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Cyclotron resonant scattering features (CRSFs) exhibifuhdamental physical processes in the
line-forming region of highly magnetized neutron stars atidw for a direct measurement of a
neutron star's magnetic field. The multiplicity of CRSFsrsgemany sources - with 4U 0115+63
being the record holder showing a fundamental line plus #baics - and the complex shape of
the fundamental line can provide unique insights into thesatal properties and B-field geome-
try of the accretion column. The strong coupling of a pha@migle and energy due to relativistic
effects are leading to a coupling of the seed photons spefistaibution and the accretion ge-
ometry and therefore hinder comprehension. The model ptedédere is using a Monte-Carlo
approach to the problem by propagating individual photbnsugh different kinds of cyclotron
resonant scattering media. We produce tables of the sietlitidta allowing the fast creation of
output spectra by convolution of the input continuum with ttlorresponding Green’s functions.
An XSPEC implementation of this model and an initial set diéa will soon be available to the
community. While this model follows similar physical asquions and the same Green’s func-
tions strategy as previous work, the Monte-Carlo code has bempletely redone from scratch.
The new code not only provides new geometries, the podgitilitrace every single photon dur-
ing its way through the medium and the flexibility to intro@utew simulation parameters easily
as necessary for a feasible comparison to data but alscsyieldected scattering profiles.
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1. Introduction

The X-ray binary systems considered here consist of a nestes with a strong magnetic field
and an optical companion donating matter to the former. mfilewing matter couples to the mag-
netic field of the neutron star, forming accretion columnsta}{ continuum photons are produced
within the column via various processes such as cyclotrahbdeckbody radiation. Their further
interaction with the accreted and magnetically quantizedma electrons imprints cyclotron res-
onant scattering features on the spectrum. While the pladatérons have a thermal momentum
distribution parallel to the magnetic field, the electrongdmenta perpendicular to the field are
quantized[1]. The corresponding energy states, the so called Landals,|@re proportional to
the magnetic field strength. Therefore the mechanisms afrptisn, reemission, and scattering
of photons resonant in the rest frame of the involved elactoom absorption-like features in the
spectra allowing for a direct measurement of the neutrarsstaagnetic field.

2. The Monte-Carlo approach

Due to the coupling of the scattering photon’s angle andgngy the electron momentum
the exact shape of the cyclotron line can not be determinalytzsally. An alternative is using the
Monte-Carlo approacfi] where many photons are propagated through a well definedumedihe
interactions with electrons of a certain parallel tempeg(T, in the vicinity of a strong magnetic
field, B, (~ 10'?Gauss) alter the angle and energy of scattered photons.or@hescaping the
medium are collected and individually stored in photondablThus, they can be binned arbitrarily
in the post-calculation phase.

Figure 1 shows the complete propagation process includiotpp spawning occurring when-
ever an electron is excited to a higher Landau level. Manyagdodity distributions have to be
calculated for the sampling of the scattering parametess ekample the angular dependent scat-
tering cross sections are utilized for the sampling of thedtedng angle. For properties of the
transitions of electrons to lower Landau levels relatigisiecay rates consistent with the ones de-
rived by [2] have been used. By injecting monoenergetic photons of aicdrtput energy, the
response of a medium defined by its geometry, magnetic fieldemperature is simulated and
stored in Green’s function tables following the approaanf{3]. These tables are used in the
fitting process to calculate the emergent spectrum for aitranp input continuum by convolving
it with the Green'’s functions.

3. Mean free path interpolation tables

The cyclotron scattering cross sections used in this warkased on R. Sina’s PhD thefg
They depend on the energy and angle of the scattering photbe scattering electrons rest frame
and therefore due to relativity also on the electron monmanteor the calculation of the mean free
path the scattering cross sections are averaged over @istiadistribution of electron momenta
fe(p). This involves an integration over all possible electrommeata:

(ot )= [ dp t(p)(1~ 1B)ai (ki)
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(Tnject Photon_) e Photon injection: The software provides dif-
ferent photon source types (point, plane,
line). Arbitrary source dimensions and spec-
tral properties can be easily configured.

Sample MFP and
propagate photon

Store photon

Iterate

e Propagation: The mean free path (MFP) can
be calculated or interpolated. The medium
can have the geometrical shape of either filled
or hollow cylinders specified by their optical
depthst) andt parallel and perpendicular to
the magnetic field.

Sample electron
momentum

e Sampling: The electron momentum, final
Landau level and scattering angle are sampled
using the corresponding distribution func-

Sample final
Landau level

tering angle

Sample scat- tIOI’]S

e Kinematics: Conservation of energy and mo-

- mentum yield the final photon energy and an-
Next photon
gle.

Calculated final
photon energy and
electron momentum

e Photon spawning: If an electron is excited to a
Landau level above the ground state it emits a
photon almost immediately. The deexcitation
takes place preferentially to the next lower
Landau level effectively emitting a resonant
photon within the fundamental line. Further

@ deexcitation steps follow until the ground state
sion angle is reached.

