(φ) = 〈G〉 −
N∑

k=1

Gk cos[2πk(φ − φk)], (2)

where φ is the 0–1 phase, 〈G〉 is the (fitted) average value of the
logarithm of the flux, and Gk and φk are the amplitude and the offset
phase, respectively, for the kth harmonic. We adopt the convention
that Gk > 0 and −0.5 < kφk � 0.5. The obtained parameters for
N = 3 for the RXTE/ASM and Ryle data and N = 1 for the GBI data
(see L06) are given in Table 1. We do not consider here the orbital
modulation for the BATSE data since it is very weak, �3 per cent
(L06).

We note that assigning errors to the folded and averaged fluxes is
not a unique procedure. Here, we first divide the light curve into time
bins of the 1/20 of the period (orbital or superorbital) and obtain the
average of the flux, Fij, where i is the number of the phase bin and j is
the number of the time bin contributing to the ith phase bin, weighted
by the inverse squares of their measurement error. In this way, we
avoid any contribution to our folded/averaged light curves from the
source variability on time-scales shorter than that corresponding
to the length of our chosen phase bin. The resulting measurement
uncertainties on Fij are rather small, and we neglect them. Then,
we consider the average and standard deviation of all time bins con-
tributing to a given phase bin. Here, we want to take into account the
actual aperiodic variability of the source not just the measurement
errors. Therefore, we calculate the unweighted average within the
ith phase bin, Fi = (

∑Ni
j=1 Fi j )/Ni , where Ni is the number of time

bins contributing to the ith phase bin and the corresponding rms stan-
dard deviation, σ i, given by σ 2

i = [
∑Ni

j=1(Fi − Fi j )2]/[Ni (Ni − 1)].
Then, we take Gi = ln Fi and fit with equation (2).

Subsequently, we pre-whiten the logarithmic light curves by sub-
tracting from them the orbital variability fitted above,

G ′(t) = G(t) − Gmod(t) + 〈G〉. (3)

We now again apply the Lomb–Scargle method to the pre-whitened
data. (We do not pre-whiten the BATSE data, as their orbital mod-
ulation is very small, see above.) The obtained main (∼150-d) su-
perorbital periods are presented in Table 2. The given 1σ errors
have been estimated using the method described in section 4.4 of
Schwarzenberg-Czerny (1991). The superorbital period of Cyg X-1
was determined by L06 using the weighted average, 151.43 d, of
periods determined for a large number of data sets. For our data
alone, we find 152.4 ± 0.6 d, and including the Ginga and Ariel 5
data from L06, we obtain a similar value, P = 152.0 ± 0.4 d (1σ

error), consistent with that of L06. Thus, for consistency with L06,
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Figure 2. The Lomb–Scargle periodograms for panel (a) the ASM C and
panel (b) the Ryle data (before pre-whitening; corresponding periodograms
after pre-whitening are shown by L06).
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The currently most comprehensive analysis of the orbital and the
superorbital modulations of Cyg X-1 has been done by L06. In par-
ticular, they found the superorbital period of ∼150 d consistent with
constant in all the available data since approximately 1976. Further-
more, they found the phase of the superorbital also compatible with
constant (see fig. 7 and table 3 in L06).

Here, we use the Lomb–Scargle method (Lomb 1976; Scargle
1982) to characterize the periodicities in the data analysed by us.
The periodograms for the ASM C and Ryle data are shown in
Fig. 2. We clearly see the peaks corresponding to 5.6 and ∼150 d
for both data sets. In addition, we see strong peaks corresponding
to periods longer than 150 d for the Ryle data. Their origin re-
mains unclear though they are likely to be artefacts (see L06 for
discussion).

We first consider the orbital modulation (caused by absorption
in the wind; Wen et al. 1999; Brocksopp, Fender & Pooley 2002;
Szostek & Zdziarski 2007; see the latter paper for corrections to
Brocksopp et al. 2002). For it, we use the spectroscopic ephemeris
(LaSala et al. 1998; Brocksopp et al. 1999a):

min[MJD] = 50234.79 + 5.599829E, (1)

Table 1. The coefficients for the orbital modulation fitted by equation (2). The units of exp 〈G〉 are s−1 for the RXTE/ASM data and Jy for the Ryle and GBI
data.

Detector 〈G〉 G1 φ1 G2 φ2 G3 φ3

RXTE/ASM A 1.829 ± 0.005 0.113 ± 0.008 0.007 ± 0.011 0.042 ± 0.008 −0.02 ± 0.01 0.017 ± 0.008 −0.01 ± 0.02
RXTE/ASM B 1.825 ± 0.004 0.066 ± 0.006 0.005 ± 0.013 0.022 ± 0.006 0.03 ± 0.02 0.008 ± 0.006 0.00 ± 0.04
RXTE/ASM C 2.188 ± 0.003 0.035 ± 0.005 0.005 ± 0.022 0.011 ± 0.005 −0.04 ± 0.04 0.007 ± 0.005 −0.02 ± 0.04
Ryle −4.429 ± 0.007 0.167 ± 0.011 0.14 ± 0.01 0.035 ± 0.010 0.16 ± 0.02 0.017 ± 0.010 0.15 ± 0.03
GBI (8.30 GHz) −4.122 ± 0.011 0.064 ± 0.015 0.17 ± 0.04 – – – –
GBI (2.25 GHz) –4.187 ± 0.010 0.024 ± 0.014 0.4 ± 0.1 – – – –

where E is an integer. At those times, the companion star is in front
of the X-ray source. We then fit the light curves folded over the
orbital period and averaged within each of 20 phase bins. We then
use logarithm, G = ln F, of the photon or energy fluxes or count
rates, F, for fitting with the sum of harmonics,

Gmod(φ) = 〈G〉 −
N∑

k=1

Gk cos[2πk(φ − φk)], (2)

where φ is the 0–1 phase, 〈G〉 is the (fitted) average value of the
logarithm of the flux, and Gk and φk are the amplitude and the offset
phase, respectively, for the kth harmonic. We adopt the convention
that Gk > 0 and −0.5 < kφk � 0.5. The obtained parameters for
N = 3 for the RXTE/ASM and Ryle data and N = 1 for the GBI data
(see L06) are given in Table 1. We do not consider here the orbital
modulation for the BATSE data since it is very weak, �3 per cent
(L06).

We note that assigning errors to the folded and averaged fluxes is
not a unique procedure. Here, we first divide the light curve into time
bins of the 1/20 of the period (orbital or superorbital) and obtain the
average of the flux, Fij, where i is the number of the phase bin and j is
the number of the time bin contributing to the ith phase bin, weighted
by the inverse squares of their measurement error. In this way, we
avoid any contribution to our folded/averaged light curves from the
source variability on time-scales shorter than that corresponding
to the length of our chosen phase bin. The resulting measurement
uncertainties on Fij are rather small, and we neglect them. Then,
we consider the average and standard deviation of all time bins con-
tributing to a given phase bin. Here, we want to take into account the
actual aperiodic variability of the source not just the measurement
errors. Therefore, we calculate the unweighted average within the
ith phase bin, Fi = (

∑Ni
j=1 Fi j )/Ni , where Ni is the number of time

bins contributing to the ith phase bin and the corresponding rms stan-
dard deviation, σ i, given by σ 2

i = [
∑Ni

j=1(Fi − Fi j )2]/[Ni (Ni − 1)].
Then, we take Gi = ln Fi and fit with equation (2).

Subsequently, we pre-whiten the logarithmic light curves by sub-
tracting from them the orbital variability fitted above,

G ′(t) = G(t) − Gmod(t) + 〈G〉. (3)

We now again apply the Lomb–Scargle method to the pre-whitened
data. (We do not pre-whiten the BATSE data, as their orbital mod-
ulation is very small, see above.) The obtained main (∼150-d) su-
perorbital periods are presented in Table 2. The given 1σ errors
have been estimated using the method described in section 4.4 of
Schwarzenberg-Czerny (1991). The superorbital period of Cyg X-1
was determined by L06 using the weighted average, 151.43 d, of
periods determined for a large number of data sets. For our data
alone, we find 152.4 ± 0.6 d, and including the Ginga and Ariel 5
data from L06, we obtain a similar value, P = 152.0 ± 0.4 d (1σ

error), consistent with that of L06. Thus, for consistency with L06,
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Table 2. The periods and amplitudes of the superorbital modulation in the analysed data. The amplitudes have been calculated
using the average superorbital period of L06, 151.43 d. The errors are 1σ . The second set of the A values gives the modulation
amplitudes obtained by L06.

Detector Energy P [d] A A (L06)

RXTE/ASM A 1.5–3 keV 153.5 ± 1.5 0.120 ± 0.005 0.133 ± 0.005
RXTE/ASM B 3–5 keV 153.5 ± 1.5 0.105 ± 0.003 0.114 ± 0.003
RXTE/ASM C 5–12 keV 153.5 ± 1.3 0.103 ± 0.003 0.114 ± 0.003
BATSE A 20–100 keV 151.0 ± 1.1 0.083 ± 0.001 0.081 ± 0.001
BATSE B 100–300 keV 152.0 ± 3.0 0.075 ± 0.002 0.070 ± 0.001
Ryle 15 GHz 152.7 ± 1.4 0.140 ± 0.005 0.105 ± 0.002
GBI 8.30 GHz 148.8 ± 3.1 0.116 ± 0.004 0.123 ± 0.003
GBI 2.25 GHz 150.7 ± 3.5 0.122 ± 0.004 0.107 ± 0.003

we hereafter use their ephemeris,

min[MJD] = 50514.59 + 151.43E . (4)

We then fold and average within each of 20 superorbital phase
bins the pre-whitened data, and fit them using equation (2) with
N = 1. The errors used in the fit are calculated in the way described
above. The fits give us the amplitude of the variability, which we
define as

A = Fmax − Fmin

Fmax + Fmin
= R − 1

R + 1
, (5)

where Fmax and Fmin are, respectively, the maximum and the mini-
mum fitted fluxes, ratio of which is R ≡ Fmax/Fmin and R = (1 + A)/
(1 − A). For our harmonic fit with N = 1, Fmax,min = exp(〈G〉 ±
G1). The obtained values of A are listed in Table 2. We see that
the amplitudes of the superorbital modulation in both the ASM and
radio data are almost independent of the energy, confirming the pre-
vious result of L06. On the other hand, we confirm the result of L06
that the modulation amplitudes in the 20–300 keV energy range are
significantly smaller than those in the 1.5–12 keV range. Two of the
resulting superorbital phase diagrams are shown in Fig. 3.

We point out that the obtained amplitudes are somewhat affected
by systematic uncertainties, in particular, those related to the selec-
tion criteria. We have tested that indeed changing the criteria used
to choose the fitted parts of the light curves results in some changes
of the values of A. To illustrate this effect, Table 2 also gives the
values of A of L06, who used both somewhat different selection
criteria and different pre-whitening method (namely, pre-whitening
the data with all other significant modulations, not only the orbital
one). We can see that their values differ from ours by typically
10 per cent, which can be taken as the systematic uncertainty of
the values of A. The largest difference is for the Ryle data, which
appears to result from not applying the selection criteria obtained
from the ASM data to the Ryle data in L06. Also, we note that L06
treated each modulation as due to absorption which lead to increases
of the average fluxes after each pre-whitening. In our method, we
preserve the average fluxes (see equation 3).

4 F L U X VA R I AT I O N F RO M P R E C E S S I O N

Let us consider a precessing slab model with a constant tilt angle, δ
(see Fig. 4), and a constant angular velocity ω = 2π P−1 where P is
the superorbital period. Then, the superorbital phase is proportional
to time within each cycle, for example, φso = t/P for t � P. Note
that the precession is independent of the orbital motion of the system,
that is, the disc inclination in an inertial frame does not directly
depend on the orbital phase. The precession may also include any

Figure 3. The superorbital phase diagrams for two of our data sets showing
the light curves folded over the superorbital ephemeris, equation (4), and
averaged within each phase bin. Panel (a): the ASM A X-ray data modelled
by thermal Comptonization in the slab geometry. The best fit corresponds
to i = 32◦ and δ = 18◦ (see Section 4.2, Fig. 9). The Ryle radio data fitted
with the jet model (see Section 4.1 and Fig. 6) with the assumed values of
i = 40◦ and β = 0.4, which yield the best fit of δ = 11◦.

structure attached to the disc, for example, a corona and/or a jet. The
angle, ψ , between the normal to the disc and the direction towards
the observer is given by

cos ψ = | cos δ cos i − sin δ sin i cos(2πφso)|, (6)

where i is the orbital inclination to the line of sight. Here, φso =
0 corresponds to the disc being most inclined with respect to the
observer. The emissivity of the disc (and any additional structure
e.g. a jet) integrated over its surface and over the orbital period can
only be a function of the direction with respect to the normal, that
is, ψ . The value of ψ varies between i + δ at φso = 0 and |i − δ|
at φso = 0.5. We note that since no secondary maxima are observed
in the X-ray folded superorbital light curves (Fig. 3), we see only
one side of the disc, that is, always ψ < 90◦, implying i + δ < 90◦.
Otherwise, we would see at some moment only the disc edge and
then its opposite side. Note also that equation (6) is symmetric with
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Table 2. The periods and amplitudes of the superorbital modulation in the analysed data. The amplitudes have been calculated
using the average superorbital period of L06, 151.43 d. The errors are 1σ . The second set of the A values gives the modulation
amplitudes obtained by L06.

Detector Energy P [d] A A (L06)

RXTE/ASM A 1.5–3 keV 153.5 ± 1.5 0.120 ± 0.005 0.133 ± 0.005
RXTE/ASM B 3–5 keV 153.5 ± 1.5 0.105 ± 0.003 0.114 ± 0.003
RXTE/ASM C 5–12 keV 153.5 ± 1.3 0.103 ± 0.003 0.114 ± 0.003
BATSE A 20–100 keV 151.0 ± 1.1 0.083 ± 0.001 0.081 ± 0.001
BATSE B 100–300 keV 152.0 ± 3.0 0.075 ± 0.002 0.070 ± 0.001
Ryle 15 GHz 152.7 ± 1.4 0.140 ± 0.005 0.105 ± 0.002
GBI 8.30 GHz 148.8 ± 3.1 0.116 ± 0.004 0.123 ± 0.003
GBI 2.25 GHz 150.7 ± 3.5 0.122 ± 0.004 0.107 ± 0.003

we hereafter use their ephemeris,

min[MJD] = 50514.59 + 151.43E . (4)

We then fold and average within each of 20 superorbital phase
bins the pre-whitened data, and fit them using equation (2) with
N = 1. The errors used in the fit are calculated in the way described
above. The fits give us the amplitude of the variability, which we
define as

A = Fmax − Fmin

Fmax + Fmin
= R − 1

R + 1
, (5)

where Fmax and Fmin are, respectively, the maximum and the mini-
mum fitted fluxes, ratio of which is R ≡ Fmax/Fmin and R = (1 + A)/
(1 − A). For our harmonic fit with N = 1, Fmax,min = exp(〈G〉 ±
G1). The obtained values of A are listed in Table 2. We see that
the amplitudes of the superorbital modulation in both the ASM and
radio data are almost independent of the energy, confirming the pre-
vious result of L06. On the other hand, we confirm the result of L06
that the modulation amplitudes in the 20–300 keV energy range are
significantly smaller than those in the 1.5–12 keV range. Two of the
resulting superorbital phase diagrams are shown in Fig. 3.

We point out that the obtained amplitudes are somewhat affected
by systematic uncertainties, in particular, those related to the selec-
tion criteria. We have tested that indeed changing the criteria used
to choose the fitted parts of the light curves results in some changes
of the values of A. To illustrate this effect, Table 2 also gives the
values of A of L06, who used both somewhat different selection
criteria and different pre-whitening method (namely, pre-whitening
the data with all other significant modulations, not only the orbital
one). We can see that their values differ from ours by typically
10 per cent, which can be taken as the systematic uncertainty of
the values of A. The largest difference is for the Ryle data, which
appears to result from not applying the selection criteria obtained
from the ASM data to the Ryle data in L06. Also, we note that L06
treated each modulation as due to absorption which lead to increases
of the average fluxes after each pre-whitening. In our method, we
preserve the average fluxes (see equation 3).

4 F L U X VA R I AT I O N F RO M P R E C E S S I O N

Let us consider a precessing slab model with a constant tilt angle, δ
(see Fig. 4), and a constant angular velocity ω = 2π P−1 where P is
the superorbital period. Then, the superorbital phase is proportional
to time within each cycle, for example, φso = t/P for t � P. Note
that the precession is independent of the orbital motion of the system,
that is, the disc inclination in an inertial frame does not directly
depend on the orbital phase. The precession may also include any

Figure 3. The superorbital phase diagrams for two of our data sets showing
the light curves folded over the superorbital ephemeris, equation (4), and
averaged within each phase bin. Panel (a): the ASM A X-ray data modelled
by thermal Comptonization in the slab geometry. The best fit corresponds
to i = 32◦ and δ = 18◦ (see Section 4.2, Fig. 9). The Ryle radio data fitted
with the jet model (see Section 4.1 and Fig. 6) with the assumed values of
i = 40◦ and β = 0.4, which yield the best fit of δ = 11◦.

structure attached to the disc, for example, a corona and/or a jet. The
angle, ψ , between the normal to the disc and the direction towards
the observer is given by

cos ψ = | cos δ cos i − sin δ sin i cos(2πφso)|, (6)

where i is the orbital inclination to the line of sight. Here, φso =
0 corresponds to the disc being most inclined with respect to the
observer. The emissivity of the disc (and any additional structure
e.g. a jet) integrated over its surface and over the orbital period can
only be a function of the direction with respect to the normal, that
is, ψ . The value of ψ varies between i + δ at φso = 0 and |i − δ|
at φso = 0.5. We note that since no secondary maxima are observed
in the X-ray folded superorbital light curves (Fig. 3), we see only
one side of the disc, that is, always ψ < 90◦, implying i + δ < 90◦.
Otherwise, we would see at some moment only the disc edge and
then its opposite side. Note also that equation (6) is symmetric with
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Figure 4. The assumed geometry of Cyg X-1 at the zero orbital phase (i.e.
at the superiour conjunction of the X-ray source).

respect to an exchange of i and δ. Thus, for any configuration with
i > δ there is an equivalent one with δ > i but with the two values
exchanged. Thus, we will consider only the case of i > δ, keeping
in mind the existence of the symmetry.

4.1 Analytical models

If the emission from the precessing structure is anisotropic, flux
variations over the precession period take place. We consider first,
a few simple models. Here, 0◦ � ψ � 90◦.

(a) F(ψ) = C cos ψ . This case corresponds to a slab/disc emitting
with a constant specific intensity, that is, blackbody like.

(b) F(ψ) = C cos ψ(1 + a cos ψ). A more general case, where a is
an anisotropy parameter parametrizing departures from the black-
body. Here, a = 0 corresponds to the constant specific intensity
(blackbody) case, a = 2 is for Chandrasekhar–Sobolev optically
thick electron scattering atmosphere (Chandrasekhar 1960; Sobolev
1963) and some values in the −1 < a < 0 range correspond to
Comptonization in a slab with a moderate optical depth (Sunyaev &
Titarchuk 1985; Viironen & Poutanen 2004; see also Section 4.2 be-
low). Values of a < −0.5 correspond to the Thomson optical depth
across the slab τ � 1.

(c) F(ψ) = C[γ (1 − βcos ψ)]−(1+�), where F is the energy flux.
This law corresponds to the emissivity pattern of a steady jet or
disc outflow when the retardation effect is absent (see e.g. Rybicki
& Lightman 1979; Sikora et al. 1997). Here, β = v/c is the bulk
velocity in units of c, γ = (1 − β2)−1/2, and � is the observed photon
spectral index. Note that if this model is applied to the jet case, the
counter jet may be visible as well (unless obscured by the disc and/or
free–free absorbed in the wind, Szostek & Zdziarski 2007). If the
counter jet is visible, a second term with β replaced by −β should
be added to the above expression for F(ψ).

(d) F(ψ) = Ce−τ/cos ψ , where τ is the optical depth. This law
corresponds to anisotropy caused by an absorber with the same
symmetry as the disc.

Using these models, we relate either the amplitude, A, or the flux
ratio, R, to the model parameters. We assume δ < 90◦ − i, in which
case the global flux minimum corresponds to ψ = i + δ. For Case
(a), we have,

A = tan δ tan i . (7)

In Case (b),

A = (1 + 2a cos δ cos i) sin δ sin i

cos δ cos i (1 + a cos δ cos i) + a sin2 δ sin2 i
(8)

and

a = sin δ sin i − A cos δ cos i

Acos2 δ cos2 i − 2 cos δ cos i sin δ sin i + Asin2 δ sin2 i
. (9)

Note that in equations (8) and (9), we have assumed that the flux
monotonously decreases with increasing disc viewing angle, ψ . This
is generally the case for a � −0.5. If a < −0.5, the above formulae
apply only in the range of ψ � arccos(−1/2a). Otherwise, the
maximum flux is achieved either at ψ = arccos(−1/2a) or at the
maximum value of ψ of the precession (i.e. i + δ). In the former
case, there will be two local minima of the flux, and in the latter,
the minimum flux would be achieved at the minimum value of ψ .
Both those cases can be ruled out for Cyg X-1. First, only one
minimum per superorbital period is seen and secondly, the X-ray
superorbital modulation is in phase with the radio one (L06), and
it is highly unlikely that our Case (b) with a < −0.5 would apply
to the jet radio emission. Therefore, we hereafter assume that the
flux monotonously decreases with increasing ψ and equations (8)
and (9) are applicable. If anisotropy is interpreted as resulting from
Compton scattering in a slab, the above constraints on a also mean
that the slab Thomson optical depth is τ � 1, which is consistent
with the estimates of τ from the X-ray spectra (see Section 4.2).

In Case (c), we can obtain formulae relating the flux ratio, R, to
β (neglecting hereafter the counter jet emission),

R =
[

1 − β cos(i + δ)

1 − β cos(i − δ)

]1+�

, (10)

β = R1/(1+�) − 1

R1/(1+�) cos(i − δ) − cos(i + δ)
(11)

(see also Gregory et al. 1989). Note that for given R and i, there is
a low limit on δ (as β < 1). The minimum β required to explain
an observed flux ratio at a given inclination is achieved when the
precession angle is given by

tan δ = R1/(1+�) + 1

R1/(1+�) − 1
tan i . (12)

Note that this value of δ is generally >i, that is, the interchange
symmetry between i and δ is no longer present here.

In Case (d), we find

R = exp {τ [sec(i + δ) − sec(i − δ)]} , (13)

τ = ln R

sec(i + δ) − sec(i − δ)
. (14)

Various authors have obtained different constraints on the in-
clination of Cyg X-1, for example, Gies & Bolton (1986), Wen
et al. (1999), Abubekerov, Antokhina & Cherepashchuk (2004) and
Zió�lkowski (2005) got i = 28◦−39◦, 10◦−40◦, 31◦−44◦ and 23◦−
38◦, respectively. Hereafter in this section, we assume i = 40◦. Re-
lationships between δ and other model parameters are shown in
Fig. 5.

We then fit the anisotropy laws (a–d) to the observed profiles of
the superorbital variability (Section 3). The (blackbody like) model
(a) yields δ = 8.◦2±0.◦5, 7.◦2±0.◦5, 7.◦0±0.◦5, 9.◦5±1.◦5, 8.◦4±1.◦7
and 8.◦0±1.◦6 for the ASM A, B and C bands, Ryle and GBI 2.25- and
8.30-GHz data, respectively. For the models (b–d), the correlations
between the parameters (see Fig. 5) lead to elongated error contours,
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Figure 4. The assumed geometry of Cyg X-1 at the zero orbital phase (i.e.
at the superiour conjunction of the X-ray source).
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Figure 5. The relations between amplitude A, the precession angle, δ and
other parameters of our analytical models for i = 40◦. The panels (a–d)
correspond to the models (a–d) described in Section 4.1. Panel (a): the de-
pendence (7) between A and δ. Panels (b–d): the dependencies between
model parameters and the precession angle δ. The assumed values of the
variability amplitude of A = 0.10 and 0.14 are shown by the solid and the
dashed curves, respectively. In Case (c), � = 1 was used. We also show
the results at � = 1.7 for the above two values of A by the dotted and the
dash–dotted curves, respectively.

Figure 6. The 90 per cent confidence contours for the models (b–d) (marked
on the panels) fitted to the observed superorbital variability profiles (Sec-
tion 3) at the assumed i = 40◦. In Case (c), we use � = 1.7 and 1 for the
fits to the X-ray and radio data, respectively. The solid and dotted contours
are for the ASM A data and the Ryle data, respectively. The ASM B, C and
GBI data yield similar respective contours.

which we show in Fig. 6. The values of the statistic χ2
ν =χ2/ degrees

of freedom for the best fits are as follows for the ASM A, B and
C bands, the 15-GHz Ryle data and the 2.25- and 8.30-GHz GBI
data, respectively. For the model (a) χ 2

ν = (8/17, 11/17, 14/17,
10/17, 11/17, 21/17), (b) (8/16, 11/16, 14/16, 10/16, 11/16, 17/16),
(c) (9/16, 11/16, 13/16, 11/16, 12/16, 22/16) and (d) (8/16, 11/16,
14/16, 10/16, 11/16, 17/16). Thus, we see that we cannot distinguish
between the models based on the fit quality.

For the model (c), we use � = 1.7 (the average X-ray power-
law index of the hard state of Cyg X-1) for the ASM data and
� = 1 (corresponding to the observed 2.2–220 GHz radio emission

of Cyg X-1 in the hard state; Fender et al. 2000) for the Ryle data.
In the latter case, we do not include emission of the counter jet. The
results for those two cases are consistent with a coronal outflow at
β 	 0.3 explaining the X-ray Compton reflection strength (Malzac,
Beloborodov & Poutanen 2001), and the inferred radio jet velocity
of β 	 0.5–0.7 in Cyg X-1 (Stirling et al. 2001; Gleissner et al. 2004),
respectively. The model (c) fitted to the Ryle data superorbital phase
diagram is shown in Fig. 3(b).

We point out that the jet in Cyg X-1 is embedded in the stellar
wind from the companion, which causes the orbital modulation of
the radio emission via free–free absorption (Szostek & Zdziarski
2007). Thus, a jet precession, which changes the path of the jet
during the course of the orbital motion, will also change the average
optical depth in the wind along the line of sight. This will give rise
to a superorbital modulation, in addition to that caused by the jet
beaming.

4.2 Anisotropy of thermal Comptonization

The dominant radiative process giving rise to X-rays in the hard
state of Cyg X-1 is, most likely, Comptonization of some soft seed
photons by predominantly thermal electrons at the temperature of
∼50–100 keV (Gierliński et al. 1997; Poutanen 1998; Di Salvo
et al. 2001; Frontera et al. 2001; McConnell et al. 2002; Zdziarski
et al. 2002; Ibragimov et al. 2005). This is evidenced mostly by
the characteristic form of its high-energy cut-off, present also in
other black-hole binaries in the hard state (e.g. Grove et al. 1998;
Zdziarski et al. 1998; Wardziński et al. 2002; Zdziarski & Gierliński
2004). The location of the thermally Comptonizing plasma is either
a hot inner accretion flow (e.g. Poutanen, Krolik & Ryde 1997; Esin
et al. 1998; Poutanen 1998; Zdziarski et al. 2002; Yuan et al. 2007)
or a coronal outflow (Beloborodov 1999; Malzac et al. 2001).

Thus, we fit such a model to a representative hard-state spectrum
of Cyg X-1. We choose the RXTE observation 10 238-01-03-00 to-
gether with the CGRO/OSSE observation VP 612.5 (spectrum 6 of
Ibragimov et al. 2005), which gives us a broad-band energy coverage
of ∼3–1000 keV. Our detailed model consists of the main compo-
nent due to thermal Comptonization in a slab geometry calculated
using the iterative scattering method of Poutanen & Svensson (1996)
(COMPPS in XSPEC; Arnaud 1996). In addition, we include Compton
reflection (Magdziarz & Zdziarski 1995), a fluorescent Fe Kα line
and a soft excess. We attribute the last component to thermal Comp-
tonization as well, but in a plasma with the Compton y parameter
much smaller than that of the main Comptonizing plasma, and ne-
glecting its Compton reflection (as in Frontera et al. 2001). Here, y
≡ 4τkTe/mec2, where τ is the optical depth of the plasma and Te

is its electron temperature. The seed photons for Comptonization
are from a blackbody spectral component at the temperature of Tbb,
which we keep equal to 0.2 keV in the fit. Also, we assume the incli-
nation of ψ = 40◦. The spectrum with the resulting fit components is
shown in Fig. 7. The main fit parameters are kTe = 88 keV and τ =
1.17 for the main Comptonization component, the solid angle of the
Compton reflector of �/2π = 0.17 and τ = 0.87 of the soft-excess
Comptonizing plasma, for which kTe = 20 keV was assumed. The
absorber column density is NH = 2.3 × 1022 cm−2. The fit statistic
is good, χ 2

ν = 371/401.
We then vary the inclination of this model, and for each ψ , we

integrate the photon flux in five energy bands, 1.5–3, 3–5, 5–12,
20–100 and 100–300 keV. The resulting dependencies of F(ψ) are
shown in Fig. 8. We also compare the resulting functions to F(ψ) =
cos ψ(1 + a cos ψ)/(1/2 + a/3), that is, the normalized Case (b) of
Section 4.1. We find a 	 −0.4 as the closest overall approximation
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2007). Thus, a jet precession, which changes the path of the jet
during the course of the orbital motion, will also change the average
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tonization as well, but in a plasma with the Compton y parameter
much smaller than that of the main Comptonizing plasma, and ne-
glecting its Compton reflection (as in Frontera et al. 2001). Here, y
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which we keep equal to 0.2 keV in the fit. Also, we assume the incli-
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Figure 7. An example of the broad-band X-ray spectrum of Cyg X-1 in
the hard state (data points) (see Section 4.2). The data are fitted by a ther-
mal Comptonization and reflection model. The solid, dashed, dot–dashed
and dotted curves represent the total model, the main Comptonization com-
ponent, the soft excess (also fitted by Comptonization) and the reflection
component together with an Fe Kα fluorescence line, respectively. At low
energies, the spectrum is absorbed by interstellar and circumstellar media.
The bottom panel shows the residuals to the fit.

Figure 8. Anisotropy patterns of thermal Comptonization in a slab ob-
tained for our representative X-ray spectrum of Cyg X-1 in the hard state,
Fig. 7. The solid, dotted, dashed, dot–dashed and three-dot–dashed curves
give the photon flux integrated over the 1.5–3, 3–5, 5–12, 20–100 and
100–300 keV energy bands, respectively. The curves are normalized to

〈F〉 =
∫ 1

0
F(cos ψ)d cos ψ . The blackbody emission pattern would be rep-

resented by a diagonal straight line, whereas the anisotropy law of Case (b)
of Section 4.1 with a = −0.4 lies between the shown dependencies for 5–12
and 20–100 keV.

for the shown angular dependencies. On the other hand, the normal-
ized blackbody dependence equals F(ψ) = 2 cos ψ , which yields
less (more) emission than the normalized thermal Comptonization
dependencies at cos ψ � 0.65 (�0.65).

