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Mildly relativistic, oblique shocks are frequently invoked as possible sites of relativistic parti-
cle acceleration and production of strongly variable, polarized multi-wavelength emission from
relativistic jet sources such as blazars, via diffusive shock acceleration (DSA). This paper sum-
marizes recent results on a self-consistent coupling of DSA and radiation transfer simulations in
blazar jets. We find that the observed spectral energy distributions (SEDs) of blazars strongly con-
strain the nature of the hydromagnetic turbulence responsible for pitch-angle scattering. Specif-
ically, a strongly energy-dependent pitch-angle mean free path is required. In the case of low-
frequency-peaked blazars, we find that the scaling of the pitch-angle-scattering mean-free-path,
7L,pas sometimes needs to be as strong as 7L,pas o< p3, where p is particle momentum. As our
model self-consistently reproduces the relative normalization of thermal vs. non-thermal particles
heated/accelerated at the shock, Compton scattering of an external radiation field by the thermal
population produces a bulk Compton feature in the SED. This feature is appropriate to model the
prominent soft X-ray excess in the SED of the BL Lac object AO 0235+164, which places addi-
tional constraints on the level of hydromagnetic turbulence. A prediction of this interpretation is
that the soft X-ray emission in this soft excess is expected to be highly polarized.
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1. Introduction

Relativistic, oblique shocks have long been considered one of the leading contenders for the
sites of relativistic particle acceleration, resulting in the observed rapidly variable, often highly
polarized multi-wavelength emission from relativistic jet sources, such as blazars and gamma-ray
bursts. The dominant mechanism of particle acceleration at such shocks is referred to as diffusive
shock acceleration (DSA). Particle acceleration results from repeated shock crossings of particles
gyrating along large-scale ordered magnetic fields. The reversal of particle momenta along mag-
netic field lines is facilitated by diffusive pitch-angle scatterings. Several theoretical studies of
particle acceleration at relativistic shocks (e.g., [12, 8, 9, 19]) have shown that this process can
result in a wide variety of spectral indices, ¢ > 1, where n(p) o< p~? is the particle distribution.
Such studies of the particle acceleration mechanism, however, usually do not consider the resulting
radiative signatures in a self-consistent manner.

On the other hand, models focusing on the multi-zone radiative transfer problem have reached
an increasing level of sophistication (e.g., [13, 18, 16, 14, 17, 10, 4, 11, 6, 7]) and have resulted
in successful fits to multi-wavelength spectral energy distributions (SEDs) and light curves of in-
dividual flares in blazars. In all cited works, however, the details of particle acceleration are not
addressed, but shock acceleration is assumed to result in the injection of purely non-thermal rela-
tivistic particles, typically with a truncated power-law distribution in energy. In a recent work, we
[3], we have coupled the Monte-Carlo simulations of DSA of Summerlin & Baring [19] with radia-
tive transfer routines of Bottcher et al. [5]. For the first time, this provides a consistent description
of the DSA process in mildly relativistic, oblique shocks in blazar jets and its radiative signatures.
The results of that study are summarized in this conference contribution, focusing on implications
for the nature of hydromagnetic turbulence facilitating pitch-angle scattering.

2. Diffusive Shock Acceleration in Relativistic Jets

Results of detailed Monte-Carlo (MC) simulations of DSA at relativistic, oblique shocks have
recently been published by Summerlin & Baring [19]. In the DSA scenario, the Fermi-I accelera-
tion process is facilitated by pitch-angle scattering, causing the guiding centers of particles spiraling
along magnetic field lines to reverse their direction of motion with respect to the shock in a stochas-
tic manner. The microphysical details of pitch-angle scattering depend on the (unknown) details
of the hydromagnetic turbulence created by the passage of the shock. As a self-consistent hy-
drodynamical treatment of the generation and cascading of turbulence along with MC simulations
of DSA is beyond current computational capabilities, [19] parameterized pitch-angle scattering
through the mean-free path A, as an energy-dependent multiple 1(p) of the particle’s gyro ra-
dius, r, = pc/(gB), where p is the particle’s momentum, such that A, = 1(p)r,. The energy
dependence of the mean-free-path parameter 7 is defined as a power-law in the particle’s momen-
tum, N (p) = N1 p*~ !, so that Apas o< p* and 1 describes the mean free path in the non-relativistic
limit, ¥ — 1. The work of [19] focused on the special case @ = 1. Here we generalize this study to
consider different values of «.

