
1/39

Particle-In-Cell Simulations of 
Astrophysical Relativistic Jets 

Ken Nishikawa UAHuntsville/Physics

Blazars through Sharp Multi-Wavelength Eyes
M�́�𝒍𝒂𝒈𝒂, Spain, May 30 – June 3, 2016

Collaborators:             
Y. Mizuno (Goethe-Universität Frankfurt am Mein) 
J. Niemiec (Institute of Nuclear Physics PAN)
J. Frederiksen (Niels Bohr Institute)
Å. Nordlund (Niels Bohr Institute)                                           
P. Hardee (Univ. of Alabama, Tuscaloosa) 
A. Meli (Unv. of Gent)                       
I. Duţan (Institute of Space Science, Rumania) 
M. Pohl (U-Potsdam/DESY)
H. Sol (Meudon Observatory)
J. L. Gómez (IAA, CSIC)
D. H. Hartmann (Clemson Univ.)
A. Ardaneh (University of Tsukuba)
D.S. Cai (University of Tsukuba)



Outline of talk
1. Introduction of relativistic jets and Weibel instability
2. Magnetic field generation and particle 

acceleration in kinetic Kelvin-Helmholtz 
instability (Nishikawa et al. ApJ, 793, 60, 2014) 

3. Global jet simulations with shock and KKHI with large
simulation system (Nishikawa et al. ApJ, 820, 94, 2016)

4. Global jet simulations with helical magnetic field
(reconnection)

5. Summary
6. Future plans 



Key Scientific questions
• How do velocity shears generate magnetic fields and

accelerate particles?
• How do global jets evolve with different species? 
• How the Weibel instability and kKHI affect the evolution 

of shock with global jets?
• How are particles accelerated? 
• How do helical magnetic fields affect shocks and 

reconnection?
• What are the dominant radiation processes?
• How do shocks in relativistic jets evolve in various ambient  

plasma- and magnetic field configurations?  
• How is magnetic field energy in jets released?
• Jets in Jets really happen due to reconnection?
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Structure of shock and particle acceleration at t∗ = 500.

merged with the thermalized ambient electrons. Thus, only a
single electron population is present in the hot shocked region
(Figure 2(f)). On the other hand, the kinetic energy of jet ions is
transferred to the heating of ambient particles by means of the
electromagnetic fields generated by the ion Weibel instability
(Figure 2(h)). Full thermalization of the two ion populations
(jet and ambient) has not yet occured (demands a longer
simulation time), i.e., the two populations are distinguishable in
Figure 2(h). Electrons located in the FS transition region (430
� x∗ � 500), predominantly ambient electrons, also undergo
the Weibel instability and are thermalized by the jet upstream
kinetic energy. In this region, penetrating jet ions interact with
ambient particles and are slowed down gradually by 50% from
the jet front Lorentz factor γi = 10 to a minimum value of
γi = 5 (Figures 2(h) and (i)).

Ion current filaments generated by the ion Weibel instability
play a crucial role in establishing the shock transition, electron
heating, and acceleration in an unmagnetized electron–ion
plasma (Frederiksen et al. 2004; Hededal et al. 2004;
Spitkovsky 2008a). In Figures 3, the longitudinal current

density, J J Jx x xi e= + , through a transverse cross section is
shown at x∗ = 320, in the RS transition region (Figures 3(a)
and (c)) and at x∗ = 480, in the FS transition region
(Figures 3(b) and (d)) for t∗ = 500. Positive (red–white colors)
and negative (green–blue colors) represent the ion and electron
contribution to the total current, respectively. As one can see,
longitudinal current filaments are surrounded by approximately
azimuthal magnetic fields (illustrated by the arrows in
Figures 3(a) and (b)). Electric fields are perpendicular to the
magnetic fields and the associated arrows point in the radial
direction (Figures 3(c) and (d)). In the RS transition region,
magnetic fields are predominantly due to the ion filaments
(counter-clockwise arrows) and electrons act to Debye shield
these filaments (Frederiksen et al. 2004). However, there are
some electron filaments (clockwise arrows) within the FS
transition region. Furthermore, electromagnetic fields in the RS
transition region are stronger than those in the FS transition
region. The transverse size of the filamentary structures is on
the order of several electron Larmor radii (R∗ ≈ 3–5).
Perpendicular electric and magnetic fields lead to the E B´

