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ABSTRACT

Extreme accretion in X-ray pulsars (XRPs) results in radiation-driven outflows launched from the inner parts of the accretion
disc. The outflows affect the apparent luminosity of the XRPs and their pulsations through the geometrical beaming. We model
processes of geometrical beaming and pulse formation using Monte Carlo simulations. We confirm our earlier statement that
strong amplification of luminosity due to the collimation of X-ray photons is inconsistent with a large pulsed fraction. Accounting
for relativistic aberration due to possibly high outflow velocity (~0.2c) does not affect this conclusion. We demonstrate that the
beaming causes phase lags of pulsations. Within the opening angle of the accretion cavity formed by the outflows, phase lags tend
to be sensitive to observers viewing angles. Variations in outflow geometry and corresponding changes of the phase lags might
influence the detectability of pulsation in bright X-ray pulsars and ULXs. We speculate that the strong geometrical beaming is
associated with large radiation pressure on the walls of accretion cavity due to multiple photons reflections. We expect that the
mass-loss rate limits geometrical beaming: strong beaming becomes possible only under sufficiently large fractional mass-loss

rate from the disc.

Key words: accretion, accretion discs —stars: neutron —stars: oscillations — X-rays: binaries.

1 INTRODUCTION

X-ray pulsars (XRPs) are accreting strongly magnetized neutron stars
(NSs) in close binary systems (see Mushtukov & Tsygankov 2022 for
review). Typical magnetic field strength at the NS surface in XRPs is
expected to be B ~ 10'2 G. The apparent luminosity of XRPs covers
many orders of magnitude from ~ 103 erg s~ up to ~ 10" erg s~!.
The brightest XRPs belong to the class of recently discovered
pulsating ultraluminous X-ray sources (ULXs; see Bachetti et al.
2014; Israel et al. 2017; Fabrika et al. 2021 for review) and Be-
X-ray transients at the peak of their outbursts (Tsygankov et al.
2017; Tao et al. 2019; Chandra et al. 2020; Doroshenko et al. 2020;
Vasilopoulos et al. 2020). The geometry of the accretion flow in XRPs
is strongly affected by the magnetic field of an NS. The accretion
flow from the companion star in the form of wind or accretion disc
is destroyed at a certain distance called the magnetospheric radius,
where magnetic field pressure starts dominating the ram pressure of
accreting material. The radius of NS magnetosphere in XRP depends
on the mass accretion rate M and NS magnetic field strength and
structure. For the case of magnetic field dominated by the dipole
component, the magnetospheric radius is estimated as

Rw = 1.8 x 10° ABY M "'m= R em, (1)

where A ~ 0.5-11s afactor depending on the accretion flow geometry
and physical condition (see e.g. Chashkina et al. 2019), By, is a
surface magnetic field strength in units of 10'2G, M7 is mass
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accretion rate in units of 10'7 gs™!, m is a mass of an NS in units
of M, and Ry is the NS radius in units of 10® cm. When observing
from the magnetospheric radius, the accretion flow follows magnetic
field lines and reaches the NS surface in a small region close to an
NS’s magnetic poles. If the inner disc radius becomes small enough
at high mass accretion rates:

Ry < Ra ~ 2.7 x 108 M}¢/*'m"/? cm, 2)

the inner parts of accretion disc become radiation pressure dominated
(Shakura & Sunyaev 1973). At

M >5x10°A7° B m* PR gs7!, 3)

accretion disc starts to lose material in the form of radiation-driven
outflows.

Non-dipole magnetic fields' decrease faster with the distance
from an NS, and the accretion disc can come closer (see numerical
simulations performed by Long, Romanova & Lovelace 2007, 2008;
Das, Porth & Watts 2022). In the case of a magnetic field dominated
by a quadrupole component, the magnetospheric radius can be
estimated as

RY ~3.44 x 10" BY" M1 7" m /M R em, “4)

'The evidence of non-dipole magnetic field structure was reported already
in a few XRPs including Her X-1 (Monkkonen et al. 2022), NGC 5907 X-1
(Israel et al. 2017), and Galactic Be transient Swift J0243.6+6124 (Kong
et al. 2022).
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which results in the launch of the outflows at slightly lower mass
accretion rates:

M@ >2x 10"° Bfél3m12/l3Ré6/13 gs_l. (5)

According to equations (3) and (5), considerable mass-loss rates due
to radiation driven outflows become possible only for sufficiently
high mass accretion rates from a companion star or/and sufficiently
weak magnetic field of an NS (see e.g. Chashkina et al. 2019;
Mushtukov et al. 2019). The evidence of the outflows in a few bright
X-ray binaries, including pulsating ULX NGC 300 X-1 (Kosec et al.
2018), and bright Galactic BeXRP Swift J0243.64+-6124 (van den
Eijnden et al. 2019) were already reported. In both cases, the velocity
of the outflows was measured to be v ~ 0.2c.

