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P. A. Becker et al.: Bimodal spectral variation in X-ray pulsars
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Figure 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.

appearing in Eq. (11) can be eliminated using the mass conser-
vation relation,

Ṁ = πr2
0nempv , (12)

where Ṁ is the accretion rate and v is the inflow velocity, defined
to be positive. Combining relations, we can express the escape
time through the walls as

tesc =
ṀσT

πmpvc
. (13)

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

H =
ṀσT

2πmpc
, (14)

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

LX =
GM∗Ṁ
R∗

(15)

yields the equivalent expression

H = 1.14×105 cm
(

M∗
1.4M$

)−1 ( R∗
10 km

)

(

LX

1037erg sec−1

)

. (16)

This confirms that the shock is located a few kilometers
above the stellar surface in the luminous sources with LX ∼
1037−38erg s−1 (Basko & Sunyaev 1976). It follows that

R∗/(49H) & 1 for sources close to or above the critical lumi-
nosity, and therefore Eq. (9) reduces to

Lcrit =
GM∗mpc
σ||

πr2
0

R2
∗

, (17)

in agreement with Burnard et al. (1991). Note that in this limit,
the critical luminosity simply reduces to the effective Eddington
value given by Eq. (2).

2.3. Connection between column radius and Alfvén radius

In this section, we wish to relate the critical luminosity Lcrit in
Eq. (17) to the magnetic field strength at the stellar surface, B∗,
by utilizing the connection between the radius of the accretion
column, r0, and the Alfvén radius in the disk, RA. The inclina-
tion angle between the axis of the accretion disk and the star’s
magnetic axis varies with a period equal to the pulsar’s spin pe-
riod, and this causes an associated variation of the Alfvén radius.
However, for our purposes here, an adequate approximation is
obtained by using Eq. (13) from Lamb et al. (1973), which yields

RA = 2.73 × 107 cm
(

Λ

0.1

) (

M∗
1.4M$

)1/7 ( R∗
10 km

)10/7

×

( B∗
1012G

)4/7 ( LX

1037erg sec−1

)−2/7

,

(18)
where the constant Λ = 1 for spherical accretion and Λ < 1
for disk accretion. A variety of uncertainties are folded into Λ,
such as the spin-averaging of RA and the possible role of plasma
shielding and other magnetospheric effects. Based on Eq. (2)

4

Becker, Klochkov, Schönherr et al. (2012)

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

Table 1. Source sample characteristics.

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

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

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

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

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

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

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

where

Lcoul = 1.17 × 1037 erg s−1
(
Λ

0.1

)−7/12 ( τ∗
20

)7/12
(

M∗
1.4 M$

)11/8

×
( R∗
10 km

)−13/24 ( B∗
1012 G

)−1/3

· (54)

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

4. Applications

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

Lcrit = 1.28 × 1037 erg s−1
(
Λ

0.1

)−7/5

w−28/15

×
(

M∗
1.4 M$

)29/30 ( R∗
10 km

)1/10 ( E∗
10 keV

)16/15

, (55)

where

E∗ = 11.58 keV
( B∗
1012 G

)
(56)

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

It is now interesting to compute the critical luminosity for
a number of sources and to compare it with the observed vari-
ability of Ecyc as a function of LX for subcritical and supercriti-
cal cases. We have selected for this study the sources for which
the behavior of the cyclotron line energy with luminosity has
been studied sufficiently well, including both the variations on
long timescales (days to months) and short timescales (“pulse-
to-pulse”). Our source sample is listed in Table 1, where we also
summarize the reported Ecyc−LX behavior (positive/negative
correlation or no dependence) for each source. The two pan-
els in Fig. 2 depict the variability of Ecyc with luminosity both
on “pulse-to-pulse” (left) and longer (right) timescales for all
of the sources considered here. The corresponding references
for the data are given in Table 1. The data for the longer-term
variability are based on studies of the phase-averaged emis-
sion conducted either during outbursts of the transient sources
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Fig. 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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For typical neutron star parameters, with M∗ = 1.4 M",
R∗ = 10 km, Λ = 0.1, and w = 1, we obtain Lcrit =
1.49×1037 erg s−1B16/15

12 , where B12 is the surface magnetic field
strength in units of 1012 G. In Sect. 4 we plot the critical luminos-
ity and compare it with the variability data for several XRBPs.

3. Variation of emission height

The new expression for the critical luminosity given by Eq. (32)
allows us to separate accretion-powered X-ray pulsars into sub-
critical and supercritical categories. Our hypothesis is that in the
subcritical sources with variable luminosity LX, the cyclotron
energy Ecyc will exhibit a positive correlation with LX, and in
the supercritical sources the reverse behavior will be observed.
The observed CRSF is imprinted on the spectrum at the altitude
where most of the emitted radiation escapes from the accretion
column. In order to quantify the expected behaviors in the sub-
critical and supercritical regimes, we must therefore explore the
expected variation of the emission height as a function of lumi-
nosity for both types of sources. The geometry of the super- and
subcritical sources is depicted schematically in Fig. 1.

