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HMXBs
•compact object + 

early type O / B star

➡Wind accretion
➡Be mechanism
- young systems
- strong magnetic field
- pulsations

ⓒ NASA
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Be/HMXBs 
• intense stellar wind 
• medium is structured
• strongly variable

absorption!
• strong gravitation:
• influence on medium!

• strong magnetic field
• strong gravitation + strong magnetic field:

extreme physics!
3
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wind accretion
• compact object disturbs 

medium
• focused wind
• shock fronts emerge
• instabilities
• velocity and density 

varies
• wind is clumpy

4
(Blondin 1991)

Donnerstag, 31. Mai 2012



Variability
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Outbursts 
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Accretion in (high mass)
X-ray binaries can be
strongly variable on long
timescales.

=⇒Observations can
cover large range
of L and therefore
(possibly) Ṁ

(MXB 0656−072)(Wilms 2010)
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Accreting X-ray Pulsars

8

•Neutron stars have strong magnetic field:  B~1012 G
(flux conservation in SN collaps)

•material couples to magnetic field lines
•material is channeled 

onto the  magnetic poles
⇒ hotspots emerge

• offset of magnetic and
rotational axis
⇒ pulsations
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accretion column
high LX sources: 
radiative shock 
dominates formation of 
observed spectrum
thermal mound: 
soft X-rays
bulk motion 
comptonization in 
accretion shock
hard X-rays through the 
walls ➔ fan beam

9

Comptonization model has successfully reproduced the observed
spectra of several steep-spectrum sources, including X Persei and
GX 304-1 (Becker & Wolff 2005a, 2005b).

Many of the brightest X-ray pulsars, such as Her X-1 and Cen
X-3, display spectra with photon indices !X ! 2 in the 5Y20 keV
energy range, combinedwith high-energy quasi-exponential cut-
offs at 20Y30 keV (e.g., White et al. 1983). This type of spectral
shape cannot be explained using the pure bulk Comptonization
model of Becker & Wolff (2005b). The presence of the expo-
nential cutoffs at high energies, combined with the relatively flat
shape at lower energies, suggests that thermal Comptonization is
also playing an important role in luminous X-ray pulsars by trans-
ferring energy from high- to low-frequency photons via electron
scattering. The two steps in the thermal process (Compton scat-
tering followed by inverse Compton scattering) are described
mathematically by the Kompaneets (1957) equation (see also
Becker 2003). Although it is clear that the majority of the photon
energization inX-ray pulsars occurs via the first-order Fermi (bulk
Comptonization) process, we find that in bright sources such as
Her X-1, the role of thermal Comptonization must also be con-
sidered in order to reproduce the observed spectra.

In this paper we extend the pure bulk Comptonization model
developed by Becker & Wolff (2005b) to include both bulk and
thermal Comptonization by incorporating the full Kompaneets
operator into the transport equation used to model the develop-
ment of the emergent radiation spectrum. The exact solution to
this equation yields the Green’s function for the problem, which
represents the contribution to the observed photon spectrum due
to a monochromatic source at a fixed height in the accretion col-
umn. By exploiting the linearity of the mathematical problem, the
Green’s function can be used to compute the emergent spectrum
due to any spatial-energetic distribution of photon sources in the
column. We calculate X-ray pulsar spectra by convolving the
Green’s function with bremsstrahlung, cyclotron, and blackbody
sources, with the first two distributed throughout the column,
and the latter located at the surface of the thermal mound. The
accretion/emission geometry is illustrated schematically in Fig-
ure 1. Seed photons produced inside the column by various emis-
sion mechanisms experience electron scattering as they diffuse

through the column, eventually escaping through the walls to
form the emergent X-ray spectrum. The escaping photons carry
away the kinetic energy of the gas, thereby allowing the plasma
to settle onto the surface of the star.
The remainder of the paper is organized as follows. In x 2 we

briefly review the nature of the primary radiation transport mech-
anisms in the accretion column with a focus on dynamical, ther-
mal, and magnetic effects. The transport equation governing the
formation of the radiation spectrum is introduced and analyzed
in x 3, and in x 4 the exact analytical solution for the Green’s func-
tion describing the radiation distribution inside the accretion
column is derived. The spectrumof the radiation escaping through
thewalls of the accretion column is developed in x 5, and the phys-
ical constraints for the various model parameters are considered
in x 6. The nature of the source terms describing the injection of
blackbody, cyclotron, and bremsstrahlung seed photons into the
accretion column is discussed in x 7. Emergent X-ray spectra are
computed in x 8, and the results are compared with the observa-
tional data for several luminous X-ray pulsars. The implications
of our work for the production of X-ray spectra in accretion-
powered pulsars are discussed in x 9.

2. RADIATIVE PROCESSES

The dynamics of gas accreting onto the magnetic polar caps
of a neutron star was considered byBasko&Sunyaev (1976) and
Becker (1998). The formation of the emergent X-ray spectrum in
this situation was discussed by Becker &Wolff (2005b) based on
the geometrical picture illustrated in Figure 1. Physically, the ac-
cretion scenario corresponds to the flow of a mixture of gas and
radiation inside a magnetic ‘‘pipe’’ that is sealed with respect to
the gas but transparent with respect to the radiation. The accre-
tion column incorporates a radiation-dominated, radiative shock
located above the stellar surface. Seed photons produced via a
combination of cyclotron, bremsstrahlung, and blackbody radia-
tion processes are scattered in energy due to collisions with elec-
trons that are infalling with high speed and also possess a large
stochastic (thermal) velocity component. Blackbody seed pho-
tons are produced at the surface of the dense thermal mound
located at the base of the flow, where local thermodynamic equi-
librium prevails, and cyclotron and bremsstrahlung seed pho-
tons are produced in the optically thin region above the thermal
mound. Hence, the surface of the mound represents the ‘‘photo-
sphere’’ for photon creation and absorption, and the opacity is
dominated by electron scattering above this point.

2.1. Magnetic Effects

The flow of gas in the accretion column of an X-ray pulsar
is channeled by the strong (B " 1012 G) magnetic field, and the
presence of this field also has important consequences for the
photons propagating through the plasma. In particular, vacuum
polarization leads to birefringent behavior that gives rise to two
linearly polarized normal modes (Ventura 1979; Nagel 1980;
Chanan et al. 1979). The ordinarymode is polarized with the elec-
tric field vector located in the plane formed by the pulsar magnetic
field and the photon propagation direction. For the extraordinary
mode, the electric vector is oriented perpendicular to this plane.
The nature of the photon-electron scattering process is quite dif-
ferent for the two polarization modes, and it also depends on
whether the photon energy, ", exceeds the cyclotron energy, "c,
given by

"c #
eBh

2#mec
$ 11:57B12 keV; ð1Þ

Fig. 1.—Schematic depiction of gas accreting onto the magnetic polar cap of
a neutron star. Seed photons are created throughout the column via bremsstrah-
lung and cyclotron emission, and additional blackbody seed photons are emitted
from the surface of the thermal mound near the base of the column.

BECKER & WOLFF436 Vol. 654Becker & Wolff (2005,2007)
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strong magnetic field: electron energies are quantized in 
Landau levels:
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B << Bcrit  distance between Landau levels:

Ecyc =
h̄e

mec
2

= 11.6 keV

(

B

1012G

)

12-B-12 rule

Donnerstag, 31. Mai 2012



Cyclotron Lines

11

B << Bcrit  distance between Landau levels:

Ecyc =
h̄e

mec
2

= 11.6 keV

(

B

1012G

)

12-B-12 rule

⇒ Cyclotron resonance scattering features (CRSFs)
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B << Bcrit  distance between Landau levels:

Ecyc =
h̄e

mec
2

= 11.6 keV

(

B

1012G

)

12-B-12 rule

⇒ Cyclotron resonance scattering features (CRSFs)

En = nEcyc = (1 + z)En,obs

gravitational redshift: z ~ 0.25
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relativistic corrections:
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First obsrvation by Trümper et al. (1977)
in Hercules X-1:    
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First obsrvation by Trümper et al. (1977)
in Hercules X-1:    

Emission

Absorption

E
obs
cyc =

Ecyc

1 + z
= Ecyc ×

√

1 −
2GMX

Rc2

Ecyc = 40 keV

Transitions from higher levels!

Ecyc,n ≈ n × Ecyc

Apply relativistic corrections:
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V0332+53
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1630 S. S. Tsygankov, A. A. Lutovinov and A. V. Serber

Figure 2. Temporal evolution of the cyclotron-line energy during the
V0332+53 outburst. The source bolometric luminosity is shown with the
small black circles. Other symbols are the same as in Fig. 1.