We now use the dependence, F(ψ), in an energy band together
with ψ(i, δ, φso) of equation (6) to fit the F(φso) observed in that
energy band, with i and δ as the fitted parameters. We use here the

Figure 9. The 90 per cent confidence contours for the inclination and the
precession angle. The solid and dot–dashed curves correspond to the joint fit
of all three ASM data and the BATSE A data, respectively. The dotted and
dashed curves show the confidence contours of the fit to the Ryle data for the
jet model with � = 1 for β = 0.3 and 0.5, respectively. The two horizontal
lines mark i = 30◦ and 45◦, approximately corresponding to the range of
the inclination of Cyg X-1 allowed by other observational constraints. The
line in the bottom right corner corresponds to i = δ, below which there is
a symmetric, i < δ, solution (ruled out for Cyg X-1 by the 30 � i � 45◦
constraint).

ASM and the BATSE data. (Since the BATSE data are given as
energy fluxes, we use the corresponding integrated energy fluxes
for them.) This yields very good fits to all the data, for example,
χ2

ν at the best fits to the ASM A, B, C data, and the joint fit for
all three detectors equal 9/17, 11/17, 13/17 and 34/57, respectively.
We have calculated the 90 per cent confidence contours for all the
data, and found that they remain in excellent mutual agreement. We
show the contours for the ASM joint fit and for the BATSE A data
in Fig. 9 by the solid and the dot–dashed curves, respectively (the
BATSE B contours are very similar to those of the BATSE A except
for extending to a somewhat higher value of δ at a given i).

This agreement provides a strong argument for the correctness
of our model of anisotropy as due to thermal Comptonization in a
geometry similar to that of a slab. Namely, we see in Table 2 that
the fractional X-ray modulation decreases monotonically with the
increasing photon energy band from 1.5 to 300 keV. In particular,
the ASM A channel shows the amplitude higher than that of the
channels B and C, and the BATSE data show the amplitudes lower
than those of the ASM. This is in excellent agreement with the
theoretical anisotropy patterns shown in Fig. 8. Namely, we see
there that the degree of anisotropy of thermal-Compton emission,
as measured by the slope of the curves, decreases monotonically
with the increasing energy (for cos ψ � 0.3, which is satisfied in all
of our fits). This effect is due to the average number of scattering
in the plasma increasing (thus leading to less anisotropic emission)
with the photon energy. This then leads to a corresponding decrease
in the relative amplitude of the precessional modulation, which is
both present in the X-ray data sets (Table 2), and is very well fitted
by our model.

On the other hand, we see the contours are very elongated, which
results from a strong correlation between i and δ in the model. The
1σ contours are only slightly smaller than the shown 90 per cent
ones, indicating that the minima of χ2 are very shallow. Therefore,
in order to constrain δ, we use the constraint of 30◦ � i � 45◦

(approximately corresponding to the constraints on i by various
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of our model of anisotropy as due to thermal Comptonization in a
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by our model.

On the other hand, we see the contours are very elongated, which
results from a strong correlation between i and δ in the model. The
1σ contours are only slightly smaller than the shown 90 per cent
ones, indicating that the minima of χ2 are very shallow. Therefore,
in order to constrain δ, we use the constraint of 30◦ � i � 45◦

(approximately corresponding to the constraints on i by various
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authors listed in Section 4.1), with the boundaries of this region
shown by the horizontal lines in Fig. 9. Then, we find 8◦ � δ � 11◦

at i = 45◦ and 17◦ � δ � 22◦ at i = 30◦. We then compare these results
with the 90 per cent confidence contours for the radio emission as
fitted with the jet model. We find that model is compatible with the
Comptonization model for the X-ray data if β = 0.3–0.5 (shown by
the dotted and dashed contours for β = 0.3 and 0.5, respectively),
but not if β = 0.7. For β = 0.3–0.5 and 30◦ � i � 45◦, the radio
data provide constraints on δ less restrictive than the X-ray data. We
show the best-fitting ASM A model and a model for the Ryle data
on the superorbital phase diagrams (see Fig. 3).

The main caveat to our results here is related to using the slab
model for Comptonization. It is unlikely that the actual X-ray
source in Cyg X-1 has exactly this geometry, and it is probably less
anisotropic. This would yield somewhat higher precession angles
than those obtained by us but it is unlikely to affect our qualitative
conclusions. Also, we have used a specific (but rather typical) single
spectrum to obtain F(ψ). However, though there is some spectral
variability in the hard state (e.g. Ibragimov et al. 2005), it is aperi-
odic and its effect will be averaged out over a number of superorbital
cycles. Thus, using this assumption is unlikely to affect significantly
our results.

5 D I S C U S S I O N A N D C O N C L U S I O N S

We have studied a general problem of how precession can affect
the observed fluxes and spectra. Apart from an obvious case of a
full or partial covering of the central source by an accretion disc
(e.g. in Her X-1, Leahy 2002), the observed flux can be modulated
if the emission pattern of the precessing source is anisotropic. We
have studied a number of likely anisotropy patterns, due to either
intrinsic anisotropy of the emission pattern in the source rest frame,
or Doppler boosting of emission isotropic in the rest frame, or ab-
sorption/scattering by a corona covering the disc. We have derived
formulae for the flux as a function of the precession phase for those
processes. In addition, we have numerically calculated the X-ray
anisotropy pattern due to thermal Comptonization and Compton
reflection in a plasma with parameters characteristic to black-hole
binaries in the hard state and assuming a slab geometry.

We have then applied these results to the superorbital modula-
tion of the 2.25–15 GHz radio and 1.5–300 keV X-ray emission of
Cyg X-1 in the hard state. We find that most models make simi-
lar predictions for the precession angle, that is, the tilt between the
disc plane and the orbital plane, of the order of δ ∼ 10◦−20◦. The
statistical quality of all the models is similar, thus, they cannot be
distinguished on the basis of their χ 2. The model with absorption
by a disc corona yields strongly anticorrelated the optical depth and
the precession angle.

Our most physical model appears to be thermal Comptonization
for the X-rays and jet Doppler boosting for the radio emission. The
joint constraint to the X-ray and radio data yields for β = 0.3 the
values of δ � 10◦, i � 47◦, and for β = 0.5, the values of 5◦ � δ �
10◦, 40◦ � i � 60◦ (see Fig. 9). If we assume 30◦ � i � 45◦ (from
other observational constraints on the inclination see Section 4.1),
we obtain 8◦ � δ � 22◦ from the X-ray data, which then implies
β ∼ 0.3–0.5 using the Ryle data. Thus, both the disc/jet preces-
sion angle and the jet velocity in Cyg X-1 appear relatively small.
We also point out that our Comptonization model also explains
and well fits the decrease in the fractional superorbital modulation
amplitude with the increasing photon energy observed in the 1.5–
300 keV X-ray emission of Cyg X-1. The decrease is explained by
the Comptonization anisotropy decreasing with the photon energy

due to the correspondingly increasing average number of scatterings
suffered by a photon before leaving the source.

Finally, it is interesting to compare our results for Cyg X-1 with
those for the well-known precessing jet source SS 433. In that case,
the jet velocity and the precession angle are very precisely deter-
mined based on the Doppler shift of spectral lines (formed in the
jets). Their values are β 	 0.265 and δ 	 21◦ (Eikenberry et al. 2001;
see Fabrika 2004 for a review). They are rather similar to those de-
termined by us for Cyg X-1. However, the disc emission is not seen
at all due to heavy obscuration, and the radio emission shows no
periodic variability on either orbital or precesssional period. This
appears to be related to the rather large inclination of SS 433 of i 	
78◦, at which the disc/jet system goes through the edge-on orienta-
tion at some point of each precessional cycle. Then, the counter jet
is seen at a lower inclination than the primary jet during a part of the
cycle, and both of them contribute comparably to the observed flux
(see Section 4.1). Also, free–free absorption of the radio emission is
of importance in that system (e.g. Fabrika 2004), which introduces
a major complication to predictions of the precessional variability
given that details of the wind geometry are unknown. On the other
hand, the precessional modulation is very significant in the X-rays
(Wen et al. 2006) emitted by the jets.

The disc/jet precession in SS 433 is probably caused by the pre-
cession of the companion star, with the rotation axis inclined with re-
spect to the orbital plane (see Fabrika 2004, and references therein).
On the other hand, this precession mechanism is unlikely in Cyg
X-1, where the orbit is strictly circular (Brocksopp et al. 1999b),
indicating that tidal forces have also brought the stellar rotation to
alignment. Then, the precession may be caused, for example, by
the gravitational force of the star acting on the inclined disc (e.g.
Larwood 1998; L06).
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Di Salvo T., Done C., Życki P. T., Burderi L., Robba N. R., 2001, ApJ, 547,

1024
Eikenberry S. S., Cameron P. B., Fierce B. W., Kull D. M., Dror D. H., Houck

J. R., Margon B., 2001, ApJ, 561, 1027
Esin A. A., Narayan R., Cui W., Grove J. E., Zhang S., 1998, ApJ, 505, 854
Fabrika S., 2004, Astrophys. Space Phys. Rev., 12, 1
Fender R. P., Pooley G. G., Durouchoux P., Tilanus R. P. J., Brocksopp C.,

2000, MNRAS, 312, 853
Frontera F. et al., 2001, ApJ, 546, 1027
Gallo E., Fender R. P., Pooley G. G., 2003, MNRAS, 344, 60
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ABSTRACT

We discover a pronounced dependence of the strength of the soft X-ray orbital modulation
and the spectral hardness in Cyg X-1 in the hard state on its superorbital phase. We find, our
results can be well modelled as a combination of two effects: the precession of the accretion
disc (which appears to cause the superorbital flux modulation) and the orbital-phase dependent
X-ray absorption in an accretion bulge, located at the accretion disc edge close to the supergiant
companion but displaced from the line connecting the stars by about 25◦. Our findings are
supported by the distribution of the X-ray dips showing concentration towards zero superorbital
phase, which corresponds to the bulge passing through the line of sight. We Fourier analyse
our model, and find it explains the previous finding of asymmetric beat (between the orbital
and superorbital modulations) frequencies in the observed power spectrum, provided the disc
precession is prograde. On the other hand, we find no statistically significant changes of
the orbital modulation with the superorbital phase in the 15-GHz radio data. This absence
is consistent with the radio being emitted by a jet in the system, in which case the orbital
modulation is caused by wind absorption far away from the disc. We also find that both the
X-ray and radio fluxes of Cyg X-1 in the hard state on time-scales �104 s have lognormal
distributions, which complements a previous finding of a lognormal flux distribution in the hard
state on ∼1-s time-scales. We point out that the lognormal character of the flux distribution
requires that flux logarithms rather than fluxes themselves should be used for averaging and
error analysis. We also provide a correct formula for the uncertainty of rms of a light curve
for the case when the uncertainty is higher than the measurement.

Key words: accretion, accretion discs – stars: individual: Cyg X-1 – stars: individual: HDE
226868 – radio continuum: stars – X-rays: binaries – X-rays: stars.

1 I N T RO D U C T I O N

A number of X-ray binaries show flux periodicities at their respec-
tive orbital period, which may be caused by a number of effects.
First, the source associated with the compact object in a binary may
be eclipsed by the companion (usually of high mass) (see e.g. a list in
Wen et al. 2006). Secondly, a flux modulation may be caused by an
optically thick disc rim (which is highest at the point of impact of the
gas stream from the inner Lagrangian point in case of a donor filling
its Roche lobe), obscuring the disc and/or its corona (e.g. White &
Swank 1999; Hellier & Mason 1989). This obscuration may lead to

�E-mail: juri.poutanen@oulu.fi (JP); aaz@camk.edu.pl (AAZ);
askar.ibragimov@oulu.fi (AI)

strong partial eclipses in so-called X-ray dippers. More generally,
the disc and any associated structures may depart from its axial sym-
metry due to the influence of the companion, which may cause an
orbital modulation. Third, wind from a high-mass companion may
absorb/scatter the emission from the vicinity of the compact object,
and the degree of absorption will depend on the orbital phase. In the
case of Cyg X-1, both X-ray and radio emission are modulated by
this effect, which modulations were modelled by, for example, Wen
et al. (1999) and Szostek & Zdziarski (2007), respectively. Fourth,
phase-dependent absorption (via photon-photon pair production) of
high-energy γ -rays may occur in a photon field axially asymmetric
with respect to the compact object, especially that of the stellar
photons (e.g. Bednarek 2006). A fifth effect of the companion is
reflection or reprocessing of the emission from around the compact
object on the surface of the companion facing the compact object.
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This effect appears to be responsible for, for example, the ultra-
violet (UV) flux modulation from the X-ray binary 4U 1820–303
(Arons & King 1993; Anderson et al. 1997). Finally, the optical/UV
emission of the companion will be modulated if its shape departs
from the spherical symmetry by partially or fully filling its Roche
lobe, which effect is seen in Cyg X-1, for example Brocksopp et al.
(1999b).

Then, there will be an intrinsic dependence of the emitted flux
on the orbital phase if the orbit is elliptical. This leads, for example
to periodic outbursts at the periastron of Cir X-1 (Parkinson et al.
2003) and Be/X-ray binaries (see, e.g. Coe 2000; Negueruela 2004
for reviews) in X-rays, and sometimes, at other wavelengths. Also,
some orbital flux modulation may be due to the Doppler effect,
which is in principle observable (Postnov & Shakura 1987), but has
not yet been detected in a binary. (Obviously, the Doppler effect
leads to widely observed shifts of spectral lines from binaries.)

In addition, a number of X-ray binaries show modulation at pe-
riods much longer than their orbital periods, so-called superorbital
periodicity, see, for example a partial list in Wen et al. (2006). In par-
ticular, Cyg X-1 shows such periodicity with the period of ∼150 d
(e.g. Brocksopp et al. 1999a; Karitskaya et al. 2001; Özdemir &
Demircan 2001; Lachowicz et al. 2006, hereafter L06; Ibragimov,
Zdziarski & Poutanen 2007, hereafter Paper I). The observed su-
perorbital variability appears in most cases compatible with being
caused by accretion disc and/or jet precession, which either results
in variable obscuration of emitted X-rays as in Her X-1 (Katz 1973),
or changes the viewing angle of the presumed anisotropic emitter,
as in SS 433 (Katz 1980) or Cyg X-1 (e.g. L06, Paper I) or both.
The only known exception, in which the superorbital periodicity is
clearly caused by modulation of the accretion rate (and thus not by a
changing viewing angle of the source), is 4U 1820–303 (Zdziarski,
Wen & Gierliński 2007a).

A number of binaries show both orbital and superorbital modu-
lations. Those currently known are LMC X-4, 2S 0114+650, SMC
X-1, Her X-1, SS 433, 4U 1820–303 and Cyg X-1. An interesting
issue then is whether there is any dependence of the parameters
of the orbital modulation on the superorbital phase (or, similarly,
on an average of the flux level). The shape of the profile of the
orbital modulation in Her X-1 was found to depend on its superor-
bital phase (Scott & Leahy 1999), which appears to be due to the
shadowing effect of the precessing accretion disc and scattering in
its wind in that system. Recently, analogous dependencies of the
shape of the orbital modulation on the average flux level have been
found in LMC X-4, SMC X-1, Her X-1, as well as in Cen X-3
(Raichur & Paul 2008). Then, Zdziarski et al. (2007b) found such a
dependence in 4U 1820–303 (of both the amplitude and the phase
of the minimum flux) and interpreted it in terms of the size of the
disc rim (partially obscuring the central source) changing with the
variable accretion rate.

In addition, there is the case of the peculiar Be/X-ray binary
LS I +61◦303, which shows orbital variability in the radio, X-ray
and TeV emission, and a superorbital variability of the peak radio
flux during an orbit (Gregory, Peracaula & Taylor 1999; Gregory
2002). Gregory (2002) found a marked dependence of the phase
of the peak of the orbital radio modulation on the superorbital
phase in LS I +61◦303. The presence of such a dependence may
be due to interaction of the pulsar in that system with a variable
circumstellar Be decretion disc (Gregory 2002; Zdziarski, Neronov
& Chernyakova 2008).

It is of considerable interest to find out whether orbital modulation
depends on the superorbital phase in Cyg X-1, the archetypical and
very well-studied black-hole system with a high-mass companion,

the OB supergiant HDE 226868 (Walborn 1973). In this work, we
study this issue and find that such dependence exists and is very
strong in soft X-rays. We then explain it theoretically in terms of
orbital-phase dependent absorption in the stellar wind interacting
with the outer accretion disc.

2 T H E L I G H T C U RV E S A N D T H E I R A NA LY S I S

2.1 Data

We use the X-ray dwell data (MJD 50087-53789, i.e. 1996 Jan-
uary 5–2006 February 23; note a misprint in the start date in Pa-
per I) obtained with three Scanning Shadow Cameras of the All-Sky
Monitor (ASM) aboard Rossi X-ray Timing Explorer (RXTE; Bradt,
Rothschild & Swank 1993; Levine et al. 1996), with the channels A,
B and C corresponding to the photon energy intervals of 1.5–3, 3–5
and 5–12 keV, respectively. We also use the corresponding 15-GHz
radio data from the Ryle Telescope of the Mullard Radio Astron-
omy Observatory (see, e.g. Pooley, Fender & Brocksopp 1999; L06
for earlier analyses of the observations of Cyg X-1).

Because Cyg X-1 is a highly variable source and the effects we
search for are rather weak, we need to select accurately a homoge-
neous set of data. For most of the analysis in the paper, we use the
data corresponding to the hard spectral state following the criteria
defined in section 2 of Paper I. We require the average photon spec-
tral index derived from the RXTE/ASM fluxes to be < 2.1 (Zdziarski
et al. 2002), and additionally we exclude hard-state intervals with
high X-ray variability, namely we include only those 30-d intervals
of the ASM data where <40 per cent of points exceed by 4σ the
average flux in the reference interval MJD 50660–50990. This has
resulted in considering the following time intervals: MJD 50350–
50590, 50660–50995, 51025–51400, 51640–51840, 51960–52100,
52565–52770, 52880–52975, 53115-53174 and 53554–53690 (see
fig. 1 in Paper I).

2.2 Mean fluxes and variance

We generally follow the method of analysing light curves described
in Paper I, but with some modifications necessitated by the scientific
goal of the present work. We use the orbital ephemeris of Brocksopp
et al. (1999b) and the superorbital ephemeris of L06, see equations
(1) and (4), respectively, in Paper I. We use the values of the orbital
and superorbital periods of P = 5.599829 d and Psup = 151.43 d,
respectively. We first divide an analysed light curve into bins with
the length of P/20. Then, we average all points falling into a given
bin weighted by the inverse squares of their measurement errors,
obtaining the binned light curve, Fi . In this way, we avoid any
contribution to our folded/averaged light curves from the source
variability on time-scales shorter than that corresponding to the
length of our chosen phase bin (see Paper I). Note that unlike the
method in Paper I, we do not pre-whiten the light curves, that is, do
not subtract variability at one period in order to detect more clearly
variability at another period.

We have then looked into statistical properties of our distribu-
tions. We plot histograms of the fluxes for the ASM and Ryle data
in Fig. 1. We see that each of the histograms follows a lognormal
distribution and it is completely inconsistent with a normal one.
Our finding of the lognormal form of the variability of Cyg X-1 in
the hard state on long time-scales (∼1/10-d to yr) in both X-rays
and radio is supplemental to that of Uttley, McHardy & Vaughan
(2005), who found the same type of distribution in X-rays on short
time-scales, ∼0.1–10 s, also in the hard state. This form of the flux
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Figure 1. (a) The histogram of the count rates (dwell-by-dwell data) ob-
served from Cyg X-1 for the ASM A, B and C detector channels. (b)
Distribution of the HRs B/A, C/B and C/A. (c) Distribution of the flux in the
Ryle data. The flux units for the ASM and Ryle data are count s−1 and Jy,
respectively. The solid curves give the best-fitting lognormal distributions.

distribution has important implications for calculating flux aver-
ages and the intrinsic dispersion, that is the standard deviation in
the data. Namely, the standard-deviation error estimate based on the
rms, namely

σ 2 =
∑N

i=1 (xi − x̄)2

N (N − 1)
, (1)

provides an unbiased estimate of the true standard-deviation error of
the average of xi only if the distribution of xi is normal (Bevington
& Robinson 1992). Therefore, for the purpose of calculating the av-
erages and the rms standard deviations for our light curves, we have
converted the count rates or fluxes in our binned light curves, Fi ,
into its logarithm, Gi = ln Fi , with Gi having now the distributions
close to normal.

We then separate the light curves binned based on the orbital
phase into superorbital phase bins of the length of Psup/8, with the
mid-point of the first and the fifth bin at � = 0 and 0.5, respectively.
Here, either the orbital phase, φ, or superorbital phase, �, is defined
in the 0–1 interval, and zero corresponds to the flux minimum as
defined by the respective ephemeris. Then, we calculate folded and
averaged profiles (of Gi = ln Fi) of the orbital modulation within
each superorbital phase bin, that is

Gjk =
∑

i∈(j,k) Gi

Ijk

, (2)

where i ∈ (j, k) counts over all points, i, falling into a given super-
orbital bin, j, and the orbital bin, k, and Ijk is the number of such
points. We estimate the error of this average using equation (1), that
is

σ 2
jk =

∑
i∈(j,k)

(
Gi − Gjk

)2

Ijk(Ijk − 1)
. (3)

Note that this error estimate accounts for both the aperiodic vari-
ability of the source, that is intrinsic dispersion of individual fluxes
contributing to a given orbital/superorbital bin (usually dominat-
ing), and the dispersion due to measurement errors. Also, since we
use logarithms, σjk represents a fractional error (and should not be
divided by Gjk).

The average and the average-square error in a given superorbital
bin are,

Ḡj =
∑K

k=1 Gjk

K
, σ̄ 2

j =
∑K

k=1 σ 2
jk

K
, (4)

respectively, where K = 20 is the number of orbital bins.
We need to characterize the strength of a given modulation. One

way of doing it without making any assumption about its shape is to
measure the fractional rms of a given orbital modulation profile. To
do it, we calculate the unweighted rms variance and then subtract
from it the rms variance due to the uncertainties of the individual
points, which is so-called excess variance (see e.g. Edelson et al.
2002),

S2
j =

∑K

k=1

(
Gjk − Ḡj

)2

K − 1
− σ̄ 2

j . (5)

Note that the variance difference above can be negative if the in-
trinsic variability is comparable or weaker than the measurement
uncertainties. If this happens, we set this excess variance to zero.
We again point out that Sj represent already the fractional rms, that
is, it should not be further divided by Ḡj (which may be zero or
negative). Then, we calculate the standard deviation of the above
excess variance, �S2

j , following equation (11) of Vaughan et al.
(2003), hereafter V03,
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σ̄ 2
j

(
1 + 2S2

j

σ̄ 2
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)1/2

. (6)

We note that the transformation of �S2
j into �Sj is not trivial. V03

have done it using the standard differential propagation of errors,
obtaining their equations (B2) and (B3), which, however, we find
not generally correct. Namely, the assumption behind using deriva-
tives in propagating errors is that the uncertainty is much lower than
the estimated quantity. This is often not the case for the excess vari-
ance, which can be null for either weak intrinsic variability or mea-
surement errors comparable with that variability, see equation (5),
whereas its uncertainty is always >0. Then, the error-propagation
formula used by V03, �Sj = �S2

j /(dS2
j /dSj ) (using our notation),

obviously fails, leading to infinite uncertainties. The cause for that
is the failure of the assumption of �S2

j � S2
j . To account for that,

we calculate the uncertainty on the rms without that assumption,
that is directly from the definition of the 1σ uncertainty range as
S2

j ± �S2
j ,

�Sj = (
S2

j + �S2
j

)1/2 − Sj . (7)

Here, we have chosen the upper error, which is larger than the
lower one, and which is the only one possible for S2

j < �S2
j . For

�S2
j � S2

j , this becomes the usual �Sj � �S2
j /(2Sj ) (as in V03),

which equals �Sj � σ̄j /K
1/2. On the other hand, for �S2

j � S2
j , the

result is �Sj � (�S2
j )1/2, which should be used to correct the upper

part of equation (B3) in V03, and which equals �Sj � (2/K)1/4σ̄j

(in our notation). Hereafter, we use equation (7) to estimate the rms
uncertainty.

Note that the above uncertainty estimates are due to the measure-
ment errors only, and they do not account for the long-term, red-
noise, variability of the source properties (V03). This is a correct
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Figure 1. (a) The histogram of the count rates (dwell-by-dwell data) ob-
served from Cyg X-1 for the ASM A, B and C detector channels. (b)
Distribution of the HRs B/A, C/B and C/A. (c) Distribution of the flux in the
Ryle data. The flux units for the ASM and Ryle data are count s−1 and Jy,
respectively. The solid curves give the best-fitting lognormal distributions.
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)2

K − 1
− σ̄ 2

j . (5)

Note that the variance difference above can be negative if the in-
trinsic variability is comparable or weaker than the measurement
uncertainties. If this happens, we set this excess variance to zero.
We again point out that Sj represent already the fractional rms, that
is, it should not be further divided by Ḡj (which may be zero or
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(in our notation). Hereafter, we use equation (7) to estimate the rms
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Note that the above uncertainty estimates are due to the measure-
ment errors only, and they do not account for the long-term, red-
noise, variability of the source properties (V03). This is a correct

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 389, 1427–1438



1430 J. Poutanen, A. A. Zdziarski and A. Ibragimov

procedure for our sample containing most of the currently available
ASM data, for which we are interested in their actual properties,
and are not hypothesizing about their behaviour over time-scales
�10 yr.

2.3 Hardness ratio

We also would like to analyse the spectral variability of Cyg X-1
with orbital and superorbital phase. A useful measure of the spec-
tral shape is the hardness ratio (HR) of the fluxes in various chan-
nels, which can be computed in a number of ways. The obvious
one is to use already available mean fluxes and construct their ra-
tio. This procedure, however, does not account for short-time-scale
spectral variability. The HR can also be computed for each obser-
vation (dwell) and then the mean can be obtained. However, we
have already seen that fluxes follow the lognormal distribution, and
therefore expect that their ratio could also be distributed in such a
way. Indeed, Fig. 1(b) demonstrates that the logarithm of HR have
distributions close to normal. Therefore, for the unbiased estima-
tion of the mean HR and its error, we take the logarithm of HR
for each observation (using fluxes that are not pre-averaged within
the P/20 bins) and average them within selected orbital and su-
perorbital phase bins. We also note that the mean HR is computed
without weighting the individual HRs according to their errors,
because the error is systematically larger for harder spectra (as a
result of a smaller flux in lower energy channels), and therefore ac-
counting for errors would result in a strongly biased estimate of the
mean.

3 ST R E N G T H O F T H E O R B I TA L

MOD ULATION VERSU S THE SUPERORBITAL

PHASE

The folded and averaged profiles of the orbital modulation for the
ASM A data are shown in Fig. 2. We can see that the orbital mod-

Figure 2. Profiles of the orbital modulation of the ASM A (1.5–3 keV, lower crosses) and C (5–12 keV, upper crosses) data at eight superorbital phase bins.
The bin number and the phase of the bin centre are given on each panel. Note that the minimum and maximum modulation are offset from the 0 and 0.5 phase,
and appear instead close to � = 0.125 and 0.625, respectively. The unit of F is count s−1. The solid curves give the best-fitting theoretical outflow model
(model 8 in Table 1) described in Section 5, which involves the absorption in the isotropic stellar wind as well as in the bulge situated at the disc edge. The
dashed curves shows the model component due to the wind only.

ulation is variable, for example it appears to be the weakest at the
superorbital phase � = 0.625. However, there is also a fair amount
of statistical noise, and the results of this figure need to be quantized.
We can see here that the orbital modulation profiles are character-
ized by rather narrow minima, and thus would not be well fitted by
a smooth function, for example a sinusoid. Thus, we first calculate
the rms of each dependence to characterize its strength, following
the method of Section 2.

Fig. 3(a) shows the superorbital phase diagram for the ASM A
channel. We can see the highly significant flux modulation with the
superorbital period (cf. L06, Paper I). We also see that the minimum
of the superorbital cycle is clearly offset from the ephemeris of L06
by �� � 0.1 (which was based on ∼30 yr of data compared to 10 yr
analysed by us). The crosses in Fig. 3(b) show the corresponding
rms dependence. We very clearly see a strong dependence of the
rms on �, with the rms being anticorrelated with the flux. It also
appears that some phase lag, �0.1, of the maximum of the rms with
respect to the minimum of the flux is present.

Fig. 3(c) shows the results for all three ASM channels. The orbital
modulation, due to bound-free absorption, is strongest in the 1.5–
3 keV range and weakest in the 5–12 keV range (Wen et al. 1999;
L06). Consequently, the statistical significance of the dependence
on � decreases with the energy.

In order to test the robustness of our finding of the depen-
dence of the strength of the orbital modulation on �, we have
also calculated the rms for the ASM A taking into account the
weights due to uncertainties of the individual points in the or-
bital phase diagrams (see Zdziarski et al. 2004). This alternative
method gives only negligible differences with respect to the origi-
nal one, and thus we do not show its results. Then, we have fitted
the ASM A orbital modulation profiles with a sum of three sinu-
soidal harmonics, see equation (2) in Paper I, and calculated both
the amplitude, (Fmax − Fmin)/(Fmax + Fmin), and the rms for it. In
this way, we largely avoid contributions to the rms from residual
aperiodic variability. The results are shown in Fig. 3(b). We see
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and appear instead close to � = 0.125 and 0.625, respectively. The unit of F is count s−1. The solid curves give the best-fitting theoretical outflow model
(model 8 in Table 1) described in Section 5, which involves the absorption in the isotropic stellar wind as well as in the bulge situated at the disc edge. The
dashed curves shows the model component due to the wind only.

ulation is variable, for example it appears to be the weakest at the
superorbital phase � = 0.625. However, there is also a fair amount
of statistical noise, and the results of this figure need to be quantized.
We can see here that the orbital modulation profiles are character-
ized by rather narrow minima, and thus would not be well fitted by
a smooth function, for example a sinusoid. Thus, we first calculate
the rms of each dependence to characterize its strength, following
the method of Section 2.

