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A B S T R A C T 

It is expected that the extreme mass accretion rate onto strongly magnetized neutron stars results in the appearance of accretion 

columns abo v e the stellar surface. For a distant observer, rotation of a star results in periodic variations of X-ray flux. Because 
the mass accretion rate fluctuates around the average value, the pulse profiles are not stable and demonstrate fluctuations as 
well. In the case of bright X-ray pulsars, ho we ver, pulse fluctuations are not solely attributed to variations in the mass accretion 

rate. They are also influenced by the variable height of the columns, which is dependent on the mass accretion rate. This study 

delves into the process of pulse profile formation in bright X-ray pulsars, taking into account stochastic fluctuations in the mass 
accretion rate, the corresponding variations in accretion column geometry, and gravitational bending. Our analysis reveals that 
potential eclipses of accretion columns by a neutron star during their spin period should manifest specific features in pulse 
profile variability. Applying a no v el pulse profile analysis technique, we successfully detect these features in the bright X-ray 

transient V 0332 + 53 at luminosities � 2 × 10 

38 erg s −1 . This detection serves as compelling evidence for the eclipse of an 

accretion column by a neutron star. Detection of the eclipse places constraints on the relation between neutron star mass, radius, 
and accretion column height. Specifically, we can establish an upper limit on the accretion column height, which is crucial for 
refining theoretical models of extreme accretion. 

Key words: accretion, accretion discs – stars: neutron – stars: oscillation – X-rays: binaries. 
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 I N T RO D U C T I O N  

ccreting strongly magnetized neutron stars (NSs) manifest them- 
elves as X-ray pulsars (XRPs, see Mushtukov & Tsygankov 2022 
or re vie w). Magnetic field ( B -field) at the NS surface in XRPs is typi-
ally � 10 12 G. Strong field of a NS disturbs accretion flow at distance
10 7 –10 8 cm , which is called the magnetospheric radius, and shapes 

he geometry of accretion flow within it directing material towards 
mall regions located near the magnetic poles of a NS. Accretion 
o w is ine vitably decelerated at the NS surface or in close proximity

o the surface. The geometry of the emitting region depends on the
ass accretion rate. In the case of relatively low mass accretion rates

subcritical regime, � 10 17 g s −1 ), the flow reaches the stellar surface 
nd is decelerated in the atmosphere of a NS (Zel’dovich & Shakura
969 ), which results in hot spot geometry of the emitting regions.
t high mass accretion rates (super-critical regime, � 10 17 g s −1 ), 

he dynamics of accretion flow is affected by the radiation pressure
nd the flow is decelerated in radiation dominated shock abo v e NS
urf ace (Bask o & Sunyaev 1976 ; Wang & Frank 1981 ; Mushtuk ov
t al. 2015b ; Abolmasov & Lipunova 2023 ). Shock wave above the
urface and the sinking region below it form an accretion column 
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structure supported by the radiation pressure and confined by 
xtremely strong magnetic field. The accurate numerical model of 
ccretion columns is still developing and requires accounting for 
any aspects, including magnetohydrodynamics (Sheng et al. 2023 ), 

adiative transfer in a strong magnetic field (see Meszaros 1992 for
e vie w and Suleimanov et al. 2022 for the recent results), and possibly
nergy losses due to creation of electron–positron pairs and further 
eutrino emission (Mushtukov et al. 2018c ; Mushtukov, Ognev & 

agirner 2019a ; Asthana et al. 2023 ). 
The formation mechanism of the beam pattern is anticipated 

o differ between subcritical and super-critical XRPs (Gnedin & 

unyaev 1973 ). In the subcritical regime, a majority of X-ray photons
riginate from hot spots, whose geometry exhibits only marginal 
ependence on the mass accretion rate. Conversely, in the super- 
ritical regime, photons are emitted by the walls of the accretion
olumn, where the column height correlates with the mass accretion 
ate (Basko & Sunyaev 1976 ) and is contingent on the strength of the
eutron star’s magnetic field (Mushtukov et al. 2015b ). A fraction
f the X-ray radiation emitted by the columns is intercepted and
eprocessed by the atmosphere of a NS (Poutanen et al. 2013 ; Postnov
t al. 2015 ). Thus, in the case of super-critical accretion, a distant
bserver detects a combination of direct flux from the accretion 
olumn and flux reflected by the neutron star (see Fig. 1 ). Both
omponents of the pattern undergo gravitational light bending in the 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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M

