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Reaction on changes in mass accretion rate
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Ṁ
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2 Poutanen et al.

Figure 1. Sketch of the accreting X-ray pulsar geometry and the emergent spectrum. The larger is the accretion rate, the higher is the column, the larger
illuminated fraction of the stellar surface, the weaker the average magnetic field, and the smaller the cyclotron line energy.

poles, the cyclotron line energy should then decrease with the
luminosity and a negative correlation between the luminosity
and the cyclotron line energy is reproduced. Here we dis-
cuss this scenario quantitatively and compare the model pre-
dictions with the data taking during a bright outburst of the
transient X-ray pulsar V 0332+53.

2. MODEL SET UP
Let us start from the physical picture of the accretion

on the magnetized neutron star following earlier papers by
Basko & Sunyaev (1976) and Kaminker et al. (1976). It is
possible to distinguish the two regimes of accretion onto
magnetized neutron stars depending on the mass accretion
rates. At low accretion rate, free-falling protons heat part
of the neutron star surface near its magnetic poles, and these
bright spots radiate energy in the X-ray range. At high ac-
cretion rate, radiation pressure becomes significant and stops
the infalling material above the neutron star surface in the
radiation-dominated shock. Below the shock, the matter
slowly sinks down as the excess emission supporting the col-
umn escapes through the side walls. The column is expected
to arise as soon as the luminosity exceeds a critical value
(Basko & Sunyaev 1976):

L∗ ≈ 4× 1036
(

κT

κ∥

)(

5l

R

)(

M

M⊙

)

erg s−1, (1)

where κ∥ is the electron scattering opacity along the magnetic
field, κT is the Thomson opacity,M and R are the mass and
the radius of the star, l is the length of the accretion arc at
the stellar surface. It is worth noticing that the optical depth
across the column is of the order L/L∗ and L∗ is much larger
than the Eddington luminosity scaled to the area of the foot-
print of the accretion column and depends on the accretion
flow geometry.
The column height depends on the accretion rate

(Basko & Sunyaev 1976; Lyubarskii & Sunyaev 1988):

h

R
= ṁ ln

(

η
1 + ṁ

ṁ5/4

)

, (2)

where

η=

(

B2d2κ∥

7πc
√
2GMR

)1/4

=16

(

B

5× 1012 G

)1/2 ( d

100 m

)1/2
( κ∥

0.4

)1/4
, (3)

d is the thickness of the accretion arc, and ṁ = L/L∗∗ is a
ratio of the X-ray pulsar luminosity to the limiting luminosity
for the magnetized neutron star

L∗∗ ≈ 1039
(

l/d

50

)(

κT

κ∥

)(

M

M⊙

)

erg s−1, (4)

which corresponds to the column height of h ! R. The
height, where matter stops, varies inside the accretion channel
and depends on the distance from its borders because the radi-
ation energy density drops off sharply towards the edge of the
column. The height has its maximum value near the middle of
the channel and decreases towards the borders. Therefore, the
radiation from the already stopped matter should pass through
a layer of the rapidly falling plasma. These outer layers of
the column are not supported by the radiation and fall with
velocity close to the free-fall velocity β = v/c =

√

rS/r
(here rS = 2GM/c2 is the Schwarzschild radius). The op-
tical thickness of these layers is high enough to change sig-
nificantly the angular distribution of the emergent radiation.
As a result, the radiation is directed mainly towards the stel-
lar surface due to the relativistic beaming. For the electron-
scattering dominated column, the angular distribution of the
column luminosity in the laboratory frame is given by (see
Appendix A and Kaminker et al. 1976; Mitrofanov & Tsygan
1978):

dL(α)

d cosα
= I0

D4

γ
2 sinα

(

1 +
π

2
D sinα

)

, (5)

where α is the angle between the photon momentum and
the velocity vector, γ = 1/

√

1− β2 is the Lorentz factor,
D = 1/[γ(1 − β cosα)] is the Doppler factor, and I0 is the