Fig. 3(a) shows the superorbital phase diagram for the ASM A
channel. We can see the highly significant flux modulation with the
superorbital period (cf. L06, Paper I). We also see that the minimum
of the superorbital cycle is clearly offset from the ephemeris of L06
by �� � 0.1 (which was based on ∼30 yr of data compared to 10 yr
analysed by us). The crosses in Fig. 3(b) show the corresponding
rms dependence. We very clearly see a strong dependence of the
rms on �, with the rms being anticorrelated with the flux. It also
appears that some phase lag, �0.1, of the maximum of the rms with
respect to the minimum of the flux is present.

Fig. 3(c) shows the results for all three ASM channels. The orbital
modulation, due to bound-free absorption, is strongest in the 1.5–
3 keV range and weakest in the 5–12 keV range (Wen et al. 1999;
L06). Consequently, the statistical significance of the dependence
on � decreases with the energy.

In order to test the robustness of our finding of the depen-
dence of the strength of the orbital modulation on �, we have
also calculated the rms for the ASM A taking into account the
weights due to uncertainties of the individual points in the or-
bital phase diagrams (see Zdziarski et al. 2004). This alternative
method gives only negligible differences with respect to the origi-
nal one, and thus we do not show its results. Then, we have fitted
the ASM A orbital modulation profiles with a sum of three sinu-
soidal harmonics, see equation (2) in Paper I, and calculated both
the amplitude, (Fmax − Fmin)/(Fmax + Fmin), and the rms for it. In
this way, we largely avoid contributions to the rms from residual
aperiodic variability. The results are shown in Fig. 3(b). We see
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Figure 3. (a) The superorbital phase diagram for the ASM A channel. The
unit of F is count s−1. (b) Comparison of the characterization of the ASM
A rms dependence using different methods. The crosses are the intrinsic
rms, S, of the orbital modulation as a function of the superorbital phase.
The solid histogram gives the amplitude of the orbital variability as fitted
by sum of three harmonics, see Section 3. The dashed histogram gives the
corresponding rms for the fitting functions. The solid curves in panels (a)
and (b) show the dependencies for the theoretical outflow model (model 5 in
Table 1). (c) The dependencies of the intrinsic rms of the orbital modulation
on the superorbital phase for three ASM channels. The crosses with filled
circles, open triangles and open squares correspond to the channels A, B
and C, respectively.

that the values of the rms of the fitted functions are very similar
to that calculated directly from the data in Fig. 2. On the other
hand, the amplitude (which is sensitive only to the extremes of the
fitted function) is larger than the rms simply due to their different
definitions. The amplitude also shows a strong dependence of the
superorbital phase similar in shape to that of the rms; however, it
appears consistent with no phase shift with respect to the flux profile
(Fig. 3a).

We have then searched for a similar effect in the Ryle 15 GHz
data. We have found, however, that no apparent dependence is seen,
and the �-dependent orbital modulation profiles look all similar,
and consistent with the average orbital modulation (see fig. 4 in
L06). Thus, we show here, in Fig. 4, only the results of calculating
the rms of the orbital modulation as a function of �. In Fig. 4(b),
we see that the strength of the orbital modulation is consistent with
being constant, though we cannot rule out some dependence hidden
in the statistical noise. We have also checked that the 2.25 and
8.30 GHz data from the Green Bank Interferometer (see
L06; Paper I) also do not show any statistically significant
dependencies.

Figure 4. (a) The superorbital phase diagram for the Ryle 15 GHz data. The
unit of F is Jy. (b) The dependence of the intrinsic rms of the 15 GHz orbital
modulation on the superorbital phase, consistent with being constant.

4 SP EC TRAL VARI ABI LI TY

4.1 Hardness ratio

The X-ray modulations can also be tracked through the HR. The
largest and easily detectable variability is shown by the ratio of
count rates in ASM channels C and A (C/A). Fig. 5 presents the
dependence of the mean C/A (computed from the logarithm of
the ratio, see Section 2.3) on orbital and superorbital phases. We
see a strong peak at orbital phase φ ∼ 0, which can be explained
by absorption in the nearly isotropic wind (see Wen et al. 1999).
The dependence of C/A on the superorbital phase also shows a
very significant hardening around � ∼ 0. The two-dimensional
dependencies on φ and � demonstrate a plateau with C/A ≈
1.4, a significant increase in hardness around φ = 0.0±0.2, and two
peaks at superorbital phase � ∼ −0.1 and 0.1, which significance
is not certain. Other HRs C/B and B/A show similar behaviour, but
of smaller amplitude.

4.2 X-ray dips

X-ray dips, which are believed to result from absorption in blobs in
the stellar wind, are characterized by significant drop in the count
rate (see e.g. Bałucińska-Church et al. 2000, hereafter BC00; Feng
& Cui 2002). However, most markedly they manifest themselves
by spectral hardening (BC00). It is of interest to study their distri-
bution over the orbital and superorbital phase and to compare these
distribution to the corresponding dependencies of the HR.

In order to define the dips, we use the ratio of the ASM count
rates in channels B and A, B/A (HR1 in BC00), and the analo-
gous C to B ratio, C/B (HR2 in BC00). We then use the crite-
ria of B/A >2 or C/B > 2.5, which is the same as that of BC00
(in spite of their statement that they used both criteria simultane-
ously; M. Bałucińska-Church, private communication). With the
present ASM calibration, we found only 56 dips satisfying both
criteria in the ASM data used by us. The cause for almost no dips
with both hardnesses large appears to be caused by the dip ab-
sorption being partial, that is with some small fraction of the flux
remaining unabsorbed, see fig. 4 of BC00. Then, at a relatively low
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The dependence of C/A on the superorbital phase also shows a
very significant hardening around � ∼ 0. The two-dimensional
dependencies on φ and � demonstrate a plateau with C/A ≈
1.4, a significant increase in hardness around φ = 0.0±0.2, and two
peaks at superorbital phase � ∼ −0.1 and 0.1, which significance
is not certain. Other HRs C/B and B/A show similar behaviour, but
of smaller amplitude.

4.2 X-ray dips

X-ray dips, which are believed to result from absorption in blobs in
the stellar wind, are characterized by significant drop in the count
rate (see e.g. Bałucińska-Church et al. 2000, hereafter BC00; Feng
& Cui 2002). However, most markedly they manifest themselves
by spectral hardening (BC00). It is of interest to study their distri-
bution over the orbital and superorbital phase and to compare these
distribution to the corresponding dependencies of the HR.

In order to define the dips, we use the ratio of the ASM count
rates in channels B and A, B/A (HR1 in BC00), and the analo-
gous C to B ratio, C/B (HR2 in BC00). We then use the crite-
ria of B/A >2 or C/B > 2.5, which is the same as that of BC00
(in spite of their statement that they used both criteria simultane-
ously; M. Bałucińska-Church, private communication). With the
present ASM calibration, we found only 56 dips satisfying both
criteria in the ASM data used by us. The cause for almost no dips
with both hardnesses large appears to be caused by the dip ab-
sorption being partial, that is with some small fraction of the flux
remaining unabsorbed, see fig. 4 of BC00. Then, at a relatively low
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Figure 5. The mean HR in the ASM channels C and A in the hard state as
a function of the (a) orbital and (b) superorbital phase. (c) Contour plot of
the smoothed distribution of the HR C/A over the orbital and superorbital
phases.

absorbing column, the flux in the A channel is reduced but the B
and C channels are only weakly affected, so this case yields a B/A
ratio increase but not C/B. On the other hand, at a column yielding
a substantial reduction of the B flux, the C/B ratio increases, but
the absorbed flux in the A channel is so low that it is dominated by
the constant unabsorbed component, which results in no substantial
increase of the B/A hardness.

In the hard-state data, we have found 1151 dips (814 with B/A >2
and 387 with C/B > 2.5) among 31211 observations, while in the
whole 10-yr data set without any selection we have found 1336 X-
ray dips (995 with B/A >2 and 437 with C/B > 2.5) among 60127
independent observations. Thus, most of the dips happen during
the hard state. This is expected because the spectral softening and
increase of the luminosity in the soft state strongly increase the
ionization level of the wind, which results in a weaker photoelectric
absorption (BC00; Wen et al. 1999). This also strongly confirms the
accuracy of our criterion defining the hard state.

Fig. 6(a) shows the distribution of the dips over the orbital phase
renormalized to the number of ASM observations in each bin. Figure
looks relatively similar to Fig. 5 in BC00 (based on ∼2 yr of the
data, that is five times less than in our data set). The peak is at

Figure 6. The distribution of X-ray dips over (a) orbital and (b) superorbital
phase corrected for the coverage. The solid histogram is the hard state studied
by us, while the dashed histogram is for the entire ASM data set. The fraction
scale corresponds to the solid histograms. (c) Contour plot of the smoothed
distribution of all X-ray dips over the orbital and superorbital phases.

φ � 0, and it is relatively symmetric, especially for the hard-state
data only. We have also checked that the distributions of the dips
selected separately in the B/A and C/B look very similar. On the
other hand, the additional peak at φ � 0.6 claimed by BC00 is
not found by us, and appears to be due to a statistical fluctuation
in the previous data set. Indeed, the total number of counts in the
three bins forming that excess was 34, whereas the continuum level
(i.e, without the excess) in those three bins corresponds to about 25.
Thus, the excess corresponds to only ∼1.5σ in the Poisson statistics.
The existence of the feature at φ � 0.6 is also not supported by the
dependence of the HR, which shows no signs of spectral hardening
at this phase [see Fig. 5(a) and (c)].

Then, we have studied the distribution of the X-ray dips over
the superorbital phase. The results are shown in Fig. 6(b). We see
a maximum around � � 0.05–0.1, which is consistent with the
position of the flux minimum [see Fig. 3(a)]. The distribution is
clearly asymmetric relative to the peak, with a slower rise and faster
decline, and it looks like the inverted flux (i.e. − ln F ) of Fig. 3(a).

Then, the two-dimensional distribution of the dips in φ and � is
shown in Fig. 6(c). We see that most of the dips that give rise to the
peak in the orbital phase distribution around φ � 0.0 ± 0.2 happen
around the superorbital phase of � � 0.1 ± 0.2. (The statistical
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Figure 5. The mean HR in the ASM channels C and A in the hard state as
a function of the (a) orbital and (b) superorbital phase. (c) Contour plot of
the smoothed distribution of the HR C/A over the orbital and superorbital
phases.

absorbing column, the flux in the A channel is reduced but the B
and C channels are only weakly affected, so this case yields a B/A
ratio increase but not C/B. On the other hand, at a column yielding
a substantial reduction of the B flux, the C/B ratio increases, but
the absorbed flux in the A channel is so low that it is dominated by
the constant unabsorbed component, which results in no substantial
increase of the B/A hardness.

In the hard-state data, we have found 1151 dips (814 with B/A >2
and 387 with C/B > 2.5) among 31211 observations, while in the
whole 10-yr data set without any selection we have found 1336 X-
ray dips (995 with B/A >2 and 437 with C/B > 2.5) among 60127
independent observations. Thus, most of the dips happen during
the hard state. This is expected because the spectral softening and
increase of the luminosity in the soft state strongly increase the
ionization level of the wind, which results in a weaker photoelectric
absorption (BC00; Wen et al. 1999). This also strongly confirms the
accuracy of our criterion defining the hard state.

Fig. 6(a) shows the distribution of the dips over the orbital phase
renormalized to the number of ASM observations in each bin. Figure
looks relatively similar to Fig. 5 in BC00 (based on ∼2 yr of the
data, that is five times less than in our data set). The peak is at

Figure 6. The distribution of X-ray dips over (a) orbital and (b) superorbital
phase corrected for the coverage. The solid histogram is the hard state studied
by us, while the dashed histogram is for the entire ASM data set. The fraction
scale corresponds to the solid histograms. (c) Contour plot of the smoothed
distribution of all X-ray dips over the orbital and superorbital phases.

φ � 0, and it is relatively symmetric, especially for the hard-state
data only. We have also checked that the distributions of the dips
selected separately in the B/A and C/B look very similar. On the
other hand, the additional peak at φ � 0.6 claimed by BC00 is
not found by us, and appears to be due to a statistical fluctuation
in the previous data set. Indeed, the total number of counts in the
three bins forming that excess was 34, whereas the continuum level
(i.e, without the excess) in those three bins corresponds to about 25.
Thus, the excess corresponds to only ∼1.5σ in the Poisson statistics.
The existence of the feature at φ � 0.6 is also not supported by the
dependence of the HR, which shows no signs of spectral hardening
at this phase [see Fig. 5(a) and (c)].

Then, we have studied the distribution of the X-ray dips over
the superorbital phase. The results are shown in Fig. 6(b). We see
a maximum around � � 0.05–0.1, which is consistent with the
position of the flux minimum [see Fig. 3(a)]. The distribution is
clearly asymmetric relative to the peak, with a slower rise and faster
decline, and it looks like the inverted flux (i.e. − ln F ) of Fig. 3(a).

Then, the two-dimensional distribution of the dips in φ and � is
shown in Fig. 6(c). We see that most of the dips that give rise to the
peak in the orbital phase distribution around φ � 0.0 ± 0.2 happen
around the superorbital phase of � � 0.1 ± 0.2. (The statistical
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significance of the presence of two, rather than one, separate peaks
there is rather low, ∼2σ .) The distributions of the dips resemble
strongly that of the HR, which is natural because the dips just
represent a tail of the HR distribution.

5 T H E O R E T I C A L I N T E R P R E TAT I O N

5.1 Wind geometry in Cyg X-1

Let us first summarize our findings. In the radio, we see no modu-
lation of the orbital variability with the superorbital phase, while in
the X-rays such a modulation is visible. In addition to the previously
known spectral hardening at orbital phase φ ∼ 0 (visible in the HR
and distribution of the X-ray dips), we find a significant increase in
the HR around superorbital phase � = 0. This effect can be tracked
in the dependence of the HR as well as the distribution of the X-ray
dips.

Our interpretation of the observed dependencies is as follows.
The absence of statistically significant superorbital dependence of
the orbital modulation of the 15-GHz radio emission is consistent
with the radio being emitted by a jet in the system, in which case
the orbital modulation is caused by wind absorption far away from
the disc (Szostek & Zdziarski 2007). For the X-rays, the situation
is more complicated.

The X-ray orbital modulation is due to variable absorption by the
wind of the X-rays emitted close to the disc centre. The absorption
can be separated into two components. One is independent of the
superorbital modulation, and is due to absorption in the part of the
wind steady in the comoving frame, as usually assumed. The other
component is due to the part of the flow feeding the outer edge of
the disc, and thus forming a bulge.

In Cyg X-1 system, though the OB star does not fill completely
the Roche lobe, the wind density is enhanced inside the Roche lobe,
which is an analog of the Roche lobe overflow but by the wind. Such
a focused wind (Friend & Castor 1982; Gies & Bolton 1986b) in
some way forms the accretion disc, known to exist in the system. The
main argument for the existence of the disc is an overall similarity
of the X-ray spectra and timing properties of Cyg X-1 to those of
low-mass X-ray binaries, in which case accretion has to form a disc
(see, e.g. Zdziarski & Gierliński 2004). The disc formation, most
likely, leads to a condensation of the wind matter near the disc outer
edge on the side of the companion in the form of a bulge, similar
to the disc bulge inferred to be present in low-mass X-ray binaries,
for example White & Holt (1982), White & Swank (1999), Parmar
& White (1988), Hellier & Mason (1989), as illustrated in Fig. 7.
On the other hand, the bulge can also be formed (see, e.g. Boroson
et al. 2001) by a shock wave in the wind when it encounters the
gravity of the companion, the disc, or a wind from the disc, which is
also likely to be present. In any case, when the fast, >1000 km s−1,
wind is stopped, the density increases dramatically. A fraction of the
focused wind might pass the black hole and be visible as additional
absorption at orbital phase φ ∼ 0.5, however, we find no evidence
for that in the X-ray data.

An issue in the above scenario is the position of the bulge rel-
ative to the line connecting the stars. Consider the accretion pro-
cess in the corotating frame of the binary. In the case of low-mass
X-ray binaries, the accretion stream leaves the L1 point with a small
velocity and, being deflected by the Coriolis force, hits the disc (with
the outer edge defined by the stream orbital angular momentum) at
an azimuthal angle φb ∼ 60◦, which is measured from the line con-
necting the stars with the origin at the compact object [see Fig. 7(c)
and the entry for φh − 180◦ in table 2 in Lubow & Shu 1975]. For

Figure 7. A drawing illustrating the effect of a bulge at the outer edge of
a precessing inclined disc. The material in the bulge absorbs some of the
X-ray emission originating close to the disc centre. The orbital modulation
due to the bulge is seen to strongly depend on the superorbital phase. In
addition, there will also be orbital modulation due to the direct wind from
the supergiant, not shown here for clarity. The elongation of the supergiant,
almost filling its Roche lobe, is not shown here. A view along the orbital
plane: (a) the superorbital phase of zero, when the disc is seen closest to
edge-on and the effect of the bulge is strongest; (b) the opposite case of the
superorbital phase of 0.5. (c) A view from the top, with the arrow showing
the direction of the observer. The angle φb gives the azimuthal displacement
of the bulge centre relative to the line connecting the stars, and it is >0 in
the case shown here. The maximum of the absorption corresponds then to
φ = −φb. This view is for any value of � except for the shown orientation
of the elliptical image of the disc, which corresponds to � = 0 or 0.5.

the mass-ratio in Cyg X-1, q = MBH/MC = 0.36 ± 0.05 (Gies
et al. 2003), the gas freely falling from L1 point would hit the disc
at φb ∼ 70◦. However, these considerations neglect the radiative
acceleration of the stream as well as the diffusive spreading of the
accretion disc and therefore its potentially much larger size, with
both effects significantly reducing φb.

An additional complexity is brought by a possibility of the non-
synchronous rotation of the companion in high-mass systems. For
example, a slower stellar rotation allows the wind to be launched
with a non-zero angular momentum in the corotating frame and
leads to the increase of φb, while the opposite is true for the faster
rotation. The rotation of the companion in Cyg X-1 is compatible
with corotation (Gies & Bolton 1986a), and therefore probably does
not affect much the gas kinematics. Then, if we measure this angle,
φb, in units of the 0–1 orbital phase, absorption of the X-ray emission
in the bulge will peak at the orbital phase of φ � 1 − φb. Indeed,
the typical phase of major X-ray dips in low-mass X-ray binaries
is �0.8–0.9 (Parmar & White 1988). Some other high-mass X-ray
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significance of the presence of two, rather than one, separate peaks
there is rather low, ∼2σ .) The distributions of the dips resemble
strongly that of the HR, which is natural because the dips just
represent a tail of the HR distribution.

5 T H E O R E T I C A L I N T E R P R E TAT I O N

5.1 Wind geometry in Cyg X-1

Let us first summarize our findings. In the radio, we see no modu-
lation of the orbital variability with the superorbital phase, while in
the X-rays such a modulation is visible. In addition to the previously
known spectral hardening at orbital phase φ ∼ 0 (visible in the HR
and distribution of the X-ray dips), we find a significant increase in
the HR around superorbital phase � = 0. This effect can be tracked
in the dependence of the HR as well as the distribution of the X-ray
dips.

Our interpretation of the observed dependencies is as follows.
The absence of statistically significant superorbital dependence of
the orbital modulation of the 15-GHz radio emission is consistent
with the radio being emitted by a jet in the system, in which case
the orbital modulation is caused by wind absorption far away from
the disc (Szostek & Zdziarski 2007). For the X-rays, the situation
is more complicated.

The X-ray orbital modulation is due to variable absorption by the
wind of the X-rays emitted close to the disc centre. The absorption
can be separated into two components. One is independent of the
superorbital modulation, and is due to absorption in the part of the
wind steady in the comoving frame, as usually assumed. The other
component is due to the part of the flow feeding the outer edge of
the disc, and thus forming a bulge.

In Cyg X-1 system, though the OB star does not fill completely
the Roche lobe, the wind density is enhanced inside the Roche lobe,
which is an analog of the Roche lobe overflow but by the wind. Such
a focused wind (Friend & Castor 1982; Gies & Bolton 1986b) in
some way forms the accretion disc, known to exist in the system. The
main argument for the existence of the disc is an overall similarity
of the X-ray spectra and timing properties of Cyg X-1 to those of
low-mass X-ray binaries, in which case accretion has to form a disc
(see, e.g. Zdziarski & Gierliński 2004). The disc formation, most
likely, leads to a condensation of the wind matter near the disc outer
edge on the side of the companion in the form of a bulge, similar
to the disc bulge inferred to be present in low-mass X-ray binaries,
for example White & Holt (1982), White & Swank (1999), Parmar
& White (1988), Hellier & Mason (1989), as illustrated in Fig. 7.
On the other hand, the bulge can also be formed (see, e.g. Boroson
et al. 2001) by a shock wave in the wind when it encounters the
gravity of the companion, the disc, or a wind from the disc, which is
also likely to be present. In any case, when the fast, >1000 km s−1,
wind is stopped, the density increases dramatically. A fraction of the
focused wind might pass the black hole and be visible as additional
absorption at orbital phase φ ∼ 0.5, however, we find no evidence
for that in the X-ray data.

An issue in the above scenario is the position of the bulge rel-
ative to the line connecting the stars. Consider the accretion pro-
cess in the corotating frame of the binary. In the case of low-mass
X-ray binaries, the accretion stream leaves the L1 point with a small
velocity and, being deflected by the Coriolis force, hits the disc (with
the outer edge defined by the stream orbital angular momentum) at
an azimuthal angle φb ∼ 60◦, which is measured from the line con-
necting the stars with the origin at the compact object [see Fig. 7(c)
and the entry for φh − 180◦ in table 2 in Lubow & Shu 1975]. For

Figure 7. A drawing illustrating the effect of a bulge at the outer edge of
a precessing inclined disc. The material in the bulge absorbs some of the
X-ray emission originating close to the disc centre. The orbital modulation
due to the bulge is seen to strongly depend on the superorbital phase. In
addition, there will also be orbital modulation due to the direct wind from
the supergiant, not shown here for clarity. The elongation of the supergiant,
almost filling its Roche lobe, is not shown here. A view along the orbital
plane: (a) the superorbital phase of zero, when the disc is seen closest to
edge-on and the effect of the bulge is strongest; (b) the opposite case of the
superorbital phase of 0.5. (c) A view from the top, with the arrow showing
the direction of the observer. The angle φb gives the azimuthal displacement
of the bulge centre relative to the line connecting the stars, and it is >0 in
the case shown here. The maximum of the absorption corresponds then to
φ = −φb. This view is for any value of � except for the shown orientation
of the elliptical image of the disc, which corresponds to � = 0 or 0.5.

the mass-ratio in Cyg X-1, q = MBH/MC = 0.36 ± 0.05 (Gies
et al. 2003), the gas freely falling from L1 point would hit the disc
at φb ∼ 70◦. However, these considerations neglect the radiative
acceleration of the stream as well as the diffusive spreading of the
accretion disc and therefore its potentially much larger size, with
both effects significantly reducing φb.

An additional complexity is brought by a possibility of the non-
synchronous rotation of the companion in high-mass systems. For
example, a slower stellar rotation allows the wind to be launched
with a non-zero angular momentum in the corotating frame and
leads to the increase of φb, while the opposite is true for the faster
rotation. The rotation of the companion in Cyg X-1 is compatible
with corotation (Gies & Bolton 1986a), and therefore probably does
not affect much the gas kinematics. Then, if we measure this angle,
φb, in units of the 0–1 orbital phase, absorption of the X-ray emission
in the bulge will peak at the orbital phase of φ � 1 − φb. Indeed,
the typical phase of major X-ray dips in low-mass X-ray binaries
is �0.8–0.9 (Parmar & White 1988). Some other high-mass X-ray
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binaries show dips at φ � 0.8–0.9, also thought to be caused by the
accretion stream passing through the line of sight (Boroson et al.
2001 and references therein).

A crucial further complication in Cyg X-1 is that the disc is
inclined with respect to the binary plane and thus precesses. The
precession causes changes of the position of the bulge with respect
to the line of sight. During a single binary revolution, the bulge
moves up and down, while the inclination of the disc remains ap-
proximately constant (since Psup � P ), see Figs 7(a) and (b). At
� close to zero, we see the disc at the highest angle, that is most
edge-on. The displacement of the bulge centre φb relative to the
line connecting the stars [see discussion above and Fig. 7(c)] will
also cause a small shift of the superorbital phase at which the bulge
absorption is maximal. On the other hand, we see the disc close
to face-on at � = 0.5, see Fig. 7(b), and then the bulge is always
outside the line of sight to the X-ray source. Thus, that additional
absorption component is absent.

The above considerations explain the dependence of HR on
orbital and superorbital phases as well as the distribution of the
X-ray dips. Based on the two-dimensional distribution of the dips
[Fig. 6(c)], we have calculated that at least 1/3 of all the X-ray
dips are caused by the bulge, and the rest are due to the isotropic
part of the stellar wind. Fig. 7 can also be used to calculate the
expected X-ray orbital profiles caused by the wind and bulge ab-
sorption. We can assume a specific density profile of the wind and
the bulge, and calculate the optical depth during a revolution for a
given superorbital phase.

5.2 Model

Let us consider first the isotropic component of the wind. The wind
mass density as a function of distance from the centre of the star, r,
can be estimated from the mass-conservation law

ρiso(r) = Ṁ

4πr2v(r)
, (8)

where Ṁ is the mass-loss rate. We assume v(r) ∝ (1 − R∗/r)ζ ,
where R∗ is the stellar radius, and consider the attenuation cross-
section independent of the distance. We thus get the absorption
coefficient in the form

αiso(r) = α0

( a

r

)2
(

1 − R∗/a
1 − R∗/r

)ζ

, (9)

where a is the separation between the black hole and the companion,
and α0 is the absorption coefficient at r = a. We define here the
characteristic optical depth, τiso,0 = aα0.

The focused wind can be described by the cone of half-opening
angle θmax centred around the line connecting the stars [see Fig. 8(a)
for geometry]. The additional opacity can be scaled to the opacity
of the isotropic component and its angular dependence can be ap-
proximated by a parabola (Friend & Castor 1982; Gies & Bolton
1986b)

αfw(r, θ ) = α0(ηfw − 1)

[
1 −

(
θ

θmax

)2
]

, θ < θmax, (10)

where θ is the angle measured from the line connecting the stars
and ηfw is the ratio of the wind density in the direction of the black
hole to that of the isotropic component. The total wind absorption
coefficient is defined by the sum αw(r, θ ) = αiso(r) + αfw(r, θ ).

Let us now compute the optical depth through the wind along
the line of sight. It depends on the position of the observer. We
introduce the coordinate system centred at the black hole with the

Figure 8. (a) Geometry of the wind. (b) Geometry of the bulge.

z-axis along the normal to the orbital plane, and the observer in the
x–z plane, so that the direction to the observer is n = (sin i, 0, cos i).
Position of the companion is then a = a(cos φ, sin φ, 0), where φ

is the orbital phase. The angle between the line-of-sight n and a
varies with phase:

cos ξ = n · a

a
= sin i cos φ. (11)

The impact parameter is a sin ξ and the distance of some point in
the wind to the supergiant centre is r =

√
s2 + a2 sin2 ξ , where s

is its distance to the point of the closest approach (which can be
negative). The corresponding radius vector is r = n(s+a cos ξ )−a
[see Fig. 8(a)]. The angle between r and −a is then

cos θ = r

r
· (−a)

a
= 1

r

(
a sin2 ξ − s cos ξ

)
. (12)

The optical depth through the wind is computed as

τw(φ) =
∫ ∞

−a cos ξ

αw(r, θ )ds. (13)

Let us apply this formalism to Cyg X-1. We take the ratio of the
separation to the supergiant radius a/R∗ ≈ 2.3 (Ziółkowski 2005),
the inclination i = 40◦ (see Paper I and references therein), the ve-
locity profile exponent ζ = 1.05, and the focused wind parameters
θmax = 20◦ and ηfw = 3 (Friend & Castor 1982; Gies & Bolton
1986b). In this case, the optical depth through the isotropic com-
ponent of the wind from the black hole to the infinity in the radial
direction away from the companion is about 0.73τiso,0, in the per-
pendicular direction it is 1.26τiso,0 (i.e. at phases φ = 0.25, 0.75)
and at zero orbital phase along the line-of-sight τw(0) ≈ 3τiso,0. The
typical optical depth provided additionally by the focused wind
across its cone is ≈ θmax(ηfw − 1) 2

3 τiso,0 ≈ 0.45τiso,0. Thus, for Cyg
X-1 at orbital phases φ ∼ 0, the focused wind adds only 15 per
cent to the opacity produced by isotropic wind, while at φ ∼ 0.5,
its contribution can reach 60 per cent, but the absorption itself at
this phase is low. Thus, in the first approximation, we can use only
the isotropic wind model and include the corrections introduced by
the focused wind later.
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binaries show dips at φ � 0.8–0.9, also thought to be caused by the
accretion stream passing through the line of sight (Boroson et al.
2001 and references therein).

A crucial further complication in Cyg X-1 is that the disc is
inclined with respect to the binary plane and thus precesses. The
precession causes changes of the position of the bulge with respect
to the line of sight. During a single binary revolution, the bulge
moves up and down, while the inclination of the disc remains ap-
proximately constant (since Psup � P ), see Figs 7(a) and (b). At
� close to zero, we see the disc at the highest angle, that is most
edge-on. The displacement of the bulge centre φb relative to the
line connecting the stars [see discussion above and Fig. 7(c)] will
also cause a small shift of the superorbital phase at which the bulge
absorption is maximal. On the other hand, we see the disc close
to face-on at � = 0.5, see Fig. 7(b), and then the bulge is always
outside the line of sight to the X-ray source. Thus, that additional
absorption component is absent.

The above considerations explain the dependence of HR on
orbital and superorbital phases as well as the distribution of the
X-ray dips. Based on the two-dimensional distribution of the dips
[Fig. 6(c)], we have calculated that at least 1/3 of all the X-ray
dips are caused by the bulge, and the rest are due to the isotropic
part of the stellar wind. Fig. 7 can also be used to calculate the
expected X-ray orbital profiles caused by the wind and bulge ab-
sorption. We can assume a specific density profile of the wind and
the bulge, and calculate the optical depth during a revolution for a
given superorbital phase.

5.2 Model

Let us consider first the isotropic component of the wind. The wind
mass density as a function of distance from the centre of the star, r,
can be estimated from the mass-conservation law

ρiso(r) = Ṁ

4πr2v(r)
, (8)

where Ṁ is the mass-loss rate. We assume v(r) ∝ (1 − R∗/r)ζ ,
where R∗ is the stellar radius, and consider the attenuation cross-
section independent of the distance. We thus get the absorption
coefficient in the form

αiso(r) = α0

( a

r

)2
(

1 − R∗/a
1 − R∗/r

)ζ

, (9)

where a is the separation between the black hole and the companion,
and α0 is the absorption coefficient at r = a. We define here the
characteristic optical depth, τiso,0 = aα0.

