of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 543, 1447-1455 (2025)
Advance Access publication 2025 September 16

https://doi.org/10.1093/mnras/staf1569

Angle-dependent hardening of the reprocessed spectra in ULXs powered
by accretion on to neutron stars

Sricheta Karmakar,'** Alexander A. Mushtukov “** and Matthew Middleton*

School of Physics and Astronomy, University of Edinburgh, Edinburgh EHS8 9YL, UK

2Indira National School, Opp. Indira Institute, Off New Pune-Mumbai Highway, Wakad, Maharashtra 411057, India

3 Astrophysics, Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, UK
4Department of Physics and Astronomy, University of Southampton, Highfield, Southampton SO17 1BJ, UK

Accepted 2025 September 10. Received 2025 September 10; in original form 2025 July 4

ABSTRACT

It is anticipated that mass accretion rates exceeding approximately 10'° g¢s~! in X-ray pulsars lead to radiation-driven outflows
from supercritical accretion discs. The outflows launched from the disc influence the angular distribution of X-ray radiation,
resulting in geometrical beaming. The beaming, in turn, impacts the apparent luminosity of the X-ray pulsar, detectability of
pulsations, and the spectral composition of the X-ray flux. We employ a straightforward geometrical model of the outflows,
perform Monte Carlo simulations, and model the spectra of radiation, reprocessed by the walls of the accretion cavity formed
by the outflows. We consider the reprocessed emission only; direct pulsar emission is not included in our modelling. Our results
demonstrate that the spectra of reprocessed radiation depend on the actual luminosity of the central engine, the geometry of the
outflows, and the viewing angle — most notably on the latter, through changing visibility of the hotter wall regions near the disc
plane. The high-energy part of the reprocessed spectrum depends strongly on viewing angle (harder at lower inclinations), while
the soft flux varies comparatively little with inclination. In our model, this contrast is a prediction: variable ultraluminous X-ray
sources are expected to exhibit strong high-energy angle sensitivity together with comparatively modest soft-band variation,
naturally arising if precession modulates the effective inclination.
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1 INTRODUCTION

X-ray pulsars (XRPs) are accreting, strongly magnetized neutron
stars in close binary systems (see Mushtukov & Tsygankov 2022
for a review). The magnetic field at the surface of a NS in an XRP
is expected to be >10'' G (Staubert et al. 2019). In some XRPs,
including the brightest XRP in our Galaxy Swift J0243.64+6124
(Kong et al. 2022), the NS magnetic field is reported to be >10'3 G
(see also Ge et al. 2020). The strong magnetic field shapes the
geometry of the accretion flow within regions of size ~10%cm
around a NS, and channels the accretion flow towards small regions
located close to the magnetic poles of the star. Within the latter
regions, accreting material is decelerated, kinetic energy turned into
heat and predominantly emitted in the form of X-ray photons. The
apparent luminosity of XRPs spans a wide range, from ~10°? up to
~10" ergs~!. The brightest XRPs belong to the class of pulsating
ultraluminous X-ray sources (ULXs, see Fabrika et al. 2021; King,
Lasota & Middleton 2023 for reviews), which are the focus of our
research. Intensive mass transfer in XRPs is expected to affect the
geometry of the emitting regions, the structure of the accretion flow,
and the formation of outflows:
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(i) At a mass accretion rate of M > 10'7 gs™!, the radiative

force becomes strong enough to halt the accretion flow above the
NS surface, forming an accretion column — a structure supported
by radiation pressure and confined by the strong magnetic field
(Basko & Sunyaev 1976; Wang & Frank 1981; Mushtukov et al.
2015; Abolmasov & Lipunova 2023; Sheng et al. 2023; Zhang,
Blaes & Jiang 2025). X-ray radiation from the accretion column
experiences gravitational bending in the space—time curved by the
NS, which affects (though not dramatically; see Inoue, Ohsuga &
Kawashima 2020; Markozov & Mushtukov 2024) the apparent
luminosity due to amplification of X-ray flux in certain directions. At
mass accretion rates of order 10'° gs™!, accretion columns become
advection-dominated, potentially producing strong, anisotropic neu-
trino emission (Mushtukov et al. 2018, 2025).

(ii)) At M > 10" gs!, the accretion flow within the magneto-
spheric radius becomes optically thick, influencing the processes of
spectral and pulse formation (Koliopanos et al. 2017; Mushtukov
et al. 2017, 2019; Brice et al. 2023; Flexer & Mushtukov 2024).