Figure 1. Schematic illustration of the emission region geometry in super- 
critical XRP considered in the paper. X-ray photons are initially produced 
by extended accretion column. A fraction of X-ray radiation is intercepted 
by a NS and reflected/reprocessed by the atmosphere. The flux detected by 
a distant observer is composed of direct flux from the columns and the flux 
reflected by the atmosphere. Both direct and reflected components are subjects 
of gravitational bending. Rotation geometry in the observer’s reference frame 
is determined by the inclination of a NS i and the magnetic obliquity θB . 
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icinity of a NS (Riffert & Meszaros 1988 ; Kraus 2001 ; Mushtukov
t al. 2018b ; Markozov & Mushtukov 2023 ). 

Mass accretion rate in all X-ray binaries, including XPRs, is known
o be fluctuating on different time-scales. In particular, variations of
he mass accretion rate can be generated in the accretion disc due
o the stochastic nature of viscosity (Lyubarskii 1997 ; Mushtukov
t al. 2019b ). The viscosity in the accretion disc can be caused by
agnetic dynamo that generates a poloidal magnetic field component

n a random fashion (Balbus & Ha wle y 1991 ; Brandenburg et al.
995 ). The process is stochastic by its nature and results in viscosity
uctuations on time-scales close to the local dynamical time-scales.
he local viscosity fluctuations result in local fluctuations of the
ass accretion rate at the inner disc radius and, further, at the
S surface. Fluctuations in the mass accretion rate onto the NS

urface give rise to variations in accretion luminosity, observable
s fluctuations in X-ray energy flux by a distant observer. In the
ase of super-critical XRPs with accretion columns, fluctuating mass
ccretion rates induce variations in the emission region geometry –
pecifically, the accretion column height and the illuminated fraction
f a NS surface. The dynamic changes in the emission region
eometry, along with the corresponding fluctuations in the beam
attern, naturally contribute to additional stochastic variability in
-ray energy flux. The relative fluctuations in X-ray energy flux
epend on the observer’s viewing angle, resulting in an anticipated
hase-dependent variability in X-ray flux (see Fig. 2 ). While phase-
ependent relative root mean square (rms) of a pulse profile has been
reviously observed in super-critical XRPs (Tsygankov et al. 2007 ),
t has yet to be fully explained. 

In this paper, we investigate how fluctuations of accretion column
eometry affects fluctuations of X-ray energy flux and pulse profile
tability in super-critical XRPs. To test out theoretical model, we
nalyse fluctuations of pulse profile in bright X-ray transient V
332 + 53 in super-critical regime of accretion. Magnetic field at the
S surface in V 0332 + 53 ( ∼3 × 10 12 G) is known from detected cy-

lotron scattering feature at ∼30 keV and its harmonics (Pottschmidt
t al. 2005 ). Variations of cyclotron line centroid energy provide
n evidence of accretion column existence at L > 10 37 erg s −1 

Tsygankov et al. 2006 ) and transition to the super-critical regiome
f accretion at ∼10 37 erg s −1 (Doroshenko et al. 2017 ). 
NRAS 530, 3051–3058 (2024) 
 M O D E L  SET  U P  