Figure 2. Structure of the relativistic double shock at t∗ = 500. Panels (a) and (b) show the z-component of the electric field Ez and the y-component of the magnetic
field By at y∗ = 24. Panels (c)–(e) show the transversally averaged (in the yz-plane) field components. Total of the jet (blue) + ambient (red) particle energy
distribution, and average energy along the x-direction are presented in panels (f) and (g) for electrons, and (h) and (i) for ions. The shocked region is identified by
orange coloring (as shown in Figure 1). The ellipse in panel (f) shows the high-energy electrons reflected into the upstream. In (f) and (h), 1.2 × 106 particles are
randomly selected. Due to the very large number of particles in the simulation, only a part of them is represented. Particles of each population are selected randomly so
that the respective distribution function is not affected.
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Ez

By
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blue: jet particles
red: ambient particles

(Ardaneh et al. 2015)
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Simulations of KHI with core and sheath jets

!
Mizuno, Hardee & Nishikawa, ApJ, 662, 835, 2007 

RMHD, no wind ω=0.93, time=60.0

case of Vtheath = 0

slab model 



KKHI with Core-sheath plasma scheme

(Nishikawa et al. 2014, ApJ)
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Cylindrical kKHI simulations
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10,000 processors

total particles: 48.8 billions

7:55 hours

Haswell 7.1GB/processor

5.76TB memory

Jet length: 10µpc
≈1700c

NASA Pleiades



(Nishikawa et al. 2014)

3D snapshots of current (Jx) isosurfaces with magnetic field lines
γjt = 15 t = 500ω pe

−1

e - p

e±

Evolution of shock and instability is different for electron-proton
and electron-positron

white lines: magnetic filed lines



Why we need to perform huge RPIC simulations of relativistic jets

• Kinetic processes are important for particle acceleration and global evolution
• Kinetic instability such as kinetic Kelvin-Helmholtz instability (kKHI), Mushroom     

instability (MI), and the Weibel instability are ubiquitous and responsive to
global evolution of jets  

• AGN jets are considered for generation of high energy cosmic ray, but it requires global 
kinetic simulations to take into account of particle acceleration due to reconnection, 
which has been proposed one of possible mechanism

• Relativistic jets are generated from black hole with twisted strong magnetic field, 
which contributes for accelerate particles to very high energy via reconnection, 
therefore RPIC simulations of relativistic jets with helical magnetic fields can give an 
answer to this issue

• Investigate the cross-scale coupling for two of the most ubiquitous plasma processes
that are essential to the dynamics of the relativistic jets: magnetic reconnection and 
plasma turbulence

• Huge supercomputer such as Blue Waters will make it possible for us to do a study 
by being able to push our simulations to the largest size possible on any supercomputer 
today in order to implement macroscopic processes as in fluid models

• The ability to simulation the microphysical processes responsible for reconnection, 
turbulence and for high energy particle acceleration is increasingly important as new 
cosmic-ray and neutrino observation such as Cherenkov Telescope Array (CTA), 
IceCube and present missions advance their observations

• This RPIC global jet simulations are new and innovative and will provide complex evolution
of relativistic jets with kinetic processes which cannot be done by RMHD simulations



Snap shots of electron density of global jet simulations with arrows (Bx,y,z)
γjt = 15 njet = 0.67namb at the center of the jett = 1,700ω pe

−1
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(Nishikawa et al. in progress, 2015)



Phase-space distributions of electrons (X – Vx, and X - Vz)

red: jet electrons,  blue: ambient electrons

e-p

e±



3D jet structures of Jx and magnetic field lines for e-p
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Current density in x-z plane at the center of jet (Bx,z)
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The y component of magnetic field (By) in x-z plane at the center of jet 
(Ex,z)
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Jx with By,z e-p
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Summary and Discussions

The key simulation results for both case are following:

for the e− - p+ case
* Jet electrons are collimated due to the strong toroidal magnetic 
fields generated by the MI.

* Electrons are perpendicularly accelerated with jet collimation.
* The magnetic polarity switches from the clockwise to anti-clockwise 
in the middle of jet.

for the e± case
* Jet electrons and positrons are mixed with ambient plasma, 
which creates a bow shock.

* The magnetic fields around current laments generated by the 
combination of kKHI, MI and Weibel instability merges, then 
generate density bumps which initiate a shock.



fast collisionless
reconnection

Reconnection switch concept: 
Collapsar model or some 
other system produces a jet 
(with opening half-angle θj) 
corresponding to a generalized
stripped wind containing many 
field reversals that develop 
into dissipative current sheets 
(McKinney and Uzdensky, 
2012, MNRAS,  419, 573).
This reconnection needs to
be investigated by resistive 
RMHD, which is in progress
within our research effort.