Poutanen et al. (2013)

CRSF-luminosity dependence
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Figure 1. The schematic presentation of the dependence of the cyclotron line energy on the velocity profile in the line-forming region.
The radiation pressure affects the velocity profile when the luminosity is approaching its critical value: the higher the luminosity, the
lower the velocity in the vicinity of NS surface. The lower the electron velocity, the lower the redshift and the higher the resonant energy
at a given height. As a result, a positive correlation between the line centroid energy and the luminosity is expected. Panel (a) corresponds
to the low-luminosity case when the gas is in a free-fall. The observed cyclotron line is redshifted relative to the rest-frame value. Panel
(b) is for the higher luminosity when the gas is decelerated close to the surface and the line shifts closer to the rest-frame position.

The difference between positively and negatively cor-
related cases is explained by the absence or presence of
the accretion column above the stellar surface, which be-
gins to grow as soon as the accretion luminosity reaches
its critical value L∗ ∼ 1037 erg s−1 (Basko & Sunyaev 1976;
Mushtukov et al. 2015b,c). The negative correlation in a
high-luminosity case was discussed in a number of works:
Poutanen et al. (2013) proposed that the line is produced in
the spectrum reflected from the NS surface and the anti-
correlation with luminosity is explained by variations of
the NS area illuminated by a growing accretion column.
Nishimura (2014) suggested that the growth of the column
is associated with the decreasing magnetic field that leads
to a shift in the cyclotron line position. This requires, how-
ever, that the column is only a few hundred meters high,
contradicting the theoretical estimates giving a much taller
column. The positive correlation in a low-luminous case has
been explained by variations of the atmosphere height above
the NS surface because of the changing ram pressure of
the infalling material (Staubert et al. 2007). This model is
based, however, on an ad hoc assumption that the stop-
ping depth of accreting protons (identified there with the
atmosphere scale-height) is ∼100m instead of a more real-
istic value of 1m. Alternatively, Nishimura (2014) proposed
that changes in the emission pattern towards more fan-like
diagram at higher luminosity affect the position of the cy-
clotron line via the Doppler effect. There it was assumed
that the velocity profile is not affected. This is, however,
a gross simplification, because the accretion velocity in the
vicinity of the NS surface is expected to change from the
free-fall value of ∼ c/2 to 0 with the grow of the luminosity
to the critical value L∗. Additionally, this model seems to
contradict the positive correlation of the line width with lu-
minosity (Klochkov et al. 2012), as the thermal width of the
line is expected to be much smaller for directions across the
magnetic field because of a weak transverse Doppler effect
(Mushtukov et al. 2015a).

In this work we will focus only on the low-luminosity
case (sub-critical XRPs). In this case, bulk of the radia-
tion comes from the hotspot heated by the infalling plasma
(Zel’dovich & Shakura 1969; Nelson et al. 1993). This radia-
tion, however, has to pass through the material falling inside
the accretion channel. The optical thickness of the channel
at the resonant energies is much higher than unity in the
considered luminosity range, L ∼ 1035 ÷ 1037 erg s−1. The
photons are resonantly scattered there, leading to the forma-
tion of a cyclotron absorption-like feature in the spectrum.
Plasma in the accretion flow moves with a significant veloc-
ity towards the NS surface, and the scattering feature must
be redshifted due to the Doppler effect. An observer thus
sees the line at a lower energy than the cyclotron one asso-
ciated with the magnetic field at the pole. The amplitude
of the shift depends on the electron velocity and the an-
gle between the photon momentum and the accretion flow
velocity. As a result, the observed position and the shape
of the cyclotron scattering feature depend on the velocity
profile in the accretion channel (see Fig. 1). Particularly,
it is expected that the lower the electron velocity in the
region, the lower the redshift and the higher the line cen-
troid energy. In this case, it is also closer to the actual
cyclotron energy Ecyc ≃ 11.6B12 keV, which is defined by
the surface magnetic field strength B12 ≡ B/1012 G. The
radiation pressure affects the velocity profile when the lu-
minosity is approaching its critical value (Basko & Sunyaev
1976; Mushtukov et al. 2015b): the higher the luminosity,
the lower the velocity in the vicinity of NS surface. There-
fore, we expect a positive correlation between the line cen-
troid energy and the XRP luminosity.