Figure 1: Flowchart of the Monte-Carlo process

Sample decay
Landau level

with the cosine of the photon’s angle to the magnetic figld- cogd), its energy,k, and the
electron’s velocityB = v/c. Rest frame identities are marked with subscripts. Thdtieguprofile
corresponds to the inverse mean free path, u) = 1/(o(k,))s,. The distanceAt the photon
actually travels before scattering takes place can be sahigyl assigning a random number Rn to
the normalized primitive of its probability/(x — x+ A1) = exp(—At/A (k, 1)) which results in

AT = —A(k, u)In(Rn)

The integrals necessary to calculate the mean free patblyénthe calculation of many cross
sections. This time consuming calculation can be replagedrbinterpolation from previously
calculated tables. The averaged cross sections are eloatan energy grid which is refined
adaptively until the interpolation does reproduce theuwdated values within the desired accuracy.
A similar approach is used to refine the angular grid.
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Figure 2: lllustration of the mean free path interpolation tablesvaihg the thermally averaged scattering
cross sections for a magnetic field strengttBef 0.0385B,; and a temperature df = 5keV.

This way enough points are evaluated close to the resonarakswithout the resonances a
coarse grained grid is used to save computing time. Figurepits such an interpolation table.
The colors correspond to the total cyclotron scatteringssections averaged over a relativistic
electron momentum distribution of temperatdre= 5keV. The magnetic fiel@® = 0.0385Bi
is in the validity range of the model which goes frem0.01Bi; to ~ 0.11Bit. At higher mag-
netic fields other processes have to be taken into accowni4($e The actual interpolation tables
also contain all the partial integrals which are used forghmpling of the scattering electron’s
momentum.

4. Generalizing the accretion column’s geometry

Our model extends the simple slab and cylinder geometrig¢seofine-forming region used
in previous work[1, 3] to the much more flexible concept of stacked hollow cylindsssisting
of generalized cylinders which can be stacked on top of, enearound other cylinders. The
original slab geometries correspond to flat cylinders wittegtain optical depth parallel to the
magnetic field and an infinite radius. All optical depths akeiy in units of the Thomson optical
depthtr,. The cylinders are illuminated by a source plane which inchee of slab 1-1 geometry
is placed in the middle of the cylinder. Slab 1-0 geometryresponds to a bottom illuminated



Monte-Carlo Modeling of Cyclotron Resonant Scatteringtbezs Fritz-Walter Schwarm

10000 T = 10keV, 9 = 60° T = 50keV, 9 = 60° 1

1000 &

100

raged scattering c
=
=
T

‘mally ave

Ther

I I I | I | I 3 I I I | I | I I I I | I | I
0.5 1 15 2 2.5 3 35 4 0.5 1 15 2 2.5 3 35 4 0.5 1 15 2 2.5 3 35
Energy [wre]

Figure 3: Inverse mean free paths (line profiles) in comparison to tresdrom[5] for a magnetic field of
0.1Bgit. Different temperatures and angles} to the magnetic field are shown.

cylinder. Using stacked hollow cylinders, radial gradéeare possible as well as gradients in
height providing sufficient complexity to model realisticcaetion columns. In principal all kinds
of cylindrical geometries can be modeled this way with aldé computing power being the only
limitation. Comparing CRSF spectra which are simulatedgisnly one cylinder but with different
combinations of optical depths parallel and perpendictdathe magnetic field to observational
data may provide inside into whether the observed accrewtumn bears more analogy to slab-
or cylinder-like geometries.

5. Impact of corrected scattering profiles

Our new MC code is following a very similar physical schemetascode by{1], a revised
version of which we have previously used as basis and for ¢weldpment of an XSPEC fitting
model for the analysis of cyclotron ling8]. We found the code by1], however, to numerically
overestimate the scattering cross section profiles whetr#tically should but in fact do not agree
with previously published scattering profile&s. This led to an overestimation of the depths of the
CRSFs deviating considerably also from results of differemmerical implementations of CRSF
models like, e.g.[6], and originally motivated programming the new MC code, enésd here.

Figure 5 shows a comparison of our simulated spectia]ttor different optical depths and
reveals the differences in line depths originating fromubkage of corrected profile functions. Our
profiles now agree perfectly witfp] (see Figure 3). Figure 5 shows a comparison of our spectra
(red/green) td6] (black). Slab 1-0 (green) geometry is shown as well as slatgéemetry (red).
Both spectra, though produced with completely indepensiemilations, now agree very well.

6. Outlook

The comparison to data has just begun. Up to now cyclotrags llmve mainly been fitted
using multiple Gaussian absorption lines. With our modeltiple cyclotron lines can be fitted
simultaneously using a physically reasonable model. Wetplanerge the model for the formation
of CRSFs in arbitrary continua, presented here, with théytioapproach by Becker & Wolff7]
to a physical calculation of X-ray pulsar continua. Thisl\wahd to a hybrid model which can be
used to fit the continuum and the lines at the same time. Thesion of general relativistic effects
and rotating two pole geometry in the future will make the elogven more realistic since we
expect these processes to significantly influence the angnikéng of the emergent radiation. This
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Figure 4. Com-

parison to Araya
[1] (black) for

slab 1-1 geometry.
The magnetic
field strength is
B = 0.04Bit and

the temperature is
T =5keV. The de-
viations in the line
depths illustrate
the impact of the
usage of corrected
scattering profiles.

Figure 5: Comparison of6] (black) with our re-
sults for slab 1-1 geometry (red) and slab 1-0 ge-
ometry (green) for an optical depth of = 1.6-
103, a magnetic field strength &= 0.0385Bt,
and a temperature of = 5keV. Only photons
escaping the column almost perpendicular to the
magnetic field were binned resulting in narrow ab-
sorption lines due to the quantized nature of the
o €lectrons’ momenta perpendicular to the field.

will further constrain the physical parameters in the ab@necolumn by establishing a connection
between spectral and timing information and for the firsetenable us to perform a fully consistent

analysis of phase-resolved spectroscopic data with a gdiysiodel.
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