arXiv:2108.07573v1 [astro-ph.HE] 17 Aug 2021

Astronomy & Astrophysics manuscript no. reflection
February 17, 2022

Cyclotron line formation by reflection on the surface of a
magnetic neutron star
N. D. Kylafis? J. E. Triimper® and N. A. Loudas'?

L University of Crete, Department of Physics & Institute of Theoretical & Computational Physics, 70013 Heraklion,
Greece

2 Institute of Astrophysics, Foundation for Research and Technology-Hellas, 71110 Heraklion, Crete, Greece

3 Max-Planck-Institut fiir extraterrestrische Physik, Postfach 1312, 85741 Garching, Germany

Received ; accepted
ABSTRACT

Context. Accretion onto magnetic neutron stars results in X-ray spectra that often exhibit a cyclotron resonance
scattering feature (CRSF) and, sometimes, higher harmonics of it. Two places are suspect for the formation of a CRSF:
the surface of the neutron star and the radiative shock in the accretion column.

Aims. Here we explore the first possibility: reflection at the neutron-star surface of the continuum produced at the
radiative shock. It has been proposed that for high-luminosity sources, as the luminosity increases, the height of
the radiative shock increases, thus a larger polar area is illuminated, and as a consequence the energy of the CRSF
decreases because the dipole magnetic field decreases by a factor of two from the pole to the equator. This model has
been specifically proposed to explain the observed anticorrelation of the cyclotron line energy and luminosity of the
high-luminosity source V 0332+53.

Methods. We used a Monte Carlo code to compute the reflected spectrum from the atmosphere of a magnetic neutron
star, when the incident spectrum is a power-law one. We restricted ourselves to cyclotron energies < mec? and used
polarization-dependent scattering cross sections, allowing for polarization mode change.

Results. As expected, a prominent CRSF is produced in the reflected spectra if the incident photons are in a pencil
beam, which hits the neutron-star surface at a point with a well-defined magnetic field strength. However, the incident
beam from the radiative shock has a finite width and thus various magnetic field strengths are sampled. As a result of
overlap, the reflected spectra have a CRSF, which is close to that produced at the magnetic pole, independent of the
height of the radiative shock.

Conclusions. Reflection at the surface of a magnetic neutron star cannot explain the observed decrease in the CRSF
energy with luminosity in the high-luminosity X-ray pulsar V 0332+4-53. In addition, it produces absorption lines much
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shallower than the observed ones.
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1. Introduction

Cyclotron lines observed in the X-ray spectra of accreting
neutron stars provide direct information for the magnetic
field strength in these compact objects. The first cyclotron
line was discovered in Hercules X-1 (Triimper et al. 1977,
1978). Today we know about 36 objects showing electron
cyclotron lines, sometimes with harmonics (Staubert et al.
2019). They are sometimes called cyclotron resonance scat-
tering features (CRSFs).

Despite the fact that a large body of observational data
has been collected from these sources, it is still not clear
where the CRSFs are produced. It has been generally as-
sumed that the cyclotron lines are produced at the radia-
tive shock (Basko & Sunyaev 1976) in the accretion column
above the surface of a magnetic neutron star, but no cal-
culation has been performed so far for the formation of a
cyclotron line in a radiative shock. Typical calculations in-
volve CRSF formation in a slab illuminated from one side
(Ventura et al. 1979; Nagel 1981; Nishimura 2008; Araya

& Harding 1999, 2000; Schoenherr et al. 2007). A slab,
however, is significantly different from a radiative shock in
an accretion column, on one side of which there is super-
sonic, free-falling matter and on the other subsonic, ther-
mal plasma. In such a situation, both the power-law con-
tinuum and the cyclotron line are produced by a first order
Fermi process at the shock. In other words, bremsstrahlung
photons from below the shock criss-cross the shock several
times and, as a result, the in-falling matter is slowed down
and a power-law hard X-ray spectrum is produced. This
has been demonstrated by Kylafis et al. (2014), but no res-
onant scattering cross section was taken into account there.
A calculation with resonant scattering is currently under-
way.