In this paper, we construct a simple model, which de-
scribes variations of the opacity near the cyclotron energy,
and compare the predictions of our model with the observa-
tions obtained by the INTEGRAL space observatory of the
XRP GX 304–1 during its Type II outburst in the beginning
of 2011.

MNRAS 000, 1–9 (2015)

Mushtukov et al. (2015)
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Figure 1. Sketch of the accreting X-ray pulsar geometry and the emergent spectrum. The larger is the accretion rate, the higher is the column, the larger
illuminated fraction of the stellar surface, the weaker the average magnetic field, and the smaller the cyclotron line energy.

poles, the cyclotron line energy should then decrease with the
luminosity and a negative correlation between the luminosity
and the cyclotron line energy is reproduced. Here we dis-
cuss this scenario quantitatively and compare the model pre-
dictions with the data taking during a bright outburst of the
transient X-ray pulsar V 0332+53.

2. MODEL SET UP
Let us start from the physical picture of the accretion

on the magnetized neutron star following earlier papers by
Basko & Sunyaev (1976) and Kaminker et al. (1976). It is
possible to distinguish the two regimes of accretion onto
magnetized neutron stars depending on the mass accretion
rates. At low accretion rate, free-falling protons heat part
of the neutron star surface near its magnetic poles, and these
bright spots radiate energy in the X-ray range. At high ac-
cretion rate, radiation pressure becomes significant and stops
the infalling material above the neutron star surface in the
radiation-dominated shock. Below the shock, the matter
slowly sinks down as the excess emission supporting the col-
umn escapes through the side walls. The column is expected
to arise as soon as the luminosity exceeds a critical value
(Basko & Sunyaev 1976):

L∗ ≈ 4× 1036
(

κT

κ∥

)(

5l

R

)(

M

M⊙

)

erg s−1, (1)

where κ∥ is the electron scattering opacity along the magnetic
field, κT is the Thomson opacity,M and R are the mass and
the radius of the star, l is the length of the accretion arc at
the stellar surface. It is worth noticing that the optical depth
across the column is of the order L/L∗ and L∗ is much larger
than the Eddington luminosity scaled to the area of the foot-
print of the accretion column and depends on the accretion
flow geometry.
The column height depends on the accretion rate

(Basko & Sunyaev 1976; Lyubarskii & Sunyaev 1988):

h

R
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, (2)

where
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d is the thickness of the accretion arc, and ṁ = L/L∗∗ is a
ratio of the X-ray pulsar luminosity to the limiting luminosity
for the magnetized neutron star

L∗∗ ≈ 1039
(

l/d

50

)(

κT

κ∥

)(

M

M⊙

)

erg s−1, (4)

which corresponds to the column height of h ! R. The
height, where matter stops, varies inside the accretion channel
and depends on the distance from its borders because the radi-
ation energy density drops off sharply towards the edge of the
column. The height has its maximum value near the middle of
the channel and decreases towards the borders. Therefore, the
radiation from the already stopped matter should pass through
a layer of the rapidly falling plasma. These outer layers of
the column are not supported by the radiation and fall with
velocity close to the free-fall velocity β = v/c =

√

rS/r
(here rS = 2GM/c2 is the Schwarzschild radius). The op-
tical thickness of these layers is high enough to change sig-
nificantly the angular distribution of the emergent radiation.
As a result, the radiation is directed mainly towards the stel-
lar surface due to the relativistic beaming. For the electron-
scattering dominated column, the angular distribution of the
column luminosity in the laboratory frame is given by (see
Appendix A and Kaminker et al. 1976; Mitrofanov & Tsygan
1978):

dL(α)

d cosα
= I0

D4

γ
2 sinα

(

1 +
π

2
D sinα

)