Figure 3. The cyclotron-line energy versus the luminosity L37. Symbols
are the same as in Fig. 1.

uncertainties correspond to a 90 per cent confidence level), is practi-
cally the same as the one obtained in Paper I for only the fading phase
of the outburst and even takes into account the above-mentioned lu-
minosity corrections for several highest count rate observations.
Note, however, that allowance for these corrections makes the be-
haviour of the cyclotron energy at very high luminosities >3.5 ×
1038 erg s−1 slightly different from this fit: the ‘rate’ of the cyclotron-
energy variations is higher. Such a difference (if any) may be con-
nected with possible changes in the accretion-flow structure and
emission at very high luminosities then the source can transfer into
other accretion regime. On the other hand, poor statistics impedes
finalizing conclusions on the behaviour of the cyclotron-line en-
ergy at low luminosities below L37 # 5. Some evidence is seen
in Fig. 3 for ‘steepening’ of the cyclotron energy–luminosity slope
below #4 × 1037 erg s−1, but its significance is not enough for the
final conclusion. Note that the behaviour of the cyclotron energy at
low luminosities is very interesting from the viewpoint of determin-
ing the so-called critical luminosity at which the shock wave at the

top of the accretion column disappears and/or detecting the same
reverse dependence (if any) of the cyclotron-line energy with the
luminosity as was observed for Her X-1 (Staubert et al. 2007).

Meanwhile, the lowest observed value of the cyclotron energy in
the V0332+53 spectrum provides for an estimate for the magnetic
field on the neutron star surface. Unfortunately, the lowest luminos-
ity data point in Fig. 3 has fairly large uncertainty. Hence, it seems
more expedient to use the result from the linear fit, that is 29.56 keV.
This yields

BNS = (1 + z)
29.56
11.6

# 3.1 × 1012 G,

where z is the gravitational redshift near the surface of a neutron
star with a radius of 10 km and a mass of 1.4 M$.

3.2 Equivalent width of the cyclotron line

It is well known from the classical stellar spectral analysis that the
equivalent width of a spectral line is a very important quantity for
retrieving physical parameters and conditions in the line-forming
region. Hence, in addition to such cyclotron-line model parameters
as σ cycl and τ cycl, it seems expedient to have an observable quantity
playing the role of cyclotron line equivalent width in X-ray as-
trophysics and quantifying the total number of photons withdrawn
from the continuum spectrum of a source due to resonance scat-
tering in the cyclotron line(s). The main problem in calculating
the cyclotron line equivalent width is its strong dependence on the
adopted continuum model to be multiplied by the line models typ-
ically used to fit cyclotron-harmonic lines. We used the following
simple technique to calculate the cyclotron line equivalent width
EWcycl: (1) all energy channels affected by the cyclotron line (typ-
ically 18–40 keV) are excluded from the source spectrum; (2) the
remaining energy bins are fitted as a spectrum of the continuum;
(3) the energy bins excluded at step 1 are added again to the spec-
trum, their deviations from the continuum fit obtained at step 2 is
calculated and, upon normalization to the continuum spectrum, are
integrated over energy; (4) the resulting energy-integrated deviation
of the normalized cyclotron line energy bins from the continuum
fit is adopted as a measure for the equivalent width EWcycl of the
cyclotron line.1

It was found that the quantity EWcycl calculated in such a way
is not constant, but varies with the cyclotron-line energy changes
during the outburst. The EWcycl dependence on the luminosity is
shown in Fig. 4. As in Fig. 3, different symbols such as filled
squares and open circles correspond to the brightening and fading
phases of the outburst, respectively. The cyclotron line equivalent
width decreases almost linearly with the luminosity repeating the
behaviour of the cyclotron-line energy itself, including the increase
of the ‘rate’ of the equivalent width changes at high luminosities.
However, it is necessary to note that the slope of this formal linear
relation EWcycl [keV] ∝ −0.25L37 is different from that in Fig. 3.
It is also worthy to note the similar behaviour of the cyclotron line
optical depth τ cycl (see filled circles in Fig. 4), that can be understood
from the revealed linear correlation between τ cycl and EWcycl.

1 We should note that the spectrum of V0332+53 contains a few harmon-
ics of the cyclotron line and it is practically impossible to avoid fully the
influence of absorption features to the continuum component. Therefore, ob-
tained values of the equivalent width should be treated only for the demon-
stration of the qualitative behaviour. Such an analysis was carried out for
sufficiently bright observations.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 1628–1635

Evolution of the
CRSF energy 
over the outburst

(Tsygankov et a. 2010)
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Figure 3. The cyclotron-line energy versus the luminosity L37. Symbols
are the same as in Fig. 1.

uncertainties correspond to a 90 per cent confidence level), is practi-
cally the same as the one obtained in Paper I for only the fading phase
of the outburst and even takes into account the above-mentioned lu-
minosity corrections for several highest count rate observations.
Note, however, that allowance for these corrections makes the be-
haviour of the cyclotron energy at very high luminosities >3.5 ×
1038 erg s−1 slightly different from this fit: the ‘rate’ of the cyclotron-
energy variations is higher. Such a difference (if any) may be con-
nected with possible changes in the accretion-flow structure and
emission at very high luminosities then the source can transfer into
other accretion regime. On the other hand, poor statistics impedes
finalizing conclusions on the behaviour of the cyclotron-line en-
ergy at low luminosities below L37 # 5. Some evidence is seen
in Fig. 3 for ‘steepening’ of the cyclotron energy–luminosity slope
below #4 × 1037 erg s−1, but its significance is not enough for the
final conclusion. Note that the behaviour of the cyclotron energy at
low luminosities is very interesting from the viewpoint of determin-
ing the so-called critical luminosity at which the shock wave at the

top of the accretion column disappears and/or detecting the same
reverse dependence (if any) of the cyclotron-line energy with the
luminosity as was observed for Her X-1 (Staubert et al. 2007).

Meanwhile, the lowest observed value of the cyclotron energy in
the V0332+53 spectrum provides for an estimate for the magnetic
field on the neutron star surface. Unfortunately, the lowest luminos-
ity data point in Fig. 3 has fairly large uncertainty. Hence, it seems
more expedient to use the result from the linear fit, that is 29.56 keV.
This yields

BNS = (1 + z)
29.56
11.6

# 3.1 × 1012 G,

where z is the gravitational redshift near the surface of a neutron
star with a radius of 10 km and a mass of 1.4 M$.

3.2 Equivalent width of the cyclotron line

It is well known from the classical stellar spectral analysis that the
equivalent width of a spectral line is a very important quantity for
retrieving physical parameters and conditions in the line-forming
region. Hence, in addition to such cyclotron-line model parameters
as σ cycl and τ cycl, it seems expedient to have an observable quantity
playing the role of cyclotron line equivalent width in X-ray as-
trophysics and quantifying the total number of photons withdrawn
from the continuum spectrum of a source due to resonance scat-
tering in the cyclotron line(s). The main problem in calculating
the cyclotron line equivalent width is its strong dependence on the
adopted continuum model to be multiplied by the line models typ-
ically used to fit cyclotron-harmonic lines. We used the following
simple technique to calculate the cyclotron line equivalent width
EWcycl: (1) all energy channels affected by the cyclotron line (typ-
ically 18–40 keV) are excluded from the source spectrum; (2) the
remaining energy bins are fitted as a spectrum of the continuum;
(3) the energy bins excluded at step 1 are added again to the spec-
trum, their deviations from the continuum fit obtained at step 2 is
calculated and, upon normalization to the continuum spectrum, are
integrated over energy; (4) the resulting energy-integrated deviation
of the normalized cyclotron line energy bins from the continuum
fit is adopted as a measure for the equivalent width EWcycl of the
cyclotron line.1

It was found that the quantity EWcycl calculated in such a way
is not constant, but varies with the cyclotron-line energy changes
during the outburst. The EWcycl dependence on the luminosity is
shown in Fig. 4. As in Fig. 3, different symbols such as filled
squares and open circles correspond to the brightening and fading
phases of the outburst, respectively. The cyclotron line equivalent
width decreases almost linearly with the luminosity repeating the
behaviour of the cyclotron-line energy itself, including the increase
of the ‘rate’ of the equivalent width changes at high luminosities.
However, it is necessary to note that the slope of this formal linear
relation EWcycl [keV] ∝ −0.25L37 is different from that in Fig. 3.
It is also worthy to note the similar behaviour of the cyclotron line
optical depth τ cycl (see filled circles in Fig. 4), that can be understood
from the revealed linear correlation between τ cycl and EWcycl.

1 We should note that the spectrum of V0332+53 contains a few harmon-
ics of the cyclotron line and it is practically impossible to avoid fully the
influence of absorption features to the continuum component. Therefore, ob-
tained values of the equivalent width should be treated only for the demon-
stration of the qualitative behaviour. Such an analysis was carried out for
sufficiently bright observations.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 1628–1635

Evolution of the
CRSF energy 
over the outburst

(Tsygankov et a. 2010)

negative correlation
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Figure 2. Temporal evolution of the cyclotron-line energy during the
V0332+53 outburst. The source bolometric luminosity is shown with the
small black circles. Other symbols are the same as in Fig. 1.