3.1. Supercritical sources

In the supercritical sources (luminosity LX >∼ Lcrit), radiation
pressure dominates the flow dynamics all the way to the stel-
lar surface. Inside the radiation-dominated shock, the infalling
matter begins to decelerate as it first encounters the “cushion”
of radiation hovering at the shock altitude (Davidson 1973). At
this altitude, there is a local balance between downward advec-
tion and upward diffusion of radiation, and therefore the photon
distribution is roughly static. Most of the kinetic energy of the
accretion flow is carried away by the scattered radiation, which
is likely to be beamed in the downward direction due to special-
relativistic aberration (e.g., Ferrigno et al. 2009). Below the
shock altitude, the photons are trapped by advection, although
they eventually manage to escape by diffusing through the walls
of the column. Hence the observed radiation does not escape
from the shock altitude H, but rather from a lower altitude.

Our goal here is to estimate the typical altitude, denoted
by hs, at which the photons diffuse through the column walls
to form the observed X-ray spectrum in the supercritical case.
We assume that the observed CRSF is imprinted at this altitude,
because at higher altitudes the photons have not had enough
time to diffuse through the column and escape through the walls.
Conversely, at lower altitudes, the increasing density of the gas
in the column inhibits the escape of radiation. We therefore ex-
pect that the CRSF energy will reflect the cyclotron energy at the
altitude z = hs where the final deceleration phase begins.

We can estimate the emission height hs in the supercritical
sources by ensuring that all of the kinetic energy is radiated
through the walls by the escaping photons in the altitude range
0 < z < hs (Basko & Sunyaev 1976). Working in the frame co-
moving with the mean vertical velocity of the radiation in the
accretion column, we note that the fraction of the radiation es-
caping through the walls in the comoving time interval dt′ is
equal to dt′/tesc, where tesc is the escape time given by Eq. (13).
The requirement that all of the radiation escapes by the time the
matter reaches the stellar surface is therefore expressed by the
integral condition

∫ hs

0

∣∣∣∣∣
dt′

dz′

∣∣∣∣∣
dz′

tesc (z′)
= 1. (33)

Using Eq. (13) to substitute for tesc yields
∫ hs

0

πmpvc

ṀσT

dz′

veff
= 1, (34)

where the effective velocity for the photon transport is defined by

veff ≡
∣∣∣∣∣
dz′

dt′

∣∣∣∣∣ · (35)

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

ξ ≡ veff
v
· (36)

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

ξ =
1

M∞2 , (37)

whereM∞ denotes the incident (upstream) Mach number of the
flow with respect to the radiation sound speed. In the sinking re-
gion below the shock, the effective velocity approaches zero as
the gas settles onto the stellar surface. The relationship between
the upstream Mach numberM∞ and the X-ray luminosity LX is
plotted in Fig. 12 from Becker (1998). For the parameter range
of interest here, it is sufficient to adopt a constant value for ξ in
the range ξ ∼ 10−2−10−3. The low value for the effective ve-
locity tends to make the emission region more compact in the
supercritical sources.

Combining relations, we find that
∫ hs

0

πmpc

ṀσTξ
dz′ = 1, (38)

and therefore the altitude of the emission region is given by

hs =
ṀσTξ

πmpc
=

LXR∗σTξ

πmpcGM∗
, (39)

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

hs = 2.28 × 103 cm
( ξ
0.01

) ( M∗
1.4 M"

)−1

×
( R∗
10 km

) ( LX

1037 erg s−1

)
· (40)

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

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

hs

H
= 2.0 ξ ) 1, (41)

and therefore the characteristic height of emission in the super-
critical sources is located far below the altitude of the radiation-
dominated shock. Eq. (40) indicates that the height of the emis-
sion region hs scales in proportion to the luminosity LX in
the supercritical sources, which is consistent with the observed
behavior in the group 1 sources (Klochkov et al. 2011).
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3.2. Subcritical sources

In the subcritical sources (luminosity LX <∼ Lcrit), the matter
still passes through a radiation-dominated shock, which accom-
plishes the initial deceleration, but the pressure of the radiation
is insufficient to bring the matter to rest at the stellar surface
(Basko & Sunyaev 1976). In this case, the final stopping occurs
via direct Coulomb interactions close to the base of the accre-
tion column (Burnard et al. 1991). Our goal in this section is
to estimate the characteristic emission height for the subcritical
sources, denoted by hc, which is the altitude at which Coulomb
interactions begin to decelerate the plasma to rest. The emission
is expected to be concentrated in this region because this is es-
sentially the first opportunity that the radiation inside the column
has to diffuse through the walls. At higher altitudes, the radiation
is swept along by advection, and there is not enough time for the
photons to escape. At lower altitudes, the radiation is trapped in
the column due to the increasing density, and therefore the emis-
sion through the walls tapers off as z → 0. Hence we expect
that in the subcritical case, the CRSF energy is imprinted at the
altitude z = hc where the strong Coulomb deceleration begins.

