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Ṁ2

«
1/7

Typical parameters:

R
NS

⇠ 10 km
B

NS

⇠ 1012 G
M

NS

⇠ 1.4M�
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Parameters: 
RNS ~ 10 km 
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Radiation Processes in 
Accretion Flows 

cyclotron 

bremsstrahlung 

blackbody 

•  Supersonic accretion flow 
passes through a sonic 
surface. 

•  Seed photons are 
produced via 
bremsstrahlung, 
cyclotron, and blackbody 
emission 

•  Electrons have bulk and 
stochastic (thermal) 
motion 

 
•  Photons are redistributed 

in energy via collisions 
with electrons 
(Comptonization) 

 
 

Hot Plasma kTe 
~ 3-8 keV 

Teraguass 
Magnetic field  

B ~ few x 1012 G 
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Becker & 
Wolff (2007)  



New Era: NuSTAR 
NASA: Nuclear Spectroscopic 
Telescope Array (NuSTAR) 

Large effective area: Up to 6500 
cm2. 

Broad hard X-ray energy coverage: 
3-80 keV. 

Good timing resolution: ~2 ms. 

Spectral resolution: ~400 eV. 

Launched: June 13, 2012 

Launch Vehicle: Pegasus 

Orbit: Low Earth 
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NuSTAR results: Furst later in this 
session. See Posters 120.03 
(Bodaghee) & 120.06 (Brumback) 



Her X-1: NuSTAR + Becker 
& Wolff 
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Her X-1 NuSTAR yields 
broad 3-79 keV high S/
N spectra with good 
energy resolution. 
 
 
New spectral analysis 
tool based on Becker & 
Wolff (2007) allows for 
multiple component 
spectrum and 
constraining parameter 
space. 
 
 
Her X-1: High 
luminosity source  
(L > 1037 ergs/s)  
likely Comptonized 
bremsstrahlung.  
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4U 0115+63: Cyclotron 
Emission  
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A&A proofs: manuscript no. ms
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Fig. 1. Unfolded spectra of the two BeppoSAX observations of
Cen X-3. We also show in the figure the best fit compmag model
and the residuals from the fit in units of σ (bottom panel). All
best-fit parameters determined from the fit are reported in Table
2.

(Fig. 1), we measured a fraction of about 80% and 30% for
the Comptonized cyclotron emission of the LL and the HL
observation, respectively (see Fig. 4 and Table 2).

To perform a fit to the HL and LL data with the pencil-
beam geometry (assuming a free-fall velocity profile for the
material within the accretion column), we have to intro-
duce the flow terminal velocity β0 at the NS surface as
an additional model parameter. We found that the fits to
the data from both the HL and LL observations were un-
able to provide reasonable constrains to all model param-
eters. The situation did not improve by fixing the comp-

mag normalization, as different values of Ncomp resulted
in virtually equivalent χ2. By performing fits with values of
Ncomp comprised between few tens and a few thousands, we
found that a tight relation exists between this parameter,
the accretion rate ṁ, and the radius of the column R0, i.e.
ṁ = a1N−b1

comp and R0 = a2N−b2
comp (as expected according

to the parameter definitions; see Sect. 2). We measured the
slopes b1 = 1.12± 0.03 and b2 = 0.44± 0.01 from the fits to
the LL observation, b1 = 0.94 ± 0.02 and b2 = 0.49 ± 0.04
from the HL one. By assuming for the pencil-beam geom-
etry the same value of R0 measured from the fan-beam
geometry, we can use the above relations and coefficients
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Fig. 2. Same as Fig. 1 but for the two BeppoSAX observations
of 4U 0115+63.
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Fig. 3. Same as Fig. 1 but for the combined Suzaku and NuStar
observation of Her X-1.

to estimate the mass accretion rate in the former case. We
obtained ṁ ∼ 1.6 and ṁ ∼ 1.9 for the LL and HL observa-
tion, respectively. In the pencil-beam geometry, the spectral
parameters related to the cyclotron feature and the contin-
uum are consistent (to within the uncertainties) between
the LL and HL observations. The electron temperature is
slightly higher for both observations than that measured
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Fig. 1. Unfolded spectra of the two BeppoSAX observations of
Cen X-3. We also show in the figure the best fit compmag model
and the residuals from the fit in units of σ (bottom panel). All
best-fit parameters determined from the fit are reported in Table
2.