.1 Geometry of the emitting region 

e focus on XRPs in at super-critical regime of accretion ( Ṁ �
0 17 g s −1 ) when X-ray photons are produced by accretion columns.
e assume that a NS has a spherical shape, which is a good

pproximation for slowly rotating ( P � 0 . 1 s) NSs. The columns
bo v e the poles of a star are modelled by cylinders of a given height
 � R and radius r c . Accretion column height is assumed to the

elated to accretion luminosity L and surface magnetic field strength
see, e.g. Mushtukov et al. 2015b and Fig. 3 ): 

 ∼ 2 × 10 39 

(
κT 

κ⊥ 

)
f 

(
H 

R 

)
erg s −1 , (1) 

here κT ≈ 0 . 34 cm g −1 is the Thomson electron scattering opacity,
⊥ 

is the scattering opacity in a strong magnetic field in the direction
rthogonal to the field lines, and 

 ( x) ≡ ln (1 + x) − x 

1 + x 
. (2) 

he brightness distribution o v er the column height is described by
he function g ( h ). In this paper, we assume that the brightness of
he accretion column is homogeneously distributed o v er the height,
.e. g ( h ) = constant. The photons leaving the walls of the column
re beamed towards the NS surface due to the scattering by free-
alling material (see, e.g. Kaminker, Fedorenko & Tsygan 1976 ;
yubarskii & Syunyaev 1988 ; Poutanen et al. 2013 ). The radiation
nergy from a unit surface area located at the height h into the unit
olid angle of the direction ( α, φ) is given by F out f ( α, φ) g ( h ), where
 out is the the flux leaving the accretion column wall. Following
outanen et al. 2013 , we describe the angular distribution of X-ray
ux at the walls of accretion columns as 

 ( α, φ) ∝ 

3 D 

4 

7 πγ
( 1 + 2 D sin α cos φ) sin 2 α cos φ, (3) 

here β = v/ c is the dimensionless velocity in units of the speed
f light, γ = (1 − β2 ) −1/2 is the Lorentz factor, and D = [ γ (1

βcos α)] −1 is the Doppler factor. In this paper, we consider a
imiting case of free-fall velocity β = β ff = ( R Sh /( R + h )) 1/2 , where
 Sh = 2 GM/c 2 � 2 . 95 × 10 5 cm is the Schwarzschild radius. 
Due to a strong beaming of accretion column radiation towards

he NS surface, a large fraction of X-ray photons can be intercepted
nd reprocessed by the atmosphere of a NS. The process of X-ray
eflection can be affected by the local magnetic field of a NS, but it has
een poorly investigated up to date. To model the reflection process,
e assume that the intensity of reflected radiation is independent of

he direction, i.e. the flux of reflected photons 

 ref ∝ cos θref , (4) 

here θ ref is the angle between the direction of reflection and local
ormal to the NS surface. The flux of the reprocessed radiation is
ssumed to be equal to the flux locally absorbed by the atmosphere. 

A distant observer detects a flux composed of two components:
he direct flux from accretion columns and the flux intercepted and
eprocessed by the NS surface (see Fig. 1 ). Both components of X-
ay flux are subject of gravitational bending in a space curved by a
S. We assume that the space around a neutron star is described by

he Schwarzschild metric. This is a good approximation for neutron
tars in XRPs, where the rotation periods of a neutron star are usually
onger than 0 . 1 s. Photon trajectories in the Schwarzschild metric are
at. We describe the photon trajectory in polar coordinates r ≥ 0 and
 ∈ [0, 2 π ]. The trajectory of a photon is described by the second
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Figure 2. The anticipated behaviour of X-ray energy flux (averaged over many spin periods, denoted by the black line, and the actual flux represented by the 
grey line) and the phase-resolved rms of X-ray flux (depicted by the red dotted line) during the eclipse of an accretion column by a NS. During the column 
eclipse, a drop in X-ray flux is expected. Immediately before and after the eclipse, the direct flux from the accretion column is gravitationally lensed by the NS 
and may exhibit significant fluctuations, even under conditions of small variations in the mass accretion rate and the corresponding height/luminosity of the 
accretion column. 

