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The spectral energy distributions (SEDs) of astrophysical sources can be modeled with different
radiation mechanisms. Polarization carries information on the astrophysical environment of as-
trophysical sources, such as the geometry and orientation of the magnetic field, the location of the
emitting region, and the emission mechanism. Compton scattering can both produce or reduce the
degree of polarization of the high energy photons. In this paper, a Monte-Carlo code - MAPPIES
(Monte-Carlo Applications for Partially Polarised Inverse External-Compton Scattering) — is used
to simulate the anisotropic Compton scattering off arbitrary thermal and non-thermal electrons, in
order to study the high-energy polarization, and make predictions for various models (e.g. the Big
Blue Bump feature in some blazar spectra and the prompt emission from y-ray bursts (GRBs)).
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1. Introduction

The description of many high-energy astrophysical sources relies on the production of relativistic
jets (e.g. active galactic nuclei (AGNs), y-ray bursts (GRBs), and X-ray binaries) that are accom-
panied by the acceleration of particles up to very high energies and the production of secondary
non-thermal radiation [1]. The radiation from these jet-like sources is characterized by their spec-
tral energy distributions (SEDs) which can be modelled with different radiation mechanisms, whilst
being consistent with the spectral shape of the SED (e.g. [2]). Discriminating between different
models remains one of the main objectives in the field of high-energy astrophysics.

Polarization measurements of the high-energy (X-rays and 7y-rays) radiation from astrophysical
sources promise to deliver unambiguous constraints on the geometry and structure of the astrophys-
ical environment. Compared to the orientation of the relativistic jet, polarization adds crucial in-
formation about the jet-physics and jet-formation models. Even though polarimetric measurement
techniques remain less advanced for X-rays and y-rays compared to the radio to optical regimes,
there are future prospects of detecting the polarization in the X-ray and y-ray regime from many
sources (see e.g. [3, 4, 5] for reviews). Model predictions of the polarization for different radiation
mechanisms are thus justified.

The general formalism for calculating the polarization of Compton radiation was developed by
[6] in the Thomson regime, and applied specifically to synchrotron self Compton by [7]. Generally,
the Klein Nishina cross-section is polarization dependent. Polarized photons scatter preferentially
in the direction perpendicular to their electric field vector [8]. Polarization can therefore be induced
when non-relativistic electrons scatter an anisotropic seed photon field, even if the seed photons
are unpolarized. When the electrons are relativistic, the seed photon field is almost axisymmetric
around the electron momentum in the electron rest frame, which makes any intrinsic anisotropy of
the seed photons irrelevant. Compton scattering off relativistic electrons, therefore, does not induce
polarization (e.g. [9]).

In a model where an unpolarized external radiation field scatters off an arbitrary thermal and
non-thermal electron distribution, the ultraviolet/soft X-ray radiation results from scattering off
thermal electrons, and is thus expected to be polarized. The hard X-rays and y-rays result from
scattering off relativistic electrons and are therefore not expected to be polarized. In this paper, a
newly developed Monte-Carlo code — MAPPIES (Monte-Carlo Applications for Partially Polarised
Inverse External-Compton Scattering) — is used to simulate Compton scattering off non-relativistic
electrons (with both thermal and non-thermal energy distributions) in order to study the high-energy
polarization from jet-like astrophysical sources.

2. Compton scattering

The MAPPIES code is applied to astrophysical sources that are associated with relativistic jets
(e.g. jet dominated AGNs and GRBs). The emission region moves along the jet with a Lorentz
factor I'j,; = 10, assumed to be well localized and optically thin throughout the electromagnetic
spectrum. The electrons are assumed to be non-relativistic (with thermal temperatures of k7, =
50 keV, and electron Lorentz factors of 7 ~ 1) and isotropically distributed in the co-moving frame
of the emission region. The electron energy (shown in Fig.1) is drawn from either a purely thermal
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(Maxwell) distribution or a hybrid (Maxwell + power-law) distribution. In the case of a hybrid
electron energy distribution, a fraction f,;, = 0.02 of the electrons are assumed to be non-thermal,
drawn from a power-law distribution, n,; o< Y~ 7, with a power-law index of p = 2.5 and a maximum
electron Lorentz factor of Y. = 1.6 x 103. The seed photon field is assumed to unpolarized,
isotropically distributed in the AGN rest frame, with energies drawn from a black body distribution
(shown in Fig.2) with a single temperatures of k7,,; = 0.5 keV (soft X-rays), kT,,; = 50 keV (hard
X-rays), and kT,,; = 500 keV (y-rays).! In what follows, quantities in the electron rest frame
and the AGN rest frame are denoted with subscripts e and agn, respectively. All scattered photon
properties are denoted with a superscript sc.
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Figure 1: The energy distributions for non-relativistic (k7, = 50 keV) electrons drawn from either a purely
thermal (Maxwell) distribution (solid curve) or a hybrid (power-law + Maxwell) distribution (dashed curve),
with a fraction of f,;, = 0.02 electrons drawn from a power-law distribution with an index of p = 2.5.
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Figure 2: The seed photon energy distributions for soft X-rays (k7,,; = 0.5 keV;green), hard X-rays (kT,,; =
50 keV;blue), and y-rays (kT,,4 = 500 keV;orange)