The focused wind can be described by the cone of half-opening
angle θmax centred around the line connecting the stars [see Fig. 8(a)
for geometry]. The additional opacity can be scaled to the opacity
of the isotropic component and its angular dependence can be ap-
proximated by a parabola (Friend & Castor 1982; Gies & Bolton
1986b)

αfw(r, θ ) = α0(ηfw − 1)

[
1 −

(
θ

θmax

)2
]

, θ < θmax, (10)

where θ is the angle measured from the line connecting the stars
and ηfw is the ratio of the wind density in the direction of the black
hole to that of the isotropic component. The total wind absorption
coefficient is defined by the sum αw(r, θ ) = αiso(r) + αfw(r, θ ).

Let us now compute the optical depth through the wind along
the line of sight. It depends on the position of the observer. We
introduce the coordinate system centred at the black hole with the

Figure 8. (a) Geometry of the wind. (b) Geometry of the bulge.

z-axis along the normal to the orbital plane, and the observer in the
x–z plane, so that the direction to the observer is n = (sin i, 0, cos i).
Position of the companion is then a = a(cos φ, sin φ, 0), where φ

is the orbital phase. The angle between the line-of-sight n and a
varies with phase:

cos ξ = n · a

a
= sin i cos φ. (11)

The impact parameter is a sin ξ and the distance of some point in
the wind to the supergiant centre is r =

√
s2 + a2 sin2 ξ , where s

is its distance to the point of the closest approach (which can be
negative). The corresponding radius vector is r = n(s+a cos ξ )−a
[see Fig. 8(a)]. The angle between r and −a is then

cos θ = r

r
· (−a)

a
= 1

r

(
a sin2 ξ − s cos ξ

)
. (12)

The optical depth through the wind is computed as

τw(φ) =
∫ ∞

−a cos ξ

αw(r, θ )ds. (13)

Let us apply this formalism to Cyg X-1. We take the ratio of the
separation to the supergiant radius a/R∗ ≈ 2.3 (Ziółkowski 2005),
the inclination i = 40◦ (see Paper I and references therein), the ve-
locity profile exponent ζ = 1.05, and the focused wind parameters
θmax = 20◦ and ηfw = 3 (Friend & Castor 1982; Gies & Bolton
1986b). In this case, the optical depth through the isotropic com-
ponent of the wind from the black hole to the infinity in the radial
direction away from the companion is about 0.73τiso,0, in the per-
pendicular direction it is 1.26τiso,0 (i.e. at phases φ = 0.25, 0.75)
and at zero orbital phase along the line-of-sight τw(0) ≈ 3τiso,0. The
typical optical depth provided additionally by the focused wind
across its cone is ≈ θmax(ηfw − 1) 2

3 τiso,0 ≈ 0.45τiso,0. Thus, for Cyg
X-1 at orbital phases φ ∼ 0, the focused wind adds only 15 per
cent to the opacity produced by isotropic wind, while at φ ∼ 0.5,
its contribution can reach 60 per cent, but the absorption itself at
this phase is low. Thus, in the first approximation, we can use only
the isotropic wind model and include the corrections introduced by
the focused wind later.
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In the case of the bulge, we first need to compute the position of
the bulge centre, b, relative to the black hole. For the prograde pre-
cession (see L06) the unit vector along the normal to the precessing
accretion disc is d = (− sin δ cos �, − sin δ sin �, cos δ), where δ

is the precession angle. Assume now that the bulge centre lies at the
disc plane and the projection of b on the orbital plane x–y makes an
angle φb with the line connecting the black hole to the companion
[i.e. the azimuth of b is φ + φb, see Fig. 7(c)]. We then get the unit
vector of the bulge centre

b = [cos(φ + φb), sin(φ + φb), tan δ cos(φ + φb − �)]√
1 + tan2 δ cos2(φ + φb − �)

. (14)

The angle it makes to the line of sight is given by [see Fig. 8(b)]

cos β = b · n

= sin i cos(φ + φb) + cos i tan δ cos(φ + φb − �)√
1 + tan2 δ cos2(φ + φb − �)

. (15)

Let us assume an exponential dependence of the absorption co-
efficient on the distance p from the bulge centre,

αb(p) = αb,0 exp(−p/rb), (16)

with rb being the bulge scale-height. This gives the optical depth
from the bulge centre to infinity of τb,0 = rbαb,0. On the other hand,
the optical depth from the black hole through the bulge along the
line of sight,

τb(φ,�) =
∫ ∞

−R cos β

αb(p)ds, (17)

depends on the orbital as well as superorbital phase. Here, R is the
distance to the bulge centre from the black hole (i.e. approximately
the disc size) and p =

√
s2 + R2 sin2 β.

For simplicity, we assume that the wind and the bulge are inde-
pendent and therefore the orbital modulation profile is given by

F (φ,�) = F0(cos ψ) exp[−τw(φ)] exp[−τb(φ,�)], (18)

where F0 is the intrinsic flux (which depends on �) without absorp-
tion in the direction of the observer and ψ is the angle between the
disc normal and the line of sight:

cos ψ = n · d = cos i cos δ − sin i sin δ cos �. (19)

The retrograde precession can be modelled by substituting � →
−� in the above formulae.

5.3 Modelling the data

In order to describe the profiles presented in Fig. 2 with the model
of Section 5.2, we need to specify the angular distribution of the
intrinsic flux, F0(cos ψ). In Paper I, we have considered four simple
analytical models.

(a) The blackbody, with the flux proportional to the projected
area, F0(cos ψ) = A cos ψ .

(b) An anisotropic model of F0(cos ψ) = A cos ψ(1 + η cos ψ)
with parameter η giving the degree of deviation from the black-
body. Such anisotropy can be produced for example by thermal
Comptonization (Paper I; Sunyaev & Titarchuk 1985; Viironen &
Poutanen 2004), which the dominant radiative process giving rise
to X-rays in the hard state of Cyg X-1 (e.g. Gierliński et al. 1997;
Poutanen 1998; Poutanen & Coppi 1998).

(c) The steady jet model, F0(cos ψ) = A[γj(1−βj cos ψ)]−(1+�),

where βj = v/c is the jet velocity, γj = 1/
√

1 − β2
j is the jet

Lorentz factor, and � is the photon index of the X-ray radiation. By

the ‘jet’, we mean here either the base of the jet in the direct vicinity
of the black hole or an outflowing corona (see e.g. Beloborodov
1999; Malzac, Beloborodov & Poutanen 2001; Markoff, Nowak &
Wilms 2005).

(d) The slab absorption model, F0(cos ψ) = A exp(−τ/ cos ψ),
which can be associated, for example, with some kind of a disc
outflow.

All the models provide a good fit to the superorbital variability
of Cyg X-1 (Paper I). Models (b) and (c) can be considered as more
physically motivated, but we consider here all of them. In order to
keep the number of parameters to minimum we fix the inclination of
the system i = 40◦. The precession angle δ is not well determined in
models (b)–(d) as it is anticorrelated with other parameters (η, βj, τ ,
see Paper I). Thus, we fix it at three values between 5◦ and 10◦.

The parameters describing the absorption of radiation are the
characteristic optical depths τiso,0 and τb,0 for the wind and bulge,
respectively. Additional parameters are the bulge-density scale mea-
sured in units of the disc size, rb/R, and the phase shift, φb, of the
position of the bulge centre. An arbitrary shift in the superorbital
phase, �� (due to the uncertainty of the superorbital ephemeris),
is also introduced (i.e. we replace � by � − �� in all formulae
of Section 5.2). The parameters describing the radiation pattern are
the normalization, A (for ASM A channel), and the anisotropy pa-
rameter, η, in model (b), βj in model (c) (where we fix � at a typical
hard-state value of 1.7), and the slab optical depth, τ , in model (d).

We consider the prograde precession of the disc (L06). In order
to understand the influence of the model complexity on the results,
we consider first only the isotropic component of the wind (models
W in Table 1) and fit the ASM A profiles only, which show strongest
variability. We find that parameters rb/R and τb,0 are anticorrelated,
and cannot be determined separately. This happens because various
combinations of the two parameters can give the same optical depth
through the bulge at a given impact parameter. Therefore, we fix
rb/R = 0.2. The best-fitting model parameters are presented in
Table 1. For model (a), the precession angle agrees within the errors
with the results of Paper I. The jet model, (c), provides a slightly
better fit for smaller precession angles. The models (b) and (d) also
give statistically similar fits. The phase shifts �� and φb are well
constrained by all the models. The fits require the shift of the bulge
centre from the line connecting the stars by φb ≈ 0.07 [i.e. 25◦, see
Fig. 7(c)]. All the models give similar optical depths through the
wind and the bulge. The wind optical depth τw varies between 0.28
(i.e. ≈ 3τiso,0) and 0.08 (i.e. ≈ τiso,0) for φ varying between 0 and
0.5. For the bulge, τb varies between 0.15 and 0.007 at � = 0 and
between 0.05 and 0.008 at � = 0.5.

We now add an additional focused wind component with the
parameters specified in Section 5.2 and fit the data using jet model
(c). The resulting best-fitting parameters are not very much different
from those obtained with the isotropic wind model (compare entries
5 and 7 in Table 1). This is expected, because the focused wind
affects the total opacity on average at about a 30 per cent level.

Finally, we fit the light curves in channels A and C simultane-
ously. Two additional parameters have to be introduced: the ratio of
the absorption coefficients (and optical depths) in channels C and
A, τC/τA, and the ratio of the normalizations (intrinsic HR), C/A.
The best-fitting results for the main model parameters change only
slightly (compare entries 5 and 8 in Table 1). Because the mean
absorption coefficients in channels A and C differ only by a factor
of 3, the absorbing gas has to be rather strongly ionized.

For the retrograde precession, all these models give much worse
fits to the data.
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In the case of the bulge, we first need to compute the position of
the bulge centre, b, relative to the black hole. For the prograde pre-
cession (see L06) the unit vector along the normal to the precessing
accretion disc is d = (− sin δ cos �, − sin δ sin �, cos δ), where δ

is the precession angle. Assume now that the bulge centre lies at the
disc plane and the projection of b on the orbital plane x–y makes an
angle φb with the line connecting the black hole to the companion
[i.e. the azimuth of b is φ + φb, see Fig. 7(c)]. We then get the unit
vector of the bulge centre

b = [cos(φ + φb), sin(φ + φb), tan δ cos(φ + φb − �)]√
1 + tan2 δ cos2(φ + φb − �)

. (14)

The angle it makes to the line of sight is given by [see Fig. 8(b)]

cos β = b · n

= sin i cos(φ + φb) + cos i tan δ cos(φ + φb − �)√
1 + tan2 δ cos2(φ + φb − �)

. (15)

Let us assume an exponential dependence of the absorption co-
efficient on the distance p from the bulge centre,

αb(p) = αb,0 exp(−p/rb), (16)

with rb being the bulge scale-height. This gives the optical depth
from the bulge centre to infinity of τb,0 = rbαb,0. On the other hand,
the optical depth from the black hole through the bulge along the
line of sight,

τb(φ,�) =
∫ ∞

−R cos β

αb(p)ds, (17)

depends on the orbital as well as superorbital phase. Here, R is the
distance to the bulge centre from the black hole (i.e. approximately
the disc size) and p =

√
s2 + R2 sin2 β.

For simplicity, we assume that the wind and the bulge are inde-
pendent and therefore the orbital modulation profile is given by

F (φ,�) = F0(cos ψ) exp[−τw(φ)] exp[−τb(φ,�)], (18)

where F0 is the intrinsic flux (which depends on �) without absorp-
tion in the direction of the observer and ψ is the angle between the
disc normal and the line of sight:

cos ψ = n · d = cos i cos δ − sin i sin δ cos �. (19)

The retrograde precession can be modelled by substituting � →
−� in the above formulae.

5.3 Modelling the data

In order to describe the profiles presented in Fig. 2 with the model
of Section 5.2, we need to specify the angular distribution of the
intrinsic flux, F0(cos ψ). In Paper I, we have considered four simple
analytical models.

(a) The blackbody, with the flux proportional to the projected
area, F0(cos ψ) = A cos ψ .

(b) An anisotropic model of F0(cos ψ) = A cos ψ(1 + η cos ψ)
with parameter η giving the degree of deviation from the black-
body. Such anisotropy can be produced for example by thermal
Comptonization (Paper I; Sunyaev & Titarchuk 1985; Viironen &
Poutanen 2004), which the dominant radiative process giving rise
to X-rays in the hard state of Cyg X-1 (e.g. Gierliński et al. 1997;
Poutanen 1998; Poutanen & Coppi 1998).

(c) The steady jet model, F0(cos ψ) = A[γj(1−βj cos ψ)]−(1+�),

where βj = v/c is the jet velocity, γj = 1/
√

1 − β2
j is the jet

Lorentz factor, and � is the photon index of the X-ray radiation. By

the ‘jet’, we mean here either the base of the jet in the direct vicinity
of the black hole or an outflowing corona (see e.g. Beloborodov
1999; Malzac, Beloborodov & Poutanen 2001; Markoff, Nowak &
Wilms 2005).

(d) The slab absorption model, F0(cos ψ) = A exp(−τ/ cos ψ),
which can be associated, for example, with some kind of a disc
outflow.

All the models provide a good fit to the superorbital variability
of Cyg X-1 (Paper I). Models (b) and (c) can be considered as more
physically motivated, but we consider here all of them. In order to
keep the number of parameters to minimum we fix the inclination of
the system i = 40◦. The precession angle δ is not well determined in
models (b)–(d) as it is anticorrelated with other parameters (η, βj, τ ,
see Paper I). Thus, we fix it at three values between 5◦ and 10◦.

The parameters describing the absorption of radiation are the
characteristic optical depths τiso,0 and τb,0 for the wind and bulge,
respectively. Additional parameters are the bulge-density scale mea-
sured in units of the disc size, rb/R, and the phase shift, φb, of the
position of the bulge centre. An arbitrary shift in the superorbital
phase, �� (due to the uncertainty of the superorbital ephemeris),
is also introduced (i.e. we replace � by � − �� in all formulae
of Section 5.2). The parameters describing the radiation pattern are
the normalization, A (for ASM A channel), and the anisotropy pa-
rameter, η, in model (b), βj in model (c) (where we fix � at a typical
hard-state value of 1.7), and the slab optical depth, τ , in model (d).

We consider the prograde precession of the disc (L06). In order
to understand the influence of the model complexity on the results,
we consider first only the isotropic component of the wind (models
W in Table 1) and fit the ASM A profiles only, which show strongest
variability. We find that parameters rb/R and τb,0 are anticorrelated,
and cannot be determined separately. This happens because various
combinations of the two parameters can give the same optical depth
through the bulge at a given impact parameter. Therefore, we fix
rb/R = 0.2. The best-fitting model parameters are presented in
Table 1. For model (a), the precession angle agrees within the errors
with the results of Paper I. The jet model, (c), provides a slightly
better fit for smaller precession angles. The models (b) and (d) also
give statistically similar fits. The phase shifts �� and φb are well
constrained by all the models. The fits require the shift of the bulge
centre from the line connecting the stars by φb ≈ 0.07 [i.e. 25◦, see
Fig. 7(c)]. All the models give similar optical depths through the
wind and the bulge. The wind optical depth τw varies between 0.28
(i.e. ≈ 3τiso,0) and 0.08 (i.e. ≈ τiso,0) for φ varying between 0 and
0.5. For the bulge, τb varies between 0.15 and 0.007 at � = 0 and
between 0.05 and 0.008 at � = 0.5.

We now add an additional focused wind component with the
parameters specified in Section 5.2 and fit the data using jet model
(c). The resulting best-fitting parameters are not very much different
from those obtained with the isotropic wind model (compare entries
5 and 7 in Table 1). This is expected, because the focused wind
affects the total opacity on average at about a 30 per cent level.

Finally, we fit the light curves in channels A and C simultane-
ously. Two additional parameters have to be introduced: the ratio of
the absorption coefficients (and optical depths) in channels C and
A, τC/τA, and the ratio of the normalizations (intrinsic HR), C/A.
The best-fitting results for the main model parameters change only
slightly (compare entries 5 and 8 in Table 1). Because the mean
absorption coefficients in channels A and C differ only by a factor
of 3, the absorbing gas has to be rather strongly ionized.

For the retrograde precession, all these models give much worse
fits to the data.
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Table 1. Best-fitting model parameters.

No. Modela δ b τiso,0
c τb,0

d φb
e �� f A g η, βj, τ

h τC/τA
i C/A j χ2/d.o.f. k

deg

1 W+B a 7.5 ± 0.5 0.09 ± 0.03 1.05+0.55
−0.44 0.07 ± 0.04 0.03 ± 0.02 9.2 ± 0.2 – 151.9/154

2 W+B b 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.03 0.04 ± 0.01 11.6 ± 0.8 −0.27 ± 0.06 155.2/154

3 W+B c 5.0 (f) 0.07 ± 0.03 1.35+0.65
−0.6 0.07 ± 0.04 0.03 ± 0.01 2.90 ± 0.10 0.47 ± 0.03 148.8/154

4 W+B c 7.5 (f) 0.09 ± 0.03 1.05+0.50
−0.45 0.07 ± 0.04 0.03 ± 0.01 3.55 ± 0.13 0.36 ± 0.03 151.8/154

5 W+B c 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.04 0.03 ± 0.02 4.04 ± 0.14 0.29 ± 0.02 154.7/154

6 W+B d 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.04 0.04 ± 0.01 14.8 ± 1.2 0.56 ± 0.05 155.9/154

7 F+W+B c 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.04 0.03 ± 0.01 4.20 ± 0.15 0.29 ± 0.02 155.4/154

8 W+B c 10.0 (f) 0.09 ± 0.02 0.9+0.4
−0.35 0.08 ± 0.04 0.01 ± 0.02 4.15 ± 0.14 0.27 ± 0.02 0.3 ± 0.1 1.31 ± 0.03 359.2/318

aThe models described in Section 5.2: W is the isotropic wind model, F is the focused wind and B stands for the bulge. Small letters giving the models of the
intrinsic emission from Section 5.3. The model 8 is fitted to the ASM A and C channels simultaneously.
bThe precession angle.
cCharacteristic optical depth of the isotropic wind.
dCharacteristic optical depth of the bulge.
eThe shift of the bulge centre in orbital phase (fraction of the orbit).
f The shift in superorbital phase.
gThe model normalization in the ASM A channel.
hThe anisotropy parameter, the jet velocity, or the slab optical depth.
iThe ratio of absorption coefficients in channels C and A.
jThe ratio of model normalizations in channels C and A.
kχ2 and the number of degrees of freedom. The errors on the parameters are given at 90 per cent confidence level for one parameter, that is for �χ2 = 2.71.
The size scale of the bulge in units of the disc size, rb/R, is fixed at 0.2 and inclination i is 40◦ in all of the models.

6 DISCUSSION

6.1 The origin of beat frequencies

A collateral effect of the coupling between the orbital and super-
orbital modulations may be appearance of additional frequencies
in the power spectrum. If the two modulations were independent,
there would be simply two peaks in the power spectrum at the
corresponding frequencies. On the other hand, if one modulation
depends on the other, beat frequencies, at ν = 1/P ± 1/Psup, may
appear. Indeed, L06 reported finding the lower of the beat frequen-
cies (albeit at a relatively limited statistical significance), and also
found that its origin from X-ray reflection from the surface of the
companion is unlikely.

Here, we have tested whether the discovered dependence of the
orbital modulation on the superorbital phase may indeed cause beat
frequencies to appear. Using our model (given by equation 18 and
other formulae of Sections 5.2 and 5.3 with parameters of model 5
in Table 1), we have generated a light curve and computed Fourier
power-density spectrum (PDS). We have found that our model gives
rise to strong peaks at frequencies 1/Psup and 1/P with harmonics
as well as to two peaks in the power spectrum at the beat frequen-
cies. Interestingly, the lower beat-frequency peak is 3.7–5.4 times
stronger than the higher one (depending on whether we compute
Fourier transforms from the flux or from the logarithm of the flux).
Fig. 9 shows the flux Fourier transform for this case for the outflow
model. We then compare these predictions with a simpler model
where absorption in the bulge is neglected. In this case, there are
two beat-frequency peaks of equal strength in the PDS of the flux
(see the dashed curves in Fig. 9), while they are missing in the
PDS computed from the logarithm of the flux, because the coupling
disappears. If on the other hand, only bulge produces absorption,
PDS shows both beat-frequency peaks with the strength ratio of
10 and 5 for the flux and its logarithm, respectively. Finally, we

Figure 9. Power density spectra predicted by our models (arbitrary nor-
malization). The solid curves show the power spectrum of the flux for the
outflow model 5 in Table 1. The inset zooms on the frequency range near
1/P . The dashed curves show the model with the absorption only in the
wind, that is neglecting the presence of the bulge.

experimented with the model where intrinsic flux, F0, as a function
of superorbital phase was assumed to be constant and both bulge
and wind are responsible for absorption. Now, the strength of the
peak at 1/Psup has diminished by three orders of magnitude, while
the behaviour of PDS at 1/P and the beat frequencies was almost
identical to the full model with variations of F0 (the ratio of peak
strengths is 6.5 and 5.5 for the flux and its logarithm, respectively).

We see that the lower beat-frequency peak is always stronger
than the higher one when absorption is modulated by the bulge
(for prograde precession). The coupling discovered in this work
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Table 1. Best-fitting model parameters.

No. Modela δ b τiso,0
c τb,0

d φb
e �� f A g η, βj, τ

h τC/τA
i C/A j χ2/d.o.f. k

deg

1 W+B a 7.5 ± 0.5 0.09 ± 0.03 1.05+0.55
−0.44 0.07 ± 0.04 0.03 ± 0.02 9.2 ± 0.2 – 151.9/154

2 W+B b 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.03 0.04 ± 0.01 11.6 ± 0.8 −0.27 ± 0.06 155.2/154

3 W+B c 5.0 (f) 0.07 ± 0.03 1.35+0.65
−0.6 0.07 ± 0.04 0.03 ± 0.01 2.90 ± 0.10 0.47 ± 0.03 148.8/154

4 W+B c 7.5 (f) 0.09 ± 0.03 1.05+0.50
−0.45 0.07 ± 0.04 0.03 ± 0.01 3.55 ± 0.13 0.36 ± 0.03 151.8/154

5 W+B c 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.04 0.03 ± 0.02 4.04 ± 0.14 0.29 ± 0.02 154.7/154

6 W+B d 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.04 0.04 ± 0.01 14.8 ± 1.2 0.56 ± 0.05 155.9/154

7 F+W+B c 10.0 (f) 0.09 ± 0.02 0.8+0.4
−0.35 0.08 ± 0.04 0.03 ± 0.01 4.20 ± 0.15 0.29 ± 0.02 155.4/154

8 W+B c 10.0 (f) 0.09 ± 0.02 0.9+0.4
−0.35 0.08 ± 0.04 0.01 ± 0.02 4.15 ± 0.14 0.27 ± 0.02 0.3 ± 0.1 1.31 ± 0.03 359.2/318

aThe models described in Section 5.2: W is the isotropic wind model, F is the focused wind and B stands for the bulge. Small letters giving the models of the
intrinsic emission from Section 5.3. The model 8 is fitted to the ASM A and C channels simultaneously.
bThe precession angle.
cCharacteristic optical depth of the isotropic wind.
dCharacteristic optical depth of the bulge.
eThe shift of the bulge centre in orbital phase (fraction of the orbit).
f The shift in superorbital phase.
gThe model normalization in the ASM A channel.
hThe anisotropy parameter, the jet velocity, or the slab optical depth.
iThe ratio of absorption coefficients in channels C and A.
jThe ratio of model normalizations in channels C and A.
kχ2 and the number of degrees of freedom. The errors on the parameters are given at 90 per cent confidence level for one parameter, that is for �χ2 = 2.71.
The size scale of the bulge in units of the disc size, rb/R, is fixed at 0.2 and inclination i is 40◦ in all of the models.

6 DISCUSSION

6.1 The origin of beat frequencies

A collateral effect of the coupling between the orbital and super-
orbital modulations may be appearance of additional frequencies
in the power spectrum. If the two modulations were independent,
there would be simply two peaks in the power spectrum at the
corresponding frequencies. On the other hand, if one modulation
depends on the other, beat frequencies, at ν = 1/P ± 1/Psup, may
appear. Indeed, L06 reported finding the lower of the beat frequen-
cies (albeit at a relatively limited statistical significance), and also
found that its origin from X-ray reflection from the surface of the
companion is unlikely.

Here, we have tested whether the discovered dependence of the
orbital modulation on the superorbital phase may indeed cause beat
frequencies to appear. Using our model (given by equation 18 and
other formulae of Sections 5.2 and 5.3 with parameters of model 5
in Table 1), we have generated a light curve and computed Fourier
power-density spectrum (PDS). We have found that our model gives
rise to strong peaks at frequencies 1/Psup and 1/P with harmonics
as well as to two peaks in the power spectrum at the beat frequen-
cies. Interestingly, the lower beat-frequency peak is 3.7–5.4 times
stronger than the higher one (depending on whether we compute
Fourier transforms from the flux or from the logarithm of the flux).
Fig. 9 shows the flux Fourier transform for this case for the outflow
model. We then compare these predictions with a simpler model
where absorption in the bulge is neglected. In this case, there are
two beat-frequency peaks of equal strength in the PDS of the flux
(see the dashed curves in Fig. 9), while they are missing in the
PDS computed from the logarithm of the flux, because the coupling
disappears. If on the other hand, only bulge produces absorption,
PDS shows both beat-frequency peaks with the strength ratio of
10 and 5 for the flux and its logarithm, respectively. Finally, we

Figure 9. Power density spectra predicted by our models (arbitrary nor-
malization). The solid curves show the power spectrum of the flux for the
outflow model 5 in Table 1. The inset zooms on the frequency range near
1/P . The dashed curves show the model with the absorption only in the
wind, that is neglecting the presence of the bulge.

experimented with the model where intrinsic flux, F0, as a function
of superorbital phase was assumed to be constant and both bulge
and wind are responsible for absorption. Now, the strength of the
peak at 1/Psup has diminished by three orders of magnitude, while
the behaviour of PDS at 1/P and the beat frequencies was almost
identical to the full model with variations of F0 (the ratio of peak
strengths is 6.5 and 5.5 for the flux and its logarithm, respectively).

We see that the lower beat-frequency peak is always stronger
than the higher one when absorption is modulated by the bulge
(for prograde precession). The coupling discovered in this work
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thus predicts a presence of beat frequencies with a stronger low-
frequency peak, which is consistent with the discovery by L06 of
only the low-frequency peak.

6.2 Superorbital variability and outbursts of Cyg X-1

It is of interest to consider whether the superorbital variability of
Cyg X-1 is related to other aspects of the source activity. Recently,
the MAGIC collaboration (Albert et al. 2007) reported detecting
TeV emission from Cyg X-1. That detection, on MJD 54 002, took
place in the middle of a strong X-ray outburst of Cyg X-1 (Türler
et al. 2006). We have checked that time corresponds to the peak of
the superorbital cycle, � � 0.5, when the disc and jet of Cyg X-1
are most face-on. On the other hand, L06 found that the superorbital
cycle was uncorrelated with the appearance of other strong X-ray
outbursts of the source of duration of hours (Stern, Beloborodov &
Poutanen 2001; Golenetskii et al. 2003). Thus, the significance of
the coincidence of the TeV burst with the peak of the superorbital
cycle in the present case remains unknown.

Interestingly, the orbital phase of the TeV outburst was at φ � 0.9
(Albert et al. 2007), at which absorption of TeV photons by pair
production on the stellar photons is very strong. A possible way
to obtain detectable TeV emission is then via pair cascades. We
note that the statistical significance of the detection was relatively
limited, 4.1σ , and thus an independent confirmation of this detection
is desirable.

7 C O N C L U S I O N S

We have discovered the dependence of the orbital modulation
strength and the HR on the superorbital phase of Cyg X-1. The
observed effects can be explained by the presence of the absorb-
ing material more or less fixed in the corotating frame of the stars.
We associate this material with the bulge formed by the accreting
stream impacting the accretion disc. Because of the disc precession
(causing superorbital variability), the bulge moves up and down
and its influence on absorption varies. At the superorbital phase 0.5,
the line of sight does not pass through the bulge, while at � ≈ 0
the absorption in the bulge is maximal. We estimate the maximal
optical depth at 1.5–3 keV through the bulge (for our line of sight)
of about 0.15, while the stellar wind produces twice as much of the
absorption.

Using a simple model of the bulge and the stellar wind incor-
porating the angular dependence of the intrinsic X-ray radiation
from the black hole vicinity, we were able to reproduce the detailed
shape of superorbital variability as well as of the orbital modulation
at various superorbital phases. We find the bulge centre is displaced
from the line connecting the stars by about 25◦. We also study the
distribution of the X-ray dips over superorbital phase. We find their
concentration towards the superorbital phase 0.1, which coincides
with the position of the flux minimum. We thus are in position to
claim that the X-ray dips observed in Cyg X-1 at around zero or-
bital phase have direct relation to the bulge which, in turn, causes
variation of the orbital modulation with the superorbital phase. We
Fourier analyse our model, and find it explains the finding of only
the lower beat frequency between the orbital and superorbital fre-
quencies in the observed power spectrum (L06), provided the disc
precession is prograde.

We also find that both the X-ray and radio fluxes of Cyg X-1 in
the hard state on time-scales �104 s have lognormal distributions,
which complements the finding of a lognormal flux distribution in
the hard state on ∼1-s time-scales (Uttley et al. 2005). We stress

out that the lognormal character of the flux distribution requires
that flux logarithms rather than fluxes themselves should be used
for averaging and error analysis. We also correct a mistake in the
treatment of V03 of the uncertainty of intrinsic rms variability of
light curves in the case when the uncertainty is higher than the
intrinsic rms (which is often close to null). The mistake stems from
the failure of the assumption of the uncertainty to be much less than
the estimated quantity, used in the standard propagation of errors.
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ABSTRACT
An outburst of the accreting X-ray millisecond pulsar SAX J1808.4−3658 in 2002 October–
November was followed by theRossi X-ray Timing Explorer for more than a month. A detailed
analysis of this unprecedented data set is presented. For the first time, we demonstrate how
the area covered by the hotspot at the neutron star surface isdecreasing in the course of the
outburst together with the reflection amplitude. These trends are in agreement with the natural
scenario, where the disc inner edge is receding from the neutron star as the mass accretion
rate drops. These findings are further supported by the variations of the pulse profiles, which
clearly show the presence of the secondary maximum at the late stages of the outburst after
October 29. This fact can be interpreted as the disc recedingsufficiently far from the neutron
star to open the view of the lower magnetic pole. In that case,the disc inner radius can be esti-
mated. Assuming that disc is truncated at the Alfvén radius, we constrain the stellar magnetic
moment toµ = (9 ± 5) × 1025 G cm3, which corresponds to the surface field of about108

G. On the other hand, using the magnetic moment recently obtained from the observed pulsar
spin-down rate we show that the disc edge has to be within factor of two of the Alfvén radius,
putting interesting constraints on the models of the disc-magnetosphere interaction. We also
demonstrate that the sharp changes in the phase of the fundamental are intimately related to
the variations of the pulse profile, which we associate with the varying obscuration of the an-
tipodal spot. Using the phase-resolved spectra, we furtherargue that the strong dependence of
the pulse profiles on photon energy and the observed soft timelags result from the different
phase dependence of the normalizations of the two spectral components, the blackbody and
the Comptonized tail, being consistent with the model, where these components have signif-
icantly different angular emission patterns. The pulse profile amplitude allows us to estimate
the colatitude of the hotspot centroid to be∼ 4◦–10◦.