Figure 3. The cyclotron-line energy versus the luminosity L37. Symbols
are the same as in Fig. 1.

uncertainties correspond to a 90 per cent confidence level), is practi-
cally the same as the one obtained in Paper I for only the fading phase
of the outburst and even takes into account the above-mentioned lu-
minosity corrections for several highest count rate observations.
Note, however, that allowance for these corrections makes the be-
haviour of the cyclotron energy at very high luminosities >3.5 ×
1038 erg s−1 slightly different from this fit: the ‘rate’ of the cyclotron-
energy variations is higher. Such a difference (if any) may be con-
nected with possible changes in the accretion-flow structure and
emission at very high luminosities then the source can transfer into
other accretion regime. On the other hand, poor statistics impedes
finalizing conclusions on the behaviour of the cyclotron-line en-
ergy at low luminosities below L37 # 5. Some evidence is seen
in Fig. 3 for ‘steepening’ of the cyclotron energy–luminosity slope
below #4 × 1037 erg s−1, but its significance is not enough for the
final conclusion. Note that the behaviour of the cyclotron energy at
low luminosities is very interesting from the viewpoint of determin-
ing the so-called critical luminosity at which the shock wave at the

top of the accretion column disappears and/or detecting the same
reverse dependence (if any) of the cyclotron-line energy with the
luminosity as was observed for Her X-1 (Staubert et al. 2007).

Meanwhile, the lowest observed value of the cyclotron energy in
the V0332+53 spectrum provides for an estimate for the magnetic
field on the neutron star surface. Unfortunately, the lowest luminos-
ity data point in Fig. 3 has fairly large uncertainty. Hence, it seems
more expedient to use the result from the linear fit, that is 29.56 keV.
This yields

BNS = (1 + z)
29.56
11.6

# 3.1 × 1012 G,

where z is the gravitational redshift near the surface of a neutron
star with a radius of 10 km and a mass of 1.4 M$.

3.2 Equivalent width of the cyclotron line

It is well known from the classical stellar spectral analysis that the
equivalent width of a spectral line is a very important quantity for
retrieving physical parameters and conditions in the line-forming
region. Hence, in addition to such cyclotron-line model parameters
as σ cycl and τ cycl, it seems expedient to have an observable quantity
playing the role of cyclotron line equivalent width in X-ray as-
trophysics and quantifying the total number of photons withdrawn
from the continuum spectrum of a source due to resonance scat-
tering in the cyclotron line(s). The main problem in calculating
the cyclotron line equivalent width is its strong dependence on the
adopted continuum model to be multiplied by the line models typ-
ically used to fit cyclotron-harmonic lines. We used the following
simple technique to calculate the cyclotron line equivalent width
EWcycl: (1) all energy channels affected by the cyclotron line (typ-
ically 18–40 keV) are excluded from the source spectrum; (2) the
remaining energy bins are fitted as a spectrum of the continuum;
(3) the energy bins excluded at step 1 are added again to the spec-
trum, their deviations from the continuum fit obtained at step 2 is
calculated and, upon normalization to the continuum spectrum, are
integrated over energy; (4) the resulting energy-integrated deviation
of the normalized cyclotron line energy bins from the continuum
fit is adopted as a measure for the equivalent width EWcycl of the
cyclotron line.1

It was found that the quantity EWcycl calculated in such a way
is not constant, but varies with the cyclotron-line energy changes
during the outburst. The EWcycl dependence on the luminosity is
shown in Fig. 4. As in Fig. 3, different symbols such as filled
squares and open circles correspond to the brightening and fading
phases of the outburst, respectively. The cyclotron line equivalent
width decreases almost linearly with the luminosity repeating the
behaviour of the cyclotron-line energy itself, including the increase
of the ‘rate’ of the equivalent width changes at high luminosities.
However, it is necessary to note that the slope of this formal linear
relation EWcycl [keV] ∝ −0.25L37 is different from that in Fig. 3.
It is also worthy to note the similar behaviour of the cyclotron line
optical depth τ cycl (see filled circles in Fig. 4), that can be understood
from the revealed linear correlation between τ cycl and EWcycl.

1 We should note that the spectrum of V0332+53 contains a few harmon-
ics of the cyclotron line and it is practically impossible to avoid fully the
influence of absorption features to the continuum component. Therefore, ob-
tained values of the equivalent width should be treated only for the demon-
stration of the qualitative behaviour. Such an analysis was carried out for
sufficiently bright observations.

C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 401, 1628–1635

Evolution of the
CRSF energy 
over the outburst

(Tsygankov et a. 2010)

negative correlation

LX > Lcrit
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Figure 2. Temporal evolution of the cyclotron-line energy during the
V0332+53 outburst. The source bolometric luminosity is shown with the
small black circles. Other symbols are the same as in Fig. 1.

Figure 3. The cyclotron-line energy versus the luminosity L37. Symbols
are the same as in Fig. 1.

uncertainties correspond to a 90 per cent confidence level), is practi-
cally the same as the one obtained in Paper I for only the fading phase
of the outburst and even takes into account the above-mentioned lu-
minosity corrections for several highest count rate observations.
Note, however, that allowance for these corrections makes the be-
haviour of the cyclotron energy at very high luminosities >3.5 ×
1038 erg s−1 slightly different from this fit: the ‘rate’ of the cyclotron-
energy variations is higher. Such a difference (if any) may be con-
nected with possible changes in the accretion-flow structure and
emission at very high luminosities then the source can transfer into
other accretion regime. On the other hand, poor statistics impedes
finalizing conclusions on the behaviour of the cyclotron-line en-
ergy at low luminosities below L37 # 5. Some evidence is seen
in Fig. 3 for ‘steepening’ of the cyclotron energy–luminosity slope
below #4 × 1037 erg s−1, but its significance is not enough for the
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low luminosities is very interesting from the viewpoint of determin-
ing the so-called critical luminosity at which the shock wave at the

top of the accretion column disappears and/or detecting the same
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ity data point in Fig. 3 has fairly large uncertainty. Hence, it seems
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BNS = (1 + z)
29.56
11.6

# 3.1 × 1012 G,

where z is the gravitational redshift near the surface of a neutron
star with a radius of 10 km and a mass of 1.4 M$.

3.2 Equivalent width of the cyclotron line

It is well known from the classical stellar spectral analysis that the
equivalent width of a spectral line is a very important quantity for
retrieving physical parameters and conditions in the line-forming
region. Hence, in addition to such cyclotron-line model parameters
as σ cycl and τ cycl, it seems expedient to have an observable quantity
playing the role of cyclotron line equivalent width in X-ray as-
trophysics and quantifying the total number of photons withdrawn
from the continuum spectrum of a source due to resonance scat-
tering in the cyclotron line(s). The main problem in calculating
the cyclotron line equivalent width is its strong dependence on the
adopted continuum model to be multiplied by the line models typ-
ically used to fit cyclotron-harmonic lines. We used the following
simple technique to calculate the cyclotron line equivalent width
EWcycl: (1) all energy channels affected by the cyclotron line (typ-
ically 18–40 keV) are excluded from the source spectrum; (2) the
remaining energy bins are fitted as a spectrum of the continuum;
(3) the energy bins excluded at step 1 are added again to the spec-
trum, their deviations from the continuum fit obtained at step 2 is
calculated and, upon normalization to the continuum spectrum, are
integrated over energy; (4) the resulting energy-integrated deviation
of the normalized cyclotron line energy bins from the continuum
fit is adopted as a measure for the equivalent width EWcycl of the
cyclotron line.1

It was found that the quantity EWcycl calculated in such a way
is not constant, but varies with the cyclotron-line energy changes
during the outburst. The EWcycl dependence on the luminosity is
shown in Fig. 4. As in Fig. 3, different symbols such as filled
squares and open circles correspond to the brightening and fading
phases of the outburst, respectively. The cyclotron line equivalent
width decreases almost linearly with the luminosity repeating the
behaviour of the cyclotron-line energy itself, including the increase
of the ‘rate’ of the equivalent width changes at high luminosities.
However, it is necessary to note that the slope of this formal linear
relation EWcycl [keV] ∝ −0.25L37 is different from that in Fig. 3.
It is also worthy to note the similar behaviour of the cyclotron line
optical depth τ cycl (see filled circles in Fig. 4), that can be understood
from the revealed linear correlation between τ cycl and EWcycl.

1 We should note that the spectrum of V0332+53 contains a few harmon-
ics of the cyclotron line and it is practically impossible to avoid fully the
influence of absorption features to the continuum component. Therefore, ob-
tained values of the equivalent width should be treated only for the demon-
stration of the qualitative behaviour. Such an analysis was carried out for
sufficiently bright observations.
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is comparable to the free-fall time from the sonic point – see
Eq. (104) of Becker & Wolff (2007). Further confirmation of
this scenario comes from the phase dependency of the parame-
ters ξ and Te, which are higher along the peak, implying respec-
tively that the radiation traveled mostly parallel to the magnetic
field, and that the visible layer is deeper in the column for this
phase range. The sharp feature in the pulsed fraction (Fig. 2) at
∼20 keV also fits into the picture: while the emerging radiation is
beamed roughly perpendicular to the column, the resonant scat-
tering produces an isotropic emission which reduces locally the
pulsed fraction.