Reconnection in astrophysical system

Jet in jets are discussed by Giannios et al. 2009; Komissarov et al. 2009; 
Zhang & Yan 2011; Nalewajko et al. 2011; Cerutti et al. 2012, 
Granot et al. 2012; Komissarov 2012; McKinney & Uzdensky 2012; 
Sironi et al. 2015 L30 D. Giannios, D. A. Uzdensky and M. C. Begelman

θ ∼ 1/"j. The blob moves with "em ≫ "j provided that the motions
within the jet are relativistic. Such fast internal motions are possible
in a PDF where magnetohydrodynamics (MHD) waves approach
the speed of light.

2.1 The jet

For more quantitative estimates, we consider a jet with (isotropic)
luminosity Lj that moves with the bulk "j. The jet is assumed to
be strongly magnetized with Poynting-to-kinetic flux ratio (mag-
netization) σ ≫ 1. As reference values, we use "j = 10 and σ =
100. The Poynting luminosity of the jet may be inferred from the
flaring isotropic luminosity of PKS 2155−304 and is set to Lj =
1047 erg s−1.

The energy density in the jet is (as measured in a frame comoving
with the jet)

e′
j = Lj/4πr2c"2

j = 12Lj,47r
−2
2 "−2

j,1 erg cm−3, (3)

where A = 10xAx and the spherical radius is R = rRg with Rg = 1.5
× 1014 cm, corresponding to the gravitational radius of a black hole
of 109 solar masses. The magnetic field strength in the jet is

B ′
j =

!
4πe′

j = 12L
1/2
j,47r

−1
2 "−1

j,1 Gauss. (4)

For a proton-electron jet, the particle number density in the jet is

n′
j = B2

j /4πc2σmp = 80Lj,47r
−2
2 "−2

j,1 σ−1
2 cm−3. (5)

2.2 The emitting blob

We assume that a fraction of the magnetic energy of the jet is oc-
casionally dissipated through reconnection. In the PDF considered
here, current-driven instabilities are the most relevant ones in trig-
gering the dissipation (e.g. Eichler 1993; Begelman 1998; Giannios
& Spruit 2007; see, however, McKinney & Blandford 2009). Al-
ternatively, reversals in polarity of the magnetic field that threads
the black hole can lead to magnetic reconnection in the jet (see also
Section 5).

Our picture for relativistic reconnection is the following
(Lyubarsky 2005). High-σ material is advected into the reconnec-
tion region where the release of magnetic energy takes place. Part
of the dissipated magnetic energy serves to give bulk acceleration
of the ‘blob’ (in the rest frame of the jet) and the rest to heat the
outflowing material to relativistic temperature. We explore the pos-
sibility that emission from the outflowing material produces the
TeV flares, and refer to it as the ‘emitting blob’ or simply ‘blob’
(see Fig. 1).

For our quantitative estimates that follow, we adopt the rela-
tivistic generalization of Petschek-type reconnection worked out by
Lyubarsky (2005; see also Watanabe & Yokoyama 2006 for rela-
tivistic MHD simulations that support this picture). In this model,
the material leaves the reconnection region with bulk "co close to
the Alfvén speed of the upstream plasma "co ∼

√
σ ≃ 10σ

1/2
2 in the

rest frame of the jet (Petschek 1964; Lyutikov & Uzdensky 2003;
Lyubarsky 2005). For the last expression to be valid, we assume
that the guide field (i.e. non-reversing field component) is not strong
enough to affect the reconnection dynamics (i.e. B ′

guide!B ′
j/

√
σ ;

see also Section 5 for when this condition may be satisfied). As seen
in the lab frame, plasma is ejected from the reconnection region with
"em ∼ "j"co = 100"j,1σ

1/2
2 . The ratio of the thermal energy to rest

mass in the blob frame is ẽem/ρ̃emc2 ∼
√

σ , and reconnection leads

Figure 1. Schematic representation of the geometry of the ‘jets in a jet’
shown in a frame comoving with the jet. Right: the reconnection region en-
larged. Plasma heated and compressed by magnetic reconnection leaves the
reconnection region at relativistic speed "co ≫ 1 within the jet in the form
of blobs. Each blob emits efficiently through synchrotron-self-Compton in
a narrow beam within the jet emission cone, powering a fast evolving soft
X-ray and TeV flare. The sequence of flares seen in PKS 2155−304 may be
the result of multiple reconnection regions or intrinsic instabilities (e.g. tear-
ing) of one large reconnection region.

to compression of the outflowing material ρ̃em ∼
√

σρ ′
j . The energy

density in the blob is (Lyubarsky 2005)

ẽem ∼
√

σ ρ̃emc2 ∼ σρ ′
jc

2 = 12Lj,47r
−2
2 "−2

j,1 erg cm−3. (6)

The fact that this is similar to equation (3) is just a consequence of
the pressure balance across the reconnection region.