The Thomson optical depth, τ∗, required to stop the flow
via Coulomb interactions can be estimated in the typical pulsar
magnetic field regime using Eq. (3.34) from Nelson et al. (1993)
to write

τ∗ = 51.4
(

M∗
1.4 M$

)2 ( R∗
10 km

)−2 1
ln(2nmax)

, (42)

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

nmax =
mev2ff
2Ecyc

· (43)

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

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

τ(z) =
∫ z

0

ρ(z′)σT

mp
dz′, (44)

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

ρ(z) =
Ṁ
πr2

0v(z)
· (45)

Assuming that the gas decelerates uniformly in the Coulomb
stopping region (starting at altitude hc) from the post-shock ve-
locity vps, we find that the required deceleration is given by
a = v2ps/(2 hc) (cf. Eq. (6)). The velocity profile v(z) associated
with the constant deceleration a is computed using the standard
kinematical relations

a = −dv
dt
= v

dv
dz
=

1
2

dv2

dz
, (46)

where the negative sign appears because we have defined v and a
to be positive. Setting vps = vff/7 (see Eq. (4)), we obtain for the
deceleration a = v2

ff
/(98 hc). Upon integration of Eq. (46), we

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

v(z) =
vff
7

√
z
hc
, (47)

where vff is evaluated using Eq. (3).

Using Eq. (47) to substitute for v(z) in Eq. (45) and carrying
out the integration in Eq. (44), we obtain for the optical depth
profile

τ(z) =
14ṀσT

πr2
0mp

(
2GM∗

R∗

)−1/2 √
hcz. (48)

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

τ∗ =
14ṀσThc

πr2
0mp

(
2GM∗

R∗

)−1/2

, (49)

which can be rearranged to obtain for the subcritical emission
height

hc =
πr2

0mpτ∗

14ṀσT

(
2GM∗

R∗

)1/2
· (50)

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

hc = 1.48 × 105 cm
(
Λ

0.1

)−1 ( τ∗
20

) ( M∗
1.4 M$

)19/14 ( R∗
10 km

)1/14

×
( B∗
1012 G

)−4/7 ( LX

1037 erg s−1

)−5/7

· (51)

This result indicates that the emission height in the subcritical
sources decreases with increasing luminosity, which is consis-
tent with the behavior observed in the group 2 sources (Staubert
et al. 2007). As indicated in Fig. 1, in the subcritical case, a de-
crease in the luminosity causes the beam pattern to transition
from a pure fan configuration to a hybrid pattern that includes
a pencil component. At very low luminosities, the shock essen-
tially sits on the stellar surface, and the emission occurs via the
pencil component only (Burnard et al. 1991; Nelson et al. 1993).

3.3. Transition from Coulomb stopping to gas shock

Equation (51) gives the height of the emission zone in the sub-
critical case, based on the assumption that the final deceleration
to rest at the stellar surface occurs via Coulomb interactions. We
can estimate the minimum luminosity (or accretion rate) such
that Coulomb interactions are capable of stopping the flow by
requiring that hc < H, where H is the altitude of the radiation-
dominated shock. If this condition is violated, then the incident
velocity of the gas entering the Coulomb deceleration region be-
comes essentially the full free-fall velocity, vff , rather than the
reduced post-shock velocity, vps = vff/7. The associated drop
in the density causes the Thomson depth τ to fall below the
value τ∗ ∼ 20 required for the gas to be effectively stopped via
Coulomb interactions. It is not completely clear what happens in
this case, but we expect that the final phase of deceleration will
occur via passage through a gas-mediated shock near the stellar
surface (Langer & Rappaport 1982).

By combining Eqs. (14), (15) and (50), we can show that the
condition hc < H implies that

LX >
21/4πmpr0

σT

(τ∗c
7

)1/2 (GM∗
R∗

)5/4
· (52)

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

LX > Lcoul, (53)
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Cyclotron line sources

Source list

This table attempts to summarize all known cyclotron line sources. It is sortable by clicking on column headers.

It is based on the presentation "Spectral continua of accreting neutron star systems"
[http://astrons.sabanciuniv.edu/astrons2010/wordpress/wp-content/uploads/2009/12/Spectral-continua-of-accreting-
neutron-star-systems.pdf] by Jörn Wilms at the conference Astrophysics of Neutron Stars 2010
[http://astrons.sabanciuniv.edu/astrons2010/wordpress/] with some information added.

T/P = Transient/Persistent

Source Ecyc [keV] Pspin
[s]

Porbital
[d]

Companion T/P Discovery

Swift J1626.6-
5156 10 15.4 132.9 Be P RXTE (DeCesar09)

4U 0115+634 14, 24, 36, 48,
62 3.6 24.3 Be T HEAO-1 (Wheaton79) RXTE (Heindl99), BeppoSAX

(Santangelo99)
4U 1907+09 18, 38 441 8.37 B2 III-IV P BeppoSAX (Cusumano98b)
4U 1538-52 22, 47 530 3.7 B0I P Ginga (Clark90), RXTE (RodesRoca09)
Vela X-1 24, 52 283 8.96 B0.5Ib P Mir-HEXE (Kendziorra92), RXTE (Kreykenbohm02)
V 0332+53 27, 51, 74 4.37 34.25 Be T Ginga (Makishima90)
Cep X-4 28 66.25 >23 B1 T Ginga (Mihara91)
Cen X-3 29 4.8 2.09 O6.5II P BeppoSAX (Santangelo98), RXTE (HeindlChakrabarty99)
X Per 29? 837 250.3 B0 III–Ve P RXTE (Coburn01)
RX J0440.9+4431 32 203 155 B0.2 Ve T INTEGRAL, RXTE + Swift (Tsygankov12)
MXB 0656-072 33 160 100? O9.7Ve T RXTE (Heindl03b)
XTE J1946+274 36 15.8 169.2 B0-1V-IVe T RXTE (Heindl01)
4U 1626-67 37 7.66 0.028 WD? P BeppoSAX (Orlandini98b), RXTE (HeindlChakrabarty99)
GX 301-2 37 690 41.5 B1.2Ia P Ginga (MiharaPhD)
Her X-1 41 1.24 1.7 A9-B P Ballon-HEXE (Truemper78)
A0535+26 45, 100+ 104 110.6 Be T HEXE (Kendziorra92, Kendziorra94), CGRO (Maisack97)
1A1118−616 55, 110? 408 400-800? O9.5IV-Ve T RXTE (Doroshenko10), Suzaku (Suchy11)
GRO J1008−57 88? 93.7 249.46 B1-B2 T CGRO (Shrader99)
GX 304-1 54 272 132.5 B2 Vne P RXTE (Yamamoto11)