(ili) At M > 10" gs™!, accretion discs in XRPs become
radiation-pressure dominated and can lose mass through radiation-
driven outflows (Shakura & Sunyaev 1973; Poutanen et al. 2007;
Chashkina et al. 2019). However, the stability of such radiation-
driven outflows remains uncertain (Middleton et al. 2022). Numerical
simulations of outflows in black hole binaries show that they can form
accretion cavities with opening angles of ¢ ~ 0.5-1rad (Okuda,
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Figure 1. A schematic picture of a bright XRP. The central NS is located
in an accretion cavity formed by the disc and the outflows. The geometry of
the accretion cavity is determined by three parameters: the inner disc radius
Rn, the effective geometrical thickness of the cavity H, and its opening angle
¢. The local temperature of the accretion cavity walls is determined by the
amount of radiation that is reprocessed locally. The apparent luminosity and
spectrum of the XRP is expected to be dependent on the viewing angle of a
distant observer given by the inclination i.

Lipunova & Molteni 2009; Takeuchi, Ohsuga & Mineshige 2013).
In accreting, strongly magnetized NSs, most of the energy is released
at the NS surface. The outflow can collimate the X-ray flux, affecting
both the apparent luminosity of XRPs (Dauser, Middleton & Wilms
2017; King, Lasota & Kluzniak 2017) and the pulse formation
process (Mushtukov et al. 2021; Mushtukov & Portegies Zwart
2023). In particular, strong geometrical collimation of X-ray flux
in ULX pulsars is expected to suppress pulsations and cause phase
shifts. Evidence of powerful outflows has been reported in several
bright XRPs and ULXs (Pinto, Middleton & Fabian 2016; Walton
et al. 2016; Kosec et al. 2018; van den Eijnden et al. 2019), with
observed outflow velocities up to ~0.2c¢.

Thermally driven outflows, launched due to heating in the outer
disc regions, may also arise in XRPs at comparatively low-mass ac-
cretion rates (e.g. M < 10'7 gs™!, see Begelman, McKee & Shields
1983; Woods et al. 1996; Higginbottom & Proga 2015). Such winds
are typically initiated by Compton or photoionization heating and are
expected to be important at larger radii where the escape velocity is
lower. These outflows may influence line formation and absorption
features but are unlikely to significantly affect the inner accretion
structure or beaming geometry. Their effects are beyond the scope of
this study but see Middleton et al. (2022) for how thermal winds could
disrupt accretion in super-Eddington accreting binaries. Outflows
launched in bright XRPs form an accretion cavity that collimates the
X-ray flux in the direction close to the symmetry axis of the accretion
flow (see Fig. 1). This collimation arises from multiple reflections and
reprocessing of X-ray photons that interact with the cavity walls. The
dominant processes shaping this reflection are Compton scattering
by electrons and free—free absorption/emission. Due to absorption, a
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fraction of the X-ray flux illuminating the cavity walls is reprocessed
— hard X-ray emission from the central object is absorbed and re-
emitted in a softer energy band. Such reprocessing by optically thick
outflows is thought to produce the soft X-ray excess observed in
ULX spectra (Kitaki et al. 2021). Similar ideas were proposed in
the context of ULXs hosting black holes, where reprocessing in a
radiatively-driven wind funnel was shown to produce flat v F,, spectra
around 1keV and strong viewing-angle dependence (Vinokurov,
Fabrika & Atapin 2013). Although that study focused on supercritical
accretion on to black holes, the general radiative effects of wind
collimation and reprocessing are likely relevant for ULXs powered by
strongly magnetized NSs as well. Signs of X-ray photon reprocessing
by outflows were recently reported in the Galactic X-ray binary Cyg
X-3 (see, e.g. Veledina et al. 2024). In what follows, we model
the reprocessed emission produced in the cavity walls; the direct
pulsar emission is not included in our calculations. The observed
X-ray emission in bright XRPs consists of both direct radiation
from the central NS and radiation reprocessed by the outflows. The
relative contributions of these components depend on the outflow
geometry and viewing angle of the distant observer. In this work,
we focus on the reprocessed component and its angle-dependent
spectral properties. Spectral variations correlated with the apparent
luminosity have been reported in several ULXs, including ULX
pulsars (Pintore et al. 2014, 2017; Middleton et al. 2015a; Walton
et al. 2018; Fiirst et al. 2023). Since the spectral shape is expected to
depend on the viewing angle in systems with outflows (Poutanen et al.
2007), detection of such correlations supports the idea that outflows
influence the X-ray emission of ULXs. Some ULXs, including the
brightest ULX pulsar NGC5907ULX1 (Fiirst et al. 2023), show
superorbital variability of X-ray flux on time-scales of months, along
with spectral changes correlated with the superorbital phase. These
observations suggest that the superorbital variability may be caused
by precession of the accretion flow (see, e.g. Shirakawa & Lai 2002)
and the resulting changes in the observer’s viewing angle of the cavity
formed by the outflows (e.g. Middleton et al. 2018, see also Cemelji¢,
Kluzniak & Kundu 2025). Although a qualitative model linking
spectral shape to viewing angle has been proposed in the literature
(Middleton et al. 2015a; Dauser et al. 2017; Weng & Feng 2018), we
are not aware of any quantitative development of this idea. In this
paper, we consider a simple geometrical model of the outflows, and
investigate the influence of collimation/geometrical beaming on the
reprocessed-emission spectral formation. In particular, we quantify
the viewing-angle—dependent spectral hardening of the reprocessed
spectrum, while its soft flux varies comparatively weakly. We also
calculate the elements of the stress tensor at the boundaries of the
accretion cavity, which will be essential for future self-consistent
modelling of accretion cavity geometry in systems hosting strongly
magnetized NSs.