(Fig. 1), we measured a fraction of about 80% and 30% for
the Comptonized cyclotron emission of the LL and the HL
observation, respectively (see Fig. 4 and Table 2).

To perform a fit to the HL and LL data with the pencil-
beam geometry (assuming a free-fall velocity profile for the
material within the accretion column), we have to intro-
duce the flow terminal velocity β0 at the NS surface as
an additional model parameter. We found that the fits to
the data from both the HL and LL observations were un-
able to provide reasonable constrains to all model param-
eters. The situation did not improve by fixing the comp-

mag normalization, as different values of Ncomp resulted
in virtually equivalent χ2. By performing fits with values of
Ncomp comprised between few tens and a few thousands, we
found that a tight relation exists between this parameter,
the accretion rate ṁ, and the radius of the column R0, i.e.
ṁ = a1N−b1

comp and R0 = a2N−b2
comp (as expected according

to the parameter definitions; see Sect. 2). We measured the
slopes b1 = 1.12± 0.03 and b2 = 0.44± 0.01 from the fits to
the LL observation, b1 = 0.94 ± 0.02 and b2 = 0.49 ± 0.04
from the HL one. By assuming for the pencil-beam geom-
etry the same value of R0 measured from the fan-beam
geometry, we can use the above relations and coefficients
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Fig. 2. Same as Fig. 1 but for the two BeppoSAX observations
of 4U 0115+63.
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Fig. 3. Same as Fig. 1 but for the combined Suzaku and NuStar
observation of Her X-1.

to estimate the mass accretion rate in the former case. We
obtained ṁ ∼ 1.6 and ṁ ∼ 1.9 for the LL and HL observa-
tion, respectively. In the pencil-beam geometry, the spectral
parameters related to the cyclotron feature and the contin-
uum are consistent (to within the uncertainties) between
the LL and HL observations. The electron temperature is
slightly higher for both observations than that measured
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R. Farinelli et al.: X-ray spectra of accreting pulsars
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Fig. 4. From top to bottom: Comptonized bremsstrahlung and
cyclotron spectra of Cen X-3, 4U 0115+63, and Her X-1 obtained
from the best-fit models reported in Table 2.

from the fits with the fan-beam geometry, but in both ge-
ometries a consistent decrease of kTe from the LL to the HL
observation is measured. From the fits, we found β0 < 0.1
and zmax <∼ 4 km for either the LL and HL data.

5.2. 4U 0115+63

In the case of 4U 0115+63, we first tried to fit the spec-
tra extracted from Obs. I and II (see Table 1) using an

absorbed compmag model in the fan-beam geometry, plus
two absorption Gaussian lines at energies corresponding to
the fundamental and the second harmonic of the CRSF.
This gave χ2/dof=710/422 and χ2/dof=753/526 for Obs.
I and II, respectively. In both cases, we noticed a system-
atic excess at energies ! 2 keV together with an absorp-
tion feature around ∼ 35 keV (the latter were more sig-
nificant in Obs. I). We thus first added a partial cover-
ing component to the previous spectral model (pcfabs in
Xspec), leading to χ2/dof=518/420 and χ2/dof=598/524
in Obs. I and II, and then added to the model a further
Gaussian gaussian line to take into account the presence
of the third CRSF harmonic; we obtained χ2/dof=444/418
for Obs. I and χ2/dof=583/522 for Obs. II, respectuvely. In
both cases, the Gaussian widths of the third CRSF could
not be constrained during the fit and thus we fixed this
parameter to σ = 2 keV, in agreement with the measured
width of the second CRSF harmonic. In Obs. I, we addi-
tionally noticed some residuals from the fit around ∼45 keV,
where the fourth CRSF harmonic is usually detected (see,
e.g. F09). Adding a fourth Gaussian line to the spectral
model used for Obs. I led to a further improvement in the
fit with χ2/dof=363/415.