The probability of a photon to scatter off an electron is determined by the Klein Nishina cross-
section, most conveniently evaluated in the electron rest frame [1]. The polarization averaged

IThe input parameters used in this study are arbitrary choices made for illustrative purposes and not based on
a specific source or scenario. In the case of electrons drawn from a hybrid distribution, the fraction of non-thermal
electrons fy,;;, = 0.02, as well as the power-law index of the power-law tail p = 2.5 are values that can typically result
from diffusive shock acceleration (e.g. [10]).
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differential Klein Nishina cross-section is given by
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where the § function results from the energy and momentum conservation [1, 8]. In Equation
fe . with €5 the scattered photon

MeC

energy, ro is the classical electron radius, O is the angle between the seed and the scattered photon
(i.e., the polar scattering angle), and dQ2)° = d cos @°dP:¢ is a solid angle element of the scattered
photon’s direction of motion. The dependence of the scattering cross-section on x, is given in Fig.3.

2.1, x, = -5 with &, the energy of the seed photons, and x}° =

The cross-section assumes a constant value at x, < 1 (i.e., Thomson regime) and becomes smaller
in the Klein Nishina regime where x, > 1. Therefore, in the electron rest frame, the scattering is
almost elastic in the Thomson regime with scattered energies x° ~ x,. In the Klein Nishina regime,
the energy exchange from the photon to the electron becomes substantial with x)° ~ 1.
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Figure 3: The Compton cross-section as a function of the dimensionless target photon-energy x, in the
electron-rest frame. Also shown are the asymptotes for x, < 1 (dashed), and x, > 1 (dot-dashed). From [1].

Fig 4 shows the scattered photon energy distributions in the AGN rest frame. The seed pho-
ton energies are boosted with a factor of ~ I'j,kTq to the emission frame with the peak of the
black body spectrum at ~ 2.8(kT}4q/mcc*)T jer- Soft X-rays (kT,,q = 0.5; shown in green) are scat-
tered in the Thomson regime with scattered photon energies &, ~ I’ ﬁetyzeag,,. Seed photons with
kT,.4 = 500 keV (shown in orange) are scattered in the Klein Nishina regime with cut-off energies
that correspond to the reduction of the cross-section in the electron rest frame. In the case of scat-
tering off a non-thermal power-law distribution (shown with dashed lines in all figures discussed),
Compton scattering in the Thomson regime also results in a power-law distribution of scattered

photons.

3. Compton Polarization

The scattering cross-section is generally dependent on the polarization through the angular distri-
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Figure 4: The scattered photon energy distributions for Compton scattering off electrons drawn from a
thermal distribution (solid curves) and a hybrid (Maxwell + power-law) distribution (dashed curves).

bution of the photons, with
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where €, and € are the polarization vectors of the seed and scattered photons [8]. In the Thomson
regime, the polarization term in Equation 3.1 dominates so that oy o< 4(&, - &) with x° ~ x,. In
the Klein Nishina regime, when x, > 1, the polarization term becomes sub-dominant with ok o<
T+ xli —2+44(€, - &) since x3¢ ~ 1. Therefore, polarization is expected to arise when photons are
scattered in the Thomson regime while no polarization is expected to arise in the Klein Nishina
regime. If the seed photons are unpolarized, the scattering process may produce linearly polarized
photons, which produces an anisotropic azimuthal distribution of the scattered photons. In this
section, the polarization signatures due to the Compton scattering effects described in the previous
section will be discussed.