The apparent luminosity Ly, of the XRPs is obtained from their X-
ray energy flux averaged over the pulse period Fiyye: Lapp ~ 47 F, weD?,
where D is a distance to the XRP. The outflows place NS into
the accretion cavity and collimate radiation from the central object,
making the apparent luminosity of a source smaller or larger than the
actual luminosity, depending on the mutual orientation of a system
and distant observer (King 2009; King, Lasota & KluzZniak 2017;
Abarca, Parfrey & Kluzniak 2021). The coefficient of proportionality
a between the apparent and actual luminosity is the amplification
factor:

Ly =alL. 6)

The apparent luminosity and amplification factor depend on the
geometry of accretion flow/outflow, and varies for distant observers.

The geometrical collimation and corresponding multiple reflec-
tions of X-ray photons from the walls of the accretion cavity influence
pulsations in bright XRPs (Mushtukov et al. 2021). In particular, the
strong geometrical beaming of X-ray radiation lead to a considerable
reduction in the pulsed fraction (PF)

_ Fmax - Fmin
Fmax + Fmin7

where Fp, and Fy,c are minimal and maximal fluxes during the
pulsation period. The possibly large velocity of the outflow can
influence reprocessing of X-ray photons by the walls of the accretion
cavity: relativistic aberration can reduce the number of reflections
and therefore increase the pulse fraction. In addition, reflections of
the beam pattern from the walls of the accretion cavity can change
the pulse shape, and cause phase lags in observed pulsations.

This paper follows our recent analyses of geometrical beaming per-
formed in (Mushtukov et al. 2021). Using Monte Carlo simulations,
we investigate more realistic geometry of radiation-driven outflows
from accretion disc (see Fig. 1) and account for relativistic aberration
due to the possibly high velocity of the outflows. We analyse the
influence of geometrical beaming and outflow velocity on the PF
(Section 3.1) and phase shift of X-ray pulsation (Section 3.2). The
repeated reprocessing of X-ray photons inside the accretion cavity
influences the radiation pressure and therewith the geometry of the
accretion cavity (Section 3.4).

PF N

2 MODEL

Geometry of radiation-driven outflows in XRPs is determined by
multiple factors, including the structure of NS magnetosphere, details
of wind launch, and mechanisms of opacity. We consider a simplified
geometry where the NS is located inside the cavity of a fixed
geometrical thickness. The walls of a cavity are given by two conical
surfaces with opening angle ¢ (see Fig. 1, right). The geometry is
therefore determined by three parameters: the inner radius of the
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accretion flow Rj,, the effective semithickness of the cavity H, and
the opening angle of the conical surfaces ¢. Two angles determine
NS rotation: The angle between the orbital axis and the NS spin
axis is &, and the magnetic obliquity is «, i.e. the angle between the
rotational axis and the magnetic axis of the NS. The z-axis is aligned
with the rotational axis of the accretion flow, the NS spin is in the
x — z plane, and the y-axis completes the right-handed coordinate
system. The observer’s position is specified by the inclination i and
azimuthal angle ¢ (see Fig. 1, left). We assume that most of the
accretion energy is emitted in close proximity to the magnetic poles
of an NS. Rotation of an NS results in a specific average flux and
pulsations detectable by a distant observer. The average flux and
pulsed signal depend on specific rotation parameters, the geometry
of accretion flow, and the position of the observer with respect to the
system.

Using Monte Carlo simulations, we trace the history of photons
emitted near the NS surface and can reproduce the shape of pulsation
in any given direction. Our code is designed under the following set
of assumptions:

(i) A dipole component dominates the magnetic field of an NS,
and an accreting NS produces two beams directed along the magnetic
axis. The angular distribution of the luminosity is assumed to follow:

dL(9)
dcos6

0s" 6, (8)

where 6 € [0; /2] is the angle between the magnetic axis and the
photon momentum.

(i1) Reflection of a photon by the walls of the accretion funnel is
calculated under the assumption of multiple conservative, isotropic
(in the reference frame co-moving with the outflow), and coherent
scattering in the semi-infinite medium.