2 MODEL SET-UP

We assume that the accretion flow in an XRP forms an accretion disc
around a NS. The disc is interrupted due to the interaction with the
NS’s magnetic field at the magnetospheric radius

Rn=5x 10" AB) My 'm™"/"Rg*" cm, 1)
where B, is the magnetic field strength at the poles of a NS in units
of 10'2G, M,y is the mass accretion rate from the disc in units of
10" gs™!, m is a mass of the NS in units of solar masses, Rs =
Rns/10° cm is dimensionless NS radius, and A is a dimensionless
coefficient, which is typically taken to be A =1 for the case of
accretion from the stellar wind and A = 0.5 for the case of accretion



from the disc (see Ghosh & Lamb 1978, 1979; and estimated for
the case of intensive mass transfer in Chashkina et al. 2019). Unless
stated otherwise, the mass accretion rate M refers to the accretion rate
at the inner edge of the accretion disc, close to the magnetospheric
radius. Note that the magnetic field in (1) is assumed to be dipolar,
although we treat later the inner disc radius as a free parameter to
implicitly account for uncertainties in field strength and geometry.
The geometry of the outflows is given by the inner radius of the
accretion flow (1), and two conical surfaces of opening angle ¢
and effective geometrical thickness H (see Fig. 1). The material
of the walls can move with dimensionless velocity 8 = v/c, which
can affect the process of photon reprocessing from the walls of the
accretion cavity. We neglect rotation of the wind, assuming it to
be subdominant compared to the outflow velocity. For the outflow
speeds ~ 0.1-0.2c, rotational motion is not expected to significantly
affect the dynamics or radiative transfer. We assume that most of the
energy is released close to the NS surface, which should be the case
if R, > Rns. Then X-ray photons start their travel in the accretion
cavity from the central NS and leave the cavity straight away or after
a few interactions with the cavity walls. We neglect the influence of
the flow between the inner disc radius and NS surface.

We perform Monte Carlo simulations, tracing the history of Ny ~
108 photons and generating a series of random numbers X ; € (0; 1)
for each one. Between interactions, photon packets propagate at fixed
energy and frequency in the lab frame. The cavity interior is taken
to be transparent; all interactions occur at the cavity wall. In this
work we do not model Comptonization: the wall albedo is set to
zero, and an incident packet is fully absorbed (its energy is deposited
locally) and then thermally re-emitted. No optical-depth sampling
inside the wall is performed. To estimate the physical conditions at
the walls (i.e. local temperature and momentum exchange between
the photons and accretion flow), we divide the wall into 2N, layers
of equal height

H

Ah = —.
N,

The simulation consists of the following steps:

(i) The seed photons are emitted by a point source located at the
origin of the coordinate system. To get the direction of a seed photon,
we generate random numbers X, X,. Then the initial direction of
each photon is

6; = acos(1 — X)), ¢ =21 X,. 2)

(i) We assume that the photons are moving along straight trajec-
tories within the accretion cavity and the photons either leave the
system or reach some point at the conical surface. Using the initial
point of photon trajectory and direction of its motion, we check
whether the photon crosses the walls of the accretion cavity or leaves
the system. If the photon crosses the cavity walls, we obtain the
coordinates of the photon collision with the walls and go to step (iii).
If the photon leaves the system, we account for its final direction of
motion and return to step (i) to consider the next photon.