Even though we consider a PDF jet, the emitting (downstream)
region is not necessarily magnetically dominated since a large part
of the magnetic energy dissipates in the reconnection region. This
has important implications for the radiative processes discussed
below. On the other hand, the blob material may remain strongly
magnetized. Any guide field in the reconnection region will be
amplified by compression and will not dissipate. Lyubarsky (2005)
shows that for a guide field B ′

guide!B ′
j/

√
σ , the magnetization of

the blob (downstream plasma) is σ em ! 1. The magnetic field in the
blob rest frame is roughly estimated to be

B̃em !"
4πẽem = 12L

1/2
j,47r

−1
2 "−1

j,1 Gauss. (7)

If electrons receive an appreciable fraction of the released energy
f ∼ 0.5, they are heated to characteristic

γe ∼ f
√

σmp/me ∼ 104f1/2σ
1/2
2 , (8)

assumed to be isotropic in the blob rest frame.

2.2.1 The blob size

From the observed energy of the TeV flares, we can estimate the
energy contained in each blob. Combined with the energy density
(6), we derive an estimate of the size of the blob.

The TeV flares have observed (isotropic equivalent) luminosity
Lf ∼ 1047 erg s−1 (allowing for a few times the observed energy
to be emitted below ∼200 GeV, the low-energy threshold of the
observations) and duration of tf ∼ 300 s. The associated energy is
then Ef = Lf × tf ≃ 3 × 1049Lf,47 tf,300 erg.

In the model discussed here, the source of the flare moves with a
bulk "em ≫ 1. Its emission is concentrated in a cone that corresponds

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 395, L29–L33

(Giannios et al. 2009)
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Figure 2. Magnetic field lines at times t = 0, 84 !−1
ci , 105 !−1

ci , 120 !−1
ci . The magnetic field lines untwist as macroscopic effect of

magnetic reconnection.

Figure 3. Quiver plot of B∗ at time t = 0, t = 81 !−1
ci and t = 87 !−1

ci in the plane z = Lz/2, r < 3.5 di. Initially, the quiver plot shows
two disconnected B∗ regions (B∗ pointing at different directions). At time t = 81 !−1

ci , the B∗ internal region moves outward as effect of
the kink instability. At time t = 87 !−1

ci , the two initially disconnected B∗ regions reconnect. The resonant surface is shown with dashed
red line.

z component of the electron bulk velocity Ve = Je/ρe, where
velocities are normalized to the Alfvén velocity VA. At
the center of the contour plot, the initial electron current is
directed in negative z direction and it can be still seen in blue
color. In the proximity of the reconnection site, a thin layer
of electrons flowing in the opposite direction of the initial
electron current can be observed in the red color. This current
is localized in the region characterized by a relatively low
electron density (figure 4). The electron peak bulk velocity
is approximately 1.5 VA at center of the flux rope, while an

opposite flow at −1.5 VA develops in the low density region
of the flux rope. Panel (b) of figure 5 shows a contour plot
of the z component of the electron bulk velocity Vi = Ji/ρi.
This shows a quadrupolar structure, similar to high and low
density structures in figure 4. The ion peak bulk velocity is
approximately 0.2 VA, approximately eight times smaller than
the electron peak bulk velocity.

Panel (a) of figure 6 shows an isocontour plot of the
electric field intensity with a superimposed quiver in the plane
z = Lz/2, r < 3.5 di at time t = 84 !−1

ci . The electric
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Figure 8. Isocontour of the axial component of the electron current Jez = 0.005 en0c (red color) and Jez = −0.005 en0c (blue color) at
times t = 75 !−1

ci , 84 !−1
ci , 90 !−1

ci .