Key words: accretion, accretion discs – methods: data analysis – pulsars: individual: SAX
J1808.4−3658 – stars: neutron – X-rays: binaries

1 INTRODUCTION

SAX J1808.4−3658 (hereafter J1808) is the first detected
accretion-powered millisecond pulsar (AMSP) (in ’t Zand etal.
1998; Wijnands & van der Klis 1998). J1808 experiences out-
bursts lasting a few weeks roughly once in two years, during
which the coherent∼401 Hz pulsations are observable. The neu-
tron star accretes matter from a∼ 0.05M⊙ brown dwarf (Bildsten
& Chakrabarty 2001) at a 2 hr orbit (Chakrabarty & Morgan 1998).
The magnetic field strength is estimated to be about108–109 G
(Psaltis & Chakrabarty 1999). A recent analysis of the pulsar spin-
down between the outbursts gives a narrower range ofB ∼(0.4–
1.5)×108 G (Hartman et al. 2008a, hereafter H08). Among eight
AMSP discovered since 1998 showing coherent pulsations over ex-

⋆ E-mail: askar.ibragimov@oulu.fi, juri.poutanen@oulu.fi

tended intervals during their outbursts (see Wijnands 2006; Pouta-
nen 2006 for reviews and Krimm et al. 2007), J1808 is the best
studied thanks to its five outbursts and their good coverage with the
Rossi X-ray Timing Explorer (RXTE).

The analysis of the broad-band spectra of J1808 reveals the
presence of at least two major components: soft, blackbody-like
emission below 7 keV and a power-law tail with the cut-off at∼100
keV (Gierliński, Done & Barret 2002; Poutanen & Gierliński 2003,
hereafter PG03). Both components are pulsating at the pulsar fre-
quency and therefore are associated with the impact of the accre-
tion stream to the neutron star surface. The hard power-law is most
probably produced in the accretion shock, while the blackbody
might be the heated neutron star surface underneath and around
this shock (see Gierliński & Poutanen 2005, for the geometry
and observational signatures supporting this interpretation). These
components have been identified in other AMSP too (Falanga et

c© 2009 RAS
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hereafter PG03). Both components are pulsating at the pulsar fre-
quency and therefore are associated with the impact of the accre-
tion stream to the neutron star surface. The hard power-law is most
probably produced in the accretion shock, while the blackbody
might be the heated neutron star surface underneath and around
this shock (see Gierliński & Poutanen 2005, for the geometry
and observational signatures supporting this interpretation). These
components have been identified in other AMSP too (Falanga et
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Figure 1. The light curve of SAX J1808.4−3658 during the 2002 outburst. The flux is computed in the 3–20keV energy band. We divide the outburst into 4
stages: P, SD, RD and FT, which are coloured in red, green, blue and magenta, respectively. Stripes indicate different outburst stages, see Table 1. The inserts
show the pulse profiles at different times in the 2–3.7 and 10–24 keV energy bands (blue and red histograms, respectively).

al. 2005a,b; Gierliński & Poutanen 2005; Falanga et al. 2007).
The spectral shapes are very similar for individual objectsover
the course of the outbursts (see e.g. Gilfanov et al. 1998) aswell
as for different objects (Poutanen 2006). The accretion disc signa-
tures have been also revealed with theXMM-Newton data either
spectroscopically by the presence of the softer component as in
XTE J1751–305 (Gierliński & Poutanen 2005) or by reductionof
the pulse variability amplitude below∼2 keV as in J1808 (Patruno
et al. 2009a). Also the spectral features observed around 6–7 keV
in J1808 are a clear signature of the iron line produced by reflection
from the neutral matter, presumably the accretion disc.

Understanding of the physical nature of the spectral compo-
nents has important implications for the correct interpretation of
the pulse profiles and particularly their strong energy dependence.
Phase-resolved spectroscopy reveals that the two major compo-
nents do not vary in phase (Gierliński et al. 2002; Gierliński &
Poutanen 2005), resulting in prominent soft time lags (i.e.hard
photons arriving earlier), which have a steep energy dependence
up to 7 keV, the energy where the contribution of the blackbody be-
comes negligible. The corresponding pulse profiles associated with
the components also are significantly different, with the harder pho-
tons showing more harmonic content. A natural interpretation of
these phenomena is related to the different angular patternof the
blackbody and the shock emission (PG03).

The variability of the pulse profiles in the course of the out-
burst also gives us a clue to the origin of the X-ray emission.J1808
demonstrates remarkably similar evolution of the profiles during
its outbursts in 1998, 2002, 2005, and 2008 (H08; Hartman et al.
2009). During most of the outburst (at SD stage, see Fig. 1), at high
flux level, the profile is very stable and is nearly sinusoidalwith a
low harmonic content. The profiles observed during the SD stages

of the 1998 and 2002 outbursts are almost identical (see profiles
2 and 4 in fig. 3 in H08). Also in 2005, profiles 4A and 4B that
appeared during a large fraction of the outburst are rather similar
to those in the SD stages of the 1998 and 2002 outbursts. Even
in 2008, the pulsar had a similar profile at high flux period (see
profiles 1 and 2 in fig. 1 of Hartman et al. 2009). Such profile is
consistent with being produced by only one hotspot as discussed
and modelled by PG03. The pulse stability allows to obtain a high
photon statistics and use the average pulse profile to get constraints
on the neutron star mass-radius relation and the equation ofstate
(see PG03 and Leahy, Morsink & Cadeau 2008).

However, there are clear deviations from this profile both at
high- and low- flux levels. In the peak of the outburst in 2002 and
2005, the profile has a dip in the middle of the broad maximum
(see profiles for the P3–P5 period in Fig. 1). On the other hand, at
low fluxes, the pulse has either a clearly double-peaked profile or a
significant skewness opposite to that observed at SD stage (H08).
This variability also results in jumps in the phases of the harmonics
(timing noise) with the most dramatic example being a glitch-like
feature in the phase of the fundamental in 2002 and 2005 outbursts
(Burderi et al. 2006; H08). Such variations seriously complicate the
study of the spin evolution of the pulsar. In 1998, this kind of jumps
have not been detected as theRXTE data do not cover well enough
the low-flux periods (see fig. 1 in Gilfanov et al. 1998 or fig. 1 in
H08).

There are plenty of reasons why the pulse profile might change
(see Poutanen 2008, for a review). At high accretion rate, the ab-
sorption in the accretion stream might play a role. The effect should
be largest close to the phase where the flux is large, when the stream
impact point (i.e. the hotspot) is visible at presumably lowest in-
clination to the normal. As the accretion rate changes, we expect,
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for example, some variations of the angular emissivity pattern of
the hotspots, and changes in the spot area, their shape, as well as
their position at the stellar surface (Lamb et al. 2008; Patruno et al.
2009c), as the gas follows different magnetic field lines. Also, the
visibility of the antipodal spot, hidden at high accretion rates, can
vary dramatically as the accretion disc retreats, causing astrong
pulse shape variability.

Changes in the accretion disc inner radius are expected on
physical grounds as the magnetospheric radius increases with the
dropping accretion rate. In addition, there is an indirect evidence
for increasing inner radius from the drop of the kilohertz quasi-
periodic oscillation (QPO) frequency during the 2002 outburst (van
Straaten et al. 2005), if interpreted as a signature of Keplerian rota-
tion.

In the present work, we track the changes in spectral and tim-
ing characteristics through the 2002 outburst of J1808 withthe aim
to determine the variations in the geometry of the system. Wefirst
analyse the phase-averaged spectra and their evolution. Westudy
the variations of the apparent hotspot area and the amplitude of
the reflection features (which are signatures of cool material in the
vicinity of X-ray source) during the outburst. We then studythe
pulse profiles, their dependence on energy, the corresponding time
lags, and finally the phase-resolved spectra. Furthermore,we esti-
mate the physical size of the hotspot and put constraints on the ge-
ometry, in particular the inner disc radius and the displacement of
the magnetic dipole from the rotational axis. Using two alternative
methods, we determine the magnetic moment of the neutron star.
Finally, we introduce a simple model of the pulsar with two antipo-
dal spots and a variable inner accretion disc radius and compare the
predictions of the model to the data.

2 OBSERVATIONS

We focus on the data obtained during the most data-rich outburst of
J1808 happened in 2002. The observations are made by theRXTE
during MJD 52562–52604 (October 15 – November 26) and be-
long to the ObsID 70080. For the analysis, we used the standard
HEADAS 6.1 package and the CALDB. We use the data taken by
RXTE/PCA (3–20 keV) and HEXTE (25–200 keV); 1 per cent sys-
tematics has been added to the PCA spectra (see Jahoda et al. 2006
for a complete review on PCA calibration). To keep the calibration
uniform throughout our data set, we used the data from PCA units
2 and 3 only.

The outburst can be divided into four periods. The peak (P)
stage (MJD 52562.1–52563.5; 2002 October 15–16) marks the
very beginning of the observations, when the 3–20 keV flux (cor-
rected for absorption) is relatively constant at∼ 2.2 × 10−9 erg
cm−2 s−1 and fast (up to∼ 700 Hz) QPOs are present. The slow
decay (SD) stage (MJD 52564.2–52574.3; October 17–27) shows
QPOs twice as slow and the exponential decrease of the flux. At
the rapid drop (RD) stage (MJD 52574.8–52579.3; October 27 –
November 1), the flux falls even faster, and the secondary maxi-
mum appears in pulse profiles after October 29. During the flaring
tail (FT), the last stage (MJD 52579.4–52602.8; November 1–24),
the flux was rising and fading with the period of∼ 5 days till the
source became undetectable. The power density spectrum at this
stage is dominated by a strong 1 Hz QPO (van Straaten et al. 2005;
Patruno et al. 2009b). The outburst lightcurve and the sample pulse
profiles are shown on Fig. 1 (see also figs 2 and 3 in H08); note the
shape differences between various energies.

While the photon count rate is rather high at the beginning of

Table 1.Data groupings for spectral and timing analysis.

MJD interval Group code Outburst stage

52562.13 – 52563.55 P P
52562.13 – 52562.46 P1 P begins
52562.46 – 52562.55 P2
52563.11 – 52563.14 P3
52563.18 – 52563.21 P4
52563.25 – 52563.55 P5 P ends
52564.25 – 52574.29 SD SD
52564.17 – 52564.50 SD1 SD begins
52564.50 – 52564.53 SD2
52565.09 – 52565.42 SD3
52565.42 – 52565.53 SD4
52566.08 – 52566.11 SD5
52566.14 – 52566.45 SD6
52567.07 – 52568.42 SD7
52569.04 – 52569.48 SD8
52570.03 – 52570.28 SD9
52570.95 – 52571.39 SD10
52571.94 – 52573.30 SD11
52573.33 – 52574.29 SD12 SD ends
52574.84 – 52579.36 RD RD
52574.84 – 52577.40 RD1
52577.40 – 52579.36 RD2
52579.40 – 52602.79 FT FT
52579.40 – 52583.30 FT1 FT begins
52583.75 – 52588.44 FT2
52588.67 – 52592.92 FT3
52593.02 – 52602.79 FT4 FT ends

the outburst, at its end it is necessary to co-add many individual ob-
servations to obtain the pulse profiles and spectra with reasonably
small errors. Therefore, we group the data (based on similarcount
rate and pulse shape) as shown in Table 1. For pulse extraction, we
used the pulsar ephemeris obtained by H08.

The spectral analysis (both phase-resolved and phase-
averaged) was done using the XSPEC 11.2 spectral package (Ar-
naud 1996). All uncertainties correspond to a 90 per cent confi-
dence interval.

3 SPECTRAL ANALYSIS

3.1 Evolution of the spectral shape

The comparison of the spectral shapes at different observation dates
may help to determine the contribution of various emitting compo-
nents. Thoughout the paper, we plot the so-called unfolded spec-
tra, which show the assumed underlying model multiplied by the
ratio of the observed data to the spectral model folded with the
detector’s response matrix. In Fig. 2, we present theRXTE/PCA
spectra (unfolded using power-law model with spectral index 2.0)
for several moments of the outburst. In the brightest observations
at the P stage we find the flux excess below 4 keV; this feature is
much less noticeable in the later data. Most probably, the soft ex-
cess is the accretion disc emission. This interpretation issupported
by the reduced variability at the pulsar frequency below 2 keV in
theXMM-Newton data obtained during the 2008 outburst (Patruno
et al. 2009c). A similar component was found also in theXMM-
Newton data on XTE J1751–305 (Gierliński & Poutanen 2005). As
the disc temperature is below 0.5 keV in these cases, it is notsur-
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Figure 2.The unfolded spectra forRXTE/PCA range. Vertical lines indicate
the boundaries for spectral components, from left to right:extra flux below 4
keV, 6.4 keV Fe line, blackbody hotspot emission below 10 keVand thermal
Comptonization above 10 keV. The outburst stages coloured as in Fig. 1 are
indicated at the right-hand side.

prising whyRXTE sees the excess only at highest fluxes, when the
accretion disc is expected to be hottest.

In the 3–10 keV range, the spectrum does not resemble a
power-law and is likely the blackbody-like emission from the neu-
tron star surface (the similar results were obtained for other AM-
SPs, see Gierliński, Done & Barret 2002; Falanga et al. 2005a,b;
Gierliński & Poutanen 2005; Falanga et al. 2007). Above 10 keV,
we observe a power-law-like emission with the spectral index
slightly changing in time. The hard X-ray data fromRXTE/HEXTE
(see Section 3.2) displays a cut-off at∼ 100 keV, which is consis-
tent with thermal Comptonization in∼ 50 keV electron gas. A
bump in the spectrum around 6–7 keV and the hardening above 10
keV are clear signatures of fluorescent iron line at∼6.4 keV and
Compton reflection of the underlying continuum from the coldma-
terial. The amplitude of the corresponding residuals reduces as the
flux drops.

3.2 Phase-averaged spectra

In this section, we describe the results of fitting the phase-averaged
spectra with various models. All our models include interstellar ab-
sorption, with the hydrogen column density fixed at the Galactic ab-
sorption value of1.13× 1021 cm−2 (obtained from the HEADAS
tool NH using the pulsar’s coordinates). The distance to thesource
is assumed to beD = 3.5 kpc (Galloway & Cumming 2006). Be-
cause the relative normalization of the PCA and HEXTE instru-
ments is uncertain, we allowed this to be an addition free parameter
in all spectral fits.

3.2.1 Power-law-based models

A power-law model with an exponential cut-off (XSPEC model
CUTOFFPL), described by the photon indexΓ and cut-off en-
ergy Ecut, produces rather bad fits. Adding a gaussian iron
line at 6.4 keV and a blackbody component (BBODYRAD),
described by the temperatureTbb and normalizationK =
[(R∞/km)/(D/10 kpc)]2, significantly improves the fits giving
χ2/dof ∼ 1. The apparent residuals remain in the low energy

Figure 3. The best-fitting parameters for the blackbody and the cut-off
power-law plus reflection model. Evolution of (a) the photonindex Γ and
blackbody temperatureTbb together with the flux in 3–20 keV band cor-
rected for absorption (shown by circles) in units of10−9 erg cm−2 s−1, (b)
blackbody apparent emitting area, and (c) reflection amplitude. The vertical
dashed lines separate various outburst stages.

channels below 4 keV, at the earlier stages of the outburst (groups
P1–SD4). We model this feature with another blackbody (repre-
senting the accretion disc) with the temperature of 0.2 keV and free
normalization. The resulting fits show that the temperatureof the
main blackbody component decreases from about 0.9 to 0.7 keV
and the apparent areaΣ = πR2

∞ also decreases from about 30
to 10 km2 as the outburst progresses. At the same time, the un-
derlying power-law softens fromΓ ≈ 1.5 to 1.9 and the cut-off
energy increases from about 40 to 80 keV, and during the FT stage
it becomes unconstrained. The amplitude of the additional (disc)
blackbody decreases with time, but it is badly constrained as this
component is mostly outside of theRXTE energy band.

The residuals relative the power-law fit seen in Fig. 2 im-
ply the presence of the Compton reflection and an iron line in the
spectrum. Consequently, we add Compton reflection to the cut-off
power-law model (PEXRAV model, Magdziarz & Zdziarski 1995),
with the additional fitting parameters being the reflection ampli-
tudeℜ = Ω/(2π) (whereΩ is the solid angle covered by the cold
reflector as viewed from the isotropic X-ray source) and inclina-
tion which we fix ati = 60◦. The inclination parameter affects
only weakly the shape of the Compton reflection continuum in the
X-ray band (Magdziarz & Zdziarski 1995; Poutanen, Nagendra&
Svensson 1996) and does not affect any other spectral components.
Therefore, any other value ofi would be also acceptable.

The limited statistics does not allow to simultaneously con-
strainℜ and the cut-off energy for the spectra taken only during
short time intervals. We have fitted the averaged spectrum for the
SD phase and obtainedEcut = 63+13

−10 keV; hense we assume
Ecut = 65 keV in all spectra. Our results are shown in Fig. 3.
We see that the underlying power-law index is almost constant
Γ ∼ 1.8. The apparent blackbody areaΣ reaches the maximum
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P1–SD4). We model this feature with another blackbody (repre-
senting the accretion disc) with the temperature of 0.2 keV and free
normalization. The resulting fits show that the temperatureof the
main blackbody component decreases from about 0.9 to 0.7 keV
and the apparent areaΣ = πR2

∞ also decreases from about 30
to 10 km2 as the outburst progresses. At the same time, the un-
derlying power-law softens fromΓ ≈ 1.5 to 1.9 and the cut-off
energy increases from about 40 to 80 keV, and during the FT stage
it becomes unconstrained. The amplitude of the additional (disc)
blackbody decreases with time, but it is badly constrained as this
component is mostly outside of theRXTE energy band.

The residuals relative the power-law fit seen in Fig. 2 im-
ply the presence of the Compton reflection and an iron line in the
spectrum. Consequently, we add Compton reflection to the cut-off
power-law model (PEXRAV model, Magdziarz & Zdziarski 1995),
with the additional fitting parameters being the reflection ampli-
tudeℜ = Ω/(2π) (whereΩ is the solid angle covered by the cold
reflector as viewed from the isotropic X-ray source) and inclina-
tion which we fix ati = 60◦. The inclination parameter affects
only weakly the shape of the Compton reflection continuum in the
X-ray band (Magdziarz & Zdziarski 1995; Poutanen, Nagendra&
Svensson 1996) and does not affect any other spectral components.
Therefore, any other value ofi would be also acceptable.

The limited statistics does not allow to simultaneously con-
strainℜ and the cut-off energy for the spectra taken only during
short time intervals. We have fitted the averaged spectrum for the
SD phase and obtainedEcut = 63+13

−10 keV; hense we assume
Ecut = 65 keV in all spectra. Our results are shown in Fig. 3.
We see that the underlying power-law index is almost constant
Γ ∼ 1.8. The apparent blackbody areaΣ reaches the maximum
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of ∼30 km2 (corresponding to the radius of only 3 km) at the SD
stage and decreases at the later outburst stages. The reflection am-
plitude is clearly larger at the peak and drops rapidly during the SD
stage, this explains the apparent softening of the power-law seen in
the model without reflection. The absolute amplitude of reflection
depends on assumed inclination, scaling roughly as∝ 1/ cos i.

3.2.2 Thermal Comptonization model

The physical origin of the power-law-like spectrum with a cut-off
is most probably related to thermal Comptonization. Because this
component is pulsating, it is natural to assume that it is produced in
the accretion shock above the neutron star surface. Although the de-
tailed shock structure can be rather complicated, one oftenapproxi-
mates it by a single temperature plane-parallel slab. To simulate the
Comptonized emission, we use theCOMPPSmodel of Poutanen &
Svensson (1996) in slab geometry. We set the inclinationi = 60◦

following Gierliński et al. (2002). As in power-law-basedmodels of
Section 3.2.1, inclination is not constrained from the spectral data
alone and a particular choice ofi will affect only the resulting re-
flection fraction, which scales as∝ 1/ cos i. The fitting parameters
are the temperature and the Thomson optical depth of the Comp-
tonizing electron slabTe andτ and the temperature and the effec-
tive emitting area of the blackbody seed photons for Comptoniza-
tion Tseed andΣhard. Reflection is described by the amplitudeℜ
and the iron 6.4 keV line (DISKLINE) by the normalization. The
statistical limitations of the data and the energy resolution of PCA
do not allow us to fit the inner disc radius (that controls relativistic
smearing of the line and reflection), therefore we fix it (for spec-
tral fits only) on 10rs (statistically acceptable for all observations,
rs = 2GM/c2 is the Schwarzschild radius),1 and assume the ra-
dial profile of the emissivity∝ r−3. The heated surface around the
shock is modeled by an additional blackbody emission component
BBODYRAD (see also Gierliński et al. 2002; PG03; Gierliński &
Poutanen 2005; Falanga et al. 2005b, 2007) of temperatureTbb and
areaΣsoft. To account for the excess flux below 4 keV in groups
P1 – SD4, we used an additional (disc) blackbody component with
the temperature of 0.2 keV and free normalization.

On the physical grounds, we expect that the blackbody emit-
ting areaΣsoft is similar to the area covered by the Comptonizing
slabΣhard. Attempts to fit these normalizations independently lead
to unreasonably large effective emitting areas of one of thecompo-
nents (see also Gierliński & Poutanen 2005, section 4.5). We have
fitted the spectrum of group SD, which has the best statistic among
our data set, with bothΣsoft andΣhard being free parameters, and
obtainedΣsoft = 75+31

−15 km2 andΣhard = 30+30
−15 km2. Fixing

the ratioΣsoft/Σhard = 2, gives a good fit and results in a reason-
able area ofΣhard = 37 ± 7 km2. We then assumed equal areas
Σsoft = Σhard = Σ, and were also able to get good fits for all
data sets and obtained reasonable values for the areasΣ ∼ 30–110
km2, which imply the apparent spot radius ofR∞ ∼3–6 km. These
examples clearly demonstrate that on the quantitative level the re-
sults are affected by the assumed relations between theCOMPPS

andBBODYRAD normalizations. In the following we assume equal
areas and keep in mind that the systematic error for the spot area is
about a factor of two, which translates to a 50 per cent uncertainty
in R∞. We also note that to obtain the actual spot size at the stellar

1 Here we assume fixed inner disc radius, because of the limitedspectral
data. Later in the paper, we show that the variations of the reflection ampli-
tude and the pulse profiles require the disc inner radius to change.

Figure 4. Broad-band spectra of J1808 and the best-fitting thermal
Comptonization-based model. (a) Unfolded observed spectrum at the P
stage. Solid, dotted, dot-dashed, long dashed and short-dashed curves
represent the total model spectrum, thermal Comptonization continuum
COMPPS, blackbody component, reflection with the 6.4 keV line, and an
additional soft blackbody below 4 keV, respectively. (b) Unfolded observed
spectra at the P, SD and FT stages. Solid curves represent thebest-fitting
thermal Comptonization model from Section 3.2.2.

surface the apparent areas should be corrected for the inclination
and gravitational light bending effect, as discussed in Section 5.1.

The spectral fits to the broad-band spectra averaged over the
outburst stages and the contribution of individual spectral compo-
nents are shown on Fig. 4. We see that the overall spectral shape
does not seem to vary much during the whole outburst as was no-
tices also by Gilfanov et al. (1998) for the 1998 outburst. How-
ever, the fitting parameters do change significantly (see Fig. 5).
We clearly see that the seed photon temperatureTseed as well as
the temperature of the additional blackbody are decreasingwith
time, which is natural as the total luminosity drops. The area Σ
also seems to decrease. This trend is independent of the assumed
ratio Σsoft/Σhard. Such a behaviour is expected when the magne-
tospheric radius increases at lower accretion rate. The values ofΣ
in the Comptonization model are significantly larger than those in
the power-law model fits (cf. Fig. 3), because in the Comptoniza-
tion model only a fraction of the blackbody seed photons escape
through the Comptonizing slab and the Comptonized continuum
has a low-energy cut-off unlike the power-law which continues to
lower energies without a break. Despite the large uncertainties, the
reflectionℜ shows the decreasing amplitude which is consistent
with the trend obtained withPEXRAV model. The Thomson optical
depth and the electron temperature of the Comptonizing slabare
rather constant,τ ∼1.0–1.2 andTe ≈40–45 keV, which is consis-
tent with the stability of the underlying power-law in thePEXRAV

model. The decreasing of the reflection together with the drop of
the QPO frequencies (if related to the Keplerian frequencies) is
consistent with the increasing inner disc radius in the course of the
outburst.
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mates it by a single temperature plane-parallel slab. To simulate the
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are the temperature and the Thomson optical depth of the Comp-
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tive emitting area of the blackbody seed photons for Comptoniza-
tion Tseed andΣhard. Reflection is described by the amplitudeℜ
and the iron 6.4 keV line (DISKLINE) by the normalization. The
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do not allow us to fit the inner disc radius (that controls relativistic
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tral fits only) on 10rs (statistically acceptable for all observations,
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Poutanen 2005; Falanga et al. 2005b, 2007) of temperatureTbb and
areaΣsoft. To account for the excess flux below 4 keV in groups
P1 – SD4, we used an additional (disc) blackbody component with
the temperature of 0.2 keV and free normalization.

On the physical grounds, we expect that the blackbody emit-
ting areaΣsoft is similar to the area covered by the Comptonizing
slabΣhard. Attempts to fit these normalizations independently lead
to unreasonably large effective emitting areas of one of thecompo-
nents (see also Gierliński & Poutanen 2005, section 4.5). We have
fitted the spectrum of group SD, which has the best statistic among
our data set, with bothΣsoft andΣhard being free parameters, and
obtainedΣsoft = 75+31

−15 km2 andΣhard = 30+30
−15 km2. Fixing

the ratioΣsoft/Σhard = 2, gives a good fit and results in a reason-
able area ofΣhard = 37 ± 7 km2. We then assumed equal areas
Σsoft = Σhard = Σ, and were also able to get good fits for all
data sets and obtained reasonable values for the areasΣ ∼ 30–110
km2, which imply the apparent spot radius ofR∞ ∼3–6 km. These
examples clearly demonstrate that on the quantitative level the re-
sults are affected by the assumed relations between theCOMPPS

andBBODYRAD normalizations. In the following we assume equal
areas and keep in mind that the systematic error for the spot area is
about a factor of two, which translates to a 50 per cent uncertainty
in R∞. We also note that to obtain the actual spot size at the stellar

1 Here we assume fixed inner disc radius, because of the limitedspectral
data. Later in the paper, we show that the variations of the reflection ampli-
tude and the pulse profiles require the disc inner radius to change.

Figure 4. Broad-band spectra of J1808 and the best-fitting thermal
Comptonization-based model. (a) Unfolded observed spectrum at the P
stage. Solid, dotted, dot-dashed, long dashed and short-dashed curves
represent the total model spectrum, thermal Comptonization continuum
COMPPS, blackbody component, reflection with the 6.4 keV line, and an
additional soft blackbody below 4 keV, respectively. (b) Unfolded observed
spectra at the P, SD and FT stages. Solid curves represent thebest-fitting
thermal Comptonization model from Section 3.2.2.

surface the apparent areas should be corrected for the inclination
and gravitational light bending effect, as discussed in Section 5.1.

The spectral fits to the broad-band spectra averaged over the
outburst stages and the contribution of individual spectral compo-
nents are shown on Fig. 4. We see that the overall spectral shape
does not seem to vary much during the whole outburst as was no-
tices also by Gilfanov et al. (1998) for the 1998 outburst. How-
ever, the fitting parameters do change significantly (see Fig. 5).
We clearly see that the seed photon temperatureTseed as well as
the temperature of the additional blackbody are decreasingwith
time, which is natural as the total luminosity drops. The area Σ
also seems to decrease. This trend is independent of the assumed
ratio Σsoft/Σhard. Such a behaviour is expected when the magne-
tospheric radius increases at lower accretion rate. The values ofΣ
in the Comptonization model are significantly larger than those in
the power-law model fits (cf. Fig. 3), because in the Comptoniza-
tion model only a fraction of the blackbody seed photons escape
through the Comptonizing slab and the Comptonized continuum
has a low-energy cut-off unlike the power-law which continues to
lower energies without a break. Despite the large uncertainties, the
reflectionℜ shows the decreasing amplitude which is consistent
with the trend obtained withPEXRAV model. The Thomson optical
depth and the electron temperature of the Comptonizing slabare
rather constant,τ ∼1.0–1.2 andTe ≈40–45 keV, which is consis-
tent with the stability of the underlying power-law in thePEXRAV

model. The decreasing of the reflection together with the drop of
the QPO frequencies (if related to the Keplerian frequencies) is
consistent with the increasing inner disc radius in the course of the
outburst.
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Figure 5. The evolution of the spectral parameters for the Comptonization model of Section 3.2.2 and the correlations between them. The flux corrected for
absorption is in 3–20 keV band in units of10−9 erg cm−2 s−1. The points at various outburst stages are coloured as in Fig. 1.

4 TEMPORAL PROPERTIES

4.1 Pulse profiles and their energy dependence

The pulse profiles of J1808 evolve substantially during the 2002
outburst (H08). During the P stage, the energy-averaged pulse is
close to sinusoidal, but skewed to right. The small secondary mini-
mum is noticeable at energies above 10 keV. During the SD stage,
the pulse is very stable and nearly symmetric, with a slightly faster
rise than decay. In the end of RD1 stage (MJD 52576, October
29), the secondary maximum (signature of the second hotspot) be-
comes pronounced. At stage RD2 (after MJD 52577, October 30),
the pulse becomes skewed to the left, and the secondary maximum
shifts to the rising part of the main peak. On MJD 52581 (Novem-
ber 3), the pulse has a clear double-peak profile leaving no doubts
that the second hotspot is visible. At the FT stage, the pulsecontin-
ues to be skewed to the left. The strength of the first overtone(i.e.
at double pulsar frequency) clearly anticorrelates with the flux at
later stages as was pointed out by H08.