(iii) Upon reaching the conical surface, a packet is fully absorbed
and thermally re-emitted. In the local reference frame with the z’-axis
orthogonal to the conical surface, the re-emitted photon direction is
given by:

0’ = asiny/ X3, ¢ =2m Xy, 3)

which corresponds to a Lambertian (cosine-law) angular distribution.
The unit vector describing the direction of the re-emitted photon in
the local reference frame, where the x-axis is directed along the
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material velocity vector and z-axis is perpendicular to the accretion
cavity surface, is Lorentz-transformed as

(sinf’ cos ¢’ — B)(1 — Bsin@’ cos ¢')~!

n, = Dsin 6’ sin ¢’ , 4
D cos 6’

where

D=y'(1—Bcosx) ", ©)

y=1—p)"" ©)

are the Doppler and gamma factors respectively and x is the angle
between the photon direction and the wall velocity in the comoving
frame. The unit vector of the photon direction in the laboratory
reference frame is given by:

n, = M.(p. =M, (5 = senz)e) n, ™

where 1\71), (o) and 1\2 () are rotation matrices.

For energy accounting, each absorbed packet deposits its full energy
in the local wall element (albedo = 0); we keep a running tally
of deposited energy and momentum. A new thermally re-emitted
packet is launched in the comoving frame with the same packet
energy, drawn from a Planck spectrum at the local temperature (set
by energy balance; see below), and then Lorentz-transformed to the
lab frame (frequency shift v = D v').

Simulating reprocessing of photons at the walls of the accretion
cavity, we keep track of the number of collisions at each region of
the accretion cavity and the momentum transferred to the walls due
to the absorption-re-emission cycle:

AP = Pini — Pfins )

where p;,; and pg, are momenta of a photon before and after
interaction, respectively. The number of local interactions of photons
with the wall and the amount of transferred momentum are used
further to estimate the local temperature of the accretion cavity and
the stress components, respectively. Then we return to step (ii).

The local temperature of the walls of the accretion cavity is deter-
mined by the photon energy that is reprocessed locally. We consider
heating of the outflowing material only by photons originating near
the NS. Heating from the lower disc regions is neglected, which may
lead to some underestimation of soft emission. To get an approximate
estimate, we assume that the temperature is related to the reprocessed
flux as F = oggT*. We therefore obtain:

N; 1
Niot T AR(R; 11 + Ri)’

oseT ~ L )
where L is the luminosity generated near the NS surface, N; is the
number of photon interactions (absorptions) within a layer of the
accretion cavity, Ny is the total number of photons participating
in a simulation, R; and R;,; are the radii of the conical surface at
the upper and lower borders of a layer, and A# is the geometrical
thickness of a layer. Operationally, we iterate absorption and re-
emission until both 7; and the escaping spectrum change by less than
1073 between successive iterations.

Multiple absorption-re-emission events of X-ray photons at the
walls of the accretion cavity result in momentum transfer to the
material of the outflow. The momentum is transferred both in the
direction perpendicular to the surface of the walls and along the walls,
which causes stress normal to the wall’s surface o, and stress parallel
to the surface of the accretion cavity 0. The stress components are
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determined by the luminosity and the geometry of the accretion
cavity and are dependent on the coordinates. Within the layer i, the
stress components can be estimated as:

oj 1 L n;
4 = SN ap ) (10)
O-i,H NlolSi C ; n;p,

where the summation is performed over all photons interacting with
the layer, Ap; is the momentum transferred due to the interaction
of a photon (8), n; | is a local normal to the walls of the accretion
cavity, and n; ;, L n;  is the unit vector aligned with the velocity of
the outflow.

As a result of our Monte Carlo simulations, we obtain maps of
temperature and stress distribution over the walls of the accretion
cavity. The spectra detectable by a distant observer are composed of
a direct component and the component reprocessed by the walls of
the accretion cavity. The extracted temperature distribution gives us a
chance to estimate the reflected part of the spectrum. We assume that
the wall emits locally blackbody spectra described by temperature
T; estimated by (9):

E3
~ 22 kv -2~ -1
Bp(T)~5x 10 g ] ergem s ster keV™ . (11)
Different observers see different parts of accretion cavity and the
spectrum of reprocessed radiation is given by a multicolour black-
body determined by the temperature distribution over the visible
part:

R A
Fr occosi/dx/dy Be(T(x, y,1)), (12)
“R  -A

where R = Ry, + Htan¢ and A = Rcosiy/1 — (x/R)2.

To clarify the scope of our model and facilitate interpretation
of the results, we summarize below the main assumptions adopted
throughout this work. These simplifications allow us to isolate the
essential effects of geometrical beaming and radiative reprocessing
in super-Eddington accretion flows:

(1) The outflow is treated as steady, axisymmetric, and non-
rotating. Rotation is neglected under the assumption that the radial
outflow velocity dominates over the azimuthal component in the
cavity region.