Following the treatment of Compton scattering of linearly polarized photons in Monte Carlo
codes by [8], the contribution of every photon to the second (Q;) and third (U;°) Stokes parameters
is registered throughout the simulation (where the subscript i refers to every individual photon).
When the simulation is complete, Q; and U; are summed over all N*¢ scattered photons in the

specified direction,

NS(' NSL'
=Y oF and U*=yY Uy (3.2)
i=1 i=1
where Q°¢ and U*¢ are the Stokes parameters of the scattered radiation. The polarization degree
(PD) and polarization angle (PA) may then be obtained with the Stokes formalism [11] where
(Qsc)2+ (USC)Z 1 U

and PA = —arctan

PD = NSC 2 QSC

(3.3)

Fig.5 shows the PD (top panel), and PA (bottom panel) as a function of the scattered photon
energy £¢ (left) and the viewing angle of the scattered photons ®%  (right). The PD of the

agn agn
scattered photons decreases with increasing photon energies: The values of the maximum PD are
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~ 30% for seed photon energies of k7,,q = 0.5 keV (shown in green), ~ 20% for kT,,q = 50 keV
(shown in blue), and ~ 5% kT,,qy = 500 keV (shown in orange). Since the orientation of the
polarization signatures does not change significantly for different electron distributions, the PD
is similar for Compton scattering off a non-thermal, power-law distribution of electrons (dashed
curves) to those of a purely thermal distribution (solid curves). The maximum PD is at viewing
angles of @, ~ I’ ;e; rad (shown with a grey line) in the AGN rest frame that corresponds to the
edge-on view with respect to the jet.

The PD as a function of &, can be used to evaluate which energy band provides the most
promising prospect for the detection of high-energy polarization from the source. For the photons
that are scattered in the Thomson regime, the maximum PDs occurs where the non-relativistic
electrons scatter the seed photons (to an energy of F?e,kde). The maximum PD lies within the
energy regime of ~ 10 — 10% keV for kT,,y = 0.5 keV (shown in green), ~ 102 — 10* keV for
kT,.a = 50 keV (shown in blue), and ~ 10° — 10* keV for k7},; = 500 keV (shown in orange).
In the case of Compton scattering of electrons drawn from a non-thermal power-law distribution
(dashed curves), more photons are available in higher energy regimes than in the case of purely
thermal electrons (solid curves). However, these photons are unpolarized since the non-thermal
electrons are relativistic. Regardless of the electron distribution, the PA (shown in bottom panels of
Fig.5) for the unpolarized radiation is undefined, and randomly assumes all possible values for PA
€ [0, 7] rad. For the fraction of the scattered photons that is polarized, the PA assumes a constant

value of ~ 7 rad corresponding polarization perpendicular with respect to the jet.
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Figure 5: The PD (top panels) and PA (bottom panels) as a function of the scattered photon energy (left
panel) and viewing angle (right panel).

4. Conclusion

The effects of Compton scattering between photons and electrons are dependent on the seed photon
energy, the Lorentz factor of the electrons 7y (thus the thermal temperatures and the energy distri-
bution of the electrons) as well as the bulk Lorentz factor I'j,; of the emission region. The PD of
the scattered photons depends, in turn, on the effects of the Compton scattering, due to the polar-
ization dependence of the Klein Nishina cross-section. The PD decreases with increasing photon
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energies, thus implying that polarization will be expected to arise in Thomson regime, while no
polarization is expected to be induced for photons scattered in the Klein Nishina regime. The en-
ergy regime of the polarized Compton emission shifts to higher energies and becomes smaller for
higher seed photon energies. The PD is at its maximum for viewing angles perpendicular to the jet
in the emission-region rest frame that correspond to angles of ~ F;e; rad in the AGN rest frame.
The PA that corresponds to the polarized photons has a constant value of PA= 7 rad, regardless of
the photon energy or the electron distribution.

The MAPPIES code used in this paper is capable of predicting the Compton polarization
in different jer-like astrophysical sources for different photon energies and electron distributions.
Future applications of the code include the simulation of the polarization signatures from a model
where the soft X-ray excess (Big Blue Bump) in blazar spectra arises from a bulk Compton process
(Compton scattering of an external field by thermal electrons), as proposed in e.g. [12] for the BL
Lac object AO 0235+164.
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