, (5)

where α is the angle between the photon momentum and
the velocity vector, γ = 1/

√

1− β2 is the Lorentz factor,
D = 1/[γ(1 − β cosα)] is the Doppler factor, and I0 is the

Poutanen et al. (2013)
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Figure 6. Left: the total spectrum of direct sidewall and reflected from the neutron star atmosphere from the optically thick filled accretion column for mass
accretion rates Ṁ17 = 2, 3, 5, 8 and 12 (from bottom to up, respectively). Right: the hardness ratio HR of the total spectrum. Shown are calculations for the
neutron star radius RNS = 10 km (squares) and RNS = 13 km (circles).

Figure 7. Hardness ratio of the total emission (direct plus reflected from
the neutron star atmosphere) from a hollow cylinder accretion column with
b = 0.1r0 as a function of mass accretion rate Ṁ.

cally thick accretion columns in the di↵usion approximation for
radiation transfer for di↵erent mass accretion rates. Two accretion
column geometries, filled cylinder and hollow cylinder, were con-
sidered. In both cases we have found the expected almost linear
growth of the column height with mass accretion rate. The con-
tinuum X-ray spectrum of the sidewall emission in both geometries
gets harder with increasing mass accretion rate. Taking into account
of the radiation reflected from the neutron star atmosphere allowed
us to reproduce the observed saturation of the continuum hardness.
This is purely geometrical e↵ect: with increasing mass accretion
rate the height of the column increases, so does the fraction of the
reflected radiation. However, starting from some height, the frac-
tion of the reflected radiation in the total flux stops increasing and
starts decreasing. Since the hardness of the reflected radiation is
higher than that of the incident emission (because of the strong en-
ergy dependence of the scattering and absorption coe�cients in the
strong magnetic fields), the hardness of the total spectrum (direct
sidewall emission from the accretion column plus reflected radi-
ation from the neutron star atmosphere) saturates (and even can
slightly decrease) beyond some characteristic mass accretion rate

⇠ (6 � 8) ⇥ 1017 erg s�1 for the typical neutron star parameters:
MNS = 1.5M�, RNS = 10 km and 13 km, B = 3 ⇥ 1012 G.

In the case of the hollow cylinder accretion column geometry
with a fiducial wall thickness of 0.1 the outer column radius r0, we
have not found the spectral hardness ratio saturation with increas-
ing mass accretion rate up to the maximum value of our calcula-
tions 1.2 ⇥ 1018 g s�1. Apparently, the height of the column in this
case is too low, the hard reflected component dominates at all mass
accretion rates, and the (softer) direct sidewall emission remains
subdominant in the total spectrum.

Therefore, our model calculations lead to the following con-
clusions.

1. The spectral hardening in X-ray pulsars with positive CRSF
energy dependence on X-ray flux can be explained by increasing
of the Comptonization parameter y in the slab atmosphere of the
accretion mound. It is in this regime that positive correlation of the
cyclotron line is observed, for example, in Her X-1 (Staubert et al.
2007).

2. At high accretion rates, the radiation-supported optically
thick accretion column grows above the polar cap, the sidewall
emission from the column is formed by extraordinary photons in
the saturated Compton regime. The spectrum of this emission gets
harder with increasing mass accretion rate.

3. With further increasing mass accretion rate the height of the
column increases, such that the fraction of radiation reflected from
the neutron star atmosphere starts decreasing. As the reflected ra-
diation is harder than the incident one, the spectrum of the total
emission (direct plus reflected) stops hardening (and even becomes
slightly softer). This happens at the mass accretion rate onto one
pole Ṁcr ⇠ (6 � 8) ⇥ 1017 g s�1, in qualitative agreement with ob-
servations (see Fig. 1).