We are also interested in the energy dependence of the pulse
profiles as this provides us with the clues of the origin of pulse
variability. The evolution during the outburst of the pulseprofiles
in two energy intervals 2–3.7 keV and 10–24 keV is presented in
Fig. 1. These energy bands are of particular interest, because the
soft one has the largest contribution of the blackbody component,
while the hard one contains only the Comptonized continuum.For
most of the observations, the pulse shapes can well be described
just by two harmonics:

F (φ) = F{1 + a1 cos[2π(φ− φ1)] + a2 cos[4π(φ− φ2)]}. (1)

We have extracted pulse profiles in various energy intervalsfor ev-
ery satellite orbit and fitted them with equation (1). The best-fitting
(positive) relative amplitudesa1, a2 and the phasesφ1, φ2 for the
fundamental and first overtone for the two energy intervals are pre-
sented in Fig. 6. We also fitted pulse profiles averaged over the
outburst stages in four different energy band (see left-hand panels
of Fig. 7). We see that the profiles depend strongly on energy.Dur-
ing the P and SD stages, the relative amplitude of the first overtone
is larger at hard energies (above 10 keV). The rms drops with in-
creasing energy only slightly. At the later stages, the rms at energies
above 10 keV is 2–3 times smaller than that below 4 keV and the
oscillation amplitude at the fundamental is much more pronounced
at soft energies comparing to the hard ones (see also Fig. 6).

We also notice that the phase of the overtone behaves differ-
ently below 4 keV and above 10 keV. There is a clear increas-
ing trend at low energies, while the phase is consistent withbe-
ing constant at higher energies (compare lower panels in Fig. 6).
This serves as a warning against using such phase-connecting solu-
tions to determine the pulsar frequency evolution (cf. Burderi et al.
2006). Clearly the pulse profile energy dependence and variability
introduces a strong bias.

4.2 Time lags

The pulse profile dependence on energy can also be quantified by
studying the time lags. Although they contain less information than
the pulse shape, it is customary to study them as the functionof
energy. In J1808 the lags are soft, i.e. the pulse peaks at softer en-
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Figure 6. Fourier amplitudes and phases of the best-fitting curves (1)to the per-orbit pulse profiles in (a) 2–3.7 keV and (b) 10–24 keV energy bands. Top
panels: amplitudes of the fundamentala1 (squares) and the first overtonea2 (circles). Bottom panels: phases of the fundamentalφ1 (squares) and the overtone
φ2 (circles). The vertical dashed lines separate various outburst stages. The typical errors are shown for some points.

ergies at a later phase (Cui, Morgan & Titarchuk 1998; Gierliński
et al. 2002). We compute the time lags by fitting the pulse profiles
at a given energy bin with equation (1) and finding the phase differ-
ence relative to the reference energy.2 The 90 per cent confidence
interval for one parameter is estimated from∆χ2 = 2.71. For the
four outburst stages, the lags relative to the 2–3.3 keV bandat the
fundamental frequency and the first overtone computed from the
best-fitting phasesφ1 andφ2 are presented in the right-hand panels
of Fig. 7 by circles and triangles, respectively. The absolute value
of the lags is increasing from 3 up to∼10 keV, and saturates there.
Such a behaviour is similar to what is observed in the J1808 data
during the 1998 outburst (Cui et al. 1998; Gierliński et al.2002) as
well as in other sources (see e.g. Galloway et al. 2002; Gierliński &
Poutanen 2005), except IGR J00291+5934, where the lags seemto
change the trend around 15 keV (Galloway et al. 2005; Falangaet
al. 2005b). The lags at the fundamental increase when the accretion
rate drops (see also Hartman, Watts & Chakrabarty 2008b). They
are nearly zero at the peak of the outburst and reach−300 µs at the
latter outburst stages. The lags at the first overtone seem tofollow
similar trends, being consistent with zero at the peak of theoutburst
and reaching−200 µs latter on.

2 Alternatively, we can use the standard discrete Fourier transform of the
pulse profile to compute the relative amplitudes and phases:

ake2πikφk = 2/Nph

nX
j=1

xje2πijk/n, (2)

wheren is the number of phase bins,xj (j = 1, ..., n) is the number of
counts in thejth bin,Nph =

Pn
j=1 xj is the total number of counts, and

k = 1, 2 correspond to the fundamental and the first overtone, respectively.
The amplitudes and phases obtained by the two methods becomesimilar in
the limit of small errors and only when the profile can be well represented
by equation (1).

An alternative measure of the lag is the shift with energy of
the maximum of the best-fitting curve (1). To estimate the uncer-
tainties of the lag value, we perturb the fitting parameters within 90
per cent confidence interval and find the maximal displacements of
the curve maximum. The results are shown by squares in Fig. 7.
These lags in general follow the energy dependence obtainedfrom
the fundamental, except at the P stage, where they are significantly
larger. This difference originates in the existence of the absorption-
like feature at zero phase in the pulse profile at high energies and
the corresponding shift of the maximum to an early phase.

The lags have their origin most probably in difference of the
emissivity patterns of blackbody and Comptonization emission, af-
fected, in addition, by the fast stellar rotation (Gierliński et al. 2002;
PG03). This explains not only why the lag change dramatically be-
low 7 keV, where the blackbody’s contribution varies significantly,
but also the shape of the pulse profile as well as its energy de-
pendence. On the other hand, models involving multiply Comp-
ton down- (or up-) scattering (see e.g. Cui et al. 1998; Falanga &
Titarchuk 2007) pay attention only to the lags ignoring the pulse
profiles. A specific time-lag model of Falanga & Titarchuk (2007)
suffers also from other problems. The soft lags there are explained
by multiply scattering of the hotspot’s hard radiation in the accre-
tion disc. However, the hard photons above 10 keV are actually
mostly reflected (by single Thomson scattering), while the photons
at a few keV are immediately absorbed (by photoelectric absorp-
tion) because the disc is rather cool. Thus, the role of multiply
scattering is negligible in any case and the lags cannot possibly
be produced this way.

4.3 Phase-resolved spectroscopy

The phase-resolved spectroscopy of J1808 for its 1998 outburst has
been performed by Gierliński et al. (2002) and for XTE 1751–305
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PG03). This explains not only why the lag change dramatically be-
low 7 keV, where the blackbody’s contribution varies significantly,
but also the shape of the pulse profile as well as its energy de-
pendence. On the other hand, models involving multiply Comp-
ton down- (or up-) scattering (see e.g. Cui et al. 1998; Falanga &
Titarchuk 2007) pay attention only to the lags ignoring the pulse
profiles. A specific time-lag model of Falanga & Titarchuk (2007)
suffers also from other problems. The soft lags there are explained
by multiply scattering of the hotspot’s hard radiation in the accre-
tion disc. However, the hard photons above 10 keV are actually
mostly reflected (by single Thomson scattering), while the photons
at a few keV are immediately absorbed (by photoelectric absorp-
tion) because the disc is rather cool. Thus, the role of multiply
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Figure 7. Pulse profiles (left-hand panels) in the 2–3.3, 4.5–4.9, 6.5–7.7 and 15.2–22.3 keV energy bands (solid, dotted, dashed and dash-dotted lines,
respectively) as shown by their best-fitting expression (1). Time lags (right-hand panels) as a function of energy relative to the 2–3.3 energy band for various
outburst stages. The time lags obtained from the pulse maximum, and the lags for the fundamental and the first overtone areshown by black squares, red
circles, and blue triangles, respectively.

by Gierliński & Poutanen (2005). It has been concluded, that the
energy dependence of the pulse profiles and the soft time lagscan
be explained with a simple model where only the normalizations of
the Comptonized tail and the blackbody vary. The pulse shapes of
these two components are different with the Compton component
having stronger harmonic content and peaking at an earlier phase.
Such profiles in their turn can be reproduced in a physical model
proposed by PG03, where the angular dependence of the emissiv-
ity of the spectral components is different. In addition to normal-
ization, one would expect variations of the blackbody temperature
caused by Doppler shift, but this is a small effect at the level of 1–2
per cent (PG03).

We have generated the phase-resolved spectra for the P, SD
and FT outburst stages. Following Gierliński et al. (2002), we used
the corresponding thermal Comptonization model fits of the phase-
averaged spectra (presented in Section 3.2.2) as a reference. We
fixed all the model parameters and fitted the normalizations of
the blackbody and thermal Comptonization (denoted asKsoft and
Khard, respectively). These normalizations can be directly related
to the apparent emitting areas (measured in km2) asΣsoft|hard =
πD2Ksoft|hard (whereD = 0.35 is the source distance in units of
10 kpc). The results are shown on Fig. 8. The parameters of thefits
with harmonic function (1) are given in Table 2.

At the P stage, the blackbody variations are consistent witha
sine-wave, while the Comptonized component shows a dip at zero
phase, which is reflected in the energy-resolved pulse profiles at
high energies (left-hand panel, Fig. 7). This dip (probablyassoci-
ated with absorption in the accretion column) causes the shift of
the maximum to earlier phase. The profiles during the SD stageare

Table 2. Harmonic fits by expression (1) to the phase-resolved apparent
areas.

Peak Slow decay Flaring tail

soft hard soft hard soft hard

Σ 77 74 67 67 40 52
a1 0.08 0.04 0.10 0.06 0.60 0.05
φ1 0.01 0.93 0.04 0.88 0.98 0.79
a2 0.03 0.02 0.01 0.01 0.21 0.02
φ2 −0.01 0.27 −0.03 0.35 0.01 0.38

almost identical to those observed in 1998 (Gierliński et al. 2002),
with the hard tail being less variable and having a stronger har-
monic. It arrives earlier than the blackbody, resulting in the soft
lags. At the FT stage, the blackbody shows enormous variability by
a factor of 3, while the rms variability of the Comptonized tail is
still only ∼5 per cent. Although the absolute value for the black-
body emitting area and the amplitude of its variation is model-
dependent (because of our assumption of the equal phase-averaged
areas and because the∼0.6 keV blackbody contributes little to the
RXTE energy band above∼3 keV), it is clear that the blackbody
is much stronger variable than the tail. These profile shapesare
reflected in strong variations of the energy-resolved pulseprofiles
shown in Fig. 7, with the low-energy pulses (where the blackbody
contributes more) having larger rms and the high-energy ones look-
ing exactly as the Comptonized tail. The nature of such strong vari-
ations of the blackbody is not clear.
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Figure 8. Results of the phase-resolved spectral analysis. The best-fitting parameters, except the normalizations of the Comptonization and blackbody com-
ponents, are frozen at the values obtained for the phase-averaged spectra (groups P, SD and FT). Left panels: effective emitting area of the two components
(Σsoft andΣhard, blue circles and red crosses, respectively) together withthe fits by expression (1) and parameters given in Table 2. Right panels:Σsoft

versusΣhard. The outburst stages are indicated on the panels.

5 THEORETICAL IMPLICATIONS

5.1 Spot size

The actual spot radius at the neutron star surface can be estimated
from the apparent spot areaΣ = πR2

∞ correcting for the light
bending and geometry. Using Beloborodov (2002) analyticalex-
pression for light bending, PG03 obtained the observed bolometric
flux produced by a circular blackbody spot of angular radiusρ (vis-
ible at all phases) as a function of phaseφ of a slowly rotating
pulsar:

F (φ) = (1− u)2
I0
D2

πR2
∗ sin2ρ

„
Q+ u tan2 ρ

2
+ U cosφ

«
, (3)

whereI0 is the intrinsic radiation intensity,R∗ is the neutron star
radius,u = rs/R∗ and

U = (1− u) sin i sin θ, Q = u+ (1− u) cos i cos θ, (4)

andi is the observer inclination andθ is the magnetic inclination,
i.e. the colatitude of the spot centre. The phase-averaged value of
F (φ), corresponding to the expression (3) without the last term in
brackets, is related to the apparent radius as

F = Iπ
R2
∞
D2

, (5)

where the observed intensity isI = I0(1 − u)2. Thus for the ap-
parent size of the spot we get

R∞ = R∗ sin ρ

„
Q+ u tan2 ρ

2

«1/2

, (6)

which can be reduced to the biquadratic equation forsin(ρ/2) with
the only physical solution:

sin
ρ

2
=

R∞
R∗
√

2

"
Q+

r
Q2−R

2∞
R2∗

(1− u) cos i cos θ

#−1/2

. (7)

This relation breaks down when parts of the spot are eclipsed, and
for the homogeneously bright star we haveR∗ = R∞/

√
1− u

(obviously, then no pulsations can be observed).
If the apparent size is significantly smaller the stellar radius,

there exists a simple relation between the physical and the apparent
sizes (PG03):

ρR∗ = R∞ Q−1/2. (8)

The smallest possible spot radius is close to the apparent radius as
Q = 1 for i = 0 andθ = 0. As the oscillation amplitude is small,
we expect thatθ is rather small, thus the reasonable upper limit on
the spot size is reached ati = 90◦ (takingθ = 0):

ρR∗ = R∞/
√
u. (9)

Using equation (7) we compute the dependence ofρ oni andθ
for a givenR∞. The results forR∞ = 5 km (corresponding to the
apparent area of 80 km2) and two stellar compactnesses are shown
in Fig. 9. The actual spot radiusρR∗ is about 5–8 km depending
on the inclination and compactness. The effect of rapid rotation
changes the results only slightly. However, the apparent spot size
obtained from the fitting of the spectra of J1808 is model depen-
dent. The power-law-based model (Fig. 3) gives an apparent radius
R∞ between 3 and 1 km (for the assumed distance ofD = 3.5
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(obviously, then no pulsations can be observed).
If the apparent size is significantly smaller the stellar radius,

there exists a simple relation between the physical and the apparent
sizes (PG03):

ρR∗ = R∞ Q−1/2. (8)

The smallest possible spot radius is close to the apparent radius as
Q = 1 for i = 0 andθ = 0. As the oscillation amplitude is small,
we expect thatθ is rather small, thus the reasonable upper limit on
the spot size is reached ati = 90◦ (takingθ = 0):

ρR∗ = R∞/
√
u. (9)

Using equation (7) we compute the dependence ofρ oni andθ
for a givenR∞. The results forR∞ = 5 km (corresponding to the
apparent area of 80 km2) and two stellar compactnesses are shown
in Fig. 9. The actual spot radiusρR∗ is about 5–8 km depending
on the inclination and compactness. The effect of rapid rotation
changes the results only slightly. However, the apparent spot size
obtained from the fitting of the spectra of J1808 is model depen-
dent. The power-law-based model (Fig. 3) gives an apparent radius
R∞ between 3 and 1 km (for the assumed distance ofD = 3.5
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Figure 9. Contour plot of constant angular size (in radians) of the emitting
spotρ for the apparent spot radiusR∞ = 5 km. Solid curves correspond
to the neutron star ofM = 1.4M⊙ and radiusR∗ = 12 km. The actual
radius of the spot reaches minimum of 5.1 km ati = 0 andθ = 0 and
maximum of 8.7 km ati = 90◦ andθ = 90◦. The dashed curves corre-
spond toM = 1.7M⊙ andR∗ = 11 km. In that case, the actual spot size
is between 5.1 and 7.6 km.

kpc). The radius estimated from the thermal Comptonizationmod-
els (Fig. 5) is significantly larger, varying from about 5.6 to 3.6
km (corresponding toΣ =100–40 km2) during the outburst. The
main reason for this discrepancy is that the power-law continues
to lower energies without a cut-off, while thermal Comptonization
turns over at energies corresponding to seed photons. In addition,
for Thomson optical depth of the order unity in the Comptonizing
slab, only about 1/3 of the seed photons can escape directly,the
rest being scattered and Comptonized to higher energies. Thus on
the physical grounds we prefer the larger apparent size.

The apparent area is still uncertain within a factor of two as
we discuss in Section 3.2.2, because of the unknown ratio of the
areas of the blackbody and Comptonized components. The corre-
sponding 50 per cent uncertainty inR∞ means that the actual spot
sizes of course are also uncertain by about the same amount, as it
is clear from equation (8). An additional complication comes from
the deviation of the spectrum from the blackbody. The actualspot
size can be larger by the colour correction factorfcol = Tcol/Teff ,
which describes the shift of the spectral peak relative to the black-
body. However, for the atmospheres heated from above, this cor-
rection should not play a significant role (see discussion inPG03).
In that case, the spot size during the whole outburst is smaller than
the stellar radius for the typical neutron star masses and radii.

5.2 Oscillation amplitude and constraints on the geometry

Some constraints on the system geometry can be obtained fromthe
observed oscillation amplitude. For a blackbody emitting spot at a
slowly rotating star, the relative amplitudea1 of the fundamental is
(see PG03 and equation [3]):

a1 =
U

Q+ u tan2(ρ/2)
. (10)

Comparing this expression to the observed oscillation amplitudes,
we can constrain the geometrical parametersi andθ. The spot an-
gular sizeρ is estimated from equation (7) and substituted to equa-
tion (10). The resulting constraints oni and θ are shown in Fig.
10(a) as the contours of constant amplitudea1 of 5 and 10 per cent.
We see that for most probable inclinations, the displacement of the
spot centre from the rotational axis is just 3◦–7◦. These results only
weakly depend on the assumed stellar compactness and stellar ro-
tation (Poutanen & Beloborodov 2006). A stronger effect comes
from the deviation of the emissivity pattern from the blackbody, as
the Comptonization tail is expected to have a broader beaming pat-
tern and therefore smaller amplitude (PG03, Viironen & Poutanen
2004). The same observeda1 requires a slightly largerθ for a given
i (see Gierliński & Poutanen 2005), but stillθ . 10◦. Inclination
smaller than about 40◦(and thus possibly largerθ) can be ruled out
on the basic of the X-ray (Chakrabarty & Morgan 1998) and optical
(Giles, Hill & Greenhill 1999; Homer et al. 2001; Wang et al. 2001;
Deloye et al. 2008) orbital modulations.

5.3 Visibility of the antipodal spot and the inner disc radius

The simplicity of the sine-like pulse profiles observed during the
SD stage can be used to argue that the antipodal spot is not visible
at this stage. The appearance of the antipodal spot later in the out-
burst is natural as the accretion disc is expected to recede from the
neutron star opening the view of the lower stellar hemisphere. If we
associate the appearance of the secondary peak in the pulse profile
(on 2002 October 29) with the appearance of the antipodal spot, we
can estimate the disc radius at this specific moment. This then can
be used to get independent constraints on the magnetic field.The
results depend somewhat on the spot size. We first assumeR∞ = 5
km (corresponding to apparent area of 80 km2, see Fig. 5), and then
vary it by 50 per cent within the uncertainty range.

Let us consider the parameter space where the antipodal spot
can be eclipsed by the disc. As parameters we take the inclination i
and the spot centroid colatitudeθ. We take the spot sizeρ given by
equation (7) and shown in Fig. 9 and numerically compute photon
trajectories from the spot elements towards the observer atevery
pulsar phase and check whether it crosses the disc (see Appendix
C). This allows us to estimate the maximally allowed inner disc
radiusRin, which fully blocks the spot. The contours ofRin at the
planei–θ for R∞ = 5 km are shown in Fig. 10(a). We see that
at large inclinationsi ∼ 80◦, the disc fully covers the antipodal
spot even when the inner radius is rather largeRin ∼ 40 km. At
i ∼ 50◦, the disc has to extend to< 20 km to cover the spot. The
disc extending to the corotation radius

Rcor = 31

„
M

1.4M⊙

«1/3 “ ν

401 Hz

”−2/3

km (11)

blocks the antipodal spot from any observer ati & 67◦ (for M =
1.4M⊙ andR∗ = 12 km).

If we assume a smaller spotR∞ = 3 km, the inner disc radius
needed to fully block the spot increases by about 20 per cent com-
pared to theR∞ = 5 km case (compare solid to dashed curves in
Fig. 10b). On the other hand, increasing the apparent spot size to 7
km, necessarily decreases the disc radius by 20 per cent (seedotted
contours). The stellar compactness influences the results very little,
for example, taking a higher mass ofM = 1.7M⊙ andR∗ = 11
km, lead to the decrease in the disc radius by only∼1 km (compare
dashed and solid curves in Fig. 10a).

If the accretion is centrifugally inhibited atRin > Rcor, the
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If the accretion is centrifugally inhibited atRin > Rcor, the

c© 2009 RAS, MNRAS000, 1–17



Accreting millisecond pulsar SAX J1808.4−3658 11

Figure 10. Constraints on inclination and colatitude of the emitting spot. (a) The solid (nearly vertical) curves show the contours of constant oscillation
amplitudea1 (given by equation [10]) of 5 and 10 per cent expected from a blackbody spot at a neutron star of massM = 1.4M⊙ and radiusR∗ = 12
km. The spot size corresponding toR∞ = 5 km is computed using equation (7) (see Fig. 9). The dashed curves correspond to the upper limit on the inner
disc radius (in km) that is required to fully block the view ofthe antipodal emitting spot. The corresponding results forthe neutron star ofM = 1.7M⊙ and
R∗ = 11 km are shown by dotted curves. The upper limit on the inclination of 82◦(Bildsten & Chakrabarty 2001) is shown by the horizontal line. (b) The
inner disc radii required to block the antipodal spot (M = 1.4M⊙ andR∗ = 12 km) for various apparent spot sizesR∞ = 3 (solid curves), 5 (dashed), and
7 km (dotted).

Table 3.Estimation of the inner disc radius and stellar magnetic momentµ
from the apparent spot area at 2002 October 29.

M = 1.4M⊙ M = 1.7M⊙
R∗ = 12 km R∗ = 11 km

i (deg) 50 60 70 50 60 70

R∞ = 3 km
Rin (km) 21.5 27.5 40 20.5 27 38

µ k
7/4
A f

−1/2
ang (1025G cm3) 4.4 6.8 13.2 3.6 5.9 10.7

R∞ = 5 km
Rin (km) 19.5 24 34 18 23 33

µ k
7/4
A f

−1/2
ang (1025G cm3) 3.7 5.4 9.9 2.9 4.5 8.4

R∞ = 7 km
Rin (km) 17 20 27 14 18 26

µ k
7/4
A f

−1/2
ang (1025G cm3) 2.9 3.9 6.6 1.9 2.9 5.5

clear signatures of the antipodal spot during the FT stage, give us an
upper limit on the inclinationi . 64◦, 67◦, 73◦ for R∞ = 3, 5, 7
km, respectively (forM = 1.4M⊙), which is lower than the con-
strainti < 82◦ obtained from the absence of binary eclipses (Bild-
sten & Chakrabarty 2001). For a more massive starM = 1.7M⊙ ,
the corresponding limits on the inclinations increase by 3 degrees.
If, however, the inclination actually is& 75◦, this would imply that
accretion proceeds even whenRin > Rcor (see Spruit & Taam
1993; Rappaport, Fregeau & Spruit 2004; Kluźniak & Rappaport
2007).

The constraints on the oscillation amplitudes (see Section5.2
and solid curves in Fig. 10a) reduce dramatically the allowed re-
gion in the(i, θ) plane. Combining this together with the fact that
the antipodal spot has just appeared to the view, gives directly the
estimation on the inner disc radius at that moment. The results are

presented in Table 3 for various inclinations and two sets ofstellar
compactness. We see that the largest uncertainty comes fromthe
unknown inclination. The compactness affects the results at less
than 10 per cent level, while a factor of 2 error in the apparent spot
area (i.e. 50 per cent error inR∞) results in only a 20 per cent error
in Rin.

5.4 Constrains on stellar magnetic field

Having the information about the inner disc radius allows usto es-
timate the stellar magnetic moment. We need to know the accretion
rate, which can be obtained from the observed bolometric fluxF :

L = 4πD2Ffang = ηṀc2, (12)

whereL is the total luminosity,η = 1 − √1− u is the accretion
efficiency in Schwarzschild metric, andfang is the factor correcting
for the angular anisotropy of radiation and general relativity effects.
It depends on the inclination, stellar compactness and spin, as well
as position of the emitting spot and its emission pattern (see Ap-
pendix A for details of calculations). We approximate the angular
distribution of radiation from the spot by a law

I∗(α) = I0(1 + h cosα), (13)

whereα is the angle relative to the stellar normal andh is the
anisotropy parameter. The value ofh = 0 corresponds to the
blackbody-like emission pattern and the negativeh correspond to
the Comptonized emission from an optically thin slab (see PG03;
Viironen & Poutanen 2004). For inclinations in the range 50◦–
70◦and a circular spot,fang varies in a rather narrow range1.3±0.2
(see Fig. A1). It depends very little on the assumed spot size, when
R∞ varies from 3 to 7 km, this factor changes only by 2–3 per cent.

The inner disc radius depends on the accretion rateṀ and
scales with the classical Alfvén radius as

Rin = kA(2GM)−1/7Ṁ−2/7µ4/7, (14)
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Figure 10. Constraints on inclination and colatitude of the emitting spot. (a) The solid (nearly vertical) curves show the contours of constant oscillation
amplitudea1 (given by equation [10]) of 5 and 10 per cent expected from a blackbody spot at a neutron star of massM = 1.4M⊙ and radiusR∗ = 12
km. The spot size corresponding toR∞ = 5 km is computed using equation (7) (see Fig. 9). The dashed curves correspond to the upper limit on the inner
disc radius (in km) that is required to fully block the view ofthe antipodal emitting spot. The corresponding results forthe neutron star ofM = 1.7M⊙ and
R∗ = 11 km are shown by dotted curves. The upper limit on the inclination of 82◦(Bildsten & Chakrabarty 2001) is shown by the horizontal line. (b) The
inner disc radii required to block the antipodal spot (M = 1.4M⊙ andR∗ = 12 km) for various apparent spot sizesR∞ = 3 (solid curves), 5 (dashed), and
7 km (dotted).
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µ k
7/4
A f

−1/2
ang (1025G cm3) 4.4 6.8 13.2 3.6 5.9 10.7
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µ k
7/4
A f

−1/2
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µ k
7/4
A f

−1/2
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whereL is the total luminosity,η = 1 − √1− u is the accretion
efficiency in Schwarzschild metric, andfang is the factor correcting
for the angular anisotropy of radiation and general relativity effects.
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pendix A for details of calculations). We approximate the angular
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whereµ is the neutron star magnetic moment. The coefficientkA is
rather uncertain, with the numerical simulations givingkA = 1/2
(Long, Romanova & Lovelace 2005). Thus, we finally can express
the magnetic dipole moment as

µ25 = 0.56 × k−7/4
A

„
M

1.4M⊙

«1/4 „
Rin

10 km

«7/4

×
„
fang

η

F

10−9 erg cm−2 s−1

«1/2
D

3.5 kpc
, (15)

whereµ25 = µ/1025 G cm3.
The antipodal spot appears after 2002 October 29 at the flux

level in the 3–20 keV band ofF3−20 ≈ 0.4 × 10−9 erg cm−2

s−1 and the corresponding bolometric fluxF ≈ 0.8 × 10−9 erg
cm−2 s−1 and luminosity of aboutL = 1.1 × 1036 erg s−1.
Substituting this to equation (15), we get the magnetic dipole mo-
ments, which are presented in Table 3 for two sets of stellar pa-
rameters and various inclinations. Rather conservative limits are
µ25 ≈ (9 ± 5) k

−7/4
A (for anisotropy factorfang = 1.3 ± 0.2),

with the largest uncertainty coming from the unknown inclination
and parameterkA. The estimated surface magnetic dipole field is
aboutB0 ≈ (0.8±0.5)×108 k

−7/4
A G (assuming neutron star radii

10–15 km), which is in excellent agreement with the value obtained
recently from the pulsar long-term spin-down rate in the quiescence
(H08), if kA ∼ 1. A similar value (close to the upper end) can be
obtained (see Gilfanov et al. 1998) assuming that a sharp break (at
2002 October 28) in the pulsar light curve is associated withthe
onset of the propeller effect (Illarionov & Sunyaev 1975).

On the other hand, an independent knowledge of the stellar
magnetic field provides constraints on parameterkA. Takingµ25 =
5 ± 3 as obtained by H08, together with our estimations of the
inner disc radius from Table 3, we get very conservative limits (for
inclinations50◦ < i < 70◦)

0.4 . kA . 2.5. (16)

These limits include all systematic and statistical uncertainties, in-
cluding uncertainties in inclination, stellar mass, anisotropy fac-
tor, spot size and magnetic moment. As all theoretical models pre-
dict kA < 21/7 ≈ 1.1 (see discussion in Psaltis & Chakrabarty
1999; Kluźniak & Rappaport 2007), this limits the inner disc ra-
dius toRin . 31 km and gives some constraints on the inclination
i . 75◦.

5.5 Varying reflection

Variation of the reflection amplitudeℜ during the outburst and its
correlation with the flux (see Figs 3 and 5) are clear signatures of
the changes in the geometry happening when the accretion rate de-
creases. At the P stage, our thermal Comptonization fits require re-
flection to beℜ ∼ 0.6–0.8 and power-law-based models giveℜ ∼
0.4–0.6. The reflection substantially decreases during theSD phase
and is not constrained at the FT stage. Although the actual reflec-
tion amplitude is model dependent (depends on the model of the
underlying continuum and inclination), the trend is not. The dra-
matic changes inℜ can only be explained if the geometry of the
accretion flow varies significantly and the inner radius of the ac-
cretion disc in the peak of the outburst is close to the neutron star
surface. AssumingRin in the range 12–15 km at the peak flux level
of F3−20 ≈ 2×10−9 erg cm−2 s−1, we can get a rough estimate of
the stellar magnetic moment using equation (15). Taking anisotropy
factor fang = 1.3 ± 0.2 (see Fig. A1) and stellar masses in 1.4–
1.7M⊙ range, we getµ25 = (6±2)k

−7/4
A , where the largest uncer-

Figure 11. Reflection amplitudeℜ = Ω/(2π) as a function of the flux in
3–20 keV band. The data points shown by diamonds and stars (with rep-
resentative error bars) are for the fits using thermal Comptonization model
of Section 3.2.2 and power-law-based model of Section 3.2.1, respectively.
The set of three curves give the theoretical dependence expected for three
different geometries of the emitting spot: (from top to the bottom) a narrow
ring with the outer angular radiusρmax defined by the dipole formula (17)
and the inner angular radiusρmin = 0.9ρmax; a ring with inner angular ra-
diusρmin = ρmax/2; and a circle of radiusρmax centred at the rotational
pole. The solid curves are for the black body emitting spot (anisotropy pa-
rameterh = 0), and the dashed curves correspond to the angular pattern
of the Comptonized emission withh = −0.7, with the magnetic mo-
ments ofµ25 = 6 and 7, respectively, andkA = 1. Neutron star mass
is M = 1.4M⊙ and inclinationi = 60◦.

tainty comes from a strong dependence onRin. Suchµ is consistent
with the estimation from the antipodal spot eclipse in Table3.