Figure 3. Approximate dependencies of relative accretion column height 
on the accretion luminosity calculated according ( 1 ) under the assumption 
κ⊥ /κT = 0 . 5 , 1 , 2 (from left to right). The black dot shows the expected 
value of the critical luminosity (Mushtukov et al. 2015a ). The grey region 
corresponds to accretion columns heights ruled out by our observational 
results. 
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rder differential equation (Misner, Thorne & Wheeler 1973 ): 

d 2 u 

d ϕ 

2 
= 3 u 

2 − u, (5) 

here u = 0.5 R Sh / r is the compactness of a central object. 

.2 Mass accretion rate variability 

he mass accretion rate at the magnetospheric radius experiences 
tochastic fluctuations. The fluctuations of the mass accretion rate 
n X-ray binaries are caused by clumpiness of the stellar wind 
Walter & Zurita Heras 2007 ) or viscosity fluctuations in accretion
isc (Lyubarskii 1997 ). In the case of accretion from the disc, each
adial coordinate produces fluctuation of a certain frequency. The 
requency of locally produced fluctuations is expected to be close to
he local Keplerian frequency (King et al. 2004 ) 

 K = 

1 

2 π

(
r 3 

GM 

)1 / 2 

. (6) 

iscosity fluctuations cause fluctuations of the mass accretion rate 
hat propagate inwards and outwards (Mushtukov, Ingram & van der 
lis 2018a ) modulating fluctuations at other radial coordinates. The 
uctuations of the highest Fourier frequency are generated close to 

he inner radius of accretion disc 

 m 

= 1 . 8 × 10 8 � B 

4 / 7 
12 Ṁ 

−2 / 7 
17 m 

−1 / 7 R 

12 / 7 
6 cm , (7) 

here B 12 is the magnetic field strength at the magnetic poles of
 NS in units of 10 12 G, Ṁ 17 is the mass accretion rate in units of
0 17 g s −1 , m is a mass of a NS in units of solar masses, R 6 is the NS
adius in units of 10 6 cm , and � is a dimensionless coefficient, which
s typically taken to be � = 1 for the case of accretion from the wind
nd � = 0.5 for the case of accretion from the disc (Ghosh & Lamb
978 , 1979 ). Thus, the highest F ourier frequenc y generated in the
ccretion disc is expected to be 

 K, max ∼ 0 . 5 � 

−3 / 2 B 

−6 / 7 
12 L 

3 / 7 
37 m 

2 / 7 R 

−15 / 7 
6 Hz . (8) 

ccording to the propagating fluctuations model applied to the 
ase of XRPs (Mushtukov et al. 2019b ) and observational results
Re vni vtse v et al. 2009 ; M ̈onkk ̈onen et al. 2022 ), the power density
pectra of stochastic fluctuations can be described by a broken power
aw function with a break at frequency f ∼ f K, max . In our simulation,
e use this model and assume that the mass accretion rate at the NS

urface replicates the fluctuations at the inner disc radius. 
MNRAS 530, 3051–3058 (2024) 
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Figure 4. The angular distributions of X-ray flux (in units of isotropic flux) 
in super-critical XRP with a single accretion column. The flux is composed 
of the direct component (dotted lines) and the component reflected from the 
NS surface (dash–dotted lines). Black, red, and blue lines demonstrate the 
distributions for accretion column height H = 1 , 2, and 5 km, respectively. 
One can see that relatively low accretion columns can be eclipsed by a NS, 
while high accretion column is gravitationally lensed for observers located on 
the opposite side from a NS. Parameters: M = 1.4 M 
, R = 12 km , uniform 

distribution of emitted flux o v er accretion column height. 
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.3 Neutron star rotation 