The lower energy component is due to thermal
Comptonization of seed photons with temperature
T0 = (0.51 ± 0.01) keV, which is compatible to the tem-
perature of the thermal mound (TTh) probably present at the
base of the column: according to Eq. (93) of Becker & Wolff
(2007), we find TTh = (0.2 − 1.0) keV, where the uncertainty is
due to the indetermination on Ṁ and r0. However, any attempt
to fit the broad band spectrum using the BW model alone
was unsuccessful due to the very low flux of the components
originating from the blackbody and bremsstrahlung sources
compared to the cyclotron one. As was already discussed, the
effective radius of the blackbody photon source for the low
energy compTT component is about 15 km (or 9 km considering
the gravitational redshift). It is therefore likely that the low-
energy radiation source resides close to the NS surface, perhaps
in a diffuse halo. An optically thick atmosphere (τ ∼ 20) at a
temperature of a few keV could be confined by multipolar or
crustal components of the magnetic field (see e.g. Gil et al.
2002), while the region around the column could be heated to
∼0.5 keV either by the accretion itself or by the strongly beamed
column emission.

The modulation of the magnetic field producing the contin-
uum radiation along the main peak (Fig. 6) suggests that the
emission layer has not a planar geometry, but becomes closer
to the NS at the edges of the column. A similar pattern is present
in the phase dependency of the δ parameter, indicating that bulk
Comptonization is stronger at the center of the main peak. The
photon-diffusion parameter, ξ, follows nicely the pulse profile in
the phase interval 0.2–0.8. This can give us some information on
the angle between the magnetic field and the radiation direction.

Even though ξ is inversely proportional to the geometrical
mean of the extreme values of the electron scattering cross sec-
tion (see Eq. (1)), and does not include explicitly its angle depen-
dence, it can be regarded as an estimator of the average value in a
particular phase bin. We argue that at the maximum of the peak,
the radiation field is subject to a reduced scattering cross sec-
tion, and therefore the photons must travel preferentially in the
direction of the magnetic field lines (Ventura 1979). The pho-
tons are therefore able to reach almost the NS surface, before
escaping from the column walls mostly near the base, where the
plasma temperature is higher. At the column boundaries, where
the plasma is optically thin outside the cyclotron resonances,
the observed cyclotron absorption features are imprinted on the
spectral energy distribution. In Fig. 11 we provide a schematic
drawing of the model that we propose.

5.3. Comparison to the standard spectral phenomenological
model

Even though we were able to successfully model the continuum
with a standard spectral phenomenological model similar to the
one that Klochkov et al. (2008) used for EXO 2030+375, we
consider this model unsatisfactory for 4U 0115+63 due to its
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Fig. 11. A schematic and not in scale cartoon of the magnetospheric
structure of 4U 0115+63, as it emerges from our analysis.

incoherency with the pulse energy dependency. The pulse pro-
files and the pulsed fraction change at ∼7 keV, corresponding to
the spectral region where the Gaussian “bump” starts to domi-
nate, whilst they do not exhibit a peculiar evolution at the en-
ergy where the power law continuum becomes again the main
component. It is also difficult to explain why the same spectral
component produces a pulsed fraction which is nearly constant
below ∼5 keV and steadily increasing above ∼15 keV.

Adopting the spectral phenomenological model, we note the
appearance of some residuals in the spectral fit below ∼1 keV
(Fig. 3). Even though they are not statistically significant due
to the low exposure of the LECS instrument, they essentially
disappear when we adopt the multi-component Comptonization
model (Fig. 4). With this latter model, we find that the photoelec-
tric absorption due to neutral plasma is entirely due to the fore-
ground Galactic medium: this is plausible since the observation
took place after the outburst maximum when the strong radiation
field of the NS could have ionized the surrounding medium.

Moreover, to our knowledge there is no physical process
which could explain the broad Gaussian “bump” in emission:
for instance, if it is due to cyclotron cooling, then one must find
a way to make the Compton scattering so ineffective in repro-
cessing this component that it maintains a broad Gaussian pro-
file instead of the typical power-law with exponential decay. We
conclude that although this model can yield a good phenomeno-
logical description of the spectrum, it is nonetheless unable to
give a coherent picture of the system in terms of physical pro-
cesses.

The decoupling between the high and low energy emission is
more naturally explained by two distinct emission components,
one dominating below ∼7 keV, and the other above. In the sce-
nario we have focused on here, the low energy emission (48% of
the phase averaged total flux in the 1–100 keV energy band) is
modeled as a thermal Comptonization of 0.51 keV seed photons
(Titarchuk 1994), while the high energy continuum (51% of the
total flux) is modeled using the BW formalism (Becker & Wolff
2007). We also add a Gaussian emission line which gives a minor
contribution to the total flux (∼1%). The appearance of this com-
ponent likely reflects either an approximation of the emission
wings predicted to appear near the fundamental by Monte Carlo
simulations of cyclotron scattering (Schönherr et al. 2007, and

(Ferrigno et al. 2010)
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is comparable to the free-fall time from the sonic point – see
Eq. (104) of Becker & Wolff (2007). Further confirmation of
this scenario comes from the phase dependency of the parame-
ters ξ and Te, which are higher along the peak, implying respec-
tively that the radiation traveled mostly parallel to the magnetic
field, and that the visible layer is deeper in the column for this
phase range. The sharp feature in the pulsed fraction (Fig. 2) at
∼20 keV also fits into the picture: while the emerging radiation is
beamed roughly perpendicular to the column, the resonant scat-
tering produces an isotropic emission which reduces locally the
pulsed fraction.

The lower energy component is due to thermal
Comptonization of seed photons with temperature
T0 = (0.51 ± 0.01) keV, which is compatible to the tem-
perature of the thermal mound (TTh) probably present at the
base of the column: according to Eq. (93) of Becker & Wolff
(2007), we find TTh = (0.2 − 1.0) keV, where the uncertainty is
due to the indetermination on Ṁ and r0. However, any attempt
to fit the broad band spectrum using the BW model alone
was unsuccessful due to the very low flux of the components
originating from the blackbody and bremsstrahlung sources
compared to the cyclotron one. As was already discussed, the
effective radius of the blackbody photon source for the low
energy compTT component is about 15 km (or 9 km considering
the gravitational redshift). It is therefore likely that the low-
energy radiation source resides close to the NS surface, perhaps
in a diffuse halo. An optically thick atmosphere (τ ∼ 20) at a
temperature of a few keV could be confined by multipolar or
crustal components of the magnetic field (see e.g. Gil et al.
2002), while the region around the column could be heated to
∼0.5 keV either by the accretion itself or by the strongly beamed
column emission.

The modulation of the magnetic field producing the contin-
uum radiation along the main peak (Fig. 6) suggests that the
emission layer has not a planar geometry, but becomes closer
to the NS at the edges of the column. A similar pattern is present
in the phase dependency of the δ parameter, indicating that bulk
Comptonization is stronger at the center of the main peak. The
photon-diffusion parameter, ξ, follows nicely the pulse profile in
the phase interval 0.2–0.8. This can give us some information on
the angle between the magnetic field and the radiation direction.

Even though ξ is inversely proportional to the geometrical
mean of the extreme values of the electron scattering cross sec-
tion (see Eq. (1)), and does not include explicitly its angle depen-
dence, it can be regarded as an estimator of the average value in a
particular phase bin. We argue that at the maximum of the peak,
the radiation field is subject to a reduced scattering cross sec-
tion, and therefore the photons must travel preferentially in the
direction of the magnetic field lines (Ventura 1979). The pho-
tons are therefore able to reach almost the NS surface, before
escaping from the column walls mostly near the base, where the
plasma temperature is higher. At the column boundaries, where
the plasma is optically thin outside the cyclotron resonances,
the observed cyclotron absorption features are imprinted on the
spectral energy distribution. In Fig. 11 we provide a schematic
drawing of the model that we propose.

5.3. Comparison to the standard spectral phenomenological
model

Even though we were able to successfully model the continuum
with a standard spectral phenomenological model similar to the
one that Klochkov et al. (2008) used for EXO 2030+375, we
consider this model unsatisfactory for 4U 0115+63 due to its
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incoherency with the pulse energy dependency. The pulse pro-
files and the pulsed fraction change at ∼7 keV, corresponding to
the spectral region where the Gaussian “bump” starts to domi-
nate, whilst they do not exhibit a peculiar evolution at the en-
ergy where the power law continuum becomes again the main
component. It is also difficult to explain why the same spectral
component produces a pulsed fraction which is nearly constant
below ∼5 keV and steadily increasing above ∼15 keV.

Adopting the spectral phenomenological model, we note the
appearance of some residuals in the spectral fit below ∼1 keV
(Fig. 3). Even though they are not statistically significant due
to the low exposure of the LECS instrument, they essentially
disappear when we adopt the multi-component Comptonization
model (Fig. 4). With this latter model, we find that the photoelec-
tric absorption due to neutral plasma is entirely due to the fore-
ground Galactic medium: this is plausible since the observation
took place after the outburst maximum when the strong radiation
field of the NS could have ionized the surrounding medium.

Moreover, to our knowledge there is no physical process
which could explain the broad Gaussian “bump” in emission:
for instance, if it is due to cyclotron cooling, then one must find
a way to make the Compton scattering so ineffective in repro-
cessing this component that it maintains a broad Gaussian pro-
file instead of the typical power-law with exponential decay. We
conclude that although this model can yield a good phenomeno-
logical description of the spectrum, it is nonetheless unable to
give a coherent picture of the system in terms of physical pro-
cesses.