For five of the 36 cyclotron line sources, significant cor-
relations of the line energy with X-ray luminosity have been
found by long-term observations with different X-ray satel-
lites. The line energy E. is positively correlated with X-
ray luminosity L., when the luminosity is relatively low
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(L, 51037 erg s71). The following four sources of this type
are known: Hercules X-1 (Staubert et al. 2007; Klochkov et
al. 2011), GX 304-1 (Klochkov et al. 2012; Malacaria et al.
2015; Rothschild et al. 2017), A 0535426 (Klochkov et al.
2011; Sartore et al. 2015), and Vela X-1 (Fiirst et al. 2014;
La Parola et al. 2016). The only object which has been
found to show a secure negative correlation is V 0332453
(Mowlavi et al. 2006; Tsygankov et al. 2010; Vybornov et al.
2017), which has a rather large luminosity (up to 1.5 x 1038
erg s~1). This source shows a transition to a positive cor-
relation at a luminosity of ~ 1037 erg s=! (Doroshenko et
al. 2017; Vybornov et al. 2018).

For an explanation of these correlations the work of
Basko & Sunyaev (1976) has been instrumental. It predicts
that below a critical luminosity L, ~ 1037 erg s~!, the in-
falling matter in the accretion column is stopped close to
the neutron-star surface by a radiative shock; whereas for
larger luminosities (L, > 1037 erg s71), the radiative shock
rises to a height H, which is proportional to luminosity.

Several explanations have been put forward for the pos-
itive correlation (c.f. Mushtukov et al. 2015 or Mukherjee
& Bhattacharya 2012). The negative correlation can be ex-
plained qualitatively by the decrease in the magnetic field,
if, in the high luminosity case, the radiative shock rises with
luminosity. However, it has been pointed out by Poutanen
et al. (2013) that in a dipole field, the predicted rate of
change of B (and E. ) with H (and L,) is much larger
than the observed one. As a remedy, the authors propose
that the observed cyclotron line is not produced in the ac-
cretion shock, but from reflection of its X-ray beam in the
atmosphere of the polar cap. Since with increasing H the
illuminated polar cap area is increased and the strength of
the dipole field decreases (up to a factor 2) with distance
from the magnetic pole, a modest decrease in the cyclotron
line energy with luminosity is expected. In the following, we
check on this by means of Monte Carlo simulations. In § 2
we present our model, in § 3 we describe briefly our Monte
Carlo code, in § 4 we show the results of our calculations,
in § 5 we compare our results with the observations of V
0332453 by Doroshenko et al. (2017), which cover a wide
range of luminosities, and in § 6 we comment on our results
and draw our conclusions.

2. The model

With the aid of a Monte Carlo code, we study the reflection
of continuum X-ray photons at the atmosphere of a mag-
netic neutron star. The photons are emitted at the radiative
shock, they have a power-law distribution of energies, and
one can think of them as being emitted at height H above
the magnetic pole in the form of a wide beam. The larger H
is, the larger the polar area on the neutron star that gets
illuminated, and the larger the variation of the magnetic
field strength in this area.

It is generally assumed that the beam that emerges from
the radiative shock is directed mainly toward the stellar
surface, due to relativistic beaming (Kaminker et al. 1976;
Mitrofanov & Tsygan 1978; Poutanen et al. 2013). This,
however, is not correct, because it assumes that the escap-
ing photons from the shock have had their last scattering
with a freely falling electron, while in a radiative shock, it
is equally likely that the last scattering is due either to an
in-falling electron above the shock or to a thermal electron
below the shock. It is well accepted observationally that a

fan beam is emitted at the shock, but its shape is unknown.
For this reason, in our calculations below, and for purposes
of demonstration, we assume beaming functions (Triimper
et al. 2013) of the form

dN/d#" x sin™ @', (1)

where 6" is the polar angle of the direction of the pho-
ton (see Fig. 1), m = 1 for an isotropic distribution, and
m = 2 or 3 for strong beaming. The polar angle 6’ and the
angle o between the photon momentum and the infalling
electron velocity are related by 6’ + o = m. We have also
examined the downward beam distribution of Lyubarskii
& Sunyaev (1988) and have found that our conclusions are
unaffected. It is easy to verify that, for angles 6’ such that
the photons encounter the neutron-star surface, the down-
ward beam distribution of Lyubarskii & Sunyaev (1988)
falls between the m =1 and m = 3 beaming functions.

o

Fig.1. Schematic of a photon emitted at the radiative
shock, at height H above the surface of a neutron star of
radius R, and hitting the surface. The polar angle of the
photon is 6" and the corresponding one at the point of inci-
dence is 6. The relation between 6 and 6’ is derived in the
Appendix.