No evidence of the Kα iron emission line was found in
the spectra of Obs. I and II. We report all the best de-
termined parameters of the spectral fits described above
in Table 2. The unfolded spectra and the residuals from
the fits are shown in Fig. 2. We also show in Fig. 4
the separated contributions of the Comptonized cyclotron
and bremsstrahlung emission to the total X-ray spectra of
4U 0115+63; the former component is about 60% and 70%
in Obs. I and II, respectively.

Concerning the applicability of the compmag model in
the pencil-beam geometry to 4U 0115+63 (assuming a free-
fall velocity for the material inside the accretion column),
the same considerations of Cen X-3 apply (see Section 5.1).
From the fit to the source spectrum in Obs. I, we deter-
mined b1 = 1.06 ± 0.02 and b2 = 0.52 ± 0.01 for the two
relations ṁ ∝ N−a

comp and R0 ∝ N−b
comp, respectively. The

values measured from the fit to the source spectrum of Obs.
II are instead b1 = 0.93±0.02 and b2 = 0.48±0.01. The cor-
responding values of the mass accretion rate for a column
radius R0 equal to the value obtained in the fan-beam ge-
ometry are ∼ 0.76 and ∼ 0.52. Interestingly, the accretion
rate ratio results equal to the luminosity ration of the two
observations (see Table 2). At odds with the case of Cen X-
3, the flow terminal velocity and column height determined
for the two 4U 0115+63 observations remain roughly con-
stant, with β0 ∼ 0.2 and zmax ∼ 3 km.

5.3. Her X-1

A fit with an absorbed compmag model, together with
a cyclotron absorption line, to the combined Suzaku and
NuStar observation of Her X-1 provided an unacceptable
result (χ2/dof=7387/3732) due to a strong emission emis-
sion line around 6.4-6.7 keV. The addition of an emission
line at these energies led instead to a formally acceptable
fit (χ2/dof=3909/3729; see Table 2). It is worth noting
that F13 modelled similar residuals by using two narrow
lines with centroid energies of 6.4 and 6.5 keV, respectively
(the estimated line widths were σG ∼ 0.1 keV). One of the
two lines was included mainly to smear-out the sharp drop
of the adopted phenomenological cut-off power-law model,
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•  Real Challenge: 4U 0115+63 
•  B ~ 1012 gauss (3 Harmonics) 
•  Ferinelli et al. (2016) 
•  “compmag” model: numerical 

solution to transfer equation. 
•  Comptonized cyclotron dominates 

spectrum above 10 keV. 



Accreting X-Ray Pulsars with 
Observed Cyclotron Lines 

"  3A 0114+650  22.0 keV 
"  4U 0115+63   11.5 keV 
"  V0332+53   28.5 keV 
"  X Per   28.6 keV* 
"  RX J0520.5-6932  31.5 keV 
"  X0535+262   47 keV 
"  MX0656-072   36.0 keV 
"  Vela X-1   23.3 keV 
"  GRO J1008-57  78 keV 
"  X1118-616   55 keV 
"  Cen X-3   30.7 keV 
"  GX 301-2   42.4 keV 
"  GX 304-1   54 keV 
"  4U 1538-522   20.7 keV 
* - CRSF observation challenged.  