The MC simulations of [19] illustrate that the DSA process leads to a non-thermal power-
law tail of relativistic particles which have been accelerated out of the remaining thermal pool.
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A high-energy cut-off (}max) of the non-thermal particle spectra results from the balance of the
acceleration time scale facc (Ymax) = 1 (Ymax ) feyr (Ymax) With the radiative energy loss time scale. If
synchrotron losses dominate, Yuax o B~'/2. This will lead to a synchrotron peak energy Egy ~
2408 1~ (Ymax) MeV, where § is the Doppler factor associated with the bulk motion of the particle
acceleration region. Notably, this synchrotron peak energy is independent of the magnetic field
B, as Egy o< B, Blazars typically show synchrotron peaks in the IR to soft X-rays. In order to
reproduce these, the pitch-angle-scattering mean-free-path parameter 1 (¥max ) has to assume values
of ~ 10* — 108, depending on the location of the synchrotron peak. However, [19] have shown that
11 must be significantly smaller than this value in order to obtain efficient injection of particles out
of the thermal pool into the non-thermal acceleration process. From these arguments we can infer
that 17(y) must be strongly energy dependent. The inferences of such a strong energy dependence
will be discussed in more detail below.

Radiative losses will steepen the power-law non-thermal particle spectrum by Ag = 1 for par-
ticles at energies below Ynax. The break from n(p) o< p~7 to n(p) p~ @t occurs at a break
energy 7, where the radiative cooling time scale equals the dynamical (particle escape) time scale.
The radiative cooling time scale, required for the evaluation of both ¥y« and 7, is calculated self-
consistently with the radiation transfer problem described in the next Section.
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Figure 1: Fit to the SED of the HBL Mrk 501 (data from [1]), with n; = 100 and o« = 1.5. From [3].

3. Radiation Modeling

The novel aspect of the work of [3] consisted of the self-consistent coupling of the MC sim-
ulations of DSA of [19], to radiative transport simulations, using the routines of [5]. Synchrotron
emission in a tangled magnetic field, synchrotron self-Compton scattering and Compton scatter-
ing of external radiation fields are taken into account self-consistently both in the calculation of
radiative energy loss rates of relativistic electrons, and of the radiative output.
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We have used our coupled DSA MC + radiation-transfer simulations to model the SEDs
of three blazars: the high-frequency-peaked BL Lac object (HBL) Mrk 501 and the two low-
frequency-peaked BL Lac objects (LBLs) BL Lacertae and AO 0235+164. As detailed in [3],
some of the model parameters can be independently constrained from observables such as the mi-
mum variability time scale, superluminal motion measurements, and the synchrotron and Compton
peak frequencies.

Figure 1 shows the resulting fit to the SED of the HBL Mrk 501 (data from [1]). As typical for
HBLs, its synchrotron peak is usually located at soft X-ray energies. We found that a choice of 7] =
100 and & = 1.5, i.e., () = 1007° resulted both in efficient relativistic particle acceleration out
of the thermal pool and a synchrotron spectrum matching well the observed SED of Mrk 501. Other
parameters used for our fit are typical of leptonic synchrotron self-Compton fits to HBLs in general
and Mrk 501 in particular. For details see [3]. We note that not all details of the y-ray spectrum
are well reproduced by our model. This could certainly be improved by introducing additional free
parameters (e.g., additional electron populations and radiation components). However, we refrain
from such fine-tuning as the goal of this work is to demonstrate that the self-consistent coupling
of DSA and radiation transfer, with a minimal number of free parameters, provides a satisfactory
representation of the observed SED of Mrk 501.
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Figure 2: Fit to the SED of the LBL. AO 0235+164 (data from [2]), with 17 = 225 and a = 3. Note that the
soft X-ray excess is reproduced by the bulk Compton emission of the thermal electron population. From [3].