We assume a dipole magnetic field B with its dipole

moment m = mk along the z axis. The vector B on the
surface of the neutron star of radius R is given by

B = By [3(7h - #)7 — ] , (2)
where By is the magnetic field at the equator of the neutron
star and twice this at its pole, 7 is the radial unit vector,
and m = m/m = k is the unit vector along m. For a point
in the xz plane, on the surface of the neutron star, we write

7 = cos Ok + sin 01, where 6 is the polar angle, that is the
angle between the radial vector and the z axis, and eq. (2)
becomes

B(0) = By [(3(:0529 — 1)k +3cosfsin i|, (3)
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The strength of the magnetic field on the surface of the
neutron star at polar angle 6 is

B = By(1 + 3cos® 0)/2. (4)

The possibility of an off-center dipole exists, but it is be-
yond the present paper to investigate it. We have restricted
ourselves to a centered dipole, as Poutanen et al. (2013) did.

Consider a photon emitted at the shock, at height H
above the neutron-star surface, with direction n = cos 6’ k+
sin@'i, in the zz plane. For angles 8 > m/2, such that
sind < R/(R + H), the photon will hit the neutron-star
surface at a point (z,z), which is the intersection of the
straight line path of the photon and the circle z? 4 22 = R2.
The polar angle 6 of this point (z,z), which will give the
local magnetic field strength B(6) (see eq. 4), is deter-
mined from either cosf = z/R, z > 0 or sinf = z/R,
x > 0 (see Appendix). We do not take into account grav-
itational bending, for two reasons. First, it is negligible.
Using egs. (B8) and (B6) of Poutanen et al. (2013) and our
Appendix, we have found that for H = 10 km and m =1
the magnetic field strength at the circumference of the il-
luminated polar cap is B = 0.69B for the Newtonian case
and B = 0.628( when gravitational bending is taken into
account. A ~ 10% lower magnetic field has no effect in our
conclusions. Second, gravitational bending brings the emit-
ted photons at the radiative shock closer to the magnetic
pole, and thus strengthens our main conclusion.

If A = ui + 115' + wk is the direction of a photon, then
the angle of incidence with respect to the local magnetic
field B(0), at the first or any subsequent scattering, is de-
termined from Bl
s 6
Here it is tacitly assumed that the region on the neutron-
star surface sampled by the photon before it escapes is very
small, i.e., the mean free path is much less than R, and B
is constant in this region.

For a proper treatment of the radiative transfer, one
needs to consider the complete, Quantum Electrodynamic,
Compton cross sections (Herold 1979; Daugherty &
Harding 1986; Harding & Daugherty 1991; Sina 1996;
Gonthier et al. (2014); Mushtukov et al. 2016; Schwarm
2017). However, these cross sections are quite cumbersome,
because they contain infinite sums, and are not very prac-
tical. A significant simplification of the above cross sections
(though still intimidating) was derived by Nobili, Turolla, &
Zane (2008), in order to treat resonant scattering of photons
with energy approaching m.c?, in a magnetic field compa-
rable to the critical one B., = mZ 203 /eh. These cross sec-
tions were computed exactly at resonance, i.e., the Lorentz
profile was approximated by a delta function.

Since most of the cyclotron lines that have been ob-
served so far (Staubert et al. 2019) are at cyclotron ener-
gles << mec?, we restrict ourselves to resonant scattering
of photons with energy E << m.c? in a magnetic field of
strength B << B,.. For such a case, we showed analyti-
cally and numerically (Loudas, Kylafis, & Truemper 2021)
that the modified classical cross sections given below in eq.
(6) provide accurate representations of the fully relativistic
ones.

For a cyclotron energy FE.(0) = Thw(0) =
heB(0)/m.c < mec?, the modified classical polarization-
dependent resonant cross sections are given by (Loudas et

cosy =1 -

al. 2021)
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where the index 1 (2) stands for the ordinary (extraordi-
nary) mode, y and X’ are the incident and scattered angles,
respectively, with respect to the local magnetic field, rg is
the classical electron radius, and c is the speed of light. The
quantities L_ and L, are the normalized Lorentz profiles
given by

3B, cos? x cos® x/ L+) ,  (6d)

Fi/Qﬂ'
(w—wp)? 4 (I'+/2)
where w and w, are the photon frequency and the reso-

nant frequency, respectively, in units of m.c?/h. The decay
widths T’y are given by (Herold, Ruder, & Wunner 1982)

Li = (7&)

_ 4dmec® B?
~3 n "B

(70)

2mec? B3
z —_
3 h B3’
where « is the fine structure constant. We note that I'_
equal to the classical I' = (4e%w?)/(3mec?®), which accounts
for the finite transition life-time of the excited state (e.g.,
Daugherty & Ventura 1978; Ventura 1979).

