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Abstract. Recent PIC simulations of relativistic electron-positron (electron-ion) jets injected
into a stationary medium show that particle acceleration occurs in the shocked regions. Sim-
ulations show that the Weibel instability is responsible for generating and amplifying highly
nonuniform, small-scale magnetic fields and for particle acceleration. These magnetic fields con-
tribute to the electron’s transverse deflection behind the shock. The “jitter” radiation from de-
flected electrons in turbulent magnetic fields has different properties from synchrotron radiation
calculated in a uniform magnetic field. This jitter radiation may be important for understanding
the complex time evolution and/or spectral structure of gamma-ray bursts, relativistic jets in
general, and supernova remnants. In order to calculate radiation from first principles and go
beyond the standard synchrotron model, we have used PIC simulations. We will present detailed
spectra for conditions relevant to various astrophysical sites of collisionless shock formation. In
particular we will discuss application to GRBs and SNRs.
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1. Relativistic PIC Simulations

Particle-in-cell (PIC) simulations can shed light on the physical mechanism of particle
acceleration that occurs in the complicated dynamics within relativistic shocks. Recent
PIC simulations of relativistic electron-ion and electron-positron jets injected into an am-
bient plasma show that acceleration occurs within the downstream jet (e.g., Nishikawa
et al. 2009b). In general, these simulations have confirmed that the Weibel instability,
which generates current filaments and associated magnetic fields, mediates the relativistic
collisionless shock (Medvedev 1999), and accelerates electrons (Hededal 2005; Nishikawa
et al. 2003, 2005, 2006; Ramirez-Ruiz, Nishikawa, & Hededal 2007; Chang, Spitkovsky,
& Arons 2008; Spitkovsky 2008a,b; Sironi & Spitkovsky 2009a; Nishikawa et al. 2009a).
Therefore, the investigation of radiation resulting from accelerated particles (mainly elec-
trons and positrons) in turbulent magnetic fields is essential to understand the radiation
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and its observable spectral properties. In this report we present a numerical method for
obtaining spectra from particles self-consistently traced in our PIC simulations that goes
beyond the standard synchrotron model (Waxman 2006).

2. Calculating Emission from Electrons Moving in Self-consistently
Generated Magnetic Fields

We calculate the radiation spectra directly from our simulations by integrating the
expression for the retarded power, derived from Liénard-Wiechert potentials for a large
number of representative particles in the PIC representation of the plasma (Jackson 1999;
Hededal 2005; Nishikawa et al. 2009a,c; Sironi & Spitkovsky 2009b; Frederiksen et al.
2010). In order to obtain the spectrum of the synchrotron/jitter emission, we consider an
ensemble of electrons selected in the region where the Weibel instability has fully grown
and where the electrons are accelerated in the self-consistently generated magnetic fields.

We have validated our numerical method by performing simulations using a small
system with (Ly, Ly, L,) = (645A,131A,131A) (A = 1: grid size) and a total of ~ 0.5
billion particles (12 particles /cell/species for the ambient plasma) in the active grid zones
(Nishikawa et al. 2006). We first performed simulations without calculating radiation
up to t = 450w;01 when the jet front is located at about x = 480A. We randomly
selected 16,200 jet electrons near the jet front and calculated the emission during the
sampling time t; =ty —t; = 75wp_e1 with Nyquist frequency wy = 1/2At = 200w, where
At = 0.005wp_e1 is the simulation time step and the frequency resolution Aw = 1/t5 =
0.0133wpe.