Figure 9. Isosurface of the parallel electric field for
E// = ±0.04 B0VA/c with superimposed isosurface of the axial
component of the electron current Jez = 0.005 en0c at times
t = 87 !−1

ci , 90 !−1
ci . Several bipolar electric field structures develop

in proximity of the reconnection region.

field. On this plane, the Hall magnetic field has a bipolar
structure in the plane. The peak value of the Hall magnetic field
is 20% the axial magnetic field B0. The most intense electric
fields develop perpendicularly to local magnetic field and
mainly on the (x, y) plane. In proximity of the reconnection
region, an electric field in the z direction forms as effect of
magnetic reconnection. Its value is 0.1 B0VA/c (panel (b)
of figure 6). This is the so-called ‘reconnection’ inductive
electric field. During the secondary magnetic reconnection,

an electron current develops in the opposite direction of the
initial electron current of the flux rope. The intensity of
this current is approximately of the same intensity of the
initial electron current of the flux rope. The bulk electron
velocity is approximately 1.5 VA. We believe that the reverse
current would render the kink more stable. The presence of
opposite currents has been observed in the reconnection scaling
experiment (RSX) device [29, 30]. The interface separating
the two opposite electron currents is characterized by the
presence of bipolar electric field structures. It is likely that
these structures are caused by electron streaming instabilities
along the reconnection line [31, 32]. Because of the presence
of several bipolar electric fields and electron-scale instabilities,
the reconnection region is in a turbulent state. The turbulence
of the reconnection region might affect the reconnection rate
by introducing an anomalous resistivity [33].

This paper is an example of study of magnetic
reconnection in a non trivial initial configuration. We found
that the results are generally in a good agreement with the
results obtained starting from simple initial configuration,
such as the Harris configuration with a uniform background
guide field B0 [18]. In the flux rope configuration, the
Hall magnetic field shows a bipolar structure differently from
the famous quadrupolar structure developing in the Harris
sheet configuration [34]. However, the peak value of the
Hall magnetic field Bz–B0 is approximately 20% the core
magnetic field B0 as in simulations starting from Harris sheet
configuration [21, 35]. The reconnection electric field is
0.1 B0VA/c in both configuration also [34]. As in simulations
of Harris with a guide field, intense electron flows develop
along the cavity channel. However, these electron flows
are approximately 1.5 VA in the flux rope configuration,
while they are 6–7 VA in the Harris configuration with a
B0 guide field [19]. Bipolar parallel electric fields develop
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Signatures of secondary collisionless magnetic reconnection 
driven by kink instability of a flux rope

Quiver plot of B∗ at time t = 0, t = 81 and t = 87 in 
the plane z = Lz/2,r < 3.5 di. Initially, the quiver plot shows 
two disconnected B∗ regions (B∗ pointing at different 
directions). At time t = 81 , the B∗ internal region moves 
outward as effect of the kink instability. At time t = 87 , 
the two initially disconnected B∗ regions reconnect. The 
resonant surface is shown with dashed red line.
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Relativistic jet with
helical magnetic field,
which leads to the 
kink instability and 
subsequent 
reconnection, can be 
simulated using
resistive relativistic
MHD (this simulation 
was performed with
ideal RMHD code).

(Mizuno et al. ApJ, 734:19 (18pp), 2011)

3-D kink instability with helical magnetic field



Summary for global jet simulations

• The size of jet radius is critical for the evolution of jets
• The simulations with jet radius rjet = 200Δ show the clear 

differences electron-proton and electron-positron jets
• The electron-proton jet shows jet collimation due to 

the toroidal magnetic field generated by kKHI
• The electron-proton jet shows the well-defined jet 

boundary by the edge current by protons
• The electron-positron jet shows the growth of kKHI and 

the Weibel instability which generate the strong current 
filaments expanding outside the jet 

• The electron-proton jet shows strong toroidal magnetic 
field in the whole jet which may contribute 
circularly-polarized radiation

• Further simulations with a even larger system (larger 
jet radius) need to be investigated



Future plans 
• Further simulations with a systematic parameter 

survey will be performed in order to understand 
shock dynamics including KKHI and reconnection

• Further simulations will be performed to calculate 
self-consistent radiation including time evolution 
of spectrum and time variability using larger systems

• Investigate radiation processes from the accelerated 
electrons in turbulent magnetic fields and compare 
with observations using global simulation of shock,
KKHI and reconnection with helical magnetic field
in jet (GRBs, SNRs, AGNs, etc)  

� Magnetic field topology analysis for understanding
reconnection evolution 

• Particle acceleration and radiation in recollimation
shocks 


