CYCLOTRON LINE FEATURES OF MAGNETIZED ACCRETING NEUTRON ST ARS
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ABSTRACT «
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Providing the only known direct estimate of the magnetic Where B/ Bt is the magnetic f|eldlgstrength in units of
field strength of an accreting neutron star, the study of the QM critical fieldBe,iy = 4.4-107°G, ¢ is thze.angle
‘Cyclotron Resonance Scattering Features’ (often abbre- Petween the photon and the magnetic field, is the
viated CRSFs or cyclotron lines) is fundamental to a bet- €l€ctron rest energy anddenotes the gravitational red-
ter understanding of the physics of those powerful X-ray ~Shift. In our approach to model cyclotron line shapes, we
sources. During the last three decades cyclotron lines USe arevised version of a Monte Carlo code developed by
have been detected as absorption features in many accret-Araya et al. [, 6] including relativistic scattering cross
ing neutron star binaries [1, 2, 3, 4]. The excellentenergy S€ctions and photon spawning. Physical conditions are
resolution of todays’ instruments on satellites such\as determined by the choice of magnetic field strength
TEGRAL allows not only for the detection of cyclotron ~ Plasma geometry, electron parallel temperaflireopti-
lines but also for a good resolution of their complex line ~ €&l depthr, a relativistic Maxwelliare™ momentum dis-
shapes. Using a revised version of the Monte Carlo code tribution and an isotropic angular distribution of the in-
by R. Araya [5, 6], we set up a preliminary model for jected Monte Carlo photons. Calculations are valid for

cyclotron line formation and compare its predictions to the low-density / high-field§ < Bc,i;) regime of inter-
observational data. nally irradiated plasmas. Our model is not restricted to

any a priori form of continuum radiation.
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2. ACCRETION GEOMETRY AND OPTICAL

DEPTH

1. INTRODUCTION o i
Two extreme cases of plasma geometries in the accretion

mound are considered: a cylinder (‘cy’) of infinite length

Cyclotron lines have been observed as absorption fea- fépresenting the *fan beam’ scenario (Fig. 2, left) and a
tures in the high-energy spectra of more than a dozen s!ab (‘sl’),ofln_fln_|te extension corre_spondlng to the ‘pen-
magnetized accreting neutron stars. They are indica- Cil beam’ radiation form (Fig. 2, right). The plasma is
tors for the strong magnetic field of those neutron stars internally irradiated: Continuum source photons are in-
which quantizes the momenta of the electrons in the line- Serted at the cylinder axis or slab mid-plane and then re-
forming region in discrete Landau levels perpendicularto  Processed in the plasma where the lines form. The B-field
the field. Photons with energies of ¢ times) the funda- is assumed to be parallel to the cyllnder axis and perpen-
mental Landau energy undergo resonant scattering with dl_cular to th(=T slab p_Iane. Theformat_|on of cyclotron lines
the electrons and are trapped in the dense plasma of the With increasing optical depth for cylinder and slab ge-
accretion mound. The observed spectrum thus exhibits OMetry is shown in Fig. 1.

absorption features at the line energies: . . . .
P g With increasing optical depth, for both geometries the

5 lines become more pronounced and assume a more com-
) \/1 +2nB/Beig sin“ 0 — 1 plex shape. Furthermore, a significant variation of the
eC (1) line profiles with the angle# of the escaping photons

E, = m
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Figure 1. Optical depth progression and variation of theeliprofiles with the anglé of the escaping photons. Cyclotron
line spectra are shown for both cylinder geometry (left kand slab geometry (right box). For each geometry, results fo
two values of- ( = 3 x 10~* (left) andT = 3 x 10~ (right)) and for eight angular bing, = cosf € (0.000,0.125),
[0.125,0.250), [0.250, 0.375), [0.375,0.500), [0.500, 0.675), [0.675,0.750), [0.750, 0.875), [0.875, 1.000), wherey in-
creases from bottom to top, are depicté&).B..;; = 0.05 andkT, = 3.5 keV were held fixed.

with respect to the magnetic field direction is seen. For
smallerd (increasing: = cos #) the lines become broader
and the second harmonic is shallower. Eight angular bins
are depicted for illustration (Fig. 1). The magnetic field
strengthB/B..;: = 0.05 and the parallel electron tem-
peratureT, = 3.5 keV were held fixed.

2.1. Continuum shape and photon spawning

At present, only phenomenological models are used to
explain the continuum of accreting neutron star spectra
[8, 9, 10]. Only recently, some theoretical approaches
to derive the continuum have emerged [11]. From our
cyclotron line simulations, we predict the influence of the

assumed continuum shape onto the line profiles (Fig. 3,
left) which is governed by the effect of photon spawning

(Fig. 3, right).