The first terms in egs. (6a) - (6d) are the classical
(Thomson) differential cross sections. The second terms,
which are proportional to B/B,, are purely quantum me-
chanical and are due to spin flip. It is amazing that just
these terms are enough to convert the classical cross sec-
tions into accurate approximations of the fully relativistic
quantum-mechanical ones for B < By

For the resonant frequency w, and the new photon en-
ergy in the rest frame of the electron after scattering, we
use egs. (8) and (6), respectively, of Nobili et al. (2008).

The polarization averaged differential cross section is
given by

Ly = (7c)

(1 + cos® x)(1 + cos® \) (L + 15 L+) :
2 B,
(8)
For comparison, we have performed a calculation with this
polarization averaged differential cross section.

The black-body temperature at the surface of the neu-
tron star is typically <1 keV, which is much smaller that
the cyclotron energy E. = 25 keV at the pole, that we
have considered, and one could consider the electrons at the
surface of the neutron star as cold. However, the tempera-
ture of the electrons in the atmosphere of the neutron star
can be up to an order of magnitude larger than the black-
body temperature (Zampieri et al. 1995). Thus, we have
taken into account the temperature of the electrons. A one-
dimensional (along the local B) nonrelativistic Maxwellian
is fine for our purposes.

do 3mroc

' " 16
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Since the heavy elements on the surface of the neu-
tron star will not be completely ionized, for the absorption
cross section, we use the hydrogenic approximation (Bethe
& Salpeter 1957)

_ 6.3x107"8

Oa 73 (Iz/E)® cm?, (9)

where I; = 13.6Z2 eV is the ionization potential and we
assume that the predominant element is Carbon (Z = 6).
We remark that our conclusions are not affected at all if
there are no heavy elements on the surface of the neutron
star.

3. The Monte Carlo code

Our Monte Carlo code is similar to previously used codes in
our work and it is based on Cashwell & Everett (1959) and
Pozdnyakov et al. (1983). We emit photons toward the neu-
tron star from height H, with a polar angle ', either in the
form of a delta-function distribution or with continuous dis-
tributions given by eq. (1) or that of Lyubarskii & Sunyaev
(1988). The directions of emission are restricted between
0" = arcsin[R/(R + H)] (tangent) and 6’ = m (pole).

We consider a uniform atmosphere at the surface of the
neutron star, with the number density of the electrons ten
times larger than the corresponding one for absorbers. This
ratio of densities was selected so that absorption and scat-
tering have comparable mean free paths at 15 keV. Below
this energy, absorption dominates, while above it scattering
dominates.

In our calculations, we consider a value for By, such that
E.=125keV = 11.6(By/1 x 10'?) keV at the equator and
25 keV at the pole. The variation of the strength of the
magnetic field with polar angle € is given by eq. (4). Our
input spectra have the form of a power law

dN [ FE e

dE ~ \ E, ’
where Fy = 1 keV is a reference energy and « is the power-
law index. For the Monte Carlo runs, we have used a min-

imum of 107 photons. For high resolution (e.g., Fig. 7), we
have used 10° photons.

(10)

4. Results

As a test of our Monte Carlo code, and in order to see
clearly the reflected spectrum, we first use a flat power-law
spectrum as input, i.e., « = 0. For the photons to see a
specific magnetic field strength, we send all of them to the
pole, i.e., 8/ = 7. Equally well, we could have sent them to
the tangent (#’ = arcsin[R/(R + H)]) or any intermediate
direction. The temperature of the electrons is taken equal
to zero, as a benchmark. In Fig. 2, we show our results.
The black dashed line represents the input spectrum and
the black crosses give the reflected spectrum. However, the
observed spectra consist of two components: the photons
that are emitted at the radiative shock and come directly to
the observer and those that come to the observer after being
reflected at the neutron-star surface. The relative strength
of these two intensities is difficult to compute, because it
depends on two angles, both unknown: the inclination of
the spin axis of the neutron star and the angle between

the spin and the magnetic axes. For most combinations of
these two angles, the direct spectrum is more than 50% of
the spectrum of the photons emitted at the radiative shock.
Also, the larger the height H of the radiative shock, the
larger the direct component. Therefore, in Fig. 2, we show
mixtures of 50% direct and 50% reflected (blue stars) and
70% direct and 30% reflected (red pluses) as representative
examples.

