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Radiation from accelerated particles in relativistic jets with shocks, shear-
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Abstract. We have investigated particle acceleration and shock structure associated with an unmagnetized rel-
ativistic jet propagating into an unmagnetized plasma for electron-positron and electron-ion plasmas. Strong
magnetic fields generated in the trailing jet shock lead to transverse deflection and acceleration of the electrons.
We have self-consistently calculated the radiation from the electrons accelerated in the turbulent magnetic fields
for different jet Lorentz factors. We find that the synthetic spectra depend on the bulk Lorentz factor of the jet,
the jet temperature, and the strength of the magnetic fields generated in the shock. We have investigated the
generation of magnetic fields associated with velocity shear between an unmagnetized relativistic (core) jet and
an unmagnetized sheath plasma. We discuss particle acceleration in collimation shocks for AGN jets formed
by relativistic MHD simulations. Our calculated spectra should lead to a better understanding of the complex
time evolution angbr spectral structure from gamma-ray bursts, relativistic jets, and supernova remnants.

1 Introduction portant to note that this DC magnetic field is not captured
in MHD [42] or fluid theories because it results from in-

Kinetic simulations have focused on magnetic field gen-yjngjca|ly kinetic phenomena. Furthermore, since the DC
eration via electromagnetic plasma instabilities in unmag-eld is stronger than the AC field, a kinetic treatment is

netized flows without velocity shears. Three—dimensionaldeany required in order to fully capture the field struc-

(3D) particle-in-cell (PIC) simulations of Weib"EI W vure generated in unmagnetized or weakly magnetized rel-
bulence [26, 28] have demonstrated subequipartition,yisiic flows with velocity shear. This characteristic field
magnetic field generation. We have calculated, self-gy\ctyre will also lead to a distinct radiation signature

consistently, the radiation from electrons accelerated in[4 16, 31, 32, 37]. A shear flow upstream of a shock
the turbulent magnetic fields beyond the standard modelg ., jead to density inhomogeneities via the MHD Kelvin-

[25, 35, 36, 38-41]. We found that the synthetic Spectrayq|mnpoltz instability (KHI) which may provide important
depend on the Lorentz factor of the jet, the jet's thermalscattering sites for particle acceleration.

temperature, and the strength of the generated magnetic Observations suggest thgiray flares are associated

ﬂel?/?/e[gr{:a\?/jg]éxamined the strong magnetic fields gen_with a burst in particle and magnetic energy density ac-
erated by kinetic shear (Kelvin-Helmholtz) instabilities companying jet disturbances when they cross the radio

. core. This could be explained if the radio core is associated
o s e i 1 eclimaton shock 1. 13-15] e e st
) L . . collimation shocks using RAISHIN 3-D GRMHBMHD
in relativistic shear flows [2, 11, 33, 34]. Itis very im- code [23, 24]. Some initial results are reported for the first
8e-mail: ken-ichi.nishikawa@nasa.gov time.
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Figure 1. Figure 1a shows spectra for cold (thin lines) and warm (thick lines) electrons in jetg wift0, 20, 50, 100, and 300. Figure
1b shows modeled Fermi spectravii, units at early (a) to late (e) times (Abdo et al. 2009). The solid red lines indicate a slope of
vFE, =1

2 Self-consistent radiation calculation [1], and show change with the Lorentz factor like the tem-
from PIC simulations poral evolution observed by Fermi (e.qg., Fig.1b).
We have calculated radiation from accelerated elec-
trons which are simulated using large system 80@@0x

Electrons are accelerated in the electromagnetic fields genwhich will be reported separately.
erated by the Weibel and KKHI instabilities. Radiation
can be calculated using the particle trajectories in the self-
consistent turbulent magnetic fields. This calculation aI-3 Our Core-Sheath Jet KKHI Results
lows for Jitter radiation [17, 18] which is fierent from
standard synchrotron emission. Radiation details from ou
simulations can be found in [31].