The decoupling between the high and low energy emission is
more naturally explained by two distinct emission components,
one dominating below ∼7 keV, and the other above. In the sce-
nario we have focused on here, the low energy emission (48% of
the phase averaged total flux in the 1–100 keV energy band) is
modeled as a thermal Comptonization of 0.51 keV seed photons
(Titarchuk 1994), while the high energy continuum (51% of the
total flux) is modeled using the BW formalism (Becker & Wolff
2007). We also add a Gaussian emission line which gives a minor
contribution to the total flux (∼1%). The appearance of this com-
ponent likely reflects either an approximation of the emission
wings predicted to appear near the fundamental by Monte Carlo
simulations of cyclotron scattering (Schönherr et al. 2007, and
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is comparable to the free-fall time from the sonic point – see
Eq. (104) of Becker & Wolff (2007). Further confirmation of
this scenario comes from the phase dependency of the parame-
ters ξ and Te, which are higher along the peak, implying respec-
tively that the radiation traveled mostly parallel to the magnetic
field, and that the visible layer is deeper in the column for this
phase range. The sharp feature in the pulsed fraction (Fig. 2) at
∼20 keV also fits into the picture: while the emerging radiation is
beamed roughly perpendicular to the column, the resonant scat-
tering produces an isotropic emission which reduces locally the
pulsed fraction.

The lower energy component is due to thermal
Comptonization of seed photons with temperature
T0 = (0.51 ± 0.01) keV, which is compatible to the tem-
perature of the thermal mound (TTh) probably present at the
base of the column: according to Eq. (93) of Becker & Wolff
(2007), we find TTh = (0.2 − 1.0) keV, where the uncertainty is
due to the indetermination on Ṁ and r0. However, any attempt
to fit the broad band spectrum using the BW model alone
was unsuccessful due to the very low flux of the components
originating from the blackbody and bremsstrahlung sources
compared to the cyclotron one. As was already discussed, the
effective radius of the blackbody photon source for the low
energy compTT component is about 15 km (or 9 km considering
the gravitational redshift). It is therefore likely that the low-
energy radiation source resides close to the NS surface, perhaps
in a diffuse halo. An optically thick atmosphere (τ ∼ 20) at a
temperature of a few keV could be confined by multipolar or
crustal components of the magnetic field (see e.g. Gil et al.
2002), while the region around the column could be heated to
∼0.5 keV either by the accretion itself or by the strongly beamed
column emission.

The modulation of the magnetic field producing the contin-
uum radiation along the main peak (Fig. 6) suggests that the
emission layer has not a planar geometry, but becomes closer
to the NS at the edges of the column. A similar pattern is present
in the phase dependency of the δ parameter, indicating that bulk
Comptonization is stronger at the center of the main peak. The
photon-diffusion parameter, ξ, follows nicely the pulse profile in
the phase interval 0.2–0.8. This can give us some information on
the angle between the magnetic field and the radiation direction.

Even though ξ is inversely proportional to the geometrical
mean of the extreme values of the electron scattering cross sec-
tion (see Eq. (1)), and does not include explicitly its angle depen-
dence, it can be regarded as an estimator of the average value in a
particular phase bin. We argue that at the maximum of the peak,
the radiation field is subject to a reduced scattering cross sec-
tion, and therefore the photons must travel preferentially in the
direction of the magnetic field lines (Ventura 1979). The pho-
tons are therefore able to reach almost the NS surface, before
escaping from the column walls mostly near the base, where the
plasma temperature is higher. At the column boundaries, where
the plasma is optically thin outside the cyclotron resonances,
the observed cyclotron absorption features are imprinted on the
spectral energy distribution. In Fig. 11 we provide a schematic
drawing of the model that we propose.

5.3. Comparison to the standard spectral phenomenological
model

Even though we were able to successfully model the continuum
with a standard spectral phenomenological model similar to the
one that Klochkov et al. (2008) used for EXO 2030+375, we
consider this model unsatisfactory for 4U 0115+63 due to its
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incoherency with the pulse energy dependency. The pulse pro-
files and the pulsed fraction change at ∼7 keV, corresponding to
the spectral region where the Gaussian “bump” starts to domi-
nate, whilst they do not exhibit a peculiar evolution at the en-
ergy where the power law continuum becomes again the main
component. It is also difficult to explain why the same spectral
component produces a pulsed fraction which is nearly constant
below ∼5 keV and steadily increasing above ∼15 keV.

Adopting the spectral phenomenological model, we note the
appearance of some residuals in the spectral fit below ∼1 keV
(Fig. 3). Even though they are not statistically significant due
to the low exposure of the LECS instrument, they essentially
disappear when we adopt the multi-component Comptonization
model (Fig. 4). With this latter model, we find that the photoelec-
tric absorption due to neutral plasma is entirely due to the fore-
ground Galactic medium: this is plausible since the observation
took place after the outburst maximum when the strong radiation
field of the NS could have ionized the surrounding medium.

Moreover, to our knowledge there is no physical process
which could explain the broad Gaussian “bump” in emission:
for instance, if it is due to cyclotron cooling, then one must find
a way to make the Compton scattering so ineffective in repro-
cessing this component that it maintains a broad Gaussian pro-
file instead of the typical power-law with exponential decay. We
conclude that although this model can yield a good phenomeno-
logical description of the spectrum, it is nonetheless unable to
give a coherent picture of the system in terms of physical pro-
cesses.

The decoupling between the high and low energy emission is
more naturally explained by two distinct emission components,
one dominating below ∼7 keV, and the other above. In the sce-
nario we have focused on here, the low energy emission (48% of
the phase averaged total flux in the 1–100 keV energy band) is
modeled as a thermal Comptonization of 0.51 keV seed photons
(Titarchuk 1994), while the high energy continuum (51% of the
total flux) is modeled using the BW formalism (Becker & Wolff
2007). We also add a Gaussian emission line which gives a minor
contribution to the total flux (∼1%). The appearance of this com-
ponent likely reflects either an approximation of the emission
wings predicted to appear near the fundamental by Monte Carlo
simulations of cyclotron scattering (Schönherr et al. 2007, and
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and can be considered as that at the neutron star surface. The bending of the
resonance energy would be in Lx > 4 × 1037 erg s−1, if it would exist.

§3. X0331+53 with RXTE

X0331+53 had a flare in 2004 December, which was only 7 months before Suzaku
was launched. Continuous observations were performed with RXTE. X0331+53 had
a very deep CRSF in 198916) and the high energy observations had been waited for
years. In fact, the second and third CRSF were detected from this flare.17)

Fig. 2. Luminosity–Resonance energy rela-
tions for various sources. Taken from Naka-
jima 2008.29)

X0331+53 has also become the sec-
ond source to show the bending in the
Lx-Ea relation30) as shown in Fig. 2.
The 2004–2005 flare of X0331+53 did
not show a saturation in the higher lu-
minosity end, and it can be understood
as the luminosity did not reach the sat-
urating point.

A remarkable point is that the
bending occurred at 15 × 1037 erg
s−1, which is 6 times higher than
4U0115+63. This would be understood
in two ways. One is to assume the
higher magnentic field requires higher
break-point luminosity in such a way as
Ea ∼ L1/2

X empirically. The other is that
X-ray might be beamed and it appeared 6 times stronger than the uniform radiation,
while the break point is actually the same.

Our height model3) deduces more than 3 times flux to sideways than to upwards,
and the 6 times would be possible. There is a fact that the pulse fraction of X0331+53
is small, which means either we are looking from close to the rotational axis, or the
magnetic axis is co-aligned to the rotational axis. If the geometry is the latter case
and we are looking sideways, the beaming is possible in X0331+53.

Another interesting result from this observation is that the energy ratio of the
2nd and 1st cyclotron energies is larger than 2.0 significantly, and it increases with
luminosity.30) A possible explanation is that the 2nd harmonic represents magnetic
field of deeper place than that of the 1st, since it has smaller (1/10) cross section.

§4. Her X-1 with Suzaku

Suzaku observed Her X-1 on 2005 October 5 and 2006 March 29 for the purpose
of the energy and timing calibrations.31),32) Staubert 200733) and references therein
investigated the change of the cyclotron energy of Her X-1 over 17 years. They
proposed a stepwise change between 1991 (Ginga) and 1993 (BATSE) in Fig. 3.
A theory explains it as the expansion of the magnetic fields in the neutron star

(Mihara et al. 2007)
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Fig. 2. PCA and HEXTE background substracted pulse profiles from
one observation during the pre-periastron flare a), with L(5−50keV) ∼
0.45 × 1037 erg s−1, and from one observation near the maximum of
the outburst b), with L(5−50 keV) ∼ 0.75 × 1037 erg s−1. Two pulse cy-
cles are shown for clarity. In the upper panel the PCA light curve is
shown. The vertical lines indicate the corresponding observations. The
exposure times are 2.2 ks in a) and 12.35 ks in b).

modeled them with a Gaussian optical depth profile, which mod-
ifies the continuum in the following way: F′(E) = F(E)e−τ(E),
where τ(E) = τe−(E−Ecyc )2/(2σ2). A Gaussian emission line was
added to the model to account for the Fe Kα fluorescence line,
with energy fixed at 6.4 keV and width to 0.5 keV. Due to a
feature in the residuals around ∼4.7 keV (instrumental Xenon L
edge, see Rothschild et al. 2006), we excluded data for energies
below 5 keV in our analysis.