S rotation is described by two parameters: NS inclination i (the
ngle between the line of sight and the rotational axis) and the
agnetic obliquity θB (the angle between the magnetic and rotational

xis, see Fig. 1 ). The variations of the angle between the line of sight
nd magnetic field axis ψ is described by 

cos ψ = sin i sin θB cos ϕ p + cos i cos θB , (9) 

here ϕ p ∈ [0, 2 π ) is the phase angle of pulsations. Typically, the
ngles i and θB are unknown, but the recent detection of X-ray
olarization variability in XRPs provides an opportunity to probe
he rotation geometry (see, e.g. Doroshenko et al. 2022 ; Tsygankov
t al. 2022 ; Malacaria et al. 2023 ; Mushtukov et al. 2023 ; Suleimanov
t al. 2023 ; Tsygankov et al. 2023 ). Results obtained with the IXPE
ission (Weisskopf et al. 2022 ) demonstrate that the rotation axis of
S in XRPs tends to be orthogonal to the orbital plane of a binary

ystem and, probably, to accretion disc plane. 

 N U M E R I C A L  M O D E L  

n our simulations, we fix the mass and radius of a NS at M = 1.4 M 

nd R = 12 km , respectively. The relation between accretion column
eight and luminosity is described by approximate equation ( 1 ). Our
umerical calculations are divided into a few steps: 

(i) Following the algorithms described in Markozov & Mushtukov
023 , we get the angular distributions of X-ray energy flux for
ifferent heights H of the accretion column and therefore the
ccretion luminosities. The considered range of accretion column
eight is 0.05 R < H < R , and to calculate a data base of flux angular
istribution, we take 100 height values within the considered interval.
hen calculating the angular distribution, we account for both direct

nd reflected flux of the accretion column. Angular distributions
f X-ray energy flux for various heights of accretion column and
uminosities are tabulated. 

(ii) On the basis of the assumed power density spectra (PDS) of the
ass accretion rate variability and following the algorithm described

y Timmer & Koenig 1995 , we simulate a time series Ṁ ( t) that
escribes mass accretion rate fluctuations. 
(iii) The simulated time series Ṁ ( t) is transformed into a time

eries for accretion luminosity L ( t) = GM Ṁ ( t) /R and accretion
olumn height H ( t ) according to ( 1 ). 

(iv) On the basis of time series obtained at step (iii) and interpolat-
ng between the angular distributions of X-ray energy flux calculated
n step (i), we get a set of time series of X-ray flux variability in
ifferent directions with respect to the NS magnetic axis. 
(v) Using the parameters of NS rotation i and θB in the observer’s

eference frame, we get a model of a pulse profile F ( t , i , θB ) that
uctuates due to the variable total luminosity and variable geometry
f the emission regions (i.e. accretion column and illuminated part
f a NS surface). 
(vi) On the basis of calculated light curves F ( t , i , θB ), we get the

hase-resolv ed av erage flux: 

 P ( t, i, θB ) = 

1 

N 

N−1 ∑ 

j= 0 

F ( t + jP , i, θB ) , (10) 

nd the phase-resolved rms: 

ms P ( t, i, θB ) = 

1 

N 

N−1 ∑ 

j= 0 

F 

2 ( t + jP , i, θB ) − F 

2 
P ( t, i, θB ) , (11) 
NRAS 530, 3051–3058 (2024) 
here N � 1 is a number of spin period that co v ers the simulated
ime series. For this paper, we have simulated time series of 10 5 P
ong (i.e. N = 10 5 ). 