For illustration, we simulate the expected dependence of the
reflection amplitude on flux. For varioush, we compute the flux
F as a function ofṀ at a given inclinationi (as described in Ap-
pendix A). The reflection amplitudeℜ of course depends on the
inner disc radiusRin (see details of calculations in Appendix B),
which varies withṀ according to equation (14). Both flux and
reflection depend on the geometry of the emitting spot. As thecon-
straints obtained in Section 5.2 imply a rather small displacement of
the spot centroid from the rotational axis, for estimating the reflec-
tion, we can neglect it and assume that magnetic dipole is aligned
with the rotational axis. We consider three geometrical arrange-
ments: a full circle centred at the rotational pole, a ring-shaped spot
with the inner angular radius equal half of the outer radius and a
very narrow ring. In all cases, we take the maximum spot extend
from the rotation axisρmax given by the dipole formula:

sin2 ρmax =
R∗
Rin

. (17)

The theoretical reflection-flux dependence are shown in Fig.
11 together with the data. We see that the circular spot does not
reproduce a sharp dependence ofℜ on flux. On the other hand, a
narrow ring is more consistent with the data, as in that case at high
fluxes, when the inner disc is close the star, the emission region is
closer to the equator giving a strong increase in the reflection frac-
tion. A sharp increase of reflection and its high value at highfluxes,
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tainty comes from a strong dependence onRin. Suchµ is consistent
with the estimation from the antipodal spot eclipse in Table3.

For illustration, we simulate the expected dependence of the
reflection amplitude on flux. For varioush, we compute the flux
F as a function ofṀ at a given inclinationi (as described in Ap-
pendix A). The reflection amplitudeℜ of course depends on the
inner disc radiusRin (see details of calculations in Appendix B),
which varies withṀ according to equation (14). Both flux and
reflection depend on the geometry of the emitting spot. As thecon-
straints obtained in Section 5.2 imply a rather small displacement of
the spot centroid from the rotational axis, for estimating the reflec-
tion, we can neglect it and assume that magnetic dipole is aligned
with the rotational axis. We consider three geometrical arrange-
ments: a full circle centred at the rotational pole, a ring-shaped spot
with the inner angular radius equal half of the outer radius and a
very narrow ring. In all cases, we take the maximum spot extend
from the rotation axisρmax given by the dipole formula:
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The theoretical reflection-flux dependence are shown in Fig.
11 together with the data. We see that the circular spot does not
reproduce a sharp dependence ofℜ on flux. On the other hand, a
narrow ring is more consistent with the data, as in that case at high
fluxes, when the inner disc is close the star, the emission region is
closer to the equator giving a strong increase in the reflection frac-
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Figure 12. (a) Pulse profiles from two antipodal spots with the inner disc radiusRin varying from 24 to 30 km (from bottom to top). AtRin = 24 km, the
view of the antipodal spot is fully blocked by the disc, whilefor Rin = 30 km the whole spot is visible. (b) The amplitudes and (c) the Fourier phases of
the fundamental and first overtone of the pulse profiles, computed using equation (2), as a function ofRin. Parameters of the simulations: neutron star mass
M = 1.4M⊙ and radiusR∗ = 2.5rs = 10.3 km, inclinationi = 65◦, circular blackbody spots of angular radiusρ =30◦centred at a colatitudeθ = 16◦.

can also be explained if the inner disc is puffed up (see e.g. Long et
al. 2005) because of the interaction with the magnetosphere.

5.6 Pulse profile variations with receding disc

As we argued above, the decreasing area of the emitting spotΣ and
of the reflection amplitudeℜ when the flux is dropping are strong
evidences of the receding disc. This is natural as the magnetosphere
radius is expected to increase. Let us now look at the pulse profile
variation in the course of the outburst and compare to the expected
behaviour.

When the accretion rate is high, the disc should be close to
the star and may fully blocks the view of the antipodal spot aswe
discussed in Section 5.3. The accretion flow itself can be optically
thick and emission from the hotspot can be partially absorbed by
the flow. Using the mass conservation equationṀ = 4πR2

∗fV ρ
(wheref ∼ 0.1 is a fraction of the stellar surface covered by the
accretion stream, which corresponds to the spot area of about 100
km2) and taking accretion velocity ofV ≈ c/3, we get the Thom-
son optical depth through the accretion stream at a typical distance
R∗ from the star:

τT ≈ ρR∗
σT

mp
= 0.3

Ṁ

1016g s−1

0.1

f
, (18)

whereσT is the Thomson cross-section,mp is the proton mass. At
the peak of the outburst, the bolometric flux is∼ 4 × 10−9 erg
cm−2 s−1, and luminosity∼ 6 × 1036 erg s−1, which gives the
accretion rate of about2 × 1016 g s−1 andτT ∼ 0.6. Thus, we
see that at the peak of the outburst the flow is marginally optically
thick and can produce dips in the light curves blocking the hotspot,
while at lower fluxes corresponding to most of the outburst, the
flow is transparent. It is possible that this effect is the cause of the
observed non-sinusoidal pulse shape at the peak of the outburst (see
the inset for P3–P5 in Fig. 1 and upper left-hand panel in Fig.7).
The effect is clearly largest at hard energies, which might imply
that the hard Comptonized radiation is coming from a smallerarea
(which is easier to block) that the softer blackbody radiation.

As we discussed in the Introduction, the pulse profile during
SD stage is very stable and is similar to the profiles observedduring
other outbursts at similar flux level. The profiles are well described
by a one-spot model, implying that the disc is still rather close to
the star blocking the view of the antipodal spot. The dependence

of the profiles on energy is consistent with the being produced by
the different emissivity pattern of the blackbody and Comptonized
radiation modified by Doppler effect (PG03). The pulse stability
implies that the position of the spot at the neutron star surface does
not change significantly. During the SD stage, the flux drops by a
factor of 3, which corresponds to an increase of the inner disc ra-
dius by 40 per cent and corresponding increase of the outer spot
angular radius by 20 per cent according to equations (14) and(17).
However, these variations seem to have little impact on the pulse
profile, which is expected if the centroid of the spot does notmove
and the spot size is smaller than the stellar radius (Poutanen & Be-
loborodov 2006).

With the dropping accretion rate, the disc moves sufficiently
far so that the observer can see at least part of the antipodalpole.
We thus expect that the pulse profiles change correspondently. Sig-
nificant variations in the pulse profile are observed from themiddle
of the RD phase. These changes are also reflected in sharp jumps
in the phase of the fundamental (see Fig. 6). This motivates us to
model theoretically variations of the pulse profiles with the varying
inner disc radius.

As an illustration, we consider two circular antipodal spots
emitting as a blackbody and displaced from the rotational axis by
angleθ. The light curve produced by each spot is computed follow-
ing techniques described in PG03 and Poutanen & Beloborodov
(2006), accounting for Doppler boosting, time delays, and gravi-
tational light bending. Now we also account for the effect ofab-
sorption by the disc of varying inner radiusRin. We compute the
trajectory for photons emitted by each spot element at everyphase
and check whether it crosses the disc plane at radius smalleror
larger thanRin (see Appendix C for details). Fig. 12(a) shows the
pulse profile variations as a function of the inner disc radius. No-
ticeable signatures of the second spot appear whenRin > 27 km
(for i = 65◦), the dramatic change in the pulse profile happens
when the inner radius changes from 28 to 30 km, as most of the an-
tipodal spot then appears to our view. These fast changes arealso
reflected in a rather large phase shift∆φ1 ≈ 0.2 of the fundamen-
tal, but small variations of the phase of the overtone, as shown in
Fig. 12(c). This behaviour is qualitatively similar to thatobserved
in J1808 (see Figs 6 and 7). Thus the phase jumps can be explained
by changing visibility of the antipodal spot as the accretion disc
recedes from the neutron star. The timing noise observed in other
pulsars (Papitto et al. 2007, 2008; Riggio et al. 2008) may also have
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Figure 12. (a) Pulse profiles from two antipodal spots with the inner disc radiusRin varying from 24 to 30 km (from bottom to top). AtRin = 24 km, the
view of the antipodal spot is fully blocked by the disc, whilefor Rin = 30 km the whole spot is visible. (b) The amplitudes and (c) the Fourier phases of
the fundamental and first overtone of the pulse profiles, computed using equation (2), as a function ofRin. Parameters of the simulations: neutron star mass
M = 1.4M⊙ and radiusR∗ = 2.5rs = 10.3 km, inclinationi = 65◦, circular blackbody spots of angular radiusρ =30◦centred at a colatitudeθ = 16◦.

can also be explained if the inner disc is puffed up (see e.g. Long et
al. 2005) because of the interaction with the magnetosphere.

5.6 Pulse profile variations with receding disc

As we argued above, the decreasing area of the emitting spotΣ and
of the reflection amplitudeℜ when the flux is dropping are strong
evidences of the receding disc. This is natural as the magnetosphere
radius is expected to increase. Let us now look at the pulse profile
variation in the course of the outburst and compare to the expected
behaviour.

When the accretion rate is high, the disc should be close to
the star and may fully blocks the view of the antipodal spot aswe
discussed in Section 5.3. The accretion flow itself can be optically
thick and emission from the hotspot can be partially absorbed by
the flow. Using the mass conservation equationṀ = 4πR2

∗fV ρ
(wheref ∼ 0.1 is a fraction of the stellar surface covered by the
accretion stream, which corresponds to the spot area of about 100
km2) and taking accretion velocity ofV ≈ c/3, we get the Thom-
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Ṁ

1016g s−1

0.1

f
, (18)

whereσT is the Thomson cross-section,mp is the proton mass. At
the peak of the outburst, the bolometric flux is∼ 4 × 10−9 erg
cm−2 s−1, and luminosity∼ 6 × 1036 erg s−1, which gives the
accretion rate of about2 × 1016 g s−1 andτT ∼ 0.6. Thus, we
see that at the peak of the outburst the flow is marginally optically
thick and can produce dips in the light curves blocking the hotspot,
while at lower fluxes corresponding to most of the outburst, the
flow is transparent. It is possible that this effect is the cause of the
observed non-sinusoidal pulse shape at the peak of the outburst (see
the inset for P3–P5 in Fig. 1 and upper left-hand panel in Fig.7).
The effect is clearly largest at hard energies, which might imply
that the hard Comptonized radiation is coming from a smallerarea
(which is easier to block) that the softer blackbody radiation.

As we discussed in the Introduction, the pulse profile during
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other outbursts at similar flux level. The profiles are well described
by a one-spot model, implying that the disc is still rather close to
the star blocking the view of the antipodal spot. The dependence
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angleθ. The light curve produced by each spot is computed follow-
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(2006), accounting for Doppler boosting, time delays, and gravi-
tational light bending. Now we also account for the effect ofab-
sorption by the disc of varying inner radiusRin. We compute the
trajectory for photons emitted by each spot element at everyphase
and check whether it crosses the disc plane at radius smalleror
larger thanRin (see Appendix C for details). Fig. 12(a) shows the
pulse profile variations as a function of the inner disc radius. No-
ticeable signatures of the second spot appear whenRin > 27 km
(for i = 65◦), the dramatic change in the pulse profile happens
when the inner radius changes from 28 to 30 km, as most of the an-
tipodal spot then appears to our view. These fast changes arealso
reflected in a rather large phase shift∆φ1 ≈ 0.2 of the fundamen-
tal, but small variations of the phase of the overtone, as shown in
Fig. 12(c). This behaviour is qualitatively similar to thatobserved
in J1808 (see Figs 6 and 7). Thus the phase jumps can be explained
by changing visibility of the antipodal spot as the accretion disc
recedes from the neutron star. The timing noise observed in other
pulsars (Papitto et al. 2007, 2008; Riggio et al. 2008) may also have
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its origin in this effect. In addition, spot wandering (Lambet al.
2008; Patruno et al. 2009c) and variations in the spot size, shape,
and emissivity pattern might be involved.

We also show the variation of the amplitudes in Fig. 12(b).
We see that the fundamental amplitude decreases smoothly asRin

grows3, while the amplitude of the first overtone increases slightly.
Such a behaviour is consistent with that observed in Fig. 6(b) (see
also fig. 1 in Hartman et al. 2009), but is not consistent with that
seen in Fig. 6(a). We note, however, that in real situation the spots
are probably not circular and emission is not a blackbody.

6 SUMMARY

In this paper, we present the detailed analysis of the 2002 outburst
data of SAX1808. Below we summarize our findings.

(i) The phase-averaged spectra of the pulsar are roughly de-
scribed by a power-law with the photon index∼2. However, ad-
ditional features are significantly detected: iron line at around 6.4
keV and Compton reflection, as well as a soft blackbody-like com-
ponent below 5 keV. The dominating power-law-like component
shows a clear cut-off above 50 keV, and the spectral shape is con-
sistent with being produced by thermal Comptonization in plasma
of electron temperature∼40 keV. At the peak of the outburst, we
also detect a soft excess below 3–4 keV, which we associate with
the presence of the accretion disc.

(ii) The amplitude of Compton reflection is correlated with the
flux. In spite of the fact, that the actual value for this amplitude is
model dependent, the trend is not. This behaviour is generally con-
sistent with the scenario where the disc recedes as the accretion rate
drops and the magnetospheric radius grows. The observed sharp in-
crease of the reflection at the highest fluxes is inconsistentwith the
simple circular model of the hard X-ray emitting region, butmore
consistent with a narrow ring. The high reflection fraction and its
sharp dependence on flux might also imply that the inner disc is
puffed up because of the interaction with the magnetosphere. In
any case, the observations require the inner disc radius to be close
to the stellar surface at the peak of the outburst.

(iii) The spectral analysis of the phase-averaged spectra also in-
dicates a strong correlation of the apparent emitting area with the
flux during the outburst. This result is largely model independent.
The thermal Comptonization model with equal areas of the black-
body and Comptonization components give the area dropping from
about 100 to 40 km2 in the course of the outburst. The actual value
for the apparent area of the emitting spot depends on the assumed
ratio of the two components, and has a factor of two uncertainty.

(iv) We study the variations of the pulse profiles during the out-
burst and their dependence of photon energy. The profile is very
stable during the SD stage and is similar to those observed during
other outbursts at similar flux level. However, we observe signifi-
cant variations of the profiles at both high and low fluxes.

At the P stage, the deviations are stronger at higher energies. We
estimate the optical depth through the accretion stream andshow
that at highest fluxes, it is marginally optically thick and can absorb
part of the radiation at certain pulsar phase resulting in the observed

3 We note that for a slowly rotating star, two antipodal blackbody spots
which are visible all the time produce no pulsations whatsoever (see e.g.
Beloborodov 2002; Poutanen & Beloborodov 2006). Thus it is not surpris-
ing that even for a star rotating at 400 Hz, the amplitude of the fundamental
decreases when both spots become visible.

dips close to the pulse maximum. The energy dependence of the
effect seems to indicate that the Comptonizing region occupies a
smaller area compared to the blackbody emitting spot.

When the flux drops below a certain level, after 2002 October 29,
a secondary maximum appears in the pulse profiles. This is accom-
panied by the jump in the phase of the fundamental. We interpret
these facts in terms of appearance of a secondary antipodal spot.
We further develop a theoretical model of the pulse profile with the
varying inner disc radius. We show that varying obscurationof the
antipodal spot can produce phase jump and pulse profile variability
similar to those observed.

(v) Our energy-resolved pulse profile analysis show that the
pulse shapes at various energies are considerably different. One of
the quantitative measure of this effect are the time lags, which show
a complicated variability during the outburst, mostly as a result of
changing the pulse profile. Relative to the 2–3 keV range, thelags
are negative (i.e. high-energy emission is coming earlier than the
softer emission), strongly increasing up to 7–10 keV and saturating
at higher energies (see Fig. 7).

The phase-resolved spectra are well described by two major
components (blackbody and Comptonized tail) with varying nor-
malizations, representing the apparent areas of the emission com-
ponents. In all outburst phases, the blackbody component are lag-
ging the Comptonized one resulting in soft time lags and explain-
ing their energy dependence. These facts could be explainedby
the model where the blackbody and Comptonization emissivity pat-
terns are different. However, the physical nature of the very strong
blackbody variability observed during the FT stage remainsun-
known.

(vi) The flux at the moment of significant change in the pulse
profile, if associated with the appearance of the antipodal spot, can
be used to put a constraint on the inner disc radius at that moment
(see Table 3). It strongly depend on the unknown inclinationi, giv-
ing radii from about 20 to 35 km, wheni varies between 50◦and
70◦. The remaining uncertainty, because of the unknown stellar
compactness and the size of the emitting spot, is about 20 percent.

(vii) The information about the flux and the inner disc radiusat
the moment of appearance of the antipodal spot allows us to esti-
mate the stellar magnetic dipole momentµ ≈ (9±5)×1025k

−7/4
A

G cm3, wherekA is the ratio of the inner disc radius to the Alfvén
radius. The uncertainties here are dominated by the unknownincli-
nation. A similar valueµ ≈ (6±2)×1025k

−7/4
A G cm3 is obtained

from the fact that at the peak of the outburst, the inner disc radius
is in close vicinity of the neutron star as implied by the observed
high reflection fraction. The corresponding surface magnetic field
(for neutron star radii 10–15 km) isB0 ≈ (0.8± 0.5)108k

−7/4
A G.

These results are in excellent agreement with the values obtained
recently from the pulsar spin-down rate (H08) assumingkA ∼ 1.
To be consistent with the results of H08, one requireskA to devi-
ate from unity by not more than factor of 2, which give interesting
constraints on the physics of accretion on to a magnetized star.

The analysis of the 2002 outburst of J1808 led us to the fol-
lowing coherent picture of the outburst. At highest observed lumi-
nosities, the accretion disc is very close to the star. It fully blocks
the view of the antipodal spot and results in a high reflectionfrac-
tion. The accretion stream at this stage is marginally optically thick
and absorbs part of the radiation at a phase close to the pulsemax-
imum. The behaviour of the reflection seems to indicate a rather
narrow ring-like emission region and/or puffed up inner disc. As
the flux drops, during the SD stage, the decreasing reflectionindi-
cates that the disc is retreating. The pulse profile is however very
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its origin in this effect. In addition, spot wandering (Lambet al.
2008; Patruno et al. 2009c) and variations in the spot size, shape,
and emissivity pattern might be involved.

We also show the variation of the amplitudes in Fig. 12(b).
We see that the fundamental amplitude decreases smoothly asRin

grows3, while the amplitude of the first overtone increases slightly.
Such a behaviour is consistent with that observed in Fig. 6(b) (see
also fig. 1 in Hartman et al. 2009), but is not consistent with that
seen in Fig. 6(a). We note, however, that in real situation the spots
are probably not circular and emission is not a blackbody.

6 SUMMARY

In this paper, we present the detailed analysis of the 2002 outburst
data of SAX1808. Below we summarize our findings.

(i) The phase-averaged spectra of the pulsar are roughly de-
scribed by a power-law with the photon index∼2. However, ad-
ditional features are significantly detected: iron line at around 6.4
keV and Compton reflection, as well as a soft blackbody-like com-
ponent below 5 keV. The dominating power-law-like component
shows a clear cut-off above 50 keV, and the spectral shape is con-
sistent with being produced by thermal Comptonization in plasma
of electron temperature∼40 keV. At the peak of the outburst, we
also detect a soft excess below 3–4 keV, which we associate with
the presence of the accretion disc.

(ii) The amplitude of Compton reflection is correlated with the
flux. In spite of the fact, that the actual value for this amplitude is
model dependent, the trend is not. This behaviour is generally con-
sistent with the scenario where the disc recedes as the accretion rate
drops and the magnetospheric radius grows. The observed sharp in-
crease of the reflection at the highest fluxes is inconsistentwith the
simple circular model of the hard X-ray emitting region, butmore
consistent with a narrow ring. The high reflection fraction and its
sharp dependence on flux might also imply that the inner disc is
puffed up because of the interaction with the magnetosphere. In
any case, the observations require the inner disc radius to be close
to the stellar surface at the peak of the outburst.

(iii) The spectral analysis of the phase-averaged spectra also in-
dicates a strong correlation of the apparent emitting area with the
flux during the outburst. This result is largely model independent.
The thermal Comptonization model with equal areas of the black-
body and Comptonization components give the area dropping from
about 100 to 40 km2 in the course of the outburst. The actual value
for the apparent area of the emitting spot depends on the assumed
ratio of the two components, and has a factor of two uncertainty.

(iv) We study the variations of the pulse profiles during the out-
burst and their dependence of photon energy. The profile is very
stable during the SD stage and is similar to those observed during
other outbursts at similar flux level. However, we observe signifi-
cant variations of the profiles at both high and low fluxes.

At the P stage, the deviations are stronger at higher energies. We
estimate the optical depth through the accretion stream andshow
that at highest fluxes, it is marginally optically thick and can absorb
part of the radiation at certain pulsar phase resulting in the observed

3 We note that for a slowly rotating star, two antipodal blackbody spots
which are visible all the time produce no pulsations whatsoever (see e.g.
Beloborodov 2002; Poutanen & Beloborodov 2006). Thus it is not surpris-
ing that even for a star rotating at 400 Hz, the amplitude of the fundamental
decreases when both spots become visible.

dips close to the pulse maximum. The energy dependence of the
effect seems to indicate that the Comptonizing region occupies a
smaller area compared to the blackbody emitting spot.

When the flux drops below a certain level, after 2002 October 29,
a secondary maximum appears in the pulse profiles. This is accom-
panied by the jump in the phase of the fundamental. We interpret
these facts in terms of appearance of a secondary antipodal spot.
We further develop a theoretical model of the pulse profile with the
varying inner disc radius. We show that varying obscurationof the
antipodal spot can produce phase jump and pulse profile variability
similar to those observed.

(v) Our energy-resolved pulse profile analysis show that the
pulse shapes at various energies are considerably different. One of
the quantitative measure of this effect are the time lags, which show
a complicated variability during the outburst, mostly as a result of
changing the pulse profile. Relative to the 2–3 keV range, thelags
are negative (i.e. high-energy emission is coming earlier than the
softer emission), strongly increasing up to 7–10 keV and saturating
at higher energies (see Fig. 7).

The phase-resolved spectra are well described by two major
components (blackbody and Comptonized tail) with varying nor-
malizations, representing the apparent areas of the emission com-
ponents. In all outburst phases, the blackbody component are lag-
ging the Comptonized one resulting in soft time lags and explain-
ing their energy dependence. These facts could be explainedby
the model where the blackbody and Comptonization emissivity pat-
terns are different. However, the physical nature of the very strong
blackbody variability observed during the FT stage remainsun-
known.

(vi) The flux at the moment of significant change in the pulse
profile, if associated with the appearance of the antipodal spot, can
be used to put a constraint on the inner disc radius at that moment
(see Table 3). It strongly depend on the unknown inclinationi, giv-
ing radii from about 20 to 35 km, wheni varies between 50◦and
70◦. The remaining uncertainty, because of the unknown stellar
compactness and the size of the emitting spot, is about 20 percent.

(vii) The information about the flux and the inner disc radiusat
the moment of appearance of the antipodal spot allows us to esti-
mate the stellar magnetic dipole momentµ ≈ (9±5)×1025k

−7/4
A

G cm3, wherekA is the ratio of the inner disc radius to the Alfvén
radius. The uncertainties here are dominated by the unknownincli-
nation. A similar valueµ ≈ (6±2)×1025k

−7/4
A G cm3 is obtained

from the fact that at the peak of the outburst, the inner disc radius
is in close vicinity of the neutron star as implied by the observed
high reflection fraction. The corresponding surface magnetic field
(for neutron star radii 10–15 km) isB0 ≈ (0.8± 0.5)108k

−7/4
A G.

These results are in excellent agreement with the values obtained
recently from the pulsar spin-down rate (H08) assumingkA ∼ 1.
To be consistent with the results of H08, one requireskA to devi-
ate from unity by not more than factor of 2, which give interesting
constraints on the physics of accretion on to a magnetized star.

The analysis of the 2002 outburst of J1808 led us to the fol-
lowing coherent picture of the outburst. At highest observed lumi-
nosities, the accretion disc is very close to the star. It fully blocks
the view of the antipodal spot and results in a high reflectionfrac-
tion. The accretion stream at this stage is marginally optically thick
and absorbs part of the radiation at a phase close to the pulsemax-
imum. The behaviour of the reflection seems to indicate a rather
narrow ring-like emission region and/or puffed up inner disc. As
the flux drops, during the SD stage, the decreasing reflectionindi-
cates that the disc is retreating. The pulse profile is however very
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stable, indicating that the accretion stream is now optically thin and
the antipodal spot is still blocked from the view by the disc.Dur-
ing the rapid decay phase, the disc is far enough and the antipodal
spot opens to the observer’s view. This is accompanied by thefast
changes in the pulse profile and sharp jump in the phase of the fun-
damental. The outlined scenario is consistent with all the data on
J1808 obtained during its five outbursts.

There are still a number of uncertainties and unanswered ques-
tions. In our analysis and interpretation of the data, we have made
somewhat contradicting assumptions. For spectral modelling, we
have assumed a fixed inner disc radius of 10rs, while the pulse
variability and changes in the reflection indicate a varyingradius.
This is not a problem, as the obtained reflection fraction is not af-
fected much by the assumption on the disc radius. For estimations
of the inner disc radius and stellar magnetic moment from theflux
at the moment of appearance of the antipodal spot, we assumeda
circular emitting spot. On the other hand, the reflection-flux depen-
dence indicates that the correct hotspot geometry might be closer to
a ring. This difference does not affect the conclusions as long as the
ring thickness is not much smaller than half of its radius, which is
consistent with the numerical simulations (Romanova et al.2004;
Kulkarni & Romanova 2005). Our theoretical calculations ofthe
pulse profile variations as a function of the inner radius would not
be affected much in that case.

There are other effects not yet accounted in modelling. For ex-
ample, we have assumed equal areas of the blackbody and Comp-
tonization components. A dip in the high-energy profile at the peak
of the outburst might indicate, however, that the high-energy com-
ponent is produced in a smaller area. This discrepancy does not
affect our conclusions regarding the decreasing spot area during
the outburst and the estimations of the inner disc radius as we ac-
counted for a factor of two uncertainty. However, the calculations of
the pulse profile will be affected, because the retreating disc would
affect the pulse profiles at low and high energies in a different way.
This is an interesting problem for further studies. In orderto reduce
the uncertainties still present in the model and to get better con-
straints on geometrical parameters (e.g. inner disc radius), it would
be useful to know the exact spot shape as a function of the magnetic
inclination and the inner disc radius. A progress in this direction is
possible with the detailed MHD simulations of the accretiondisc-
magnetosphere interaction (see e.g. Romanova et al. 2004; Kulka-
rni & Romanova 2005). A further progress would also require a
detailed model of the shocked region, where the high-energyradi-
ation is produced, together with the radiative transfer modelling in
order to predict the angular emission pattern from first principles.
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stable, indicating that the accretion stream is now optically thin and
the antipodal spot is still blocked from the view by the disc.Dur-
ing the rapid decay phase, the disc is far enough and the antipodal
spot opens to the observer’s view. This is accompanied by thefast
changes in the pulse profile and sharp jump in the phase of the fun-
damental. The outlined scenario is consistent with all the data on
J1808 obtained during its five outbursts.

There are still a number of uncertainties and unanswered ques-
tions. In our analysis and interpretation of the data, we have made
somewhat contradicting assumptions. For spectral modelling, we
have assumed a fixed inner disc radius of 10rs, while the pulse
variability and changes in the reflection indicate a varyingradius.
This is not a problem, as the obtained reflection fraction is not af-
fected much by the assumption on the disc radius. For estimations
of the inner disc radius and stellar magnetic moment from theflux
at the moment of appearance of the antipodal spot, we assumeda
circular emitting spot. On the other hand, the reflection-flux depen-
dence indicates that the correct hotspot geometry might be closer to
a ring. This difference does not affect the conclusions as long as the
ring thickness is not much smaller than half of its radius, which is
consistent with the numerical simulations (Romanova et al.2004;
Kulkarni & Romanova 2005). Our theoretical calculations ofthe
pulse profile variations as a function of the inner radius would not
be affected much in that case.

There are other effects not yet accounted in modelling. For ex-
ample, we have assumed equal areas of the blackbody and Comp-
tonization components. A dip in the high-energy profile at the peak
of the outburst might indicate, however, that the high-energy com-
ponent is produced in a smaller area. This discrepancy does not
affect our conclusions regarding the decreasing spot area during
the outburst and the estimations of the inner disc radius as we ac-
counted for a factor of two uncertainty. However, the calculations of
the pulse profile will be affected, because the retreating disc would
affect the pulse profiles at low and high energies in a different way.
This is an interesting problem for further studies. In orderto reduce
the uncertainties still present in the model and to get better con-
straints on geometrical parameters (e.g. inner disc radius), it would
be useful to know the exact spot shape as a function of the magnetic
inclination and the inner disc radius. A progress in this direction is
possible with the detailed MHD simulations of the accretiondisc-
magnetosphere interaction (see e.g. Romanova et al. 2004; Kulka-
rni & Romanova 2005). A further progress would also require a
detailed model of the shocked region, where the high-energyradi-
ation is produced, together with the radiative transfer modelling in
order to predict the angular emission pattern from first principles.
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APPENDIX A: FLUX FROM A RING-SHAPED SPOT

For approximate calculation of the flux and reflection, we neglect
magnetic inclination, and consider the emitting region in the form
of a ring symmetric around the stellar rotational axis. The bound-
aries of the ring are described by colatitudesρmin andρmax. We
assume that the light from the antipodal ring below the equator is
blocked by the accretion disc.

Let us first compute the observed flux from the ring. Con-
sider a surface elementdS = R2

∗d cos θdφ at a slowly rotat-
ing star. We neglect here the effects related to rapid rotation be-
cause the flux averaged over the ring is affected by them very
little. The element position is described by the unit vectorn =
(sin θ cosφ, sin θ sinφ, cos θ) that points to it from the star center.
Let the unit vector along the line of sight bek = (sin i, 0, cos i)
with i being the inclination. The angle betweenn and the line of
sight is denoted byψ so that

cosψ = k · n = cos i cos θ + sin i sin θ cosφ. (A1)

The observed flux from this surface element in approximationof
Beloborodov (2002) for light bending is (see PG03; Poutanen&
Beloborodov 2006):

dF (i, θ, φ) = (1− u)2
dS

D2
I∗(α) cosα, (A2)

where the angular distribution of intensity at the stellar surface
I∗(α) is assumed to follow the dependence (13),α is the angle
of the photon emission relative to the stellar normal related to other
parameters as

cosα ≈ u+ (1− u) cosψ = Q+ U cosφ, (A3)

withQ andU given by equation (4).
Integrating (A2) over the ring surface, we get

F (i) = I0
Σ

D2
(1− u)2ζ (A4)

whereΣ = R2
∗2π(µ2 − µ1) is the ring area,µ1 = cos ρmax,

µ2 = cos ρmin, and

ζ = u+
1− u

2
(µ1 + µ2) cos i

Figure A1. The anisotropy correction factor as a function of inclination
computed from equations (A5) and (A7). The solid curves correspond to
stellar parametersM = 1.4M⊙ and R∗ = 12 km, while the dashed
curves toM = 1.7M⊙ andR∗ = 11 km. More inclined curves are for
blackbody-like radiation pattern withh = 0 and almost horizontal curves
are forh = −0.7. Here a circular spot centred at the rotational pole with
R∞ = 5 km is assumed.
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which is strictly valid when the whole ring is visible.
The total emitted luminosity at the stellar surface (for two

symmetric about equator, ring-shaped emitting regions) is

L∗ = 2Σ 2π
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I∗(α) cosα d cosα = 2Σ I0 2π
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and the total luminosity at infinityL = (1 − u)L∗. We thus get
the anisotropy correction factor relating the observed fluxto the
luminosity in equation (12):

fang =
L

4πD2F (i)
=

1
2

+ h
3

(1− u)ζ
. (A7)

As an example, let us consider a circular spot (i.e.ρmin = 0)
centred at the rotational pole. For a given apparent spot sizeR∞,
we compute the physical spot angular sizeρmax = ρ from equation
(7). The dependence offang on the inclination is shown in Fig. A1.
Variations ofR∞ within 3–7 km, lead to only 2–3 per cent changes
in fang.