(iii) The material that forms the walls of the accretion cavity can
have finite velocity. The velocity vector at the edge of the accretion
cavity is assumed to be along the conical surface and is directed away
from the plane of accretion flow symmetry.

(iv) The light travel time inside the accretion funnel is assumed
to be much shorter than the NS spin period and thus does not affect
the formation of the pulse profile (applicability of this assumption is
discussed in Mushtukov et al. 2021, Section 3.3).

To account for non-zero outflow velocity, we adopt that the walls of
the accretion cavity move with a constant velocity v in the direction
opposite to the central object. Due to the relativistic aberration,
the momentum direction of a photon that reaches the edges of the
accretion cavity is different in the laboratory reference frame and the
reference frame co-moving with the outflow material. Simulation
of the reflection process consists of three steps: (i) the direction of
photon motion is recalculated from the laboratory reference frame to
the reference frame co-moving with the outflow, (ii) using the Monte
Carlo approach and assuming a semi-infinite medium, we calculate
the direction of a reflected photon in the co-moving reference frame,
and (iii) the direction of photon momentum is recalculated from the
co-moving reference frame to the laboratory reference frame. We
use Lorentz transformation to recalculate the direction of photon
momentum from one reference frame to another. Defining the local
coordinate system with the z’-axis along the direction of motion
of the gas and the x’-axis along the normal to the surface, we can
write the unit vector along the photon momentum in the laboratory
reference frame as

n, = (sin x cos ¥, sin x sin ¥, cos x). )
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Figure 1. Schematic illustration of the considered geometry. Under conditions of extremely intensive accretion in a binary system, the accretion flow (accretion
disc and outflow from the disc) from the companion star forms an accretion cavity around the central object. The cavity naturally collimates X-ray flux from an

NS and affects the pulsation properties.

The unit vector along the photon momentum in the reference frame
co-moving with the gas is given by (Poutanen et al. 2013)

n, = (sin x'cos v/, sin x'siny’, cos x')

w
cosx—ﬂ)

1 —pBcosy (10)

(D sin y cos ¥, D sin x sin i,
where

D=y '(1-Beosy)™!, y=01-p)" an

The inverse transformation from the co-moving reference frame to
the laboratory one can be obtained from equations (10) and (11) by
replacing 8 with (— f).

Tracing a history of N photons emitted by an NS at specific
geometrical configurations (N = 10° in the simulations represented
in this paper), we can reproduce the pulse profiles as different distant
observers observe them. On the base of constructed pulse profiles,
we obtain the average flux and therefore the luminosity amplification
factor a (see details in Mushtukov et al. 2021). Note that some differ-
ence between actual and apparent luminosity appears even without
the accretion cavity collimating X-ray photons. The constructed pulse
profiles naturally provide us with the PF. Cross-correlating the pulse
profiles constructed for the accretion flow absence with the pulse
profiles calculated for a given set of accretion cavity parameters,
we can get the phase lag of X-ray pulsations caused by geometrical
beaming. Similarly to the luminosity amplification factor and PF, the
phase lags depend on the mutual orientation of the binary system and
the distant observer. Assuming the random mutual orientation of a
system in the observer’s reference frame, we construct the expected
distributions of accreting NSs over the amplification factors and
obtain the average PF and the average phase lag of the pulsations for
each value of a.

The photons experiencing geometrical beaming in the accretion
cavity participate in many reflection events at the edge of the
cavity. Each reflection event is accompanied by a transfer of photon
momentum to the walls of the cavity. One would expect that in
the case of stronger geometrical beaming, the momentum transfer
to the walls of the cavity, i.e. to the outflow, is larger because the
photons experience more reflections inside the cavity before leaving
the system. If the momentum transferred to the walls of the accretion
cavity is comparable to the total momentum of the mass outflow rate
in XRPs. The radiation pressure inside the accretion cavity is high

enough to affect the geometry of the outflow. We do not model the
influence of radiation pressure on the outflow geometry but estimate
the total photon momentum transfer to the walls of the accretion
cavity.