DeCesar09 ^ a DeCesar, M.E., Boyd, P.T., Markwardt, C.B., Pottschmidt, K., Miller, M.C., Strohmayer, T. E., Suchy, S.,
Wilms, J., 2009, BAAS 41, #432.02 [http://adsabs.harvard.edu//abs/2009AAS...21343202D]
Wheaton79 ^ a Wheaton, W. A., Doty, J. P., Primini, F. A., et al., 1979, Nature, 282, 240 [http://cdsads.u-
strasbg.fr/abs/1979Natur.282..240W]
Heindl99 ^ a Heindl, W.A., Coburn, W., Gruber, D.E., et al., ApJ, 521, L49 [http://cdsads.u-
strasbg.fr/abs/1999ApJ...521L..49H]
Santangelo99 ^ a Santangelo, A., Segreto, A., Giarrusso, S., et al., 1999, ApJ, 523, L85 [http://cdsads.u-
strasbg.fr/abs/1999ApJ...523L..85S]
Cusumano98b ^ a Cusumano, G., di Salvo, T., Burderi, L., 1998, A&A, 338, L79 [http://cdsads.u-
strasbg.fr/abs/1998A%26A...338L..79C]
Clark90 ^ a Clark, G.W., Woo, J.W., Nagase, F., Makishima, K., Sakao, T., 1990, ApJ, 353, 274 [http://cdsads.u-
strasbg.fr/abs/1990ApJ...353..274C]
RodesRoca09 ^ a Rodes-Roca, J.J., Torrejón, J.M., Kreykenbohm, I., et al., 2009, A&A, 508, 395 [http://cdsads.u-
strasbg.fr/abs/2009A%26A...508..395R]
Kendziorra92 ^ a, b Kendziorra, E., Mony, B., Kretschmar, P., et al. 1992, in The Compton Observatory Science
Workshop, ed. C. R. Shrader, N. Gehrels, & B. Dennis (CP 3137) (Greenbelt: NASA/GSFC), 217 [http://cdsads.u-
strasbg.fr/abs/1992NASCP3137..217K]
Kreykenbohm02 ^ a Kreykenbohm, I., Coburn, W., Wilms, J., et al. 2002, A&A, 395, 129 [http://cdsads.u-

http://www.sternwarte.uni-erlangen.de/wiki/doku.php?id=cyclo:start

MAGNET Collaboration
(based on 

Caballero&Wilms 2012)

http://www.sternwarte.uni-erlangen.de/wiki/doku.php?id=cyclo:start
http://www.sternwarte.uni-erlangen.de/wiki/doku.php?id=cyclo:start
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X Per 29? 837 250.3 B0 III–Ve P RXTE (Coburn01)
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1A1118−616 55, 110? 408 400-800? O9.5IV-Ve T RXTE (Doroshenko10), Suzaku (Suchy11)
GRO J1008−57 88? 93.7 249.46 B1-B2 T CGRO (Shrader99)
GX 304-1 54 272 132.5 B2 Vne P RXTE (Yamamoto11)

DeCesar09 ^ a DeCesar, M.E., Boyd, P.T., Markwardt, C.B., Pottschmidt, K., Miller, M.C., Strohmayer, T. E., Suchy, S.,
Wilms, J., 2009, BAAS 41, #432.02 [http://adsabs.harvard.edu//abs/2009AAS...21343202D]
Wheaton79 ^ a Wheaton, W. A., Doty, J. P., Primini, F. A., et al., 1979, Nature, 282, 240 [http://cdsads.u-
strasbg.fr/abs/1979Natur.282..240W]
Heindl99 ^ a Heindl, W.A., Coburn, W., Gruber, D.E., et al., ApJ, 521, L49 [http://cdsads.u-
strasbg.fr/abs/1999ApJ...521L..49H]
Santangelo99 ^ a Santangelo, A., Segreto, A., Giarrusso, S., et al., 1999, ApJ, 523, L85 [http://cdsads.u-
strasbg.fr/abs/1999ApJ...523L..85S]
Cusumano98b ^ a Cusumano, G., di Salvo, T., Burderi, L., 1998, A&A, 338, L79 [http://cdsads.u-
strasbg.fr/abs/1998A%26A...338L..79C]
Clark90 ^ a Clark, G.W., Woo, J.W., Nagase, F., Makishima, K., Sakao, T., 1990, ApJ, 353, 274 [http://cdsads.u-
strasbg.fr/abs/1990ApJ...353..274C]
RodesRoca09 ^ a Rodes-Roca, J.J., Torrejón, J.M., Kreykenbohm, I., et al., 2009, A&A, 508, 395 [http://cdsads.u-
strasbg.fr/abs/2009A%26A...508..395R]
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Fig. 3. Hardness (soft colour)-intensity diagram. The soft colour was defined as the ratio 7-10 keV / 4-7 keV. The count rate was obtained for the
4-30 keV energy band. Open circles designate points in the DB, while filled circles correspond to the HB. A logarithmic scale is used for the count
rate (confront with Fig. 2).