APPENDIX B: REFLECTION FROM THE ACCRETION
DISC

Let us now estimate the reflection amplitude expected for theemit-
ting ring. By definition, it is given by the ratio of the luminosity
reflected from the disc to that directly observed:

ℜ =
Lrefl

4πD2F (i)
= fangPrefl, (B1)
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As an example, let us consider a circular spot (i.e.ρmin = 0)
centred at the rotational pole. For a given apparent spot sizeR∞,
we compute the physical spot angular sizeρmax = ρ from equation
(7). The dependence offang on the inclination is shown in Fig. A1.
Variations ofR∞ within 3–7 km, lead to only 2–3 per cent changes
in fang.
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Let us now estimate the reflection amplitude expected for theemit-
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wherePrefl is the fraction of emitted photons that hit the disc sur-
face at radiir > Rin.

Because of the axial symmetry, the surface element in a ring
is described only by colatitude with the corresponding unitvector
pointing towards it,n = (sin θ, 0, cos θ). The photon direction
(in the frame related to the element, withz-axis along its normal)
is described by two angles, polar angleα and azimuthϕ measured
from the southern direction of the meridian. At large distances from
the star the photon direction is given by vectork. For a givenα, the
angleψ its makes ton can be obtained from equation (A3). Using
spherical trigonometry it is easy to show that

k =

0@ cosψ sin θ + sinψ cos θ cosϕ
sinψ sinϕ

cosψ cos θ − sinψ sin θ cosϕ

1A . (B2)

The necessary condition that the trajectory crosses the disc is

cosψ cos θ < sinψ sin θ cosϕ, (B3)

that translates to the limits onα andϕ. In the stellar polar region
sin θ < κ ≡ u/(1− u) (existing ifu < 1/2), the limits are

0 < ϕ < 2π, if 0 < cosα < cosα−,
cosϕ > cosϕ0, if cosα− < cosα < cosα+,

(B4)

wherecosα± = u± (1−u) sin θ andcosϕ0 = cotψ cot θ. Thus
photons emitted close to the surface will always cross the disc plane
irrespectively of the azimuth, and those emitted close to the zenith
cosα > cosα+ do not cross it at all. In the intermediate case,
photons have to be emitted in the southward direction to cross the
disc plane. Outside the polar regionsin θ > κ, the limits are

cosϕ > cosϕ0, if 0 < cosα < cosα+. (B5)

Now let us compute the radius where the photon trajectory
crosses the disc plane. The unit vector along the intersection line of
the disc and photon trajectory planes is

d =
(cosϕ, cos θ sinϕ, 0)p

1− sin2 θ sin2 ϕ
, (B6)

and thus the angle it makes withk is given by

cosψd = d · k =
sinψ cos θ + cosψ sin θ cosϕp

1− sin2 θ sin2 ϕ
. (B7)

For the given emission angleα and the impact parameter

b = R∗ sinα/
√

1− u, (B8)

an approximate photon trajectory is (Beloborodov 2002):

r(ψ) =

»
r2s (1− cosψ)2

4(1 + cosψ)2
+

b2

sin2 ψ

–1/2

− rs(1− cosψ)

2(1 + cosψ)
. (B9)

Substituting hereψ = ψd, we obtain the disc radius, where photon
trajectory crosses the disc plane.

Calculation of the reflected fraction now involves simple inte-
gration over the ring area (upper hemisphere) and photon emission
angles:

Prefl=
4πR2

∗
L∗

Z
d cos θ

Z
I∗(α) cosα d cosα

Z
dϕH(r[ψd]−Rin),(B10)

whereH is the Heaviside step function and the limits onα andφ
are given by conditions (B4) and (B5).

APPENDIX C: ANTIPODAL SPOT ECLIPSE BY THE
ACCRETION DISC

The pulse profiles produced by the spots on a rapidly rotatingstar
are computed following techniques described in PG03 and Pouta-
nen & Beloborodov (2006). However, the effect of the accretion
disc needs to be accounted for, because the photons emitted by the
lower antipodal spot can be absorbed on the way to the observer by
the disc. We divide the spot into a number of elements and com-
pute the light curve from each of it independently. The position
of each element can be described, as in Appendix A, by the unit
vectorn = (sin θ cosφ, sin θ sin φ, cos θ), where nowθ > π/2.
The angleψ this vector makes with the direction to the observer
k = (sin i, 0, cos i) is given by equation (A1).

The element in principle (without the disc) is visible to the
observer at all phases ifcos(θ + i) > −κ, not visible at all if
cos(θ − i) < −κ, and visible only whencosφ > −Q/U if
cos(θ + i) < −κ < cos(θ − i) (see Poutanen & Beloborodov
2006, for details). If the element with the given(θ, φ) can be vis-
ible, we substituteψ given by equation (A1) to the light bending
formula (A3) getting the emission angleα and the impact parame-
ter b using equation (B8), which fully define the photon trajectory.
Its plane intersects with the disc plane along the line described by
the unit vector

d =
(− cos θ sin i+ cos i sin θ cosφ, sin θ cos i sinφ, 0)p

cos2 i+ cos2 θ − 2 cos i cos θ cosψ
. (C1)

The angle it makes withk is

cosψd = d · k =
cos i cosψ − cos θp

cos2 i+ cos2 θ − 2 cos i cos θ cosψ
. (C2)

We find the radius, where trajectory crosses the discr(ψd), using
equation (B9). If it is larger thanRin, the element is invisible.
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ABSTRACT
Timing noise is known to be present in the data on accretion-powered millisecond pulsars (AMP). The noise

mostly appears as irregular pulse phase jumps on timescalesfrom hours to weeks around a mean trend implied
by ephemeris. Besides that, a large systematic drift is observed for example in the first discovered AMP SAX
J1808.4−3658. To study the origin of the timing noise, we use here the data for the 2002 outburst of SAX
J1808.4−3658, which has the best coverage. By directly fitting the pulse profile shapes with the theoretical
model for AMP pulses, which includes the effect of partial screening of the antipodal emitting spot by the
accretion disk, we are able to quantify the variations in theposition of the spot centroid, its emissivity pattern
and the inner accretion disk radius. We show that the main parameters of the emitting spot such as its mean
latitude and azimuth as well as the emissivity pattern change irregularly causing small shifts in pulse phase. We
stress that the sharp systematic shift in Fourier phases, observed together with the strong changes in the pulse
form, can only be explained by the variations of the visibility of the antipodal spot associated with the receding
accretion disk.
Subject headings: accretion, accretion disks – methods: data analysis – pulsars: individual: SAX

J1808.4−3658 – stars: neutron – X-rays: binaries

1. INTRODUCTION

The first accreting millisecond X-ray pulsar (hereafter
AMP) SAX J1808.4−3658was discovered in 1998 (Wijnands
& van der Klis 1998; Chakrabarty & Morgan 1998). Since
then, eight objects of this class have been discovered, withfre-
quencies in range 191–599 Hz (Poutanen 2006; Krimm et al.
2007). SAX J1808.4−3658 (with the rotational frequency of
401 Hz) is the best observed AMP to date with five registered
outbursts since 1998.

Most of AMPs show rather simple sine-like profiles. This
is consistent with the fact that one sees only one hotspot, be-
cause the accretion disk extends very close to the stellar sur-
face. The general stability of the pulse profile allows to obtain
a high photon statistics and to use the average pulse profile to
get constraints on the neutron star mass-radius relation and
the equation of state (Poutanen & Gierliński 2003). However,
sometimes the profiles do show variations. At high fluxes, the
absorption in the accretion column can cause a deep observed
around the pulse maximum. At low fluxes, the pulsar follows
amazingly similar evolution in 2002, 2005 and 2008 outbursts
(Hartman et al. 2008, 2009) showing the profile skewed to the
left and sometimes clearly double-peaked. This is accompa-
nied by a large (0.2 cycles) jump in the phase of the funda-
mental (see Burderi et al. 2006; Hartman et al. 2008; Ibrag-
imov & Poutanen 2009, hereafter IP09). IP09 proposed that
strong pulse profile variations results from the appearanceof
the secondary antipodal spot to our view when the magneto-
spheric radius increases and the accretion disk recedes from
the neutron star with the dropping accretion rate. This inter-
pretation is supported by the fact that the amount of Compton
reflection in the spectra is decreasing during the outburst.

Besides these noticeable profile changes, the timing noise is
known to be present in AMP data, when the measured pulse
phase delays show fluctuations around a mean trend implied

Electronic address: [juri.poutanen,askar.ibragimov,marja.annala]@oulu.fi
1 also at Kazan State University, Astronomy Department, Kremlyovskaya

18, 420008 Kazan, Russia

by ephemeris with timescales from hours to weeks (Papitto
et al. 2007, 2008; Riggio et al. 2008; Patruno et al. 2009).
Random phase irregularities can be imagined to appear be-
cause of changes in the geometry and position of the hotspots
(Lamb et al. 2008; Patruno et al. 2009) or the emissivity pat-
tern (Poutanen 2008). However, it is difficult to imagine that
these can cause qualitative changes in the pulse form (such
as transformation of the single-peaked profile to a double-
peaked) and correspondently large phase shifts. On the other
hand, the visibility of the secondary spot might change even
with small fluctuations of the accretion rate producing timing
noise.

In this Letter, we directly fit the pulse profiles of SAX
J1808.4−3658 during its 2002 outburst with the theoretical
model for AMP pulses (Poutanen & Gierliński 2003; Viironen
& Poutanen 2004; Poutanen & Beloborodov 2006) including
the effect of partial screening of the antipodal emitting spot
by the accretion disk. We aim at quantifying the variations in
the position of the hotspot centroid, its emissivity pattern and
the inner accretion disk radius, and determining the causesof
the variations in the pulse shape and the timing noise.

2. MODEL

We assume that a magnetic dipole is displaced by angleθ
from the rotational axis. The accretion disk is disrupted by
the stellar magnetic field at some radius which scales with
the classical Alfvén radius and is a function of the accretion
rate and the neutron star magnetic moment. Matter following
magnetic field lines hits the stellar surface making two an-
tipodal hot spots. For the dipole field, the outer spot edge is
displaced from the magnetic pole by an angleρ:

sin ρ = cos θ

√
R

rin
. (1)

whereR is the neutron star radius. This gives us a rough esti-
mation of the spot size as a function ofrin. The spot size and
shape depend on the magnetic inclination and the inner disk
radius in a complicated fashion. Whenθ ≪ 1 andrin ≫ R,
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ABSTRACT
Timing noise is known to be present in the data on accretion-powered millisecond pulsars (AMP). The noise

mostly appears as irregular pulse phase jumps on timescalesfrom hours to weeks around a mean trend implied
by ephemeris. Besides that, a large systematic drift is observed for example in the first discovered AMP SAX
J1808.4−3658. To study the origin of the timing noise, we use here the data for the 2002 outburst of SAX
J1808.4−3658, which has the best coverage. By directly fitting the pulse profile shapes with the theoretical
model for AMP pulses, which includes the effect of partial screening of the antipodal emitting spot by the
accretion disk, we are able to quantify the variations in theposition of the spot centroid, its emissivity pattern
and the inner accretion disk radius. We show that the main parameters of the emitting spot such as its mean
latitude and azimuth as well as the emissivity pattern change irregularly causing small shifts in pulse phase. We
stress that the sharp systematic shift in Fourier phases, observed together with the strong changes in the pulse
form, can only be explained by the variations of the visibility of the antipodal spot associated with the receding
accretion disk.
Subject headings: accretion, accretion disks – methods: data analysis – pulsars: individual: SAX

J1808.4−3658 – stars: neutron – X-rays: binaries

1. INTRODUCTION

The first accreting millisecond X-ray pulsar (hereafter
AMP) SAX J1808.4−3658was discovered in 1998 (Wijnands
& van der Klis 1998; Chakrabarty & Morgan 1998). Since
then, eight objects of this class have been discovered, withfre-
quencies in range 191–599 Hz (Poutanen 2006; Krimm et al.
2007). SAX J1808.4−3658 (with the rotational frequency of
401 Hz) is the best observed AMP to date with five registered
outbursts since 1998.

Most of AMPs show rather simple sine-like profiles. This
is consistent with the fact that one sees only one hotspot, be-
cause the accretion disk extends very close to the stellar sur-
face. The general stability of the pulse profile allows to obtain
a high photon statistics and to use the average pulse profile to
get constraints on the neutron star mass-radius relation and
the equation of state (Poutanen & Gierliński 2003). However,
sometimes the profiles do show variations. At high fluxes, the
absorption in the accretion column can cause a deep observed
around the pulse maximum. At low fluxes, the pulsar follows
amazingly similar evolution in 2002, 2005 and 2008 outbursts
(Hartman et al. 2008, 2009) showing the profile skewed to the
left and sometimes clearly double-peaked. This is accompa-
nied by a large (0.2 cycles) jump in the phase of the funda-
mental (see Burderi et al. 2006; Hartman et al. 2008; Ibrag-
imov & Poutanen 2009, hereafter IP09). IP09 proposed that
strong pulse profile variations results from the appearanceof
the secondary antipodal spot to our view when the magneto-
spheric radius increases and the accretion disk recedes from
the neutron star with the dropping accretion rate. This inter-
pretation is supported by the fact that the amount of Compton
reflection in the spectra is decreasing during the outburst.

Besides these noticeable profile changes, the timing noise is
known to be present in AMP data, when the measured pulse
phase delays show fluctuations around a mean trend implied
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by ephemeris with timescales from hours to weeks (Papitto
et al. 2007, 2008; Riggio et al. 2008; Patruno et al. 2009).
Random phase irregularities can be imagined to appear be-
cause of changes in the geometry and position of the hotspots
(Lamb et al. 2008; Patruno et al. 2009) or the emissivity pat-
tern (Poutanen 2008). However, it is difficult to imagine that
these can cause qualitative changes in the pulse form (such
as transformation of the single-peaked profile to a double-
peaked) and correspondently large phase shifts. On the other
hand, the visibility of the secondary spot might change even
with small fluctuations of the accretion rate producing timing
noise.

In this Letter, we directly fit the pulse profiles of SAX
J1808.4−3658 during its 2002 outburst with the theoretical
model for AMP pulses (Poutanen & Gierliński 2003; Viironen
& Poutanen 2004; Poutanen & Beloborodov 2006) including
the effect of partial screening of the antipodal emitting spot
by the accretion disk. We aim at quantifying the variations in
the position of the hotspot centroid, its emissivity pattern and
the inner accretion disk radius, and determining the causesof
the variations in the pulse shape and the timing noise.

2. MODEL

We assume that a magnetic dipole is displaced by angleθ
from the rotational axis. The accretion disk is disrupted by
the stellar magnetic field at some radius which scales with
the classical Alfvén radius and is a function of the accretion
rate and the neutron star magnetic moment. Matter following
magnetic field lines hits the stellar surface making two an-
tipodal hot spots. For the dipole field, the outer spot edge is
displaced from the magnetic pole by an angleρ:

sin ρ = cos θ

√
R

rin
. (1)

whereR is the neutron star radius. This gives us a rough esti-
mation of the spot size as a function ofrin. The spot size and
shape depend on the magnetic inclination and the inner disk
radius in a complicated fashion. Whenθ ≪ 1 andrin ≫ R,
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FIG. 1.— Pulse profiles and the corresponding Fourier phases fortwo antipodal spots and two cases of emissivity patternh = 0 andh = −0.8 as a function of
the inner disk radius. The pulse profiles are shown forrin varying (with step 2.5 km) from 20 to 30 km (solid, dotted, dashed, dot-dashed and triple-dot-dashed
curves, respectively). At lowest radii, the view of antipodal spot is almost fully blocked by the disk, while at highest radii, the whole spot is visible. Fourier
phases of the fundamental and overtone given by equation (2)are shown in 2nd and 4th column of panels by solid and dashed curves. Three panels from top to
bottom correspond to the filled circle, the ring and the crescent spot geometries, respectively. Stellar parameters:M = 1.4M⊙, R = 2.5rs, i = 65◦, θ = 10◦.
The spot angular sizeρ is given by equation (1), and for the ring and crescent geometries, the inner radius isρ/

√
2.

the hotspot is nearly a circle. When the disk is close to the
star, the spot becomes a ring-like because the matter accretes
via field lines penetrating the disk within a narrow ring. If the
magnetic dipole is sufficiently inclined, the spot becomes a
crescent-like (Romanova et al. 2004; Kulkarni & Romanova
2005). Thus we consider three simple geometries which in-
corporate all these cases: (1) a homogeneously emitting cir-
cle, (2) a ring, and (3) a crescent, which we approximate as a
part of the ring.

For a given spot geometry and stellar parameters, we then
compute the pulse profile. We account for general and spe-
cial relativity effects (such as gravitational light bending, red-
shift, aberration, Doppler boosting), and time delays. We
also need to specify the spectral shape and the angular emis-
sivity pattern of radiation from the spot. We follow the
general methodology as described in details in Poutanen &
Gierliński (2003); Viironen & Poutanen (2004); Poutanen &
Beloborodov (2006). As the accretion disk might be rather
close to the stellar surface, we account also for the absorption
the disk as described in Appendix C of IP09. We also approx-
imate the theoretical profile by a sum of two harmonics:

F (φ) = F{1+a0 cos[2π(φ−φ0)]+a1 cos[4π(φ−φ1)]}, (2)

with the phases and relative amplitudes computed using dis-
crete Fourier transforms.

For the illustration, we assume the following parameters:
M = 1.4M⊙, R = 2.5rs (wherers = 2GM/c2 is the
Schwarzschild radius), inclinationi = 65◦, magnetic inclina-
tion θ = 10◦ and a spot of angular radiusρ given by equation
(1). The spectrum and angular distribution of radiation at the

stellar surface is given by the expression

I(α) = I0(1 + h cosα)E−(Γ−1), (3)
whereΓ = 2 is the spectral index,α is the angle relative
to the stellar normal, andh is the anisotropy parameter. For a
ring- and a crescent-like spots we assume the spot thicknessof
8◦, and for the crescent we consider half a ring furthest away
from the rotational pole similar to what is obtained in MHD
simulations (Romanova et al. 2004; Kulkarni & Romanova
2005).

Fig. 1 shows the pulse profile variations for as a function of
the inner disc radius for these three geometries and emissivi-
tiesh = 0 (blackbody) andh = −0.8 (corresponding to the
angular distribution of radiation multiply scattered in anopti-
cally thin slab, see Poutanen & Gierliński 2003; Viironen &
Poutanen 2004). The noticeable signatures of the second spot
appears whenrin > 20 km, the dramatic change in the pulse
profile happens when the inner radius changes from 24 to 26
km, as most of the antipodal spot then appears to our view.
These fast changes are also reflected in a rather large phase
shift ∼ 0.2 of the fundamental, but generally smaller varia-
tions of the phase of the overtone, similar to what is observed
in SAX J1808.4−3658 (see figs 6 and 7 in IP09).

While blackbody pulse shapes are rather smooth, the emis-
sivity pattern (h < 0) lead to the presence of narrower fea-
tures and more pronounced secondary maxima; the ring spot
generates sharper features in the lightcurves and more rapid
evolution withrin comparing to the circle case. The crescent
gives higher variability amplitude, because of its larger dis-
placement with respect to the rotational pole of the star. How-
ever, the initial (when only one spot is visible) and the final
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Gierliński (2003); Viironen & Poutanen (2004); Poutanen &
Beloborodov (2006). As the accretion disk might be rather
close to the stellar surface, we account also for the absorption
the disk as described in Appendix C of IP09. We also approx-
imate the theoretical profile by a sum of two harmonics:

F (φ) = F{1+a0 cos[2π(φ−φ0)]+a1 cos[4π(φ−φ1)]}, (2)

with the phases and relative amplitudes computed using dis-
crete Fourier transforms.

For the illustration, we assume the following parameters:
M = 1.4M⊙, R = 2.5rs (wherers = 2GM/c2 is the
Schwarzschild radius), inclinationi = 65◦, magnetic inclina-
tion θ = 10◦ and a spot of angular radiusρ given by equation
(1). The spectrum and angular distribution of radiation at the

stellar surface is given by the expression

I(α) = I0(1 + h cosα)E−(Γ−1), (3)
whereΓ = 2 is the spectral index,α is the angle relative
to the stellar normal, andh is the anisotropy parameter. For a
ring- and a crescent-like spots we assume the spot thicknessof
8◦, and for the crescent we consider half a ring furthest away
from the rotational pole similar to what is obtained in MHD
simulations (Romanova et al. 2004; Kulkarni & Romanova
2005).

Fig. 1 shows the pulse profile variations for as a function of
the inner disc radius for these three geometries and emissivi-
tiesh = 0 (blackbody) andh = −0.8 (corresponding to the
angular distribution of radiation multiply scattered in anopti-
cally thin slab, see Poutanen & Gierliński 2003; Viironen &
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FIG. 2.— Pulse profiles of SAX J1808.4−3658, observed during October–November 2002 outburst, in order of decreasing flux. Top and bottom panels
correspond to the profiles in 3.7–5.7 keV and 9.8–23.2 keV energy bands, respectively. The corresponding best-fit modelsparameters are indicated. The solid
curves give the modeled pulse shapes (see Sect. 3).

(when both spots are visible) pulse profiles depend very little
on the spot geometry, and changes of the Fourier phases with
inner radius are also very similar.

3. COMPARISON WITH THE OBSERVED PROFILE
EVOLUTION

Now we make a detailed comparison of the theoretical
pulse profiles predicted by the model to the data on SAX
J1808.4−3658 obtained during its 2002 outburst.RXTE fol-
lowed the source during the period October 15 – November
26, 2002 obtaining the best coverage for any AMP. The data
and their reduction are described in details in IP09.

At the peak stage (see H08 and IP09 for the definition of
outburst stages), profiles are nearly sinusoidal with a deepno-
ticeable at the pulse maximum at energies above 10 keV. This
might be caused by absorption in the accretion column (see
IP09) complicating the pulse modeling, and therefore we do
not consider this stage in the paper. During the slow decay
stage on October 17–27, the pulse profile, slightly skewed
to the right (see Fig. 2a), was extremely stable, in spite of
the fact that the flux was changing by a factor of four. At
the rapid drop stage (October 27 – November 1) the flux fell
down rapidly, while the pulse profile was evolving: on Oc-
tober 29 the secondary maximum – a signature of the sec-
ond hot spot – becomes pronounced and after October 30 the
pulse became skewed to the left and the secondary maximum
shifted to the rising part of the main peak. The profile remains
double-peaked till the end of the outburst (flaring tail stage),
slightly varying in shape. On Fig. 2 we present a subset of the
observed pulse shapes.

The pulse profiles can be rather well described by a sum of

two Fourier harmonics, fundamental and overtone, given by
equation (2). The dramatic variability of the pulse profilesis
reflected in a phase shift of the fundamental by 0.2 observed
within a couple of days around October 30, while the phase
of the overtone did not change significantly (Burderi et al.
2006; Hartman et al. 2008; IP09). The behavior of the pulse
phases and amplitudes varies with energy: for example, the
amplitude of the high-energy pulse decreases with time, while
the pulsation amplitude at low energies noticeably increases
(IP09). The reason for that most probably lies in the fact that
the soft blackbody that contributes significantly to the total
spectrum below∼7 keV (Gierliński et al. 2002; Poutanen &
Gierliński 2003; IP09), might be produced in a region dis-
placed from the accretion shock where the hard Comptonized
tail is produced.

For comparison of the model described in Sect. 2 to the
data, we consider a filled circle geometry of the spot. We fit
simultaneously the pulse profiles in two broad energy bands
3.7–5.7 and 9.8–23.2 keV. The second band is dominated
by the Comptonized components, while the blackbody con-
tributes at the lower-energy band. We consider a possibility
that photons at these energies can be produced predominantly
at different positions, determined by the colatitudeθs,h and
azimuthϕs,h of the spot center. The angular emissivities of
the radiation in the two bands are described by equation (3)
with parametershs,h. The inner disk radiusrin of course is
the same for both energies at each moment of the outburst,
and the spot size is given by equation (1). The best-fit param-
eters are given in Table 1 and the pulse profiles are shown in
Fig. 2.

We see that the model describes the pulse profiles rather
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TABLE 1
BEST FIT PARAMETERS

Date F a θs
b θh

b ϕs
c ϕh

c hs
d hh

d rin/rs
e χ2/d.o.f.f

deg deg

Oct 22 15.6 10.2 10.8 0.10 0.13−0.68 −0.80 4.07 34/56
Nov 3 4.2 9.7 5.2 0.14 0.10 −0.79 −0.85 5.24 80/56
Nov 3 3.6 8.2 5.4 0.15 0.06 −0.75 −0.83 5.44 62/56
Oct 30 3.5 11.6 8.1 0.13 0.08−0.72 −0.78 5.14 86/56
Oct 31 2.4 18.4 6.6 0.13 0.09−0.67 −0.84 5.50 92/56
Nov 6 1.9 18.1 7.0 0.15 0.12 −0.68 −0.82 5.48 61/56
Nov 1 1.5 19.3 5.7 0.12 0.11 −0.61 −0.79 5.61 74/56
NOTE. — The parameters of the model corresponding to the fits presented in Fig. 2, order according

to the decreasing flux. We assume that the spots dominating attwo different energy bands 3.7–5.7 keV
and 9.8–23.2 keV (with the corresponding indicess andh) have a different location at the stellar surface
with their centroids having coordinatesθ andφ.

aFlux in 2.5–25 keV band in units10−10 ergcm−2 s−1.
bColatitude of the spot center.
cAzimuth of the spot center (fraction of period).
dAnisotropy parameter at a given energy.
eInner disk radius in units ofrs.
fReducedχ2 and number of degrees of freedom.

well, except some narrow features. In general, the resulting
rin increases when the flux decreases, but not monotonically.
We also see some variations in positions of the spot centroids,
both in latitudinal and in azimuthal directions. These changes
can be associated with the timing noise (i.e. erratic variations
of the Fourier phases). However, the jump in the fundamental
phase observed around October 30, which happened together
with the dramatic change in the pulse profile, can be explained
only by the appearance of the antipodal spot when the inner
disk radius is at about 25 km.

The origin of some discrepancies between the model and
the data probably lies in a simplified spot geometry assumed
here, assumption of the equal area spots producing emission
are different energies as well as in a possible inhomogeneity
of the disk, which might cause narrow absorption features at
some phases. Likely an important issue is the spot shape, as
demonstrated in Sect. 2, the pulse shapes do depend consid-
erably on that.

4. CONCLUSIONS

We have developed a model of pulse profile formation in
AMPs by accounting for the partial screening of the antipo-
dal emitting spot by the accretion disk. We have demon-
strated that the appearance of the antipodal spot leads to
sharp changes in the pulse profile and corresponding jump

in Fourier phases. By directly fitting the model to the pulse
shapes of SAX J1808.4−3658 observed during its 2002 out-
burst, we were able to quantify the variations in the position
of the spot centroids, their emissivity pattern and the inner
accretion disk radius. We argue that these variations are the
main source of the timing noise observed in AMPs. We stress
that the sharp jumps in Fourier phases, observed together in
the strong changes in the pulse form, can only be explained by
the variations of the visibility of the antipodal spot associated
with the receding accretion disk. Further progress in detailed
understanding of the accretion process onto a millisecond pul-
sar is possible by using the exact shape of the emitting spots
obtained from the numerical simulations to fit the data.
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to the decreasing flux. We assume that the spots dominating attwo different energy bands 3.7–5.7 keV
and 9.8–23.2 keV (with the corresponding indicess andh) have a different location at the stellar surface
with their centroids having coordinatesθ andφ.

aFlux in 2.5–25 keV band in units10−10 ergcm−2 s−1.
bColatitude of the spot center.
cAzimuth of the spot center (fraction of period).
dAnisotropy parameter at a given energy.
eInner disk radius in units ofrs.
fReducedχ2 and number of degrees of freedom.

well, except some narrow features. In general, the resulting
rin increases when the flux decreases, but not monotonically.
We also see some variations in positions of the spot centroids,
both in latitudinal and in azimuthal directions. These changes
can be associated with the timing noise (i.e. erratic variations
of the Fourier phases). However, the jump in the fundamental
phase observed around October 30, which happened together
with the dramatic change in the pulse profile, can be explained
only by the appearance of the antipodal spot when the inner
disk radius is at about 25 km.

The origin of some discrepancies between the model and
the data probably lies in a simplified spot geometry assumed
here, assumption of the equal area spots producing emission
are different energies as well as in a possible inhomogeneity
of the disk, which might cause narrow absorption features at
some phases. Likely an important issue is the spot shape, as
demonstrated in Sect. 2, the pulse shapes do depend consid-
erably on that.

4. CONCLUSIONS

We have developed a model of pulse profile formation in
AMPs by accounting for the partial screening of the antipo-
dal emitting spot by the accretion disk. We have demon-
strated that the appearance of the antipodal spot leads to
sharp changes in the pulse profile and corresponding jump

in Fourier phases. By directly fitting the model to the pulse
shapes of SAX J1808.4−3658 observed during its 2002 out-
burst, we were able to quantify the variations in the position
of the spot centroids, their emissivity pattern and the inner
accretion disk radius. We argue that these variations are the
main source of the timing noise observed in AMPs. We stress
that the sharp jumps in Fourier phases, observed together in
the strong changes in the pulse form, can only be explained by
the variations of the visibility of the antipodal spot associated
with the receding accretion disk. Further progress in detailed
understanding of the accretion process onto a millisecond pul-
sar is possible by using the exact shape of the emitting spots
obtained from the numerical simulations to fit the data.
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