0.1

0.0 it

0.001

dN/dE (kev™)
T T \HHW

0.0001

Ll
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Fig. 2. Reflected spectrum dN/dFE in all directions (black
crosses) in arbitrary units, as a function of energy E in keV.
The input spectrum is shown as a black dashed line. The
other two lines show mixed spectra: 50% direct and 50%
reflected (line with blue stars) and 70% direct and 30%
reflected (line with red pluses).

The reflected spectrum in Fig. 2 (black crosses) has the
expected characteristics. First, the input photons near res-
onance have a small mean free path in the neutron-star
atmosphere and, as a result, a good fraction of them get
reflected. However, with every scattering these photons lose
energy due to electron recoil. Thus, the reflected photons
appear at energies below the resonance. Second, the reso-
nant input photons that do not get reflected, but instead
go deeper into the neutron-star atmosphere, face a large
optical depth for escape and thus they escape only in the
line wings. Similarly, photons with energy somewhat larger
than E. that go deep in the atmosphere, loose energy with
every scattering and can escape, if they are not absorbed,
only in the line wings. Thus, an absorption feature is gener-
ated at the resonance. However, since the atmosphere of the
neutron star near resonance is an essentially pure scatter-
ing one, the number of photons is conserved. The photons
that are missing in an absorption feature, must appear as
an emission feature at lower energies, due to electron recoil.

At low energies, the reflected spectrum is significantly
reduced due to absorption (see eq. 9). At high energies,
the reduction of the reflected spectrum is due to down-
scattering, followed by absorption.

Furthermore, we see in Fig. 2 that, despite the fact that
the reflected spectrum has a sharp and prominent absorp-
tion feature, this feature is not so prominent when the re-
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flected spectra are mixed with nonreflected ones, i.e., with
input spectra that reach the observer directly. Naturally,
the larger the direct component in the mixture, the shal-
lower the absorption features and vice versa.

We repeated the calculation of Fig. 2, but with the po-
larization averaged differential cross section of eq. (8), in-
stead of the mode-dependent ones of egs. (6a - 6d). The
results are indistinguishable from those of Fig. 2.

In Fig. 3, we show the results of the same calculation,
but with the thermal motion of the electrons taken into
account. We consider values of kT, equal to 1 keV (line
with black stars), 3 keV (line with blue circles), and 10 keV
(line with red diamonds). The input spectrum is shown as
a black dashed line.
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Fig. 3. Reflected spectrum dN/dFE in all directions in ar-
bitrary units, as a function of energy F in keV for kT, =1
keV (line with black stars), kT, = 3 keV (line with blue
circles), and kT, = 10 keV (line with red diamonds). The
input spectrum is shown as a black dashed line.

Contrary to our intuition regarding the thermal broad-
ening of an absorption line, where the Lorentz profile is
blue-shifted and red-shifted by the thermal motion of the
absorbers, here the thermal motion of the electrons has a
small and rather undetectable effect on the CRSF. The ex-
planation is as follows.

Independent of the temperature of the electrons (as-
suming kT, < 10 keV, as it is thought appropriate for a
neutron star atmosphere), the discussion that we have given
above for the formation of the absorption feature still holds.
Photons at resonance cannot escape from deep in the at-
mosphere unless they change their energy and escape in the
line wings. If the electrons are cold, resonance photons lose
energy with every scattering and escape in the red wing.
However, if the electrons are hot, they can give energy to
the photons, which then escape in the blue wing. The hot-
ter the electrons, the larger the blue wing. This is exactly
what is seen in Fig. 3.

In the subsequent calculations and for concreteness, we
take kT, = 1 keV, though the spectra are indistinguishable

from those with kT, = 0. We stress that our conclusions
are independent of the temperature of the electrons.

In Fig. 4, we show the dependence of the reflected spec-
trum on the direction of escape. The incident photons are
again in the form of a pencil beam toward the pole. The
line with the black circles gives the spectrum of the reflected
photons that escape with angle x’ with respect to the local
B = 2Bk, such that 0 < cosy’ < 0.33. The line with the
blue diamonds corresponds to 0.33 < cos x’ < 0.66 and the
line with the red triangles corresponds to 0.66 < cosy’ <
1.0. The three reflected spectra are very similar.

dN/dE (kev™)

E (keV)

Fig. 4. Reflected spectrum dN/dFE in three direction bins,
as follows: 0 < cosy’ < 0.33 (line with black circles),
0.33 < cosx’ < 0.66 (line with blue diamonds), and
0.66 < cosy’ < 1.0 (line with red triangles). The angle
x’ is measured with respect to B at the point of incidence.