(i) The cavity walls are fully ionized and optically thick to
scattering and absorption. We set the wall albedo to zero and
assume full thermalization of incident X-ray packets at the wall
(no Comptonization and no optical-depth sampling inside the wall).
Re-emission is thermal (blackbody) from the local surface in the
comoving frame and Lorentz-transformed to the lab frame.

(iii) Reprocessing is modelled as perfect blackbody re-emission.
No colour correction factor is applied; this may lead to an underes-
timate of the reprocessed temperature in the innermost regions.

(iv) Special-relativistic bulk-motion effects (aberration and
Doppler shift) are included; elastic scattering at the wall, thermal
Comptonization, Klein—Nishina corrections, and gravitational red-
shift are neglected.

(v) Magnetic channelling between the inner disc and the NS
surface is not included; instead, the model focuses on the region
outside the magnetosphere, where outflows form and collimation
occurs.

(vi) No emission is included from regions outside the cavity.
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These assumptions allow us to isolate and analyse the effects of
cavity geometry and reprocessing on the observed spectra, while
deferring more detailed microphysics to future work.

3 NUMERICAL RESULTS

In this section, we first discuss the geometrical collimation of X-ray
flux (see Section 3.1), then we present the calculated distributions
of radiation pressure over the walls of the accretion cavity (Section
3.2), temperature distribution (Section 3.3) and, finally, we discuss
the expected shape of spectra formed due to multiple reprocessing of
X-ray photons (Section 3.4). For orientation: geometrical beaming
trends are shown in Fig. 2 (panels a—c), with spectra discussed later
in Section 3.4.

3.1 X-ray collimation

Beaming of X-rays in the considered geometry is dependent both
on the opening angle of the accretion cavity ¢ and its effective
geometrical thickness H (see Fig. 2a—b). The smaller the opening
angle and the larger the ratio H/R,, the larger the amplification
factor within the opening angle of the cavity (cf. Fig. 2a for varying
¢ and Fig. 2b for varying H /R,,). Note that a significant fraction of
photons leave the system with i > ¢ when a distant observer detects
only the flux reflected/reprocessed by the walls (see thei > ¢ regime
in Fig. 2a-b). This reduces the maximal amplification factor and the
apparent luminosity:

2w
Lupp < (5) L (13)

even for an observer looking at the system along the axis of symmetry
(examples in Fig. 2a-b; see also numerical simulations in Dauser
etal. 2017). Within the cavity opening angle, the apparent luminosity
always exceeds the isotropic luminosity and the fraction of the direct
flux is related to the amplification factor as:

far=a', (14)
while, out of the opening angle, the apparent luminosity is typically
smaller than the isotropic one and fy; = 0 (compare the i < ¢ and
i > ¢ branches in Fig. 2a-b). According to our simulations, the
maximal amplification factor for the case of an accretion cavity with
opening angle, 0.1 rad < ¢ < 1rad, and relative height of the cavity,
20 < H/R,, < 10® can be roughly approximated as:

max & 6.8 ¢7@/11D (—"5 (15)

0.1[log,(0.1H/R)+1]
1 rad)

This approximation has been validated against our grid of models
shown in Fig. 2a-b (see the peak values of a as a function of ¢ and
H /R.). The effective motion of the walls of the accretion cavity (i.e.
B > 0) makes X-ray reflection anisotropic, which reduces the flux
and amplification factor for observers with i > ¢ and increases the
amplification for observers withi < ¢ (see Fig. 2c). These results are
in agreement with earlier numerical analyses performed by Dauser
et al. (2017) and Mushtukov & Portegies Zwart (2023).

3.2 Radiative pressure on the walls of the accretion cavity

Photon oscillations between the walls of the accretion cavity result in
momentum transfer that can influence the geometry (see section 3.4
in Mushtukov & Portegies Zwart 2023). For a given and fixed
geometry of the accretion cavity, we calculate the normal o, and
shear o) stress as a function of height /4 (see expression 10; the
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(b)

H/R, =103
H/Ry =102
H/R,, =10

Amplification factor, a

-1.0 -0.5 0.0 0.5 1.0

Figure 2. Angle-dependent geometrical beaming of the emission (see
Section 3.1). The amplification factor as a function of observer inclination i
with respect to the accretion cavity. (a) The accretion cavity relative height
and wall velocity are fixed at H/Ry, = 103 and B = 0. Different curves
correspond to various opening angles of the cavity: 1rad (blue line), 0.5 rad
(black line), 0.2rad (red line). (b) The opening angle and wall velocity are
fixedat¢ = 0.5radand 8 = 0. Different curves correspond to varying relative
heights of the accretion cavity: H/Ry = 103 (black line), H /Rm = 102 (red
line), H/Ry = 10 (blue line). (c) The relative height and opening angle
are fixed at H/Ry, = 10% and ¢ = 0.5rad. Different curves correspond to
different velocities of the accretion cavity walls: 8 = 0 (black solid line),
B = 0.2 (red dashed line).