 N U M E R I C A L  RESULTS  

oth direct and reflected photons experience gravitational bending.
ue to the gravitational bending, accretion column can illuminate
ore than half of a NS surface. The examples of X-ray flux angular

istributions at the infinity are given in Fig. 4 . The direct flux from
he accretion column can be eclipsed by a NS for observers in
ertain directions (in the case of relati vely lo w accretion columns,
ee red and blue lines in Fig. 4 ) or strongly amplified due to the
ravitational lensing (in the case of high accretion column, see black
ine in Fig. 4 ). The calculations of X-ray flux distributions performed
or this paper are in agreement with earlier calculations reported in

ushtukov et al. ( 2018b ) and Markozov & Mushtukov ( 2023 ) (see
lso useful approximations proposed for gravitational bending by
eloborodov 2002 ; Poutanen 2020 ). X-ray energy flux in a given
irection with respect to the magnetic field axis is dependent both
n total luminosity and the specific geometry of the emitting regions
accretion column and illuminated part of a NS surface). The direct
omponent of the X-ray flux is more sensitive to the variations
f accretion column height than the reflected component (compare
otted and dash–dotted lines in Fig. 4 ). 
The pulse profiles are determined by the angular distribution of X-

ay flux in the NS reference frame, and NS rotation in the reference
rame of a distant observer, which is given by the inclination i and
agnetic obliquity θB (see Fig. 1 ). To illustrate the relation between

pecific orientations of a NS given by the angle ψ (see Fig. 1 ) and
hase-resolved rms, we demonstrate the pulse profiles for the case
f i = θB = π /2 (see Figs 5 and 6 ), when the angle ψ runs through
ll possible values during one pulsation period. 

Because of the variability in geometry of the emitting region, the
ms of X-ray energy flux can be different from the rms of the mass
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Figure 5. The simulated pulse profile for a super-critical XRP. The upper panel demonstrates the fluctuating pulse profile (grey curve) and the averaged pulse 
profile (black solid line). The component of the averaged pulse profile due to the direct and reflected emission of accretion column are represented by red dashed 
and blue dotted curv es, respectiv ely. The lower panel demonstrates variations of relative rms over the pulse period. The pulse experience the strongest variations 
just before and right after eclipse of accretion column by a NS. Parameters: P = 1 s, L = 7 × 10 37 erg s −1 , i = θB = π /2, and rms ini = 0.06. 
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ccretion rate. The flux variability can be both stronger and weaker 
han the variability of the mass accretion rate, depending on the 
bserver’s line of sight (see Fig. 7 ). The fluctuation of reflected flux
s typically weaker than the corresponding fluctuations of the mass 
ccretion rate (compare dash–dotted and solid lines in Fig. 7 a). The
uctuation of the direct flux tends to show larger relative rms in
omparison to the rms of mass accretion rate fluctuations (compare 
otted and solid lines in Fig. 7 a). Amplification of fluctuations by
he direct component is dependent on rms of the mass accretion rate
see Fig. 7 b). 

 OBSERVA  T I O NA L  VERIFICA  T I O N  

he proposed model was applied to the RXTE /PCA (Jahoda et al.
996 ) observations of the bright transient XRP V 0332 + 53 obtained
ear the peak of the 2004 giant outburst. The source is known
o enter the supercritical regime of accretion in the bright state 
Doroshenko et al. 2017 ), demonstrating the appearance of sharp 
eatures in the pulse profile possibly associated with the eclipses of
ccretion column by NS (Mushtukov et al. 2018b ). 
Moti v ated by the similarities between the model pulse profiles
hown in Fig. 5 and the observed ones in V 0332 + 53, we extracted
 number of 3–20 keV light curves for the source co v ering a
road range of luminosities from 3 × 10 37 to 3 × 10 38 erg s −1 

ObsIDs: 90427-01-04-01, 01-03-09, 01-02-03, 01-01-02). The bolo- 
etric fluxes (3–100 keV) were adopted from Lutovinov et al. 