The spectra shown in Figure 1 are obtained for head-on (# = 0°) emission from the jet
electrons. The radiation from shows a Bremsstrahlung-like spectrum for the three cases
shown (Hededal 2005). Since the magnetic fields generated by the Weibel instability are
rather weak and jet electron acceleration is modest, the electron trajectories bend only
slightly. For the case with v = 15 and By = 3.7 (simulation units), the spectrum is
similar to that of a case without magnetic field. However, for the cases with v = 7.08 the
spectrum in the case with B, = 3.7 shows an enhanced amplitude at higher frequencies.
At this smaller Lorentz factor the Weibel instability grows to larger amplitude (the
growth time is proportional to (7)'/?) than for the 4 = 15 and B, = 3.7 case. In this
case the transverse magnetic fields generated by the Weibel instability combined with
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Figure 1. Spectra obtained from hot jet electrons (u{i‘;t = 0.33¢) for three different cases
(y=15,B, =3.7,y=17.08, B, = 3.7, and v = 7.08, B, = 0.0) for viewing angle 0°.
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the (longitudinal) ambient magnetic field bend the jet electron trajectories significantly
to generate the higher frequencies.

Like a Bremsstrahlung spectrum, the lower frequencies have flat spectra and the higher
frequencies decrease monotonically (Nishikawa et al. 2009C). However, the higher fre-
quency slopes in Figure 1 are less steep than that in the Bremsstrahlung spectrum. This
is due to the fact that the spread of Lorentz factors of jet electrons is larger and the
average Lorentz factor is larger as well. Furthermore, even though the magnetic field
strength is not so large, the spectra seem to be extended to higher frequency. This is
explained that as shown in Fig. 7.16 (left) in Hededal?s Ph. D. thesis (Hededal, 2005)
the turbulent magnetic field shifts the frequency higher with shorter wave length (smaller
1). We obtained several different parameters with jet electrons and ambient magnetic
field using a small system as in this report. However, the strength of the magnetic fields
generated by the Weibel instability is small, therefore the spectra for these cases are very
similar to the Bremsstrahlung spectrum.

Figure 2 shows how our synthetic spectrum matches with spectra obtained from Fermi
observations. Figure 2a shows the model spectra for five time intervals (Abdo et al.
2009). The red line shows the slope (a = 1) in Fig. 2a and except the spectrum for the
interval “a” the slopes for all other time intervals are approximately 1. This is similar
to a Bremsstrahlung-like spectrum at least for the low frequency side. As shown in Fig.
2b the slope in the low frequency is very similar to the observed spectra. The peaks and
slopes at high frequencies change over time.

3. Discussion

Emission obtained using the method described above is obtained self-consistently, and
automatically accounts for magnetic field structures on the small scales responsible for
jitter emission. By performing such calculations for simulations using different parame-
ters, we can investigate and compare the different regimes of jitter- and synchrotron-type
emission (Medvedev 2000, 2006). Thus, we should be able to address the low frequency
GRB spectral index violation of the synchrotron spectrum line of death (Medvedev 2006).
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Figure 2. Brief comparison of a synthetic spectrum with spectra obtained from Fermi obser-
vations. Figure 2a shows the modeled Fermi spectra in vF, units for five time intervals. A flat
spectrum would indicate equal energy per decade in photon energy. The changing shapes show
the evolution of the spectrum over time. Figure 2b shows the spectrum for the case of v = 7.08
with By = 3.7. The low frequency slope is approximately 1 and very similar to those spectra
except interval “a”.
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Recently, synthetic radiation has been calculated from simulations of laser-wakefield
electron acceleration (Martins et al. 2009), counter-streaming jet (Frederiksen et al.
2010), and in shocks reflected at the wall (Sironi & Spitkovsky 2009). In this study
we inject relativistic jets into ambient plasma (from the left side of the computational
box; see also Nishikawa et al. 2009b). A Weibel instability-mediated shock is formed
and electrons become accelerated. We calculate the radiation from jet electrons in the
observer frame, therefore calculated spectra can be directly compared with observations.

Behind the trailing shock the electrons are accelerated and strong magnetic fields are
generated (Nishikawa et al. 2009b). Therefore, this region seems to produce the emission
that is observed by satellites. We will examine the observed spectrum changes over time
using different plasma conditions such as jet Lorentz factors, jet thermal temperatures,
plasma compositions and other parameters.
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