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Powerful jets of radiation and particles emitted from the super-massive black holes residing in the
centres of some active galactic nuclei (AGNs) can travel undisrupted over kpc scales. The radio and
optical observations of the large-scale jets and theoretical studies from MHD simulations suggest
a radially stratified structure of relativistic jets. In this scenario, a fast, low-density component of
the jet flow, called the spine, is surrounded by a slow, denser plasma fluid called the sheath. The
spine-sheath boundary layers formed in the relativistic jets of AGNs or gamma-ray bursts (GRBs)
can be conducive to efficient particle acceleration. We study the self-generated magnetic field
and particle acceleration in such shear boundary layers (SBLs) using 2D particle-in-cell (PiC)
simulations. We also present the self-consistent calculation of the radiation spectrum produced

by inverse Compton scattering of relativistic electrons in an external soft photon field.
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1. Introduction

The relativistic outflows emanating from the vicinity of the black-hole event horizon over the
kpc scale appear common in AGN, X-ray binary systems, and GRBs. The relativistic jets are
generally anticipated to manifest velocity shear across the flow [e.g., 4, 11]. The interaction of the
jets with the ambient plasma leads to the stratification of jets in the radial direction. A phenomenon
like a limb brightening morphology in Mkn 501 revealed by VLBI radio maps indicates the radially
stratified structure of jets in which a fast-moving spine is surrounded by a slow-moving sheath [e.g.,
5]. Besides observational evidence, theoretical investigations propose the spine-sheath structure
of jets through MHD [e.g., 6] and particle-in-cell (PiC) simulations [e.g., 7, 8]. In the case of
the shear acceleration mechanism, particles are scattered on the turbulence implanted in the shear
flows bearing a resemblance to the second-order Fermi-type acceleration. The observed size of
synchrotron-origin X-ray structures of large-scale jets exceeds a kpc. On the other hand, the
synchrotron cooling time of relativistic electrons in those jets corresponds to a maximum cooling
length of sub-kpc, suggesting a need for a re-acceleration mechanism like shear acceleration. Recent
Particle-in-Cell (PiC) simulations of initially unmagnetized shear flow reveal that the self-generated
magnetic and electric fields are developed in SBLs via collisionless plasma instabilities, such as
the Weibel instability [13], the electron counter current instability [7-9], etc that eventually lead to
particle acceleration.

While the emission originating from the accretion discs of AGNs is thermal radiation, the
radiation from the AGN jets is dominated by non-thermal emission comprising two distinct, broad
components. The first component at lower energies from radio through to UV/X-rays results from
synchrotron emission by relativistic electrons, whereas the second component extends from X-
rays to gamma-rays and, in the leptonic scenario, is attributed to inverse-Compton scattering of
photons emitted from the same electron population or external photons [e.g., 1]. Alternatively, the
high energy peak can be explained by hadronic processes, however, their relative contribution to
the higher energy component is still debatable [e.g., 3]. We consider the Compton upscattering
of monoenergetic background photons by the relativistic electrons. In section 2, we discuss our
simulation setup and introduce the main initial parameters of the problem. We then discuss the
self-generated magnetic and electric fields from initially unmagnetized plasma and the emerging
particle spectra. In section 3, we present the simulation results of radiation outputs. In section 4,
we summarise the main results.

2. Simulation Setup, Self-generated Fields in SBLs, and Particle Spectra

We perform a 2D relativistic particle-in-cell simulation of rela- 2048 Pm—
tivistic SBLs considering initially unmagnetized pure electron-proton
plasma using the code TRISTAN-MP [12]. The initial conditions for

the simulations are shown in figure 1. In our setup, the simulation v,/
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Figure 1: Simulation setup
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electron number density, electronic charge, and electronic mass respectively) is the plasma fre-
quency whereas time is measured in units of (1/wp ). The speed of light is set as ¢ = 0.45Ax/At
to fulfill the Courant condition so that the numerical Cerenkov instability is suppressed signifi-
cantly and the simulation results are physically realistic. We simulate 20 particles per cell with the
proton-electron mass ratio (m,/m.) = 16 and the plasma temperature is 2.5 keV. The central 50%
of the grid is occupied by the right-moving plasma called the spine and the left-moving plasma
called the sheath occupies the remaining upper and lower quarters of the grid. The simulations are
carried out in the equal Lorentz factor frame (ELF) with initial dimensionless momentum (pg) = 15.
Figures 2a and 2b show the dominant components of self-generated magnetic and electric fields,
respectively. The blue and rust colors show opposite polarities. The self-generated electromagnetic
fields in SBLs create turbulence in the spine-sheath interface which eventually leads to particle
acceleration up to TeV energy in relativistic jets. Figure 3 shows the particle spectrum in the equal
Lorentz factor frame of reference. The spectrum peaks near I'm;/m., where I" = 15 is the bulk
Lorentz factor of the counter-streaming pure electron-ion pair plasma in SBLs. We then Lorentz
boost the electron momenta from the ELF to the laboratory (sheath) frame. Figure 4 represents
the beam angle (py/pxrap) Vs electron Lorentz factor in the Laboratory frame (yray), where py and
PxLab are the y- and x-component of electron momenta in the ELF and the lab frame, respectively.
There exists an anticorrelation between beam angles and electron energies.
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Thomson cross section. Here, Ac, Kg, T, and e are Compton wave- Figure 2: Sclf-generated (a)