In Fig. 5, we use as input spectrum a steep power law
with index a = 5, as suggested by the spectra in Tsygankov
et al. (2006), Cusumano et al. (2016), and Doroshenko et al.
(2017). Also, instead of dN/dE we show E? dN/dE versus
energy. The angle of incidence is 8/ = 7 and the symbols are
the same as in Fig. 2. The reflected spectrum has a promi-
nent absorption feature, but in the mixed spectra (lines
with stars and pluses) it is not as prominent.

In all of the above cases, we have considered a delta-
function beam from the shock to the magnetic pole.
However, as we have discussed in sections 2 and 3, the beam
that is emitted at the shock is wide and it samples various
magnetic field strengths on the surface of the neutron star.
For a rather large shock height H = 10 km and R = 12.5
km, the beam extends from 6’ = arcsin[R/(R+ H)] = 146.3
degrees (tangent) to 6’ = 180 degrees (pole). At ' = 146.3
degrees, the photon hits the neutron-star surface at a polar
angle (see Fig. 1) 6 = 53.4 degrees (see Appendix). The
local magnetic field strength is B = 1.44By, with a corre-
sponding cyclotron energy F. = 17.97 keV.

In Fig. 6, we show the reflected spectra from a number
of delta-function beams from 6 = 147 degrees (grazing
incidence) to " = 180 degrees (vertical incidence) for a
shock height H = 10 km. All delta-function beams have
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Fig.5. Reflected spectrum in all directions in E?dN/dE
form (crosses), with arbitrary units, as a function of en-
ergy E in keV. The input spectrum is shown as a dashed
line. The other two lines show mixed spectra: 50% direct
and 50% reflected (stars) and 70% direct and 30% reflected
(pluses). The angle ¢ = 7.

the same number of photons and their spectrum is that
of the black dashed line. The red dotted line corresponds
to # = 147 degrees, with the local cyclotron energy E. =
19.63 keV at the point of incidence. The green dot - dashed
line corresponds to 8’ = 149 degrees (local E. = 21.34 keV),
the blue double-dot - dashed line corresponds to 6/ = 152
degrees (local E. = 22.59 keV), the magenta double-dash
- dotted line corresponds to 8" = 155 degrees (local E. =
23.33 keV), the black solid line corresponds to 6/ = 160
degrees (local E. = 24.09 keV), and the brown long-dashed
line corresponds to 8’ = 172 degrees (local E. = 24.88 keV),
As expected, the energy of the absorption feature increases
with increasing 6’ from 17.97 keV to 25 keV.

Two additional things are worth noticing in Fig. 6. 1)
The absorption features are weaker when the photons have
a grazing incidence in the atmosphere (8" = 147 degrees)
than when they have a nearly perpendicular one (' = 172
degrees). This is understood, because at grazing incidence
the photons see a smaller absorption depth for escape than
at normal incidence. 2) The absorption feature at grazing
incidence (0" = 147 degrees) falls on top of the emission
feature at incidence at 8" = 149 degrees, and similarly for
subsequent incidence angles. This has the important im-
plication that when a beam falls on the neutron star, the
addition of the reflected spectra, properly weighted with
the angular distribution of the beam, will wash out the
imprints of weaker magnetic fields from the low-magnetic-
latitude part of the polar cap. We have found that this is
indeed the case and this is the main point of our paper.

In Fig. 7, we show the reflected spectrum (red dot-
dashed line) from an isotropic beam (m = 1 in eq. 1) and
similarly (blue solid line) from a strongly beamed distribu-
tion (m = 3 in eq. 1). In both cases, the input spectrum is
given by the black dashed line. The shock height is H =5
km, which implies that, on the illuminated surface of the
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Wi
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01 =
0.0, 20 ‘ 20 50
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Fig.6. Reflected spectra in all directions in E?dN/dE

form, with arbitrary units, as a function of energy F in
keV. For all cases, the input spectrum is given by the black
dashed line. The red dotted line corresponds to ¢ = 147
degrees, the green dot - dashed line corresponds to 6’ = 149
degrees, the blue double-dot - dashed line corresponds to
0’ = 152 degrees, the magenta double-dash - dotted line
corresponds to 6’ = 155 degrees, the black solid line cor-
responds to #’ = 160 degrees, and the brown long-dashed
line corresponds to 6" = 172 degrees. The corresponding
energies of the cyclotron absorption features are given in
the text. The shock height is H = 10 km.