3 NUMERICAL RESULTS

The numerical results presented below are averaged over the param-
eters of NS rotation given by « and £ and displacement of a distant
observer in respect to the system given by angles i and ¢ (see Fig. 1).
The rotational axis of the NS is taken to be randomly oriented to
the accretion flow. The angle between the rotation axis and magnetic
axis « takes random values in the interval [0; 7r]. Note that the
accretion process on to magnetized NS tends to align the rotational
axis of a star with the accretion disc axis. The relaxation time to the
equilibrium depends on the magnetic moment of an NS (Lipunov
1982). The rotational axis is expected to be aligned with the disc axis
of the XRPs, which hosts an NS with an extremely strong magnetic
field. At the same time, the orientation of the rotational axis of a
weakly magnetized NS can be far from equilibrium and randomly
oriented. The results from aligning the rotational axis with the axis
of the accretion disc are only slightly different than those obtained
from a random orientation of the rotational axis. The initial beam
pattern is taken to be described using n = 2 in our simulations (see
equation 8). In the case of strong geometrical beaming, variations of
n affect the final results insignificantly (see Fig. 2).

3.1 Geometrical beaming influencing pulsed fraction

Strong geometrical beaming in the directions close to the axis of
symmetry is achievable at large H/R;, ratios and small opening angles
of accretion cavity ¢ (see Fig. 3). Outside the opening angle of the
cavity, the luminosity amplification factor drops rapidly and turns to
zero at i = /2. The beaming results in a drop of the averaged pulse
fraction (see Figs 4a, b and d, ). The PF above 10 per cent is hardly
possible for amplification factors a > 10, which is consistent with
our earlier report (Mushtukov et al. 2021). The strongest pulsations
are expected for observers with inclination i ~ ¢ with respect to the
accretion disc plane (see Fig. 3), but PF is still small in the case of a
large amplification factor. For the viewing angles within the opening
angle of the accretion cavity, the PF can be variable within a factor
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Figure 2. The differential distributions of sources over the amplification
factor. Different lines represent distributions corresponding to different
parameters n: 1 (black solid), 2 (red dashed), and 4 (blue dotted). Different
panels correspond to different opening angles of accreting cavity: (a) ¢ = /2,
(b) ¢ =1, and (c) ¢ = 0.5. One can see that even in the case of the absence of
geometrical beaming (¢ = 7/2, panel a), the apparent luminosity can differ
from the actual one, and the distribution of sources over the amplification
factor is affected by the initial beam pattern. On the contrary, the initial beam
pattern of radiation does not affect much the distribution of sources over the
amplification factor in the case of a sufficiently small opening angle ¢ (see
panels b and c¢). Parameters: H/R;, = 100.

of a few. Large PF at i ~ 7/2 is of no interest because of the very
low apparent luminosity in this direction.

3.2 Pulse phase shift due to the beaming

Numerical simulations reveal the appearance of phase shift of X-
ray pulsations due to the geometrical beaming (see lower panels in
Figs 3 and 4c and f). This result seems to be natural because, in
the case of beamed flux, the observer detects a significant fraction
of reprocessed/reflected photons. The phase shift depends on the
geometry of the outflows and the observer’s inclination with respect
to the accretion flow plane (see the lower panel in Fig. 3). The lags
are minimal for observers looking at the system along the axis of
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symmetry and strongly dependent on the observer’s inclination i
even within the opening angle of the accretion cavity (i < ¢), where
the amplification factor shows only slight variations. Thus, the phase
lags are more sensitive to the appearance of the outflow and variations
of its geometry than the amplification factor.

In the case of strong geometrical beaming, the average phase
lag is close to 0.5 expect the largest amplification factors, which
correspond to the case of distant observers looking at the system
close to the axis of symmetry. The dispersion measure of the lags
tends to increase with the increase of the effective thickness of the
flow and the decrease of the cone opening angle.

3.3 Influence of the outflow velocity

We considered the outflow velocity v = 0.2¢ similar to the ones
reported in bright X-ray transients and ULXs (Kosec et al. 2018;
van den Eijnden et al. 2019; Pinto et al. 2021). Our simulations
accounting for relativistic aberration reveal only a slight influence of
the outflow velocity on the sources distribution over the amplification
factor, average PF, and phase lag (see Fig. 5).

3.4 Radiation pressure on the walls of accretion cavity

The total momentum L, transfer (in a unit time) from X-ray photons
locked inside the accretion cavity to the outflow in a direction
perpendicular to the symmetry axis of the system is dependent
both on the opening angle of the conical surfaces ¢ and effective
geometrical thickness H (see Fig. 6). In the case of small opening
angles ¢ and large H/R;, ratios, which are necessary conditions for a
strong luminosity amplification, the transferred momentum is much
greater than the total momentum of the photons emitted at the NS
surface.