The simulation setup for our study of velocity shears (not
r(:ounter—streaming shear flows as used by [2, 11] is shown
in Figure 2a. In our simulation a relativistic jet plasma
We have calculated the radiation spectra directly fromis surrounded by a sheath plasma [33, 34]. This setup is
our simulations by integrating the expression for the re-similar to the setup of our RMHD simulations [22]. In
tarded power, derived from Liénard-Wiechert potentials gy initial simulation the jet core hagee = 0.997& (y =
for a large number of representative particles in the PIC15) pointing in the positivex direction in the middle of
representation of the plasmal[4, 9, 10, 16, 27, 29-31, 37]the simulation box as in [2]. Unlike Alves et al. [2] the
|n|t|a”y we verified the technique by CaICUIating radiation upper and |ower quarter Of the Simu'ation box Contain a
from electrons propagating in a uniform parallel magnetic stationarypsheath= 0, sheath plasma. Our setup allows for
field [29] It should be noted that SpeCtra obtained from motion of the sheath p|asma in the positjvdirection_
colliding jet simulations (fixed contact discontinuity) do  Qverall, this structure is similar in spirit, although
not provide spectra in the observer's rest frame, and cannot in scale, to that proposed for active galactic nuclei
not be compared with observed spectra [37]. (AGN) relativistic jet cores surrounded by a slower mov-
The spectra shown in Figure 1la are for emission froming sheath, and is also relevant to gamma-ray burst (GRB)
jets with Lorentz factorsy = 10, 20, 50, 100, and 300 jets. In particular, we note that this structure is also rel-
[31, 32]. In the figure we show two spectra for each evant to the “jet-in-a-jet" or “needles in a jet" scenarios
Lorentz factor (represented by the same color line) for ini- [5], which have been invoked to provide smaller scale high
tially cold (vjerth = 0.01c) (thin, lower lines) and initially ~ speed structures within a much larger more slowly moving
warm et = 0.1¢) (thick, upper lines) jet electrons. Here AGN jet. Similar smaller scale structures within GRB jets
the spectra are calculated for emission along the jet axisire also conceivable.
(8 = 0°). The radiation shows a Bremsstrahlung-like spec-  This more realistic setup is fierent from the initial
trum at low frequencies for the eleven cases [9] becauseonditions used by the previous simulations with counter-
the magnetic fields generated by the Weibel instability aresteaming flows [2], and hence allows us to compute syn-
rather weak and jet electron acceleration is modest. A lowthetic spectra in the observer frame. As mentioned by
frequency slope ofF, = 1 is indicated by the straightred [2], in a non-counterstreaming or unequal density coun-
lines. The low frequency slopes in our synthetic spectraterstreaming setup the growing KKHI will propagate with
are very similar to those of the spectra in Figure 1b fromthe flow. For GRB jets, the relativistic jet core will have
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Figure 2. Figure 2a shows our simulation model where the sheath plasma can be stationary or moving in the same direction as the jet
core. In this simulation the sheath velocity is zero. Figure 2b shows the magnitijesoplotted in thex — z plane (jet flow in the
+x-direction indicated by the large arrow) at the center of the simulationjpex100A at simulation time = 70w5§ for the case of

v = 15 andmy/m, = 1836. This panel covers one fifth of the whole simulation system. The arrows show the magnetic field in the
plane.
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Figure 3. Magnetic field structure generated by a relativistic electron-ion jet corepwiti 5 and stationary sheath plasma at simulation

timet = 70w5§. The magnitude oB, is plotted (a) in they — z plane (jet flow out of the page) at the center of the simulation box,

x = 5007 at the center of the simulation bax= 100A. Figure 3b shows, (red), B, (black), andB; (blue) atx = 500A andy = 100A.

Figure 3c shows th& component of the electric current (jet flow is out of the page) in the region indicated the square box in Fig. 3a.
The current is positive on the core side and negative on the sheath side of the velocity shear. The positive current is stronger than the
negative current, leading 8, as shown in Figure 3b. The small arrows show the magnetic field in the plane.

much higher density relative to the external medium. OnThe electron skin depth}s = c/wpe = 122A, where
the other hand, for an AGN jet the relativistic core is less wpe = (€2na/eoMe)Y? is the electron plasma frequency and
dense than the surrounding sheath. the electron Debye lengthy is 1.2A. The jet Lorentz
factor isy; = 15. The jet-electron thermal velocity is
vithe = 0.014c in the jet reference frame, whecds the
speed of light. The electrgion thermal velocity in the
ambient plasma igyme = 0.03c. lon thermal velocities
are smaller byrty/me)¥/2. We use periodic boundary con-

i ] . _ditions on all boundaries [3, 28]
We have performed a simulation using a system with

We previously reported results from our first simula-
tions for a core-sheath case with= 15 andm/me = 20
[33]. We have also reported simulation results using the
real mass ration/me = 1836[33]. We find some éier-
ences from previous counter-streaming cases.