neutron star, F. ranges from 20.0 to 25.0 keV. In both
cases, the absorption feature from a broad beam is natu-
rally wider than the corresponding one from a pencil beam
(see Fig. 6). The minima, though, of the absorption fea-
tures are at 24.7 keV for the m = 1 case and at 24.5 keV
for the m = 3 case, which are very close to the cyclotron
energy at the pole. The contribution of the lower magnetic
latitudes is nearly washed out. The strongly beamed distri-
bution (m = 3) produces an absorption feature (blue solid
line in Fig. 7), which has slightly lower energy than that
of the isotropic distribution (red line in Fig. 7, m = 1).
This is because, in the m = 3 case, most of the photons
hit the neutron-star surface at low magnetic latitudes and
very few near the pole. We note that Fig. 7 shows only the
reflected spectrum. The observed spectrum, however, is a
combination of direct and reflected spectra, which makes
the absorption features shallower (see Fig. 5).

A shock height H = 5 km is rather large. We used it
only for reasons of demonstration. In Fig. 8, we show the
reflected spectrum of a beam with m = 1 and a reasonable
shock height H = 2 km. A beam with m = 3 produces
nearly identical results. The absorption feature occurs at
the cyclotron energy corresponding to the magnetic field at
the pole and, as expected, it is narrower than that of Fig.
7, because a narrower range of magnetic field strengths is
sampled (22.74 < E. < 25.0 keV). In the mixed spectra
(stars and pluses), however, the absorption feature is less
prominent.
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Fig.7. Reflected spectra in all directions in E?dN/dE
form, with arbitrary units, as a function of energy E in
keV. The red dot-dashed line corresponds to a beam with
m = 1, while the blue solid line to a beam with m = 3. The
shock height is H = 5 km and the input spectrum is given
by the black dashed line.
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Fig. 8. Reflected spectrum (crosses) in all directions in
E2?dN/dE form, with arbitrary units, as a function of en-
ergy E in keV. The photons are emitted in a beam with
m = 1. The shock height is H = 2 km. The other two lines
show mixed spectra: 50% direct and 50% reflected (stars)
and 70% direct and 30% reflected (pluses). The input spec-
trum is given by the black dashed line.

5. Comparison with observations

With regard to the change of the cyclotron-line energy with
luminosity, the most remarkable X-ray pulsar to date is V
0332+53. It was demonstrated by Doroshenko et al. (2017)
that, in its 2015 and 2016 outbursts, the cyclotron-line en-
ergy exhibited both a correlation (at low luminosities) and
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an anticorrelation (at high luminosities) with luminosity.
Both, the correlation and the anticorrelation have been seen
in other sources (for a review see Staubert et al. 2019), but
todate this is the only source that exhibits both.

During the decay of the luminosity, the cyclotron-line
energy increased from 27.9 keV to 30.4 keV. This is ap-
proximately a 9% increase.

To compare with these observations, we have run models
with the shock height at H = 10, 8,5, 3, and 1 km to mimic
the decrease in the observed luminosity. We have also used
a beam with m = 3, which is the most favorable to exhibit
a variation of the cyclotron-line energy with shock height
or equivalently luminosity. In Fig. 9 we show our results.
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Fig.9. Reflected spectra in all directions in E?dN/dE
form, with arbitrary units, as a function of energy E in
keV for different shock heights: H = 10 km (black solid
line), H = 8 km (blue dotted line), H =5 km (red dashed
line), H = 3 km (magenta dot-dashed line), and H = 1 km
(green dash - dotted line). The dashed straight line is the
input spectrum. The photons are emitted in a beam with
m = 3. In the inset, we zoom into the absorption feature,
with the horizontal axis linear.

In varying the shock height by an order of magnitude,
the cyclotron line varies from 24.5+0.1 keV (the uncertainty
is due to binning) to 25 keV, i.e., only about 0.2%. This is
practically unobservable.

We remark that had we used a downward beam, most
of the photons would hit the neutron-star surface near the
magnetic pole and the variation of the cyclotron-line energy
would be even smaller.