"  2S 1553-542   27.3 keV 
"  Swift J1626.6-5156  10 keV 
"  4U 1627-673   39 keV 
"  IGR J16393-4643  29.3 keV 
"  Her X-1   40 keV 
"  GRO J1744-28  4.7 keV* 
"  IGR J17544-2619  16.9 keV 
"  4U 1822-371   33.0 keV 
"  4U 1907+09   18.3 keV 
"  XTE J1946+274  34.9 keV 
"  KS 1947+319  12.2 keV 
"  EXO 2030+375  10.5 keV 
"  Cep X-4   30.7 keV 
"  4U 2206+54   32.0 keV 

28 Cyclotron Resonant Scattering 
Feature sources and centroid energies 
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Ecyc = (1+ z)−111.57B12  keV
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Figure 3: Her X-1 pulse phase averaged cyclotron line energies Ecyc normalized to a reference ASM count
rate of 6.8 cts/s using a flux dependence of 0.44 keV/ASM-cts/s. The data are consistent with a linear decline
of Ecyc with time with a slope of −7.22× 10−4 keVd−1 (the dashed line).

on time - seem to be always present (they may, however, change their relative importance with
time). Using a procedure of fitting the Ecyc values with two variables simultaneously, the two
dependencies can be separated and the formal correlation minimized.

We use the following fit function

Ecyc(calc) = E0+ a× (F−F0)+b× (T−T0) (4.1)

with F being the X-ray flux (the maximum flux of the respective 35 d cycle) in units of ASM-cts/s,
as observed by RXTE/ASM (and/or Swift /BAT), with F0 = 6.80 ASM-cts/s, and T being time in
MJD with T0 = 53000.

Staubert et al. (2014) show that the flux dependence is always present, the formal value for
the slope of the Ecyc/flux correlation, however, depends slightly on the particular data set and fit
function used. Assuming no time dependence (b = 0) the data until 2006 lead to a slope for the
flux dependence of 0.58±0.1 keV/(ASM cts/s). If this is used to normalize Ecyc values of the full
data set (1996-2012) to the reference flux of 6.8 (ASM cts/s), the mean <Ecyc> values are: 40.1±
0.1 keV for (1996-2006) and 37.6± 0.1 keV for (2007-2012). The difference of > 17 standard
deviations demonstrates the long-term decrease of Ecyc.

A fit (flux- and time-variability) to the full data set (1996-2012) with equ. (4.1) yields the
following best-fit parameters: a = 0.44±0.09 keV/(ASM cts/s) and b = (−7.22±0.39)10−4 keV/d.
Dividing b by its uncertainty yields again > 18 standard deviations. Fig. 3 shows the evolution in
time of the Ecyc values which are normalized to the reference flux of 6.8 (ASM cts/s) (the dashed
line corresponds to the above fit). The decay of Ecyc with time (consistent with a linear decrease)
is clearly demonstrated.

7

P
o
S
(
I
n
t
e
g
r
a
l
2
0
1
4
)
0
2
4

Cyclotron line in Her X-1 Rüdiger Staubert

36

37

38

39

40

41

42

3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5 8,0 8,5 9,0
ASM flux  (cts/s)

E
_c

yc
 (

ke
V

) Suzaku 05 cor

Suzaku 06 cor

RXTE

RXTE 09

Integral 05

Integral  11a NuStar 12

Suzaku 10a

Suzaku 12

Integral 10

Integral 12

Figure 1: The positive correlation between the cyclotron line energy and the maximum X-ray flux of the
corresponding 35-day cycle as measured by RXTE/ASM (see Fig. 2 of Staubert et al. 2007) with eight added
points: INTEGRAL 2005 (Klochkov et al. 2008), Suzaku of 2005 and 2006 (Enoto et al. 2008), RXTE
2009, INTEGRAL 2010, Suzaku 2010 and 2012 and NuSTAR 2012. The Suzaku points of 2005/2006 have
been corrected upward by 2.8 keV, to account for the difference arising because the Lorentzian profile was
used in the analysis by Enoto et al. (2008), while for all others the Gaussian profile was used. The blue
rhombs are values observed until 2006, the red dots are from after 2006. The solid red line is a linear fit
to data until 2006 with the original slope of 0.66 keV/(ASM cts/s), as found by Staubert et al. (2007). The
dotted red line is the best fit to the data after 2006 with the slope fixed to the same value.