Photon spawning occurs when an electron, which has
been excited by an incident high-energy photon to a
higher Landau levet, decays in various steps, generating
secondary photons of energiEs, ... The right panel of
Fig. 3 shows the change of the line profiles for a flat input
continuum spectrum, when allowing scattering processes
off electrons only at the fundamental enetgy (bottom
solid line / upper dotted lines) or for up to three harmon-
ics (upper solid lines). In the former case, a single ab-
sorption line forms. The more harmonic scatterings are
allowed for, the more lines form, while the fundamen-
tal and lower harmonics become shallower with grow-
ing emission wings. The line shapes thus change with
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Figure 2. Accretion column geometries. Left: fan beam
scenario: For high mass accretion rates [7], a collision-
less shock forms and the upscattered high energy pho-
tons escape in a wide spread ‘fan’ beam perpendicular
to the B-field. The corresponding simplified geometry is
an infinitely long cylinder with photons emerging from its
mid-axis. Right: pencil beam scenario: For low mass ac-
cretion rates, no shock front forms and the photons may
escape in form of a sharp ‘pencil’ beam along the accre-
tion column. This corresponds to the extreme case of an
infinitely extended slab geometry.
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Figure 3. Variation of the line profiles with the continuunaple due to photon spawning. Left: Line profiles for different
continuum shapes (continua are $6§PECscut of f pl form for cutoff energie€’...,, = 10, 20, 100 keV from bottom to
top. B/Berit = 0.05, kT, = 3.5keV,7 = 3 x 1073, u € [0.375,0.5), cy). Right: Effect of photon spawning for up to
three harmonics (bottom to top). Line profiles are shown fdlaainput continuum spectrum when taking into account
scattering processes of electrons with only one times ooupree times the fundamental Landau energy. The shape of
the fundamental line for the case that no photon spawningiimjited in the model is overplotted as a dashed line in all
plots. Further parameters are chosenBgB..i; = 0.05, kT, = 3.5keV,7 = 3 x 1073, u € [0.125,0.25), cy/sl.

the spectral hardness of the incident continuum, where
harder spectra exhibit more emission features near shal-
lower lines. Line profiles are shown for a continuum
spectrum of the form of a power law with a high-energy
exponential cutofff (E') = const. x E~% x exp (—E/ )
(XSPECscut of f pl ) and for different cutoff energies.

3. FITTING V0332+53 DATA

We have created a localSPEC model,cycl ont, to
allow the direct comparison of observational data with
the Monte Carlo simulations. The model interpolates the
Monte Carlo results from a previously calculated param-
eter grid of B/ B+ € [0.04,0.1], kT, € [2.5,3.5] keV
andy = cosf € (0,1). INTEGRAL data of the January
2005 outburst of V0332+53 was chosen for a comparison
of this preliminary model to real source data. Modeling
the time-averaged spectrum [4] shows that we are able
to model the fundamental line shape well. We used an
exponentially cutoff power law to model the continuum
(Fig. 4, top) and, after convolving it withycl ont, we
smeared out the CRSF profiles by applyingsroot h
component with constartkeV broadening. The latter
measure was taken as the Doppler broadening included in
our XSPECmaodel is small due to the limited preliminary
parameter grid to electron temperatures of only up.to
keV, while from observational studies [12] and from theo-
retical arguments [13] one expects higher temperatures of
the orderkT, > E,/4 ~ 6 keV for V0332+53. The best

fit (Fig. 4, bottom) was obtained for cylinder geometry,
revealing a magnetic field strengthBf= 2.95 x 1012 G,

a viewing angle ofu = 0.76 and the plasma electron
temperature ok7T, = 3.4keV. This serves as a proof of
concept that we can physically model observational data,
although the fit is not yet ideal.

4. SUMMARY

From Monte Carlo simulations, we have studied the in-
fluence of plasma geometry, viewing angle, optical depth
and continuum spectral form onto the shape of the cy-
clotron line. Focusing on the complex shape of the fun-
damental line, we demonstrate significant variations with
photon angle and continuum form. Fitting cyclotron
lines with our new localXSPEC modelcycl ont in-
dicates that we can qualitatively explain cyclotron res-
onance scattering features in real observed source data.
Better fit quality should be obtained once our calcula-
tions are finished on a bigger grid, and considering phase-
resolved spectra. This work is ongoing, aiming at further
generalizations of the model to include different angular
distributions and non-constant magnetic fields.
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