and relatively broad-band response (2-150 keV) makes it the per-
fect observatory to undergo this type of study.

We analysed data obtained by all three instruments on board
RXTE (Bradt et al. 1993). The data provided by the All Sky
Monitor (ASM) consists of daily flux averages in the energy
range 1.3-12.1 keV (Levine et al. 1996). The Proportional
Counter Array (PCA) covers the energy range 2–60 keV, and
consists of five identical coaligned gas-filled proportional units
giving a total collecting area of 6500 cm2 and provides an en-
ergy resolution of 18% at 6 keV (Jahoda et al. 1996). The High
Energy X-ray Timing Experiment (HEXTE) is constituted by 2
clusters of 4 NaI/CsI scintillation counters, with a total collect-
ing area of 2 × 800 cm2, sensitive in the 15–250 keV band with
a nominal energy resolution of 15% at 60 keV (Rothschild et
al. 1998).

Due to RXTE’s low-Earth orbit, the observations consist of
a number of contiguous data intervals or ”pointings” (typically
0.5-1 hr long) interspersed with observational gaps produced by
Earth occultations of the source and passages of the satellite
through the South Atlantic Anomaly. Data taken during satel-
lite slews, passage through the South Atlantic Anomaly, Earth
occultation, and high voltage breakdown were filtered out 1.

We have studied all BeXBs that went into outburst (the X-
ray intensity increased by >∼100) during the lifetime of RXTE and
have enough number of observations to allow a meaningful anal-

1 Data were filtered out when the difference between the source po-
sition and the pointing of the satellite was smaller than 0.02”, the el-
evation angle was greater than 8◦ (timing) and 10◦ (spectra), and con-
tamination from electrons trapped in the Earth’s magnetosphere or from
solar flare activity was below 0.1. Good Time Intervals which excluded
the times of PCA breakdowns were used.

ysis. We did not include the BeXB candidate 4U 41901+03 be-
cause no optical counterpart is known for this source and no re-
liable estimate of its distance is available (Galloway et al. 2005).
4U 0115+63 displayed four giant outbursts during the period
of time analysed in this work, in 1999, 2000, 2004, and 2008.
The 2000 ouburst lacks good data coverage. Here we present
results for the 2004 event only. However, it is worth notic-
ing that the source traced very similar HIDs in all outbursts.
The two branches, HB and DB, are clearly distinguished in
correspondence to the X-ray flux level.

Figure 1 shows the outburst profiles for each source, created
with the count rates of PCU2 in the 4-30 keV band. Table 1 sum-
marises some of the properties of the systems and outbursts anal-
ysed in this work, whereas Table 2 gives the proposal ID, time
span, the total number of ”pointings” or observation intervals,
and the on-source exposure time of the observations.

3. Data reduction and analysis

In this section we describe the different techniques used in the
data analysis. Heasarc FTOOLS version 6.6.3 was employed
to perform data reduction, while XSPEC v12.6 (Arnaud 1996)
was used for spectral analysis. Power spectra were obtained us-
ing an FFT algorithm implemented in a Fortran code created
by us. Data reduction and model fitting were automated so that
each observation was treated in exactly the same way. The same
type of spectral and noise components were used for all sources.
Therefore, this work constitutes the first attempt to perform a
consistent, homogeneous and systematic study of the variability
of accreting pulsars during giant outbursts.

Reig&Nespoli (2012)
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Fig. 3. Hardness (soft colour)-intensity diagram. The soft colour was defined as the ratio 7-10 keV / 4-7 keV. The count rate was obtained for the
4-30 keV energy band. Open circles designate points in the DB, while filled circles correspond to the HB. A logarithmic scale is used for the count
rate (confront with Fig. 2).

and relatively broad-band response (2-150 keV) makes it the per-
fect observatory to undergo this type of study.

We analysed data obtained by all three instruments on board
RXTE (Bradt et al. 1993). The data provided by the All Sky
Monitor (ASM) consists of daily flux averages in the energy
range 1.3-12.1 keV (Levine et al. 1996). The Proportional
Counter Array (PCA) covers the energy range 2–60 keV, and
consists of five identical coaligned gas-filled proportional units
giving a total collecting area of 6500 cm2 and provides an en-
ergy resolution of 18% at 6 keV (Jahoda et al. 1996). The High
Energy X-ray Timing Experiment (HEXTE) is constituted by 2
clusters of 4 NaI/CsI scintillation counters, with a total collect-
ing area of 2 × 800 cm2, sensitive in the 15–250 keV band with
a nominal energy resolution of 15% at 60 keV (Rothschild et
al. 1998).