We performed a spectral analysis of all observations avail-
able and studied the evolution of the cyclotron-line energy and
continuum parameters during the outburst. We measured a con-
stant value for the centroid energy of the fundamental CRSF dur-
ing the main outburst, as reported by Caballero et al. (2007).
During the pre-outburst flare, the cyclotron-centroid energy is
measured at a higher value, reaching Ecyc = 52.0+1.6

−1.4 keV, com-
pared to Ecyc = 46.1+0.5

−0.5 keV during the main outburst (at 90%
confidence). To study the significance of the change, we have
produced χ2 contour plots for the observations during the flare
and during the main outburst. As an example, in Fig. 3 contour
plots are shown for the observation close to the maximum of the
main outburst labeled (b) in Fig. 2, and for the sum of the three
available observations during the pre-outburst flare. In observa-
tion (b) we included a harmonic, cyclotron line with the energy
fixed at Ecyc = 102.5 keV (it is measured at Ecyc = 102.5+4.5

−3.3 keV
at 90% confidence). We conclude from the contour plots that the
change in energy is statistically significant.

Table 2 contains the best-fit values for the three observa-
tions during the pre-outburst flare and for the sum of those
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Fig. 3. Efold vs. Ecyc (left) and σ vs. Ecyc (right) contour plots for
one observation near the maximum (dotted lines, observation (b) in
Fig. 2) and for the sum of the three available observations dur-
ing the pre-outburst flare (solid lines). The contours indicate χ2

min +
2.30(68%), 4.61(90%), 9.21(99%) levels.
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Fig. 4. First panel: PCA light curve. Second panel: fundamental CRSF
energy during the ourbusrt. Inset shows a zoom on the pre-outburst flare.
Third and forth panels: photon index and folding energy evolution.
Errors are 90% confidence for one parameter of interest (χ2

min+2.7).

observations, as well as the best-fit values for the main outburst
(observation (b) in Fig. 2).

Figure 4 shows the evolution of the CRSF energy during
the outburst, as well as the evolution of the continuum param-
eters photon index α and folding energy Efold for the observa-
tions in which the cyclotron line was detected. The continuum
parameters are quite variable at the beginning of the outburst.
The spectrum at the beginning of the flare appears to be softer,
with photon index α ∼ 1.2, and then becomes harder in the flare.
The rising of the main outburst presents a harder spectrum, with
α ∼ 0.6. The decay of the outburst shows a smooth softening of
the spectrum.

5. Summary and discussion

In this paper, we present evidence for significant changes
in the spectral and timing parameters of the Be/X-ray bi-
nary A 0535+26, during its normal outburst in August/
September 2005. Our three main results are the following:

1. The pulse period of the neutron star appears to be constant
during the pre-outburst flare, P = 103.3960(5) s, and a spin-
up starts at periastron, Ṗ = (−1.69 ± 0.04) × 10−8 s s−1 mea-
sured at MJD 53 618. The pulse period falls exponentially at
the end of the outburst.

(Caballero et al. 2008)
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Fig. 2. PCA and HEXTE background substracted pulse profiles from
one observation during the pre-periastron flare a), with L(5−50keV) ∼
0.45 × 1037 erg s−1, and from one observation near the maximum of
the outburst b), with L(5−50 keV) ∼ 0.75 × 1037 erg s−1. Two pulse cy-
cles are shown for clarity. In the upper panel the PCA light curve is
shown. The vertical lines indicate the corresponding observations. The
exposure times are 2.2 ks in a) and 12.35 ks in b).

modeled them with a Gaussian optical depth profile, which mod-
ifies the continuum in the following way: F′(E) = F(E)e−τ(E),
where τ(E) = τe−(E−Ecyc )2/(2σ2). A Gaussian emission line was
added to the model to account for the Fe Kα fluorescence line,
with energy fixed at 6.4 keV and width to 0.5 keV. Due to a
feature in the residuals around ∼4.7 keV (instrumental Xenon L
edge, see Rothschild et al. 2006), we excluded data for energies
below 5 keV in our analysis.

We performed a spectral analysis of all observations avail-
able and studied the evolution of the cyclotron-line energy and
continuum parameters during the outburst. We measured a con-
stant value for the centroid energy of the fundamental CRSF dur-
ing the main outburst, as reported by Caballero et al. (2007).
During the pre-outburst flare, the cyclotron-centroid energy is
measured at a higher value, reaching Ecyc = 52.0+1.6

−1.4 keV, com-
pared to Ecyc = 46.1+0.5

−0.5 keV during the main outburst (at 90%
confidence). To study the significance of the change, we have
produced χ2 contour plots for the observations during the flare
and during the main outburst. As an example, in Fig. 3 contour
plots are shown for the observation close to the maximum of the
main outburst labeled (b) in Fig. 2, and for the sum of the three
available observations during the pre-outburst flare. In observa-
tion (b) we included a harmonic, cyclotron line with the energy
fixed at Ecyc = 102.5 keV (it is measured at Ecyc = 102.5+4.5

−3.3 keV
at 90% confidence). We conclude from the contour plots that the
change in energy is statistically significant.

Table 2 contains the best-fit values for the three observa-
tions during the pre-outburst flare and for the sum of those
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Fig. 3. Efold vs. Ecyc (left) and σ vs. Ecyc (right) contour plots for
one observation near the maximum (dotted lines, observation (b) in
Fig. 2) and for the sum of the three available observations dur-
ing the pre-outburst flare (solid lines). The contours indicate χ2

min +
2.30(68%), 4.61(90%), 9.21(99%) levels.
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Fig. 4. First panel: PCA light curve. Second panel: fundamental CRSF
energy during the ourbusrt. Inset shows a zoom on the pre-outburst flare.
Third and forth panels: photon index and folding energy evolution.
Errors are 90% confidence for one parameter of interest (χ2

min+2.7).

observations, as well as the best-fit values for the main outburst
(observation (b) in Fig. 2).

Figure 4 shows the evolution of the CRSF energy during
the outburst, as well as the evolution of the continuum param-
eters photon index α and folding energy Efold for the observa-
tions in which the cyclotron line was detected. The continuum
parameters are quite variable at the beginning of the outburst.
The spectrum at the beginning of the flare appears to be softer,
with photon index α ∼ 1.2, and then becomes harder in the flare.
The rising of the main outburst presents a harder spectrum, with
α ∼ 0.6. The decay of the outburst shows a smooth softening of
the spectrum.

5. Summary and discussion

In this paper, we present evidence for significant changes
in the spectral and timing parameters of the Be/X-ray bi-
nary A 0535+26, during its normal outburst in August/
September 2005. Our three main results are the following:

1. The pulse period of the neutron star appears to be constant
during the pre-outburst flare, P = 103.3960(5) s, and a spin-
up starts at periastron, Ṗ = (−1.69 ± 0.04) × 10−8 s s−1 mea-
sured at MJD 53 618. The pulse period falls exponentially at
the end of the outburst.

pre-flare: 
several spikes

(Caballero et al. 2008)
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Fig. 2. PCA and HEXTE background substracted pulse profiles from
one observation during the pre-periastron flare a), with L(5−50keV) ∼
0.45 × 1037 erg s−1, and from one observation near the maximum of
the outburst b), with L(5−50 keV) ∼ 0.75 × 1037 erg s−1. Two pulse cy-
cles are shown for clarity. In the upper panel the PCA light curve is
shown. The vertical lines indicate the corresponding observations. The
exposure times are 2.2 ks in a) and 12.35 ks in b).

modeled them with a Gaussian optical depth profile, which mod-
ifies the continuum in the following way: F′(E) = F(E)e−τ(E),
where τ(E) = τe−(E−Ecyc )2/(2σ2). A Gaussian emission line was
added to the model to account for the Fe Kα fluorescence line,
with energy fixed at 6.4 keV and width to 0.5 keV. Due to a
feature in the residuals around ∼4.7 keV (instrumental Xenon L
edge, see Rothschild et al. 2006), we excluded data for energies
below 5 keV in our analysis.

We performed a spectral analysis of all observations avail-
able and studied the evolution of the cyclotron-line energy and
continuum parameters during the outburst. We measured a con-
stant value for the centroid energy of the fundamental CRSF dur-
ing the main outburst, as reported by Caballero et al. (2007).
During the pre-outburst flare, the cyclotron-centroid energy is
measured at a higher value, reaching Ecyc = 52.0+1.6

−1.4 keV, com-
pared to Ecyc = 46.1+0.5

−0.5 keV during the main outburst (at 90%
confidence). To study the significance of the change, we have
produced χ2 contour plots for the observations during the flare
and during the main outburst. As an example, in Fig. 3 contour
plots are shown for the observation close to the maximum of the
main outburst labeled (b) in Fig. 2, and for the sum of the three
available observations during the pre-outburst flare. In observa-
tion (b) we included a harmonic, cyclotron line with the energy
fixed at Ecyc = 102.5 keV (it is measured at Ecyc = 102.5+4.5

−3.3 keV
at 90% confidence). We conclude from the contour plots that the
change in energy is statistically significant.