2. Variation of the cyclotron line energy Ecyc

Variability in the CRSF energy in Her X-1 is found with respect to:
- Phase of the 1.24 s pulsation (here not discussed further, see Vasco et al. 2013).
- Phase of the 35 d precessional period (here not discussed further, see Staubert et al. 2014).
- X-ray luminosity (here and Staubert et al. 2007, Klochkov et al. 2011, Staubert et al. 2014).
- Time: a true long-term decay (here and Staubert et al. 2014).

3. Variation of Ecyc with luminosity

For Her X-1, the dependence of the centroid energy of the phase averaged cyclotron line on X-
ray flux was discovered by Staubert et al. (2007) while analyzing a uniform set of observations from
RXTE. The original aim of the analysis at that time had been to investigate a possible decrease in
the phase averaged cyclotron line energy with time during the first decade of RXTE observations.
Instead, the dependence on X-ray flux was discovered and shown that the apparent decrease in
the measured values of the line energy was largely an artifact due to this flux dependence. The

4

Her X-1: Long Term Ecyc Decay 

Her X-1: Ecyc positive 
correlation with luminosity  

Her X-1: Ecyc long-term 
secular decrease (Staubert et 
al. later in this session)  
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V0332+53: Ecyc vs. Luminosity 

Maximum utilization of broad-band RXTE (PCA + HEXTE) data. Outburst 
from V0332+53: 2004-2005 Outburst. 

Tsygankov et al. 2010 
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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.
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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.
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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.
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Fig. 1. Schematic illustration of the geometry of the accretion column and the variation of the characteristic emission height and emission beam
pattern with increasing luminosity LX: a) subcritical, LX < Lcoul < Lcrit, pencil beam; b) subcritical, LX <∼ Lcoul < Lcrit, pencil beam; c) subcritical,
Lcoul < LX <∼ Lcrit, intermediate beam pattern; d) supercritical, LX >∼ Lcrit, fan beam.

strong magnetic field, with a surface strength B∗ >∼ 1012 G,
which results in a magnetic pressure far exceeding that of ei-
ther the gas or the radiation field. The high incident speed of
the freely-falling plasma, ∼0.6 c, creates very high tempera-
tures, T ∼ 108 K. However, the observed X-ray pulsar spectra are
highly nonthermal, indicating that the accreting gas is unable to
equilibrate during the accretion timescale. In this situation, bulk
and thermal Comptonization play key roles in establishing the
shape of the observed spectra (Becker & Wolff 2007).

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

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

blobs of accreting gas which are then channeled onto the star in
a non-uniform way.

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

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

The general picture described above provides a qualitative
basis for the interpretation of the observed correlated varia-
tion of the CRSF centroid energy with X-ray luminosity in

A123, page 2 of 13

Becker et al. (2012) 

Above Critical 
Accretion Rate: 

Complete 
Radiation 

Dominated 
Shock 

Lowest 
Accretion 
Rate: Gas 

Impacts on 
Surface 

Sub-Critical 
Accretion: 
Radiation 

and Coulomb 
braking 

Highest 

Lowest 

Even Lower 
Accretion 
Rate: Gas 
Shock and 
Coulomb 
braking 

April 5, 2016 HEAD 2016 Naples, Florida 10 



Critical Luminosity: Ecyc Behavior  

A&A 544, A123 (2012)
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Fig. 2. Variability of the cyclotron line energy with luminosity for different sources. The blue dashed line represents the critical luminosity, plotted
by setting LX = Lcrit and Ecyc = E∗, where Lcrit is evaluated using Eq. (55). The red dashed line represents the Coulomb stopping luminosity, plotted
by setting LX = Lcoul and Ecyc = E∗, where Lcoul is evaluated using Eq. (59). Left: observations on a pulse-to-pulse timescale. Right: observations
on longer timescales.

Table 1. Source sample characteristics.