Due to RXTE’s low-Earth orbit, the observations consist of
a number of contiguous data intervals or ”pointings” (typically
0.5-1 hr long) interspersed with observational gaps produced by
Earth occultations of the source and passages of the satellite
through the South Atlantic Anomaly. Data taken during satel-
lite slews, passage through the South Atlantic Anomaly, Earth
occultation, and high voltage breakdown were filtered out 1.

We have studied all BeXBs that went into outburst (the X-
ray intensity increased by >∼100) during the lifetime of RXTE and
have enough number of observations to allow a meaningful anal-

1 Data were filtered out when the difference between the source po-
sition and the pointing of the satellite was smaller than 0.02”, the el-
evation angle was greater than 8◦ (timing) and 10◦ (spectra), and con-
tamination from electrons trapped in the Earth’s magnetosphere or from
solar flare activity was below 0.1. Good Time Intervals which excluded
the times of PCA breakdowns were used.

ysis. We did not include the BeXB candidate 4U 41901+03 be-
cause no optical counterpart is known for this source and no re-
liable estimate of its distance is available (Galloway et al. 2005).
4U 0115+63 displayed four giant outbursts during the period
of time analysed in this work, in 1999, 2000, 2004, and 2008.
The 2000 ouburst lacks good data coverage. Here we present
results for the 2004 event only. However, it is worth notic-
ing that the source traced very similar HIDs in all outbursts.
The two branches, HB and DB, are clearly distinguished in
correspondence to the X-ray flux level.

Figure 1 shows the outburst profiles for each source, created
with the count rates of PCU2 in the 4-30 keV band. Table 1 sum-
marises some of the properties of the systems and outbursts anal-
ysed in this work, whereas Table 2 gives the proposal ID, time
span, the total number of ”pointings” or observation intervals,
and the on-source exposure time of the observations.

3. Data reduction and analysis

In this section we describe the different techniques used in the
data analysis. Heasarc FTOOLS version 6.6.3 was employed
to perform data reduction, while XSPEC v12.6 (Arnaud 1996)
was used for spectral analysis. Power spectra were obtained us-
ing an FFT algorithm implemented in a Fortran code created
by us. Data reduction and model fitting were automated so that
each observation was treated in exactly the same way. The same
type of spectral and noise components were used for all sources.
Therefore, this work constitutes the first attempt to perform a
consistent, homogeneous and systematic study of the variability
of accreting pulsars during giant outbursts.

Reig&Nespoli (2012)
L ~ (a few)x1037 erg/s
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LX < 1037 erg/s

RX J0440.9+4431

Table 3. Best fit parameters for the absorbed bmc with exponential cut-
off model for the broad band spectral fits of the 2010 outburst (uncer-
tainties are at 90% c.l.).

April 2010a September 2010b

NH
[
1022cm−2

]
0.31±0.02 0.27+0.03

−0.02

EFold [keV] 29+4
−3 53+16

−10

kTBB [keV] 1.38±0.02 1.37+0.03
−0.04

α 0.50±0.07 0.78±0.12
log10 A > 2.15 0.8+0.2

−0.1

NBMC

[
L39
D2

10

]
c 0.030+0.003

−0.001 0.019±0.002

rBB
d [km] 2.64±0.12 2.13±0.16

EGauss [keV] 6.33+0.04
−0.02

AGauss (6.6±1.3) × 10−4

CPCA 1.55±0.02 0.632±0.008
CISGRI 0.73±0.03
CJEM−X2 0.80±0.02
Flux2−30 keV

e 3.78±0.01 1.272±0.009
Flux0.1−200 keV

f 3.4 2.9
χ2

red/d.o.f. 1.24/571 0.93/559

Notes. (a) observation A in Table 2. (b) observation S in Table 2. (c) L39
is the X-ray luminosity in units of 1039 erg/s, D10 the source distance
in units of 10 kph . (d) quantity derived from NBMC and kTBB. (e) flux
of the RXTE /PCA observation in units of 10−9 erg cm−2 s−1. (f) esti-
mated de-absorbed flux in units of 10−9 erg cm−2 s−1, normalized to the
Swift /XRT observations.

From the plots in Fig. 4, we note that the parameter log10(A)
could be only poorly constrained and α shows a not very pro-
nounced downwards trend for increasing source flux. Con-
versely, both the effective radius and temperature of the thermal
emission component increase with the source flux. For the effec-
tive radius, we find (χ2

red/d.o.f.=0.6/19):

log10 rBB = (0.182 ± 0.008) + (0.39 ± 0.02)
(
log10 F−9

)
, (3)

where rBB is the effective radius of the black-body seed pho-
tons expressed in km and F−9 is the 2–30 keV flux expressed in
units of 10−9erg cm−2 s−1. This relation is equivalent to rBB ∝
F0.39±0.02

X or FX ∝ r2.56±0.13
BB . Similarly for the black-body tem-

perature, we find (χ2
red/d.o.f.=0.6/19):

log10 kTkeV = (0.128± 0.004)+ (0.070± 0.008)
(
log10 F−9

)
, (4)

where kTkeV is the black-body temperature expressed in keV. In
eq. (3-4) uncertainties are given at 1σ c.l.