Table 2 contains the best-fit values for the three observa-
tions during the pre-outburst flare and for the sum of those
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Fig. 3. Efold vs. Ecyc (left) and σ vs. Ecyc (right) contour plots for
one observation near the maximum (dotted lines, observation (b) in
Fig. 2) and for the sum of the three available observations dur-
ing the pre-outburst flare (solid lines). The contours indicate χ2

min +
2.30(68%), 4.61(90%), 9.21(99%) levels.
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Fig. 4. First panel: PCA light curve. Second panel: fundamental CRSF
energy during the ourbusrt. Inset shows a zoom on the pre-outburst flare.
Third and forth panels: photon index and folding energy evolution.
Errors are 90% confidence for one parameter of interest (χ2

min+2.7).

observations, as well as the best-fit values for the main outburst
(observation (b) in Fig. 2).

Figure 4 shows the evolution of the CRSF energy during
the outburst, as well as the evolution of the continuum param-
eters photon index α and folding energy Efold for the observa-
tions in which the cyclotron line was detected. The continuum
parameters are quite variable at the beginning of the outburst.
The spectrum at the beginning of the flare appears to be softer,
with photon index α ∼ 1.2, and then becomes harder in the flare.
The rising of the main outburst presents a harder spectrum, with
α ∼ 0.6. The decay of the outburst shows a smooth softening of
the spectrum.

5. Summary and discussion

In this paper, we present evidence for significant changes
in the spectral and timing parameters of the Be/X-ray bi-
nary A 0535+26, during its normal outburst in August/
September 2005. Our three main results are the following:

1. The pulse period of the neutron star appears to be constant
during the pre-outburst flare, P = 103.3960(5) s, and a spin-
up starts at periastron, Ṗ = (−1.69 ± 0.04) × 10−8 s s−1 mea-
sured at MJD 53 618. The pulse period falls exponentially at
the end of the outburst.

pre-flare: 
several spikes

(Caballero et al. 2008)
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Fig. 2. PCA and HEXTE background substracted pulse profiles from
one observation during the pre-periastron flare a), with L(5−50keV) ∼
0.45 × 1037 erg s−1, and from one observation near the maximum of
the outburst b), with L(5−50 keV) ∼ 0.75 × 1037 erg s−1. Two pulse cy-
cles are shown for clarity. In the upper panel the PCA light curve is
shown. The vertical lines indicate the corresponding observations. The
exposure times are 2.2 ks in a) and 12.35 ks in b).

modeled them with a Gaussian optical depth profile, which mod-
ifies the continuum in the following way: F′(E) = F(E)e−τ(E),
where τ(E) = τe−(E−Ecyc )2/(2σ2). A Gaussian emission line was
added to the model to account for the Fe Kα fluorescence line,
with energy fixed at 6.4 keV and width to 0.5 keV. Due to a
feature in the residuals around ∼4.7 keV (instrumental Xenon L
edge, see Rothschild et al. 2006), we excluded data for energies
below 5 keV in our analysis.

We performed a spectral analysis of all observations avail-
able and studied the evolution of the cyclotron-line energy and
continuum parameters during the outburst. We measured a con-
stant value for the centroid energy of the fundamental CRSF dur-
ing the main outburst, as reported by Caballero et al. (2007).
During the pre-outburst flare, the cyclotron-centroid energy is
measured at a higher value, reaching Ecyc = 52.0+1.6

−1.4 keV, com-
pared to Ecyc = 46.1+0.5

−0.5 keV during the main outburst (at 90%
confidence). To study the significance of the change, we have
produced χ2 contour plots for the observations during the flare
and during the main outburst. As an example, in Fig. 3 contour
plots are shown for the observation close to the maximum of the
main outburst labeled (b) in Fig. 2, and for the sum of the three
available observations during the pre-outburst flare. In observa-
tion (b) we included a harmonic, cyclotron line with the energy
fixed at Ecyc = 102.5 keV (it is measured at Ecyc = 102.5+4.5

−3.3 keV
at 90% confidence). We conclude from the contour plots that the
change in energy is statistically significant.

Table 2 contains the best-fit values for the three observa-
tions during the pre-outburst flare and for the sum of those
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Fig. 3. Efold vs. Ecyc (left) and σ vs. Ecyc (right) contour plots for
one observation near the maximum (dotted lines, observation (b) in
Fig. 2) and for the sum of the three available observations dur-
ing the pre-outburst flare (solid lines). The contours indicate χ2

min +
2.30(68%), 4.61(90%), 9.21(99%) levels.
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Fig. 4. First panel: PCA light curve. Second panel: fundamental CRSF
energy during the ourbusrt. Inset shows a zoom on the pre-outburst flare.
Third and forth panels: photon index and folding energy evolution.
Errors are 90% confidence for one parameter of interest (χ2

min+2.7).

observations, as well as the best-fit values for the main outburst
(observation (b) in Fig. 2).

Figure 4 shows the evolution of the CRSF energy during
the outburst, as well as the evolution of the continuum param-
eters photon index α and folding energy Efold for the observa-
tions in which the cyclotron line was detected. The continuum
parameters are quite variable at the beginning of the outburst.
The spectrum at the beginning of the flare appears to be softer,
with photon index α ∼ 1.2, and then becomes harder in the flare.
The rising of the main outburst presents a harder spectrum, with
α ∼ 0.6. The decay of the outburst shows a smooth softening of
the spectrum.

5. Summary and discussion

In this paper, we present evidence for significant changes
in the spectral and timing parameters of the Be/X-ray bi-
nary A 0535+26, during its normal outburst in August/
September 2005. Our three main results are the following:

1. The pulse period of the neutron star appears to be constant
during the pre-outburst flare, P = 103.3960(5) s, and a spin-
up starts at periastron, Ṗ = (−1.69 ± 0.04) × 10−8 s s−1 mea-
sured at MJD 53 618. The pulse period falls exponentially at
the end of the outburst.

pre-flare: 
several spikes

(Caballero et al. 2008)

2005 outburst 
of A0535+26

Ecyc constant 
over whole 
outburst...
almost

significant jump of Ecyc from 46 to 52 keV
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I. Caballero et al.: Pre-outburst flare of A 0535+26 L19
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Fig. 2. PCA and HEXTE background substracted pulse profiles from
one observation during the pre-periastron flare a), with L(5−50keV) ∼
0.45 × 1037 erg s−1, and from one observation near the maximum of
the outburst b), with L(5−50 keV) ∼ 0.75 × 1037 erg s−1. Two pulse cy-
cles are shown for clarity. In the upper panel the PCA light curve is
shown. The vertical lines indicate the corresponding observations. The
exposure times are 2.2 ks in a) and 12.35 ks in b).

modeled them with a Gaussian optical depth profile, which mod-
ifies the continuum in the following way: F′(E) = F(E)e−τ(E),
where τ(E) = τe−(E−Ecyc )2/(2σ2). A Gaussian emission line was
added to the model to account for the Fe Kα fluorescence line,
with energy fixed at 6.4 keV and width to 0.5 keV. Due to a
feature in the residuals around ∼4.7 keV (instrumental Xenon L
edge, see Rothschild et al. 2006), we excluded data for energies
below 5 keV in our analysis.

We performed a spectral analysis of all observations avail-
able and studied the evolution of the cyclotron-line energy and
continuum parameters during the outburst. We measured a con-
stant value for the centroid energy of the fundamental CRSF dur-
ing the main outburst, as reported by Caballero et al. (2007).
During the pre-outburst flare, the cyclotron-centroid energy is
measured at a higher value, reaching Ecyc = 52.0+1.6

−1.4 keV, com-
pared to Ecyc = 46.1+0.5

−0.5 keV during the main outburst (at 90%
confidence). To study the significance of the change, we have
produced χ2 contour plots for the observations during the flare
and during the main outburst. As an example, in Fig. 3 contour
plots are shown for the observation close to the maximum of the
main outburst labeled (b) in Fig. 2, and for the sum of the three
available observations during the pre-outburst flare. In observa-
tion (b) we included a harmonic, cyclotron line with the energy
fixed at Ecyc = 102.5 keV (it is measured at Ecyc = 102.5+4.5

−3.3 keV
at 90% confidence). We conclude from the contour plots that the
change in energy is statistically significant.

Table 2 contains the best-fit values for the three observa-
tions during the pre-outburst flare and for the sum of those
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Fig. 3. Efold vs. Ecyc (left) and σ vs. Ecyc (right) contour plots for
one observation near the maximum (dotted lines, observation (b) in
Fig. 2) and for the sum of the three available observations dur-
ing the pre-outburst flare (solid lines). The contours indicate χ2

min +
2.30(68%), 4.61(90%), 9.21(99%) levels.
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Fig. 4. First panel: PCA light curve. Second panel: fundamental CRSF
energy during the ourbusrt. Inset shows a zoom on the pre-outburst flare.
Third and forth panels: photon index and folding energy evolution.
Errors are 90% confidence for one parameter of interest (χ2

min+2.7).

observations, as well as the best-fit values for the main outburst
(observation (b) in Fig. 2).