 2015 ) and rescaled to the Gaia distance of 5.6 kpc (Bailer-
ones et al. 2021 ). After the barycentric correction, each light
urve was then folded with a spin period obtained for a given 
bservation. 
In Fig. 8 , we show obtained pulse profiles along with the

ulse-phase resolved RMS for four observations at different X-ray 
uminosities. One can see that the RMS exhibits weak variability 
ith the phase of pulsations at relatively low accretion luminosity 

see Figs 8 c and 8 d). At a high luminosity state, the RMS shows
trong phase dependence experiencing jumps just before and right 
fter the troughs in the X-ray pulse profile (see Figs 8 a and 8 b).
he relative strength of these jumps increases with luminosity, 
onsistent with expectations from our theoretical model (see 
ig. 6 b). 
MNRAS 530, 3051–3058 (2024) 
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M

(a)

(b)

(c)

Figure 6. Variations of flux (a), relative phase-resolved rms (b), and the 
angle between the line of sight and magnetic field axis ψ (c) o v er the pulse 
period. Different curves correspond to different accretion column height: 0.2 R 

(dashed blue), 0.28 R (solid red), and 0.32 R (dotted black). Parameters: M = 

1.4 M 
, R = 12 km , i = θB = π /2, and rms i = 0.1. 
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Figure 7. The relative rms in units of relative rms of the mass accretion 
rate at a given direction with respect to the NS magnetic axis. (a) Black 
line accounts both for direct and reflected flux, while dotted (dash–dotted) 
line accounts for direct (reflected) flux only. Direct flux tends to increase rms, 
while the reflected components reduce rms of X-ray energy flux. (b) Different 
lines correspond to dif ferent relati ve rms of the mass accretion rate: 0.05 (red 
dashed), 0.1 (black solid), and 0.2 (blue dotted). Parameters: H = 0.32 R , M = 

1.4 M 
, R = 12 km . 
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 SUMMARY  A N D  DISCUSSION  

e hav e dev eloped a comprehensiv e model for pulse profile forma-
ion in super-critical XRPs, accounting for the aperiodic variability
f the mass accretion rate onto the NS surface. In our model, the
ux observed by a distant observer is composed of both the direct
ux from the accretion column and the flux reflected by the NS’s
tmosphere (see Fig. 2 ). The accretion column geometry, specifically
ts height in a super-critical state, is considered to be dependent
n the mass accretion rate (Basko & Sunyaev 1976 ; Mushtukov
t al. 2015b ). The height’s dependence on the mass accretion
ate is calculated following the model proposed in Mushtukov
t al. 2015b , but qualitative results and theoretical predictions are
eakly dependent on specific features of underling theoretical model.
ngular distribution of X-ray flux and pulse profiles was computed,
NRAS 530, 3051–3058 (2024) 
ncorporating gravitational light bending based on the Schwarzschild
etric, a suitable approximation for XRPs due to their relatively slow

otation (typical spin periods > 1 s). 
We simulated pulse profiles that fluctuate due to the variability

f the mass accretion rate and the corresponding variability of the
ccretion column height (see the upper panel in Fig. 5 ). Utilizing
hese simulated fluctuating pulse profiles, we calculated the phase-
esolved root mean square (rms) of the X-ray energy flux (see equa-
ion ( 5 )). Our results demonstrate that accounting for the fluctuating
eometry of the emission regions (accretion columns and illuminated
art of the NS surface) significantly influences the variability of X-
ay energy flux, either amplifying or reducing it with respect to the
ariability of the mass accretion rate. Hence, variability of X-ray
nergy flux in super-critical XRPs deviates from the variability of
he mass accretion rate, even in the reference frame co-rotating with
he NS. The reduction or amplification of variability depends on the
redominant source of X-ray photons. Notably, gravitational bending
f the direct component can significantly amplify fluctuations, while
he flux reflected from the NS surface exhibits reduced variability. 