To evidence in a model-independent way the variations of
the source spectral properties in the different observations, we
also report in Fig. 5 the hardness–intensity diagram of the
RXTE /PCA data (as shown by, e.g., Reig & Nespoli 2013).
From this figure we note that during all outbursts the source X-
ray emission becomes harder at higher fluxes and there is an ev-
ident change of the overall slope at PCU2 count-rates>100 cts/s
(the persistent emission level of RX J0440.9+4431 corresponds
to a PCU2 count-rate of about 1-3 cts/s) We verified that dif-
ferent choices of the energy bands would not significantly affect
this result.

An interpretation of the spectral changes in
RX J0440.9+4431 is provided in Sect. 4.3.

Fig. 5. Hardness-intensity diagram of all the available PCA ob-
servation of RX J0440.9+4431. Different symbols refer to different
outbursts: diamonds are for the outburst in April 2010 (MJD 55 292–
55 301), stars for the outburst of September 2010 (MJD 55 447–55 450),
and black dots for the outburst of February 2011 (MJD 55 594–55 606).

4. Discussion

4.1. The long-term X-ray variability and the orbital period

The Swift /BAT data allowed us to measure with a fairly good
accuracy the orbital period of the source owing to its enhanced
X-ray activity in 2010 and 2011. Before this period, the avail-
able data revealed that RX J0440.9+4431 was a persistent X-ray
emitter at a level of about 1 mCrab in hard X-rays (15–150 keV)
and no significant orbital modulation could be detected from
its light curve. Be/X-ray systems are rarely persistent X-ray
sources, but many of them showed in the past only sporadic
episodes of enhanced X-ray activity. The latter is thought to
be originated by variations in the extension of the Be star equa-
torial disc (see, e.g., Reig 2011). The existence of persistent
Be systems supports the idea that the fainter long-term X-ray
activity of these sources is most likely related to the accretion
of the NS from the tenuous wind of the companion, while the
outbursts occur as a consequence of the interaction at the system
periastron between the compact object and the Be equatorial disc
(see also, Rothschild et al. 2012, , for the quiescent emission of
A 0535+26). From the shaded regions of Fig. 1, we note that
the maxima of the second and third flares do not correspond
exactly to a multiple of our best candidate orbital period: one
lies slightly before, the other after. In Be/X-ray binary sys-
tems, some variability of the orbital phase occurrence of out-
burst is expected, but in absence of orbital ephemeris based
on pulse period modulation, we cannot speculate further on
this subject.

4.2. The broad-band spectral model

Previous works on persistent Be pulsars (Reig & Roche 1999)
showed that their spectra can usually be well described by a

Article number, page 6 of 11



 D. Klochkov / Structure of the X-ray emitting region in accreting pulsars

AIT

21

C. Ferrigno et al.: Outbursts of RX J0440.9+4431

Fig. 6. A selection of unfolded RXTE /PCA spectra at different lumi-
nosity states based on the bmc model. The corresponding observation
ID is also indicated.

inaccurate as they are hampered by the lack of low-energy
coverage.

Among all these different spectral models, the bmc is able to
provide a self-consistent and robust physical description of the
accretion process in RX J0440.9+4431 over the different lumi-
nosity levels even exploiting a limited energy band. The comp-
magmodel is able to provide complementary informations on the
accretion process with respect to the bmc, although with more
structured assumptions on the geometrical properties of the ac-
cretion stream, in particular a significant vertical extent of the
emitting plasma above the NS surface. However, it generally re-
quires a large energy coverage and it is of limited use when data
are not available to provide constraints on the source emission
above ∼20 keV.

4.3. Spectral parameters

The observations of RX J0440.9+4431 in 2010 and 2011 al-
lowed us to study spectral changes in the X-ray emission from
the source over two orders of magnitude in X-ray flux and mass
accretion rates (∼ 1014−16 g s−1). To compare the results of our
spectral analysis at different accretion rates, we plot in Fig. 6
a selection of our bmc best-fit unfolded spectral models ob-
tained at increasing flux levels from the fits to the RXTE data.
We note that the spectra of the lower persistent state are rather
soft, they become harder at intermediate states, and display a
more pronounced curvature at the highest luminosities. This is
in agreement with the fact that a high-energy exponential cut-
off at ∼30 keV is measurable from the RXTE /PCA data dur-
ing the two observations performed when the source flux was
≥ 10−9erg cm−2 s−1. The photon index of the Comptonization
Green’s function slightly decreases with respect to the observa-
tions performed at the intermediate flux level, also indicating
a hardening of the source X-ray emission. At the intermediate
state, INTEGRAL /ISGRI data were available to provide cov-
erage at the higher energies, an exponential cut-off was mea-
sured at

(
53+16
−10

)
keV. This suggests that the cut-off energy in-

creases at lower luminosities so that the hard X-ray spectrum
presents the hard tail expected when bulk Comptonization is the
dominant reprocessing channel (Becker & Wolff 2005). Ob-

servations performed at the lower fluxes (≤ 10−10erg cm−2 s−1)
showed a steeper Comptonization index and a cooler thermal
photon temperature, they are thus characterized by a signifi-
cantly softer emission. These results are confirmed from the
model-independent analysis of the source emission provided by
the HID in Fig. 5. The observations in which a cut-off energy
of 30 keV was measured are represented with the two blue dia-
monds located on the upper right corner of the plot. The PCA
observations performed at intermediate levels for which quasi-
simultaneous INTEGRAL /ISGRI data were also available are
represented with the two green stars located immediately below
the blue diamonds. The source emission shows a remarkable
change in the hardening at count-rates ∼80–100 cts/s, i.e., where
the change in the cut-off energy is also revealed by the spec-
tral fitting. The flux corresponding to the change in the cut-off
energy is 1.3 ÷ 1.8 × 10−9 erg cm−2 s−1, and translates into a lu-
minosity ∼ 2 × 1036 erg s−1.