In the case of advective discs, the radiation-driven outflow hardly
carries away more than half of accreting material even at a high
mass accretion rate M, from the companion star (Lipunova 1999;
Poutanen et al. 2007). Therefore, the total momentum carried by the
wind per unit of time can be limited from above as
Ywind S %0.20 = A;I—?)C. (12)
The total momentum carried by X-ray photons per unit of time at
close proximity to the surface of accreting NS is

L GMM _ v} M,

Txo=7= Rc = c 2’ (13)
where M and R are NS mass and radius, respectively, M e
[0.5Mp; My] is the mass accretion rate on to the NS surface, and
v is a free-fall velocity at NS surface. Assuming vg ~ 0.5¢,
one can estimate the momentum of X-ray photons from below as
L, 0 = My/8. Therefore, in the case of advective accretion discs, the
momentum of photons emitted at the NS surface already exceeds the
momentum of the wind launched from the disc. Under this condition,
strong geometrical beaming is impossible because the collimation of
X-ray luminosity will result in radiation pressure on the walls of
the accretion cavity strong enough to change the geometry of the
outflows.

In the case of weak advection, a larger fraction of viscously
dissipated energy can be spent to launch the outflows. It results in
a larger fraction f = (Mo — M)/ M, of material launched from the
disc (see e.g. Shakura & Sunyaev 1973 and simulations by Takahashi,
Mineshige & Ohsuga 2018). The ratio of the total momentum carried
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Figure 3. The dependence of averaged amplification factor (black dashed lines), pulsed fraction (solid red lines), and pulse phase lags (solid blue lines on the
bottom panel) on the observer’s inclination i with respect to the accretion flow plane. The left-hand and right-hand panels are given for different opening angles
of the accretion cavity: ¢ = 1 rad and ¢ = 0.5rad, respectively. Vertical dotted lines give the opening angles. Parameters: H/R;, = 100, n = 2.

by the wind to the total momentum of X-ray photons emitted at the
NS surface

Twind
Txo0

L8 S
S (14)

exceeds unity at f > 5/13 already. However, in the case of strong
geometrical beaming, X-ray photons experience multiple reflections
from the walls of the accretion cavity and can transfer their mo-
mentum to the outflow several times. Thus, the effective momentum
transferred to the outflow by X-ray photons Y'x (depending on the
geometry of the cavity) can be larger than the total momentum of
photons emitted at the NS surface, i.e. Yx/Tx o > 1 (see Fig. 6). Thus,
geometrical beaming is associated with increased radiative pressure
on the walls of the accretion cavity. Under conditions of sufficiently
strong beaming, the momentum transfer from X-rays to the outflow
becomes comparable to the total momentum of the outflow (Y x/Y yina
~ 1, see horizontal lines in Fig. 6) even in the case of a large fraction
of material launched with the wind. It might increase the opening
angle of the accretion cavity and the corresponding reduction of the
geometrical beaming. As a result, we expect that the fractional mass
outflow rate puts an upper limit on the opening angle of the accretion
cavity and possible amplification factor. Prominent amplification
factors require a large fractional mass outflow rate. Detailed analysis
requires radiative hydrodynamics simulations, which is beyond this
paper’s scope.

4 SUMMARY AND DISCUSSION

Using Monte Carlo simulations, we have investigated the influence
of the outflows in bright XRPs on the geometrical beaming of
radiation and key features of pulsations. We have considered a more
realistic geometry of the accretion cavity (see Fig. 1) compared to
those investigated earlier in Mushtukov et al. (2021), and we have
the influence of outflow velocity taken into account. We confirm
that strong geometrical beaming is inconsistent with a large PF:
the amplification of the apparent luminosity by order of magnitude
(or more) results in a drop in a PF of less than 10 percent. This

weak response is essential for understanding the physics of pulsating
ULXs, and it suggests that the actual accretion luminosity in these
objects cannot differ much from their apparent luminosity. Our
conclusion does not rule out the possibility of outflows to ULXs.
On the contrary, given the estimates (see 3 and 5) of the accretion
rate needed to initiate the outflows mass-losses due to the radiation-
driven winds in ULXs are likely. A change in the outflow geometry
(its opening angle or the orientation with respect to the observer’s
reference frame) or the on/off-switching of outflows can initiate
changes in the ULX’s apparent luminosity.