(Lx, Ly,Lz;) = (100%A,20%4,205A) and with an ion to Figure 2b shows the magnitudeBf plotted in thex—z
electron mass ratio afy/me. = 1836 (A = 1 is the system plane (jet flow in thet+x-direction indicated by the large
size). The jet and sheath plasma densityis= Nam = 8. arrow) at the center of the simulation bax,= 100A at

02003-p.3
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0.0f0

Figure 4. Figure 4show the collimation shockstat 600R/c in 2-D (left panel) and 3-D (right panel) with = pj/pa = 1073,y; =
4, M = 169 R = 1.0. The left column shows gas pressure (left) and Lorentz factor (right) with velocity vectarglane aty = 0.

simulation time = 70a),;g. The arrows show the magnetic performed a simulation witl; = 1.5 andm/me = 20. For
field Bk, in the plane. this non-relativistic case the magnetic field grows earlier
L R
Figure 3 shows the magnetic field structures generate@"d overtakes the electric field energy &t46wp,, which
by the relativistic electron-ion core with = 15 and with 1S much earlier than those in the relativistic cases [34].

a stationary sheath plasma at time= 70wz, Figure In forthcoming work we will obtain synthetic spectra

pe- .
3a shows the magnitude &, plotted in they — z plane from pa.rt|cles.accelerated by KKHI as we have done_ for
shock simulations [31, 32]. Electrons which are drifting

(jet flow is out of the page) at the center of the simulation X o~
box, X = 500A. Figure 3b showsB, (red), B, (black) the regions where the strong DC magnetic fields are gen-

andB, (blue) magnetic field componentsxat 500A and erated may radiate in aftrent way. Ultimately we need

y = 100A. Figure 3c shows thecomponent of the current to simulate a relativistic jet inj_ected inan ambient plasma
in the region indicated by the square box in Fig. 3a. Rela-Where shocks and KKHI are simultaneously investigated.

tivistic jet flow is out of the page and positive (red) current
flows along the jet side, whereas negative (blue) currenly RMHD Simulations of Recollimation
flows along the sheath side. Positive currents are stronger
: . L Shocks
than the negative currents, leadingBpas shown in Figs.

3aand 2b. Both moving “internal” shocks and standing “external”
We have compared theftBrences between cases with shocks can occur in a relativistic jet. The former are
mass ratiosn/me. = 20 and 1836 for the relativistic jet driven by velocity anfbr pressure fluctuations in the in-
with y; = 15. We find that the structure and growth rate of jected flow. External shocks result from non-linear in-
kinetic KHI is very similar [34]. The heavier ions in the stabilities, including pressure mismatches with the ex-
real mass ratio case keep the system thermal fluctuationternal medium that cause quasi-periodic collimatien
smaller, but the kinetic KHI grows similarly. The magnetic collimation shocks and rarefactions to form.
field energy becomes larger than the electric field energy  To obtain a better understanding of the jet dynamics
at a similar time in both cases around 87«),;;. We also  associated with relativistic shocks we have started to per-

02003-p.4
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form relativistic magnetohydrodynamical (RMHD) simu- tivistic jet and an unmagnetized sheath plasma (core jet-
lations using the RAISHI code [23, 24]. In order to ob- sheath configuration). We have examined the evolution
tain a series of strong recollimation shocks, we assumeof electric and magnetic fields generated by kinetic shear
that external gas pressure decreases with axial distancéKelvin-Helmholtz) instabilities. Compared to the previ-
The lighter jet with weak helical magnetic field is continu- ous studies using counter-streaming performed by Alves
ously injected from inner boundary with pressure matchedet al. (2012) [2], the structure of KKHI of our jet-sheath
with external medium. The simulations are performed in configuration is slightly dferent even for the global evo-
3-D cartesian coordinates. The simulation size3& < lution of the strong transverse magnetic field. We find
X,y < 5R;, 0 < z < 100R; with 80x 80 x 800 grids. Fig-  that the major components of growing modes Byeand

ure 4 (left panel) shows the gas pressure (left) and LorentB,. After the B, component is excited, the induced elec-
factor (right) with velocity vector orxz-plane aty = 0 tric field Ex becomes larger. However, other components
att = 600R;/c. The preliminary simulation shows the are very small. We find that the structure and growth rate
propagating jet is accelerated and over-pressured againstith electron KKHI with the cases to the real mass ration
external medium due to the decreasing external mediumm;/m, = 1836 andmn/m. = 20 are similar. In our simu-