resulting profiles are shown in Figs 3 and 4). For opening angles
¢ < 1rad, the normal stress typically exceeds the shear stress across
most of the wall height (see Fig. 3). Both normal and shear stresses
tend to be larger for smaller opening angles (compare the ¢ = 1rad,
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Figure 3. Radiation-induced stress on the cavity walls (see Section 3.2).
The normal (black solid lines) and shear (red dotted lines) stress at the
walls of the accretion cavity. Different curves are given for different opening
angles of the cavity (from bottom to top): ¢ = 1rad, 0.5rad, 0.2rad. The
smaller the opening angle, the larger the stress at the walls. Parameters:
L=5x10¥ergs™!, Ry =5 x 10" cm, H/Ry, = 10.
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Figure 4. Effect of wall motion on the normal stress (cf. Fig. 3). Normal
stress at the walls of the accretion cavity calculated for different wall velocity:
B = 0 (black solid line) and 8 = 0.2 (red dashed line). One can see that
including effects of special relativity reduces the stress by a factor ~2 for
the case of § = 0.2. Parameters: L =5 x 103 erg s Ry =5x 107 cm,
H/Ry =10, ¢ = 0.5rad.

0.5rad, and 0.2rad curves in Fig. 3). Accounting for the effects
of special relativity due to motion of material at the walls of the
accretion cavity tends to reduce the stress for a given geometry; this
reduction is illustrated in Fig. 4.

3.3 Temperature of the walls of the accretion cavity

The temperature distribution over the surface of the accretion cavity
is related to the amount of energy locally reprocessed by the walls.
For a given geometry of accretion cavity (i.e. fixed ¢, Ry, H/Rn,
and B) the temperature scales with the luminosity of the central
source as T o< L'/4, consistent with the trends shown in Fig. 5-6.
The effective temperature tends to decrease with distance from the
accretion disc plane (see Fig. 5). The larger the opening angle of the
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Figure 5. Temperature profiles over the cavity walls for different opening
angles (see Section 3.3). The temperature distribution over the walls of the
accretion cavity. Different curves are shown for different opening angles of the
cavity: ¢ = 0.2rad, 0.5rad, and 1 rad (from top to bottom). The temperature
of the walls tends to increase towards the accretion disc plane. The smaller
the opening angle, the higher the temperature of the walls. Parameters: L =
5x 10¥%ergs™!, Ry =5 x 107 cm, H/Ry, = 10.

H/R, =10

temperature, keV
o

().01 1 1 1 1 1
0.1 1 10 100 1000

h/ Ry

Figure 6. Effect of cavity thickness on temperature profiles (cf. Fig. 5). The
temperature distribution over the walls of the accretion cavity. Red and black
curves are given for different relative heights of the accretion cavity: H/Rp, =
10and H/Ry, = 103, respectively. Parameters: L = 5 x 10% erg s Ry =
5 x 107 cm, ¢ = 0.5rad.

cavity, the steeper the temperature decrease. Because the number of
local reflections increases with a decrease in accretion cavity opening
angle, the temperature tends to be higher in the case of smaller
¢ (see Fig. 5). The larger geometrical thickness of the accretion
cavity results in the appearance of regions of lower temperature
(see Fig. 6), but temperature behaviour in regions located close to
the accretion disc plane is similar in the case of the same opening
angle ¢ (compare red and black curves in Fig. 6). In the case of
H/Ry, > land h < Ry, the temperature is weakly dependent on the
coordinate:

L 1/4 R —1/2
T ~0.64 " = keV. 16
¢ 10% erg s—1 108 cm ¢ 16)
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EFg

Figure 7. Angle dependence of the reprocessed spectrum from the accretion
cavity. Model parameters: L =5 x 10% erg s~ Ry =108 cm, H/Ry =
103, ¢ =0.5rad, and B = 0. Curves show observer inclinations i = 0°
(solid), 45° (dash dot), and 60° (dashed), i.e. a ‘low versus high inclination’
view. The high-energy part hardens strongly toward lower i (greater visibility
of hotter wall regions near the disc plane), while the soft flux varies
comparatively little with inclination. Only the reprocessed component is
shown; direct pulsar emission is not included.