According to the discussion of Becker et al. (2012), at low
luminosity (LX <∼ 1034−35 erg s−1) matter strikes the NS surface
after passing through a gas-mediated shock. At higher luminos-
ity, the radiation pressure begins to affect the accretion process
so that a radiative shock forms, and plasma deceleration takes
place through Coulomb interactions in an vertically extended at-
mosphere. At this stage, the efficiency of the thermal cooling
of the high-energy electrons responsible for the Comptonized
emission increases significantly and can produce the observed
change in the cut-off energy. However, the luminosity level at
which this transition happens is not well predicted on theoretical
basis and is here tentatively identified on observational grounds
at ∼ 2 × 1036 erg s−1. It is worth noticing that in all observa-
tions, RX J0440.9+4431 remains relatively faint in the X-rays
compared to the giant outbursts of transient Be/X-ray binaries
(LX ∼ 1038 erg s−1). As a consequence, the HID does not show
the typical upper branch turning towards softer colors typically
observed during the brightest outbursts of these sources, which
might be interpreted as the onset of the fully radiation dominated
accretion column (Reig & Nespoli 2013; Becker et al. 2012).

To test further the picture of the accretion processes in
RX J0440.9+4431 given above, we have estimated from the bmc
best-fit parameters the terminal velocity of the accretion flow at
the NS surface for all the RXTE spectra in Fig. 6. We follow
below eq. (91–92) of Becker & Wolff (2007) adapted to the no-
tation used in the previous sections of our paper. By equating
the energy flux dissipated by the thermally emitting surface to
the flux of kinetic energy, we obtain

σSBT 4
BB =

1
2

Jv2 , (7)

whereσSB is the Stefan-Boltzmann constant, TBB the black body
temperature, v the stream velocity, and

J =
Ṁ
πr2

BB
. (8)

The radius of the hot spot emitting the thermal radiation, rBB, can
be derived from the measured spectral parameters using eq. (2).
We use also the standard conversion between mass accretion rate
and X-ray luminosity:

Ṁ =
4πD2FXR2

∗
GM∗

(9)

where D is the source distance, FX is approximated by F2−30 keV,
G is the gravitation constant, R∗ and M∗ are the NS radius and
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Lcrit



0.0 0.2 0.4 0.6 0.8 1.0 1.2
BAT cts/s/cm2 (1 Crab ∼ 0.22 cts/s/cm2)

38

40

42

44

46

48

E
cy

c
ke

V

0 5 10
LX/1037 erg s−1

 D. Klochkov / Structure of the X-ray emitting region in accreting pulsars

AIT

23

Supercritical,
radiation deceleration

Lx

Subcritical, 
Coulomb stopping

Subcritial,
gas shock?

Ecyc

? ?



Let us introduce a column density variable y: dy = -ρdz.

ρ(z)v(z)=ρ0v0=const. The equation above can thus be trivially 
integrated:

Navier-Stokes equation in a stationary case:

Along z-axis:
0 = −v∇v − 1

ρ
∇p+ g

1

ρ

dp

dz
= −v

dv

dz
− g

−dp

dy
= ρv

dv

dy
− g

p(y) = gy + v0ρ0(v0 − v)
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NS

z

“Second” critical luminosity

(see also Staubert et al. 2007)



p(y) = gy + v0ρ0(v0 − v)

v0ρ0(v0 − v) =
Ṁv0
A

�
1−

�
v

v0

�2
�
=

Ṁv0
A

�
1−

�
1− τ

τ�

�1/4
�

gy =
Ṁv0
A
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“Second” critical luminosity

hydrostatic
term

dynamic
term

higher 

lower Ṁ

Ṁ
The accretion mound starts to 
“respond” to the varying       when 
hydrostatic term starts to be 
comparable to the dynamic one.

Using continuity equation ρv=     /A and velocity profile from 
Nelson et al. (1993):

Equating static and dynamic terms at               :

                                            →                        erg/s 

τ = τ�

LX ∼ 1036

Ṁ

Ṁ
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Summary

• Luminosity-dependence of the X-ray spectrum of accreting 
pulsars (reaction on the changing     ) is a key source of 
information about the configuration of the emitting region
• Spectrum-luminosity dependence can be studied on very short 
pulse-to-pulse time scale
• Accreting pulsars show at least two types of spectrum-
luminosity correlations which we interprete as manifestations of 
different emitting region configurations
• Transition between different accretion modes occur at certain 
“critical” luminosity(-ies), Lcrit, which depend on individual pulsars’ 
properties
• Our theoretical estimates of Lcrit  are consistent with the 
observed transitions between different regimes

Ṁ