In Figure 2 we show an example of an LBL, namely AO 0235+164 (data from [2]). In this
case, the synchrotron peak is located in the IR, requiring a much more extreme energy dependence
of 17. We have achieved this with the choice of n; = 225 and & = 3, i.e., () = 225*. The same
scaling of 11 with particle momentum was required for BL Lacertae, which is not shown here. The
flare-state SED of AO 0235+164 exhibits a pronounced soft X-ray excess indicated by the steep
Swift-XRT 2 — 10 keV spectrum. This excess clearly indicates a separate radiation component
beyond the standard, non-thermal synchrotron, SSC, and external-Compton components (shown by
the dotted, dashed, and dot-dashed curves in Figure 2, respectively). Our self-consistent coupling of
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thermal particle heating and non-thermal particle acceleration via DSA allows us to reproduce this
component with the bulk Compton mechanism [15]. In this process, the thermal electron population
Compton up-scatters the external radiation field (dominated by IR emission from a dusty torus) by
a factor ~ I'2, where I is the bulk Lorentz factor of the emission region. This tightly constrains
the thermal-to-non-thermal normalization of the electron population and thereby the parameter 1;.
If the soft X-ray excess is indeed due to Compton scattering by thermal electrons, this strongly
anisotropic Compton scattering process is expected to induce significant linear polarization due to
the polarization-dependence of the Compton cross section. This polarization effect disappears in
the case of Compton scattering by relativistic electrons, as the angular characteristic of the target
photon distribution becomes dominated by the relativistic aberration into the electron rest frame,
washing out any macroscopic anisotropy. Thus, the degree of polarization is expected to decrease
to almost zero towards hard X-rays (for detailed calculations of these X-ray polarization features,
see Garrigoux et al. 2017, in preparation).

As for Mrk 501, obviously not all SED points are well represented by our model. To preserve
the self-consistency of our approach with a minimal number of free parameters, we again refrain
from introducing additional processes (and free parameters) which may be able to improve the fit.

4. Turbulence Characteristics
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Figure 3: Sketch of a magneto-hydrodynamic turbulence spectrum plausibly expected in the post-shock
region. Waves are excited at the longest wavelengths corresponding to the stirring scale, and cascade down
to smaller scales, down to the dissipation scale. From [3].

All of our SED fits that we have produced with our coupled DSA + radiation transfer simula-
tions implied a strong energy dependence of the pitch-angle mean free path. This provides inter-
esting insights into the characteristics of hydromagnetic turbulence in the blazar jet. Pitch-angle
scattering is most efficient in the gyro-resonant regime, in which particles interact with plasma
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waves of the same (co-moving) frequency as their own gyro-frequency. Gyro-resonant particle-
wave interactions therefore occur with waves of wave number k| in the propagation direction along
the guiding magnetic field, given by k| = wp/(yv|u|) where wp is the particle’s gyro-frequency, v
its velocity, and u the cosine of its pitch angle. To first order, this implies that the resonant wave
length for a particle with energy 7y scales as A o< 7. Consequently, the highest-energy particles will
interact primarily with the longest wavelength plasma waves (smallest k). Two effects are expected
to contribute to the suppression of such gyro-resonant interactions for very long wavelengths: (1)
For wavelengths approaching (and exceeding) the “stirring scale” on which plasma turbulence is
induced, the energy density contained in such waves is rapidly decreasing with increasing wave-
lengths (see Figure 3); (2) the highest energy particles will probe large volumes behind the shock
front, where the level of turbulence is expected to decrease with distance from the shock. These
effects provide a natural explanation of the strong energy dependence of the pitch-angle mean free
path which we find in our analyses. The internal consistency of this picture provides support for
DSA as the dominant particle acceleration mechanism in blazar jets.
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