4. In the frame of this model, the saturation of the spectral
hardness in the case of a hollow cylinder geometry of the accretion
column can be achieved at much higher accretion rates (roughly,
scaled with the relative thickness of the column wall, r0/b), because
the characteristic height of the column in this case is correspond-
ingly smaller than that of the filled column.

5. Variations in the pulse profile form and polarization
properties during the transition from the Coulomb-braking low-
luminosity regime to the radiation-braking high-luminosity state
should occur with changing mass accretion rate (X-ray luminosity)

c� 2012 RAS, MNRAS 000, 1–??

Postnov, Gornostaev, Klochkov et al. (2015)

Hardening due to reflectio
n!



 D. Klochkov / Spectrum-luminosity dependence 8

12 R. E. Rothschld et al.

Disc accretion
Quasi-spherical accretion

0 2 4 6 8 10 12

2

4

6

8

10

12

2-10 keVPower Law Flux [10-9 erg cm-2 s-1 ]

C
yc
lo
tro
n
Li
ne
A
ve
ra
ge
W
id
th

[k
eV

]

a

b

c

Disc accretion
Quasi-spherical accretion

0 2 4 6 8 10 12
40

45

50

55

60

2-10 keVPower Law Flux [10-9 erg cm-2 s-1 ]

C
yc
lo
tro
n
Li
ne
A
ve
ra
ge
En
er
gy

[k
eV

]

Disc accretion
Quasi-spherical accretion

0 2 4 6 8 10 12
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

2-10 keVPower Law Flux [10-9 erg cm-2 s-1 ]

C
yc
lo
tro
n
Li
ne
A
ve
ra
ge
D
ep
th

Figure 6. a) Best-fit of the observed cyclotron line energy versus
flux (Ecyc−Fx) dependence by model (8) for two possible regimes
of accretion in GX 304-1, disc or settling subsonic, shown by solid
gray line and black dashed line, respectively; b) The best-fit for
the observed cyclotron line width versus flux (W−Fx) dependence
by model (9) for the two accretion regimes; and c) The best-fit of
the observed cyclotron line depth (r − Fx) dependence by model
(??) for the two accretion regimes.

braking regime was proposed by Mushtukov et al. (2015b).
However, that model predicts the opposite sign of the second
derivative in the Ecyc − Fx and W − Fx relations (cf. black
solid lines in Fig. 6a and 6b Fig. 7a in Mushtukov et al.
2015b), while the simple physical explanation given above is
in perfect agreement with observations of GX 304−1.

5.3 Flux Correlation in General

The strong positive correlations of spectral parameters with
source flux, clearly indicate that the source flux, or indeed
the mass accretion rate, is responsible for the overall con-
tinuum shape and that of the cyclotron line as well. This
is also supported by the nearly identical soft color/intensity
curves for the three outbursts and the fact that the four
early 2010 August observations yield consistency with other
observations when plotted versus flux as opposed to plot-
ted versus orbital phase. Kühnel (2013) also conclude that
the key driver for the continuum shape is the mass accre-
tion rate, where all spectral parameters are functions of the
source’s X-ray flux.

5.4 Soft Color versus Flux

We find that the soft color ratio increases with increasing
flux along the horizontal branch (Reig & Nespoli 2013),
with excursions from the overall track due to an extra
amount of material in the line of sight over about 3 days.
The hard color ratio shows a similar horizontal branch in-
crease with intensity, but also shows a reversal of the trend
at the lowest intensities. The changes in the soft and hard
color ratios with intensity can be related to the overall steep-
ening of the power law index with decreasing intensity and
its hardening of the falling exponential at the lowest inten-
sities. In the context of quasi-spherical accretion onto the
neutron star magnetosphere and subsequent settling onto
the magnetic poles, Postnov et al. (2015b) have predicted
the observed spectral behavior for sub-critical luminosities.
They show that the spectra will become flatter with increas-
ing luminosity, as is seen in Fig. 4.
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