Distinct patterns in phase-resolved rms emerge when the NS
clipses the accretion column at certain phases of pulsations, as
epicted in Figs 5 and 6 : the pulse experiences strong variations just
efore and right after the eclipse of accretion column by a NS. Such an
mplification of the rms before and after the eclipse of the accretion
olumn are related to gravitational lensing of the column and they
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(a)

(b)

(c)

(d)

Figure 8. The pulse profile (depicted by the black circles) observed during 
a super-critical accretion episode in the XRP V0332 + 53, along with the 
normalized phase-resolved root mean square (RMS) shown by the red solid 
line. Different panels correspond to various accretion luminosities: (a) 3 ×
10 38 erg s −1 , (b) 2 . 3 × 10 38 erg s −1 , (c) 1 . 3 × 10 38 erg s −1 , and (d) 3 . 3 ×
10 37 erg s −1 . It is evident that the RMS exhibits weak variability with the 
phase of pulsations at relatively low accretion luminosity (as seen in panels 
c and d). At high luminosity, the phase-resolved RMS experiences jumps at 
phases around the troughs in the X-ray pulse profile (as observed in panels 
a and b). The relative strength of these jumps increases with luminosity, 
consistent with expectations from the theoretical model (see Fig. 6 b). 
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ppear regardless of exactly how the brightness is distributed o v er
he height of the accretion column. In this sense, the prediction of
hese patterns does not depend on a particular model of the accretion
olumn. Identifying these patterns in the phase-resolved rms serves 
s confirmation of accretion column eclipses in a reference frame of
 distant observer. 

We have analysed archi v al data obtained during the outburst of
right Be X-ray transient V 0332 + 53 and detected the specific
atterns pointing to accretion column eclipses in phase-resolved rms 
see Section 5 ) at accretion luminosities exceeding 2 × 10 38 erg s −1 

see Fig. 8 ab). Detected increases in phase-resolved rms align 
ith phases where accretion column eclipses were predicted earlier 

Mushtukov et al. 2018b ). Thus, we have on our hands a strong
onfirmation that in this source we observe an eclipse of an extended
ccretion column by a NS. 

A confirmed eclipse of the accretion column imposes constraints 
n (i) the NS’s rotation, and (ii) relation between NS mass, radius, and
ccretion column height. Indeed, appearance of the eclipses requires 
ufficiently small angle ψ between the line of sight and the magnetic
eld axis during eclipse phases (see equation 9 ). It becomes possible

f the inclination of a NS and magnetic obliquity are close to each
ther (see Fig. 1 ): 

 ≈ θB . (12) 

his conclusion for a NS in XRP V 0332 + 53 can be verified by future
bservations of phase-resolved polarimetry, which becomes possible 
ith NASA’s Imaging X-ray Polarimetry Explorer (Doroshenko 

t al. 2022 ). The X-ray energy spectra during eclipses, mainly
omposed of photons reflected by the NS’s atmosphere, present 
n opportunity for detailed phase-resolved spectroscopy (Luto vino v 
t al. 2015 ) to validate models of X-ray reflection from magnetized
tmospheres. 

Because of gravitational light bending in a space curved by a
S, accretion columns can be eclipsed in the case of sufficiently

mall height and/or small compactness of a star. Therefore, detecting 
clipses in the accretion column imposes constraints on the mass- 
adius–accretion column height relation in XRPs (refer to fig. 17 in

ushtukov et al. 2018b ): 

 � 

M 

1 . 4 M 


[
8 . 7 + 9 . 8 

(
H 

R 

)]
km . (13) 

ccurately limiting the NS radius demands precise estimation of the 
ccretion column height, a challenging task with current theoretical 
odels. Ho we ver, equation ( 13 ) serves as a stringent constraint on

he accretion column height and says that the eclipses can only be
bserved under the condition: 

H 

R 

� 

(
R 

10 km 

) (
M 

1 . 4 M 


)−1 

− 0 . 9 . (14) 

or realistic equations of state (Lattimer & Prakash 2001 ) and
ssuming R � 12 km and M > M 
, the detection of eclipses sets a
imit on the column height in V 0332 + 53 for H / R � 0.5 at accretion
uminosity as high as 3 × 10 38 erg s −1 . This result is particularly
mportant for the verification of accretion column models, which pro- 
ide us with the different height-luminosity-magnetic field strength 
ependences in XRPs. 
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