electric and (b) magnetic fields
charge respectively. The Compton wavelength Ac can be treated in SBLs obtained at a simulation

as a free parameter in the simulation code. The scattered radiation time of t = 3000/wp, ¢ blue and

length, Boltzmann’s constant, radiation temperature, and electron
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is the unscattered photon energy. In the case of Compton scattering by ultra-relativistic electrons
(y >> 1), all scattered photons will travel in the direction of the incoming electron [2]. Hence the
Compton cross section can be approximated as do¢/dQgdes = §(Qg — Q¢ )doc/des, where Qg and
Q. denote the directions of photons and electrons.
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where H is the Heaviside function that constrains the upper and

lower limits of the scattered photon energies, and y =1 — %
€ =ve(l — Bpu) is the initial photon energy in the electron’s rest
frame. u = cosy, where i is the angle between the direction of
propagation of the electron and photon. From equation (2), the
Compton emissivity can be written as
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With the ¢-function approximation employed for the spectral calcu-
lation, the photon density is given by np, (€, 8) = np (6)5(e — 2.76).
The photon density now simplifies to nyn(8) = 2.4K@°. After some
simplifications, the emissivity (j(€, v, 1)) can be integrated over the
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where A = 0.3 ¢ orK0?/y2, &, = 5.4y*(1 — Bu)0/(1 +5.4y0(1 — Bu)), €, = 2.70(1 — Bu)/2
and u = cosy. ¥ is the angle between directions of propagation of interacting photon and elec-
tron. Simulations are run for different radiation backgrounds from cosmic microwave background
(CMB) through to ultra-violet (UV). The simulation results of the radiation outputs are shown
in figures 5 and 6. In the early phases of simulations, around t = 1500/w, e in the case of an
angle-integrated photon field and around t = 2000/w, . in the case of an angle-dependent photon
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Figure 5: Radiation spectra obtained from the simulations for different radiation temperatures of the angle-
independent blackbody photon field, Compton upscattered by the relativistic electrons accelerated at SBLs
in relativistic jets: the spectra are obtained at different simulation times. The spectra in 5a, 5b, and 5c are
plotted at 1500/ wp ¢, 2500/ wy ¢, and 3000/w), . respectively.
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Figure 6: Inverse Compton radiation spectra for the angle-dependent UV-radiation field for different values of
¥, obtained at different simulation times: the spectra in 6a, 6b, and 6¢ are obtained at 2000/w, ¢, 4000/ wp ¢,
and 5000/w, . respectively. The spectra look similar for Compton scattering by relativistic electrons off
blackbody photons of different temperatures.

distribution, a single com-
ponent quasi-thermal inverse
Compton spectrum is ob-
served (see figures 5a and
6a). As the simulation ad-
vances, the single compo-
nent spectrum develops into
a double component spec-
trum, around t = 2500/ wy ¢ in
the former case and around
t=4000/wp . in the latter
case (see figures 5b and 6b).
In the steady state of the sim-
ulations after t=3000/wp.c
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Figure 7: Radiation intensity as a function of the jet viewing angle for
inverse Compton upscattered angle-averaged photons of different temper-
atures: figures 7a and 7b are calculated in ELF and lab frames respectively.
O1ap is the jet viewing angle in the lab frame.

and t = 5000/w,, . Tespectively, in both cases, the spectrum ultimately becomes a quasi-thermal
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low-frequency spectrum with a cut-off power-law tail (see figures 5c and 6¢). The steady state
of the simulation is achieved later in the case of inverse Compton spectra of the angle-dependent
photon field, as compared to the angle-averaged photon field. We divide the total radiation energy
calculated in 5 and 6 by the solid angle (d€2 = sin 8jf dfeir d¢) to get the radiation intensity. Oeyr is
the angle at which the radiation from the SBL of the jet in the ELF frame is observed. Assuming the
system is azimuthally symmetrical in ¢, dQ = 27 sin 6¢)r df.r. The plot of radiation intensity vs.
viewing angle shows that the inverse Compton radiation emitted from the SBL of the jet is strongly
boosted in the forward direction with a characteristic angle much smaller than 1/I" indicated by the
black dashed line in the figure 7b and the red line in the figure 8b.

4. Conclusion

In this paper, we study the 109 — cany-os
particle acceleration at shear
boundary layers in relativis-
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lated considering the inverse respectively.

plasma. The self-consistent
radiation spectra are calcu-

Compton scattering of rela-

tivistic electrons in an external photon field. The target photon field is blackbody radiation of
different temperatures. Our simulation results show that efficient particle acceleration may occur
in SBLs of relativistic jets. The self-generated magnetic field creates electromagnetic turbulence in
jets which accelerates particles to relativistic energies. An anisotropic particle distribution arises
due to plasma instabilities and the exchange of particles between the spine and sheath regions,
which contributes to the radiation. In the earlier stages of simulations, both angle-integrated and
angle-dependent inverse Compton radiation spectra show a single component, quasi-thermal radi-
ation spectrum. As simulations advance, the spectrum develops into a two-component spectrum
that eventually becomes a quasi-thermal low-frequency spectrum with a cut-off power-law tail. The
emitted radiation is strongly boosted along the jet axis, with a characteristic opening angle of much
less than 1/I". This boosting is stronger than expected from Doppler boosting of an intrinsically
isotropic radiation field in the co-moving frame of the spine. We suggest that this may resolve the
long-standing problem of the Doppler factor crisis [e.g., 10].
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