Source Instrument Long-term Pulse-pulse ∆E Distance
correlation correlation (keV) (kpc)

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

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

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

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

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

References. (1) Müller et al. (2011); (2) Tsygankov et al. (2010); (3) Staubert et al. (2007); (4) Caballero et al. (2007); (5) Yamamoto et al. (2011);
(6) Klochkov et al. (2011); (7) Negueruela & Okazaki (2001); (8) Negueruela et al. (1999); (9) Reynolds et al. (1997); (10) Steele et al. (1998);
(11) Parkes et al. (1980).
Notes. Our analysis is based on a combination of published data (references given) and reprocessed observational data for a number of cyclotron
line sources (Col. 1) as observed by different X-ray observatories (Col. 2), listed here. The cyclotron line sources have been observed to show
different types of correlation, or no correlation, of their cyclotron line energies with changes in the X-ray luminosity.

where

Lcoul = 1.17 × 1037 erg s−1
(
Λ

0.1

)−7/12 ( τ∗
20

)7/12
(

M∗
1.4 M⊙

)11/8

×
( R∗
10 km

)−13/24 ( B∗
1012 G

)−1/3

· (54)

For luminosities LX <∼ Lcoul, we expect that the characteris-
tic emission height settles down onto the stellar surface. For
very low luminosities, LX <∼ 1034−35 erg s−1, the radiation-
dominated shock and the Coulomb atmosphere both dissipate,
and the matter strikes the stellar surface after passing through
a gas-mediated shock (Langer & Rappaport 1982), as indicated
in Fig. 1.

4. Applications

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

Lcrit = 1.28 × 1037 erg s−1
(
Λ

0.1

)−7/5

w−28/15

×
(

M∗
1.4 M⊙

)29/30 ( R∗
10 km

)1/10 ( E∗
10 keV

)16/15

, (55)

where

E∗ = 11.58 keV
( B∗
1012 G

)
(56)

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

It is now interesting to compute the critical luminosity for
a number of sources and to compare it with the observed vari-
ability of Ecyc as a function of LX for subcritical and supercriti-
cal cases. We have selected for this study the sources for which
the behavior of the cyclotron line energy with luminosity has
been studied sufficiently well, including both the variations on
long timescales (days to months) and short timescales (“pulse-
to-pulse”). Our source sample is listed in Table 1, where we also
summarize the reported Ecyc−LX behavior (positive/negative
correlation or no dependence) for each source. The two pan-
els in Fig. 2 depict the variability of Ecyc with luminosity both
on “pulse-to-pulse” (left) and longer (right) timescales for all
of the sources considered here. The corresponding references
for the data are given in Table 1. The data for the longer-term
variability are based on studies of the phase-averaged emis-
sion conducted either during outbursts of the transient sources
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The critical luminosity for neutron stars 1855

Figure 6. Comparison of the theoretical critical luminosity–Ecycl dependence to the data. In the W-case (left), the matter fills the whole funnel cavity, while
in the D-case (right) the matter is confined to a narrow wall of magnetic funnel. We use ! = 0.5 and l0/l = 0.5 to define the accretion channel geometry in
the D-case. The grey and red curves show the theoretical dependences for pure O- and X-mode polarizations, respectively. The data are plotted by blue circles
for pulsars which show subcritical luminosity behaviour and by black circles for pulsars which supercritical behaviour. For Vela X-1, the energy of the first
harmonic divided by two is used. Other parameters are M = 1.4 M⊙, R = 106 cm and Te = 1 keV.

The theoretical critical luminosity versus observed cyclotron en-
ergy curves for the wind and the disc accretion cases are shown
in Fig. 6 together with the data. We see that models well describe
the data separating the two regimes, subcritical and supercritical,
where the correlation changes from positive to the negative one.
The X-mode polarization model is clearly preferred.

Her X-1, which probably shows a positive correlation (Staubert
et al. 2007; Vasco et al. 2011), should belong to the region of
subcritical accretion as well. It is slightly off our relation. The
critical luminosity for Her X-1 seems a bit higher than the predicted
one, possibly because of the strong non-dipole B-field component,
which leads to a larger base area of the accretion channel (Shakura,
Postnov & Prokhorov 1991). Alternatively, the data on Her X-1 can
be explained if we assume ! = 0.1 as proposed by Becker et al.
(2012). This would shift the critical luminosity curve to the right by
a factor of ∼2.5. Such a small !, however, contradicts theories of
disc–magnetosphere interaction (see e.g. Ghosh & Lamb 1979; Lai
2014).