At h > Ry, the temperature dependence on 4 can be approximated
by a power law:

T 17619 (0 oot
~l./e
Rin

L R —12
* (1040erg s*') (loscm) keV. an

i.e. at larger opening angles of the accretion cavity, the temperature
at the walls drops faster with /; the accuracy and trends of these
approximations are illustrated in Fig. 5 (varying ¢) and Fig. 6
(varying H/Ry,).

3.4 Spectra of reprocessed radiation

The observed X-ray emission from bright XRPs includes the direct
component from the central source and the radiation reprocessed
by the walls of the accretion cavity. Observers situated within the
cavity’s opening angle (i.e. i < ¢) detect both components, whereas
observers outside this angle (i.e. i > ¢) see only the reprocessed
emission. Our modelling focuses solely on the reprocessed com-
ponent, which is governed by the geometry of the cavity and the
visibility of its surfaces from different inclinations (see Fig. 8
for parameter trends and Fig. 7 for a compact low—versus—high
inclination comparison).

The resulting reprocessed spectra resemble a multicolour black-
body and exhibit two characteristic breaks. The low-energy break
corresponds to the minimum temperature attained at the upper parts
of the cavity, while the high-energy break reflects the maximum
temperature near the disc plane, where irradiation is strongest; both
break energies shift with geometry and luminosity as expected from
the wall-temperature scalings in Section 3.3.

The spectral hardness depends on the viewing angle: lower incli-
nations (i.e. closer to the symmetry axis) provide greater visibility of
the hotter regions near the disc plane, producing harder spectra,
whereas the soft reprocessed flux varies comparatively weakly
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Figure 8. Spectra of radiation, reprocessed by the accretion cavity for different model parameters. Black curves in all panels correspond to the fiducial
model with L =5 x 10% erg sl Ry = 108cm, H /Rm = 103, ¢ = 0.5rad, and B = 0. Each black line represents a different observer inclination angle
with cosi = 0.95, 0.85, 0.75, 0.65, 0.55, 0.45, 0.35, 0.25, 0.15, 0.05 (top to bottom). Panel (a): Red curves show spectra for H/Rp, = 102. Panel (b): Red

curves show spectra for ¢ = 0.2rad. Panel (c): Red curves show spectra for Ry, = 107 cm. Panel (d): Red curves show spectra for L =2 x 1040 ergs

-1

Across each panel, lower inclination curves show enhanced high-energy flux (harder reprocessed spectra), while the soft flux is comparatively stable with

inclination.

with inclination. Thus, a correlation between spectral hardness and
apparent luminosity naturally arises, which could be observable as
periodic or quasi-periodic spectral variability driven by precession
of the cavity or outflow (illustrated by the inclination sequence in
Fig. 8).

The spectra are further modulated by the cavity geometry. Panel
(b) of Fig. 8 shows the effect of decreasing the cavity opening angle
from ¢ = 0.5 to 0.2rad, and panel (a) shows the effect of reducing
the relative cavity height from H/R,, = 10%to H/R,, = 10>.Inboth
cases, the reprocessed spectra become softer overall due to changes
in the temperature structure along the cavity wall (cf. the trends in
Fig. 5-6).

The bottom panels in Fig. 8 illustrate the impact of the inner
disc radius and accretion luminosity. Panel (c) compares models
with R, = 10® and 107 cm, showing that smaller magnetospheres
lead to hotter cavity walls and hence harder spectra. Panel (d)
demonstrates the temperature shift due to increased X-ray luminosity
from L =5 x 10* to 2 x 10* ergs™', which moves both spectral
breaks to higher energies due to the local scaling (T o L'/*) (see
also Section 3.3).

Overall, the viewing angle, cavity geometry, and luminosity each
influence the spectral shape of reprocessed emission in distinct and
predictable ways. Across all cases, lower inclinations enhance the
high-energy part of the reprocessed spectrum (spectral hardening),
while the soft flux remains comparatively stable with inclination,
offering a route to interpret inclination-dependent spectral variability
in ULX pulsars.