We demonstrated that geometrical beaming causes phase shifts
in the pulsations of the X-ray energy band. Therefore, detecting
lags in the pulsations in transient XRPs while they are transiting
to a bright state seems to correspond to the launch of the out-
flows from the accretion disc. Phase lags arising at high mass-
accretion rates were reported in a few X-ray transients such as in
Swift J0243.64+6124 at L ~ 103 erg s~ (Doroshenko et al. 2020),
in RX J0209.6—7427 at L ~ 2 x 103 erg s™' (Hou et al. 2022),
in SMC X-3 at L ~2 x 10%ergs™! (Liu et al. 2022), and in
GRO J1744—28 during the short bursts on top of the outburst, when
the apparent luminosity of the source increases by a factor of 10 or
more and exceeds 10% erg s~! (Kouveliotou et al. 1996; Doroshenko
et al. 2015). When accounting for the limiting mass accretion rate
required to launch the radiation-driven outflow (see estimations 3
and 5), we conclude that the outflows and corresponding phase lags
are expected at apparent luminosity L > 10%° erg s~'. As aresult, the
phase shifts detected in GRO J1744—28 can already be considered
as a possible consequence of the launching of the outflow. The phase
shifts and changes of the pulse profiles in Swift J0243.6+6124,
RX J0209.6—7427, and SMC X-3 can be caused by changes in
the geometry of the emitting region near the NS’s surface (i.e. the
appearance of accretion column Basko & Sunyaev 1976; Wang &
Frank 1981; Mushtukov et al. 2015; Abolmasov & Lipunova 2022;
Zhang, Blaes & Jiang 2022a,b). These then correspond to changes
in the beam pattern (see e.g. Gnedin & Sunyaev 1973) or in the
growth of the accretion column up to the height where it cannot
be eclipsed by the NS (Mushtukov et al. 2018). Within the opening
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that thicker accretion flow (i.e. larger H/R;,) and smaller opening angle of accretion cavity ¢ result in larger amplification factors in the distribution. (ii) The
average PF as a function of the amplification factor (solid lines) and the regions within one standard deviation from the average value (b, e). (iii) The average
phase lags of pulsations at a given amplification factor (c, f). Different curves correspond to different opening angles of the accretion cavity surface: ¢ = 0.1
(black), 0.5 (red), and 1 (blue). Left-hand and right-hand columns correspond to H/R;, = 10 and H/R;, = 100, respectively.

angle of the accretion cavity formed by the outflows, phase lags
tend to be more sensitive to the observer’s viewing angle than to the
luminosity amplification factor and the PF (see Fig. 3). Variations in
outflow geometry, and the corresponding changes of the phase lags,
can influence the detectability of pulsation in bright XRPs and in
ULXSs powered by accretion on to the NS. Precession of the outflow
and the accretion cavity in the observer’s frame of reference may
influence the apparent pulse period derivative.

Our simulations account for the effect of special relativity and
possibly the large velocity of the outflow. Taking these effects
into account is important even though the outflow velocity <
0.2¢ according to the recent observational results (Kosec et al.
2018; van den Eijnden et al. 2019; Pinto et al. 2021). Accounting
for the high velocity of the outflows, however, hardly affects the
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luminosity amplification through geometrical beaming (see Fig. 5a).
The influence of the velocity on the PF is also negligible (see
Fig. 5b).

We demonstrated that strong geometrical beaming is associated
with large radiation pressure on the walls of the accretion cavity
because photons experience multiple reflections from the cavity
walls. In the case of weakly advective accretion discs, a considerable
(if not the major) fraction of the material accreting from the
companion star is lost in the wind. Then geometry of the cavity
is not affected by radiation pressure. On the contrary, in the case
of strong advection, discs lose only a small fraction of material due
to the winds. Then high radiation pressure can affect the opening
angle of the accretion cavity, making it larger, which reduces the
geometrical beaming.
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Figure 5. The influence of outflow velocity 8 on the distribution of sources
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Figure 6. The momentum transferring to the walls of the accretion cavity
by X-ray photons (in units of the total momentum of the photons emitted
at the NS surface) as a function of accretion cavity opening angle ¢.
Different curves are given for different relative thicknesses of the flow
H/Ri, =1, 5, 25, 225 (from bottom to top, respectively). In the case of
large H/R,, and small ¢, the photons experience multiple reflections and
effectively transfer their momentum several times. It enforces radiation
pressure on the walls. Horizontal dotted lines (given for different fractions of
material launched from the disc: f = 0.8, 0.9, 0.95) show conditions when
the momentum transferred to the outflow is comparable to its total momentum.
Above a dotted line of corresponding f, radiation pressure is expected to be
strong enough to affect the geometry of the outflow.
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