Fig. 7 demonstrates our theoretical curves for two possible polar-
ization mixtures along with the data. We see that the model for pure
X-mode describes the data better. For comparison we also show the
prediction of the model by Becker et al. (2012, black dotted curve)
which contradicts the behaviour of V 0332+53 and 4U 0115+63.

6 SU M M A RY

Following the theoretical model by Basko & Sunyaev (1975, 1976),
we have calculated the critical luminosity for the magnetized NS
as a function of magnetic field strength (or, equivalently, as a func-
tion of the cyclotron energy). For the first time, the exact effec-
tive cross-section for Compton scattering in a strong magnetic
field (Daugherty & Harding 1986) including the resonances was
used. We have investigated the dependence of the results on the
polarization composition, the geometry of the accretion flow and
the temperature of the accreting gas.

We showed that L∗ is not a monotonic function of the field strength
and reaches its minimal value of a few ×1036 erg s−1 around the
observed cyclotron energy ∼10 keV that corresponds to the surface
magnetic field strength of B ∼ 1012 G. Such critical luminosity
is reached when a considerable amount of photons from a hotspot

Figure 7. Red solid and dashed curves correspond to the disc-accretion case
with different parameters. The dashed curves is for l0/l = 0.5 and mixed
polarization (the flux in X- and O-modes are equal), while the solid curve
is for l0/l = 1.0 and pure X-mode polarization. In both cases Te = 1 keV,
! = 0.5 and ζ = 1.5. The real critical luminosity value lies likely between
the two curves. The predictions by Becker et al. (2012) are shown with
the black dotted line. For the case of Vela X-1, the first harmonic energy
divided by two is presented. Other parameters: M = 1.4 M⊙, R = 106 cm,
Te = 1 keV.

have energy close to the cyclotron resonance and the effective cross-
section reaches its maximum. Since the typical hotspot temperature
is a few keV, the critical luminosity reaches its minimum for the
sources which have the cyclotron line close to the spectral peak. The
critical luminosity increases for small B to L∗ ∼ 1037 erg s−1 nearly
independent of the parameters. It also increases at large B-field
strength because photons have much smaller cross-section below
the cyclotron energy. This behaviour is very robust and depends
very little on the details of the model.

The obtained dependence of the critical luminosity on the B-field
strength should separate sources in subcritical regime of accretion
with a hotspot on the NS surface from supercritical regime with an

MNRAS 447, 1847–1856 (2015)

Lcrit = 1.28⇥ 10

37
ergs s

�1
⇣
⇤

0.1

⌘�7/5

w�28/15
⇣ M⇤

1.4M�

⌘29/30

⇥
⇣ R⇤

10km

⌘1/10 ⇣ E⇤

10 keV

⌘16/15

�

bb
✏

(✏) =
6⇡2r20�⇠

2kT
e

p
2↵3w exp(

3↵⌧2

2 )✏�2
exp(� ✏

2kTe
)

c2h3

1X

n=0

�(µ
n

� + 1/2)n!X
n

g
n

(⌧
th

)

�(1 + 2µ
n

)�(n+ 1/2)
⇥

"
W

,µn

⇣ ✏

kT
e

⌘Z
✏

0

M
,µn

⇣ ✏0
kT

e

⌘✏2�

0 exp(

✏0
2kTe

)

exp(

✏0
kTth

)� 1

d✏0 +M
,µn

⇣ ✏

kT
e

⌘Z 1

✏

W
,µn

⇣ ✏0
kT

e

⌘✏2�

0 exp(

✏0
2kTe

)

exp(

✏0
kTth

)� 1

d✏0

#

�

cyc
✏

(✏) =
3.43⇥ 10

�16
˙MH[✏

c

/(kT
e

)]⇠2
p
↵3w✏�2

�̄✏
+3/2
c

exp[(✏
c

+ ✏)/(2kT
e

)]

1X

n=0

�(µ
n

� + 1/2)n!