6. Discussion and conclusions

We have studied reflection of continuum X-ray photons
from the surface of a magnetic neutron star. With a Monte
Carlo code, we have simulated photons emitted from a ra-
diative shock at height H above the surface of the neutron
star, on the magnetic axis. The photons are either unidirec-
tional or are in beams with specific distributions: isotropic,
fan beam, or downward beam.

When the photons have a specific direction, they im-
pinge in a polar ring on the neutron-star surface, that has
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a specific magnetic field. The lower the magnetic latitude
of the ring, the lower the strength of the local dipole mag-
netic field. In such a case, the reflected spectrum exhibits a
prominent cyclotron absorption line at the local cyclotron
energy. Naturally, if the photons are emitted in a beam, a
range of magnetic fields is sampled and the absorption line
is wider.

If we could see only the reflected spectrum, these ab-
sorption features would be easily detectable. However, the
observed X-ray spectra are a mixture of direct photons
from the radiative shock and reflected ones. We have found
that, for reasonable mixtures of direct and reflected pho-
tons, which depend on the inclination angle of the spin axis
as well as on the angle between the magnetic and the spin
axes (both unknown), the cyclotron features become much
weaker than the ones observed (see, e.g., Fig. 3 of both
Tsygankov et al. 2006 and Doroshenko et al. 2017).

Another more serious finding, that speaks against the
idea of cyclotron line formation at the surface of magnetic
neutron stars, is that the reflected spectra are essentially
unaffected by the height of the radiative shock. This is con-
trary to intuition, where one would expect an anticorrela-
tion between the luminosity of the source, and therefore the
height of the shock, and the cyclotron absorption feature
(Poutanen et al 2013). The reason for this is the following.

Consider photons at grazing incidence to the neutron-
star surface. These photons impinge on the furthermost ring
of the polar cap, which has the lowest magnetic field in the
polar cap. Reflection of these photons creates a) an ab-
sorption feature at the local cyclotron energy and b) an
emission feature below this. Consider now photons imping-
ing on the adjacent ring, inside the first one. The strength
of the magnetic field here is larger than that of the first
ring. Thus, the emission feature at the local cyclotron en-
ergy falls on top of the absorption feature of the first ring,
and the absorption feature is nearly washed out. The same
thing happens with all inner rings. Since, in the illuminated
polar cap, the magnetic field strength varies continuously
from the circumference to the magnetic pole, illumination
of the polar cap results in a broad cyclotron line, like the
one shown in Fig. 7. The magnetic field inferred from such
a line corresponds to that of the magnetic pole. We remark
that the distribution of the photons in the beam is practi-
cally irrelevant. An isotropic beam and a strong fan beam
give practically the same reflected spectrum. For this rea-
son, we think that the use of gravitational bending will not
alter the above picture.

Last, but not least, we remark that a shock height
H = 10 km is unreasonably high. It was used only for the
purpose of demonstration. For more reasonable heights of a
few kilometers, the variation of the magnetic field in the po-
lar cap is small and the spectra exhibit practically a broad
absorption feature, which, in addition, is very shallow if the
reflected spectra are mixed with direct ones. Thus, reflec-
tion at the surface of a neutron star is not the mechanism
for cyclotron line formation.

Due to the overlap of the CRSFs at different magnetic-
field strengths, reflection at the surface of a neutron star
cannot explain the anticorrelation of cyclotron line en-
ergy and luminosity. Several alternative scenarios have been
mentioned by Becker et al. (2012) Doroshenko et al. (2017),
and Staubert et al. (2019), but a quantitative explanation
of the effect is still pending.
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Appendix A: Geometry

We consider a point source on the magnetic axis z, at height
H, above the surface of a neutron star. The source emits a
pencil beam of photons with direction

fi = cosO0'k +sin @i

in the xz plane, with the polar angle § > /2 such that
sinf’ < R/(R + H). Under these conditions, the pencil
beam hits the neutron-star surface at a point (z, z), which
is determined from the intersection of the straight line

z=cotdx+ R+ H
and the circumference of the circle
? 4 2% = R
Eliminating z from these two equations we obtain
(1+cot? 0 )a? +2cot @' (R + H)x + (R+ H)?> — R*> =0,
from which we get

—b—Vb% — dac

=— >0
x % >
and
z=VR%2—-22>0,
where
a=1+cot?0 >0,
b=2cotd(R+ H) <0,
and

c=(R+H)* - R
The polar angle 8 of the point (z, z) is determined from

(z,
cosf =z/R, 0<60<m/2
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