In long-term evolution, the multiple recollimation shock lations with jet-sheath case no saturation at the later time
structure is developed. The jet Lorentz factor is corre-is seen as in the counter-streaming cases. Tliierdince
lated with the recollimation shock structure. The higher seems come from that fact that the jet is highly relativis-
gas pressure region has lower jet velocity and lower gagic and our simulation is done in jet-sheath configuration.

pressure region has higher jet velocity. The growth rate with mildly-relativistic jet case;j(= 1.5)
Using the magnetohydrodynamical results as input,is larger than the relativistic jet casg & 15).
synchrotron emission is then computed ditadent observ- We have extended the analysis presented in [8] to core-

ing frequencies [6, 7, 21]. Analysis of the core position in sheath electron-proton plasma flows allowing foffet:

the simulated emission maps reveals the expected behaent core and sheath electron densitigg&ndnam, respec-

ior in case the VLBI core corresponds to a recollimation tively, and core and sheath electron velocitiggindvam,

shock, as the multi-wavelength analysisyefay flares in ~ respectively. In this analysis the protons are considered

blazar suggests. to be free-streaming whereas the electron fluid quantities
The “Turbulent Extreme Multi-Zon” (TEMZ) code and fields are linearly perturbed. We consider electrostatic

is developed by Marscher [12], calculates the spectraimodes along the jet. The dispersion relation becomes:

energy distribution (multi-wavelength light curves) from 20 2 2 221/2 2

sync%)r/otron radiatio(n and inverse gComgton scatte)ring, as (K¢ + Yam@pam — @) @ = KVam)

well as the linear polarization of the synchrotron emis- X[(w — kVir)? = why]

sion at vgrious_ fr_equenpies, as a functior_l of b(_)th time +(K3c? +yjztngt — W)Y - k\/jt)z

and location within the jet. The RMHD simulation re- 5

sults will provide necessary information for this calcula- X[(w = kVam)® = wpam] = 0, @)

tion by TEMZ. In the current version of the code, a stand-
ing conical collimation shock energizes electrons in the
turbulent plasma. The energy density at the jet input varie
with time stochastically within a power-law power spec-

wherewpjr and wpam are the plasma frequenciasg( =

4mne?/y®me) of jet and ambient electrons, respectively,
Sk = kg is the wave number parallel to the jet flow, and
¥t andyam are Lorentz factors of jet and ambient elec-

trum with slope similar to that observed for flux varia- . : :
. - S : trons, respectively. Some analytical and numerical results
tions. The magnetic field direction varies randomly from ! . .

are described in the previous reports [33, 34].

one cell of plasma to the next. Further development, in ad- . .
P b We have calculated, self-consistently, the radiation

dition to parallelization of the code to run on a high-energy . L

. . from electrons accelerated in the turbulent magnetic fields
computer, is needed to include (1) shocks and rarefac: L .
. -~ in the relativistic shocks. We found that the synthetic spec-
tions that are more realistic, as generated by the proposed

RMHD simulations; (2) moving shocks, which are not cur- tra depend on the Lorentz factor of the jet, the jet's thermal

rently incorporated; (3) dynamically generated ratherthantemperature’ and the strength of the generated magnetic

randomly assigned turbulent magnetic field and veloc—f'r?;?ii [Ssléc?;rzg' frlgnf]or?r(t:; g?ig}gﬂ;‘g’; (\jNEl OE}Z'_“ ?;n\;ve
ity fluctuations, as produced by the simulations propose P pa ! y

. ave done for shock simulations [31, 32].
here; and (4) nonthermal seed photons from the many (es- o X . ; L

. . . The initial simulation results with recollimation
sentially co-moving) cells, a slower moving sheath, and . .

BT . . shocks encourage us to more simulations and prepare next
emission-line clouds near the jet. More generally, we will steps to calculate emission and calculate particle acceler-
continue to investigate the possibility thatays flares in atiopn using relativistic Monte Carlo based gn the realistic
AGN jets can be produced by the interaction of moving using

. ; . recollimation shock structures [19, 20].
shocks with standing recollimation shocks.
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