Figure 4 shows the evolution of the CRSF energy during
the outburst, as well as the evolution of the continuum param-
eters photon index α and folding energy Efold for the observa-
tions in which the cyclotron line was detected. The continuum
parameters are quite variable at the beginning of the outburst.
The spectrum at the beginning of the flare appears to be softer,
with photon index α ∼ 1.2, and then becomes harder in the flare.
The rising of the main outburst presents a harder spectrum, with
α ∼ 0.6. The decay of the outburst shows a smooth softening of
the spectrum.

5. Summary and discussion

In this paper, we present evidence for significant changes
in the spectral and timing parameters of the Be/X-ray bi-
nary A 0535+26, during its normal outburst in August/
September 2005. Our three main results are the following:

1. The pulse period of the neutron star appears to be constant
during the pre-outburst flare, P = 103.3960(5) s, and a spin-
up starts at periastron, Ṗ = (−1.69 ± 0.04) × 10−8 s s−1 mea-
sured at MJD 53 618. The pulse period falls exponentially at
the end of the outburst.

pre-flare: 
several spikes

(Caballero et al. 2008)

2005 outburst 
of A0535+26

Ecyc constant 
over whole 
outburst...
almost

significant jump of Ecyc from 46 to 52 keV
Interpretation: magnetospheric instabilities?

(Postnov et al. 2008)
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dramatic 
change of 
pulse profiles

I. Caballero et al.: Pre-outburst flare of A 0535+26 L19
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Fig. 2. PCA and HEXTE background substracted pulse profiles from
one observation during the pre-periastron flare a), with L(5−50keV) ∼
0.45 × 1037 erg s−1, and from one observation near the maximum of
the outburst b), with L(5−50 keV) ∼ 0.75 × 1037 erg s−1. Two pulse cy-
cles are shown for clarity. In the upper panel the PCA light curve is
shown. The vertical lines indicate the corresponding observations. The
exposure times are 2.2 ks in a) and 12.35 ks in b).

modeled them with a Gaussian optical depth profile, which mod-
ifies the continuum in the following way: F′(E) = F(E)e−τ(E),
where τ(E) = τe−(E−Ecyc )2/(2σ2). A Gaussian emission line was
added to the model to account for the Fe Kα fluorescence line,
with energy fixed at 6.4 keV and width to 0.5 keV. Due to a
feature in the residuals around ∼4.7 keV (instrumental Xenon L
edge, see Rothschild et al. 2006), we excluded data for energies
below 5 keV in our analysis.

We performed a spectral analysis of all observations avail-
able and studied the evolution of the cyclotron-line energy and
continuum parameters during the outburst. We measured a con-
stant value for the centroid energy of the fundamental CRSF dur-
ing the main outburst, as reported by Caballero et al. (2007).
During the pre-outburst flare, the cyclotron-centroid energy is
measured at a higher value, reaching Ecyc = 52.0+1.6

−1.4 keV, com-
pared to Ecyc = 46.1+0.5

−0.5 keV during the main outburst (at 90%
confidence). To study the significance of the change, we have
produced χ2 contour plots for the observations during the flare
and during the main outburst. As an example, in Fig. 3 contour
plots are shown for the observation close to the maximum of the
main outburst labeled (b) in Fig. 2, and for the sum of the three
available observations during the pre-outburst flare. In observa-
tion (b) we included a harmonic, cyclotron line with the energy
fixed at Ecyc = 102.5 keV (it is measured at Ecyc = 102.5+4.5

−3.3 keV
at 90% confidence). We conclude from the contour plots that the
change in energy is statistically significant.

Table 2 contains the best-fit values for the three observa-
tions during the pre-outburst flare and for the sum of those
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Fig. 3. Efold vs. Ecyc (left) and σ vs. Ecyc (right) contour plots for
one observation near the maximum (dotted lines, observation (b) in
Fig. 2) and for the sum of the three available observations dur-
ing the pre-outburst flare (solid lines). The contours indicate χ2

min +
2.30(68%), 4.61(90%), 9.21(99%) levels.
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Fig. 4. First panel: PCA light curve. Second panel: fundamental CRSF
energy during the ourbusrt. Inset shows a zoom on the pre-outburst flare.
Third and forth panels: photon index and folding energy evolution.
Errors are 90% confidence for one parameter of interest (χ2

min+2.7).

observations, as well as the best-fit values for the main outburst
(observation (b) in Fig. 2).

Figure 4 shows the evolution of the CRSF energy during
the outburst, as well as the evolution of the continuum param-
eters photon index α and folding energy Efold for the observa-
tions in which the cyclotron line was detected. The continuum
parameters are quite variable at the beginning of the outburst.
The spectrum at the beginning of the flare appears to be softer,
with photon index α ∼ 1.2, and then becomes harder in the flare.
The rising of the main outburst presents a harder spectrum, with
α ∼ 0.6. The decay of the outburst shows a smooth softening of
the spectrum.

5. Summary and discussion

In this paper, we present evidence for significant changes
in the spectral and timing parameters of the Be/X-ray bi-
nary A 0535+26, during its normal outburst in August/
September 2005. Our three main results are the following:

1. The pulse period of the neutron star appears to be constant
during the pre-outburst flare, P = 103.3960(5) s, and a spin-
up starts at periastron, Ṗ = (−1.69 ± 0.04) × 10−8 s s−1 mea-
sured at MJD 53 618. The pulse period falls exponentially at
the end of the outburst.

(Caballero et al. 2008)

also explained 
by mag. 
instabilities
(Postnov et al. 2008)
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A0535+26 (Caballero et al., 2009)

. . . and some sources such as A0535+26, Cep X-4, or 4U1538-52 do not show
any significant line energy variation with L.

(Caballero et al. 2009)
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In some other sources the de-
pendence of Ecyc on L is inverse
to that seen in high luminosity
sources

(Her X-1 Staubert et al., 2007)(Staubert et al. 2007)

Her X-1

LX < Lcrit
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• fundamental has 
structure!

• Gaussians @
24.9, 29.0,
50.5, 71.7 keV

• Monte Carlo 
simulations to 
model CRSFs
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CRSFs
• use Monte-Carlo 

simulation of lines

• dependence on 
electron temperature

• dependence on angle

• dependence on 
optical depth

• B-field

23
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20keV

Dependence on electron
temperature.
Asymmetry: relativistic Maxwellian.

(Schönherr et al., 2007)

(Schönherr et al. 2007)
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• dependence on 
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get physical parameters for

line formation region
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Source Ecyc (keV) Ppuls (s) Porb (d) companion discovery
Swift J1626.6−5156 10 15 132.9 Be RXTE (deCesar, ’09)
4U0115+63 14, 24, 36, 3.6 24.31 Be HEAO-1 (Wheaton, ’79)

48, 62 RXTE, SAX (Heindl ’99, Sant.,’99)
4U1907+09 18, 38 438 8.38 B2 III–IV SAX (Cusumano, ’98)
4U1538−52 22, 47 530 3.73 B0I Ginga (Clark,’90), RXTE (Rodes-Roca, ’09)
Vela X-1 24, 52 283 8.96 B0.5Ib Mir-HEXE (Kendziorra, ’92),

RXTE (Kreykenbohm, ’02)
V0332+53 27, 51, 74 4.37 34.25 Be Ginga (Makishima, ’90)
Cep X-4 28 66.25 >23 B1 Ginga (Mihara, ’91)
Cen X-3 29 4.8 2.09 O6.5II SAX (Santangelo, ’98)

RXTE (Heindl, ’98)
X Per 29 837 250.3 B0 III–Ve RXTE (Coburn, ’01)
MXB 0656−072 33 160 100? O9.7Ve RXTE (Heindl, ’03)
XTE J1946+274 36 15.8 169.2 B0-1V-IVe RXTE (Heindl, ’01)
4U 1626−67 37 7.66 0.028 0.04M" SAX (Orlandini, ’98)

RXTE (Heindl, ’98)
GX 301−2 37 690 41.5 B1.2Ia Ginga (Mihara, ’95)
Her X-1 41 1.24 1.7 A9-B Ballon-HEXE (Trümper, ’78)
A0535+26 50, 110 105 110.58 Be HEXE (Kendziorra, ’92, ’94),

CGRO (Maisack, ’97)
1A1118−61 55 408 400-800d? O9.5IV-Ve RXTE (Doroshenko, ’10)
GRO J1008−57 88? 93.5 247.8 B1–B2 CGRO (Shrader, ’99)

16+1 sources
Donnerstag, 31. Mai 2012



Summary
• CRSFs are detected in ~18 sources

study CRSF sources as a class

• CRSFs (sometimes) move with LX
positive and negative correlation!
calculate height change in column

• Monte Carlo simulations of CRSFs:
obtain parameters of CRSF formation region, but 
models still need to be improved

• rise and decay of outburst different
magnetic instabilities? 

25
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Thank you for your Attention!
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