�(1 + 2µ
n

)�(n+ 1/2)
X

n

A
n

⇥

M
,µn

⇣
min[

✏

kT
e

,
✏
c

kT
e

]

⌘
W

,µn

⇣
max[

✏

kT
e

,
✏
c

kT
e

]

⌘

�

↵
✏

(✏) =
2.80⇥ 10

�12
˙M⇠2

p
↵3w✏�2e�✏/(2kTe)

�̄(kT
e

)

+1/2

1X

n=0

�(µ
n

� + 1/2)n!

�(1 + 2µ
n

)�(n+ 1/2)
X

n

A
n

⇥
Z 1

�abs

(

✏0
kT

e

)

�1�

exp(� ✏0
2kT

e

)M
,µn

⇣
min[

✏

kT
e

,
✏0
kT

e

]

⌘
W

,µn

⇣
max[

✏

kT
e

,
✏0
kT

e

]

⌘
d(

✏0
kT

e

)

F
✏

(✏) ⌘ [�

cyc
✏

(✏) + �

bb
✏

(✏) + �

↵
✏

(✏)]A
c

(✏)

4⇡D2

@f

@t
+ v

@f

@t
=

dv

dz

✏

3

@f

@✏
+

@

@z

⇣ c

2n
e

�k

⌘
� f

t
esc

+

n
e

�̄c

m
e

c2
1

✏2
@

@✏

h
✏4
⇣
f + kT

e

@f

@✏

⌘i
+

Q(z, ✏)

⇡r20

v(⌧) = �↵c⌧

d⌧ = n
e

�kdz

Critical luminosity 
numerically determined 

Becker et al. (2012) 

Mushtukov et al. (2015) 

Critical Luminosity: Radiation pressure stops the flow throughout the column 
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Accretion Dynamics: West, 
Wolfram & Becker 2016 

"  Full dipole geometry: interacting 
ions, electrons, and photons.  

"  Two-fluid bulk steady flow: 
Photons + Plasma Particles. 
Describes hydrodynamic and 
thermodynamic effects of gas on 
column structure. 

"  Includes bremsstrahlung, 
cyclotron, & blackbody 
emission and absorption, and 
electron-ion thermal 
equilibration processes. 

"  Full treatment of photon-electron 
Comptonization computed 
iteratively. Includes bulk 
compression Comptonization  
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Her X-1: WWB16 Model  

11.2km 

Velocity 

Temperature 
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•  11.2km column 
•  Free-fall at ~0.44*c 
•  Stagnation at 0.0084*c 
•  Sonic surface at 1.95km  



Her X-1: WWB16 Spectrum 

Free-stream boundary condition 
allows radiation escape from top 
as well as sides 

April 5, 2016 HEAD 2016 Naples, Florida 14 



Summary 
•  Tremendous progress is being made by multiple groups probing the 

physics of the accretion flows in accreting X-ray pulsars. 
 
•  We are beginning to constrain real flow parameters. 

•  Constraints still have built-in model-dependence. 

•  Real line profiles of Cyclotron Resonance Scattering Features (CRSF) are 
beginning to emerge (see Talk 201.03 later in this session). 

•  CRSFs move with accretion luminosity differently depending on X-ray 
luminosity. 

•  Helps probe the physics of plasma deceleration. 
•  High luminosity have negative correlations (only one example)? 
•  Moderate luminosity have positive correlations? 

•  Newer, more detailed hydrodynamic models in the pipeline. 
•  Radiation and gas effects + self-consistent treatment of the emergent 

continuum spectrum. 
•  CRSF line shapes in hybrid continuum + cyclotron models are in work. 

•  Need integrated models that incorporate the affects of wind and disk 
accretion into plasma structures. 
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