4 SUMMARY

We have considered the process of geometrical beaming and spectral
formation in bright XRPs, where the mass accretion rate is high
enough to produce radiation-driven outflows from the accretion disc
(Shakura & Sunyaev 1973; Chashkina et al. 2019; Mushtukov et al.
2019). In such systems, a significant fraction of photons emitted in
close proximity to the NS are reprocessed and collimated by the
outflows. This process alters both the apparent luminosity and the
spectral shape observed from different viewing angles. Throughout
this work we model the reprocessed emission produced in the cavity
walls; the direct pulsar emission is not included. We extended earlier
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work on geometrical beaming in bright XRPs (Mushtukov et al. 2021;
Mushtukov & Portegies Zwart 2023) by developing a Monte Carlo
model that follows photon trajectories, their interactions with cavity
walls, and momentum transfer within the reprocessed component.
An important analytical result of our work is the approximate
expression for the maximum luminosity amplification factor due to
beaming (15), which captures how the observed luminosity depends
on the cavity geometry and the viewing angle. This complements our
numerical simulations, which demonstrate how reprocessing shapes
the emergent reprocessed spectra for different observer inclinations.
Assuming that X-ray photons are mostly absorbed and re-emitted
by the cavity walls, we estimated the temperature distribution over
the wall surface (Section 3.3). The temperature peaks near the disc
plane and decreases with height, resulting in multicolour blackbody
spectra with energy-dependent angular variation (see Fig. 5 and 6).
The model predicts that spectra become systematically softer at larger
inclinations — i.e. when the observer’s line of sight lies farther from
the cavity axis — consistent with spectral variability observed in
ULXs (e.g. Middleton et al. 2015a; Pinto et al. 2020); equivalently,
the reprocessed spectra harden toward lower inclinations, while the
soft reprocessed flux varies comparatively weakly with viewing
angle. This supports the idea that spectral changes can be caused by
variations in the viewing angle, for instance due to precession of the
accretion disc (Middleton et al. 2015a; Dauser et al. 2017). We also
computed the local stress tensor components (normal and tangential)
on the walls of the accretion cavity (Section 3.2). These quantities
are essential for constructing a self-consistent picture of cavity
dynamics and geometry, potentially enabling future coupling with
radiation hydrodynamics or magnetohydrodynamics. Our findings
connect well with observations of sources like NGC 55 ULX (Pinto
et al. 2017), which show transitions between ULX and supersoft
states likely caused by changing wind optical depth and inclination
(Middleton et al. 2015a). The observed softening at higher inclination
and the presence of residuals near 1keV in their spectra (Middleton
et al. 2014, 2015b; Pinto et al. 2016; Kosec et al. 2021), align with
our model predictions of reprocessing-dominated spectra in high-
inclination systems. The relative enhancement of the high-energy flux
within the reprocessed component at low inclinations is also naturally
explained in our framework, as higher energy photons experience
fewer interactions and can escape more freely along the axis; we
emphasize that any additional hard emission from the direct pulsar
component lies outside the scope of our modelling. We note, however,
that our model does not include emission from the extended, quasi-
spherical wind outside the cavity. At large inclinations, this additional
component may dominate the observed flux, producing very soft
spectra typical of so-called supersoft ULXs (e.g. Poutanen et al.
2007; Middleton et al. 2015b; Soria & Kong 2016; Urquhart & Soria
2016). Including this contribution would be important for modelling
the full range of ULX spectral types and will be considered in future
work. Our model predicts that a decrease in the apparent luminosity
of a ULX can naturally be accompanied by a softening of its X-
ray spectrum — a direct consequence of increasing viewing angle
through a collimating cavity. At low energies, the emergent spec-
trum follows v F, o v, consistent with a Rayleigh—Jeans-like slope
commonly observed in ULX spectra. For example, NGC5907ULX1
— a confirmed NS ULX — exhibits a steep low-energy rise in vF,
below 2keV (Fiirst et al. 2017), in qualitative agreement with our
predictions. Although we do not perform detailed spectral fitting, our
results capture key observational trends, lending further support to
the role of reprocessing and geometrical beaming in shaping ULX
spectra. In certain configurations, our model also produces nearly
flat spectra in the soft X-ray band, with vF, V0 (see red curves
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in Fig. 8b). This behaviour results from the angular distribution
of temperature on the cavity walls and resembles spectra expected
from supercritical accretion models such as SCAD (Vinokurov et al.
2013). The ability to reproduce such flat spectra — also seen in
ULX data — further supports the relevance of our reprocessing-based
geometrical model. Although our current model neglects magnetic
channeling between the magnetosphere and the NS surface, and
assumes simplified reprocessing physics (e.g. full thermalization),
it provides a robust starting point for interpreting the spectra of
ULX pulsars and other highly beamed systems; moreover, the direct
pulsar emission is intentionally excluded from the present treatment.
Future improvements could include partial albedo treatment and
direct comparison with time-resolved spectra and timing data of
transitional sources. In summary, we confirm that observed spectral
variability in ULXs — including softening at lower luminosity phases
—can be explained by changes in the observer’s viewing angle relative
to a geometrically beamed, reprocessing-dominated system. Specifi-
cally, the viewing-angle dependence manifests primarily as spectral
hardening of the reprocessed emission toward lower inclinations,
while the soft reprocessed flux remains comparatively stable with
angle, naturally linking precession-driven inclination changes to the
observed spectral states.
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