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Outline of talk
1.  Introduction of relativistic jets and Weibel instability (Nisikawa et al 2009) 

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, 2016a) (rjt = 100∆)

4. Global jet simulations with helical B fields (reconnection)
(Nishikawa et al. Galaxies, 4, 38, 2016b) (rjt = 20∆)

5. New results with larger jet radius with short system 
(rjt = 40∆, 80∆, 120∆) (Nishikawa et al. Galaxies, 5, 58, 2017) 

6. New results with larger jet radius with longer system including nonlinear stage 
(rjt = 100∆) (Nishikawa et al. ApJL, submitted, 2019 (arXiv:1906.10302) 

7. Two different Helical Magnetic Field structure (a = rjt = a/4 and a/2)
8. Synthetic Spectra and Polarity Images
9. Summary and Future plans 

https://arxiv.org/abs/1906.10302


Key Scientific questions
• How do ‟global” jets evolve with different species?
• How do helical magnetic fields affect kinetic instabilities, shocks and

reconnection?
• Jets in Jets really happen due to reconnection?

Why we need to perform PIC simulations of 
relativistic jets

• Kinetic instabilities (e.g., kKHI, MI, and the Weibel instability) are key 
in understanding jet evolution

• Helical magnetic fields are crucial in understanding these instabilities
• PIC global jets simulations are new and innovative and provide complex

evolution of relativistic jets with kinetic processes including radiation
which cannot be done by RMHD simulations



Reconnection with Harris model
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Figure 1. Qualitative pattern of two-dimensional reconnection.

Importantly, IMHD implies conservation of magnetic
field line topology. In IMHD this fact can also be
expressed by the property that two plasma elements
that are connected by a magnetic field line at one time
are connected by a magnetic field line at any later time
(magnetic line conservation). Furthermore, the magnetic
flux through an arbitrary contour transported by the
plasma velocity field is also conserved. These properties
provide the quantitative background for the dynamical
constraints of IMHD mentioned above. In particular,
they imply that large-scale topological reconfigurations of
the magnetic field structure, as assumed to be associated
with stellar and magnetospheric activity, are ruled out.
In the following, we summarize in what sense magnetic
reconnection resolves that dilemma and what is known at
present about that process.

Two-dimensional reconnection
The simplest geometry in which reconnection may be
described has two spatial dimensions, requiring the
presence of an ignorable coordinate in three-dimensional
physical space. In this section Cartesian coordinates x, y, z

are used and it is assumed that the physical quantities are
independent of z. We will first consider steady states and
then introduce time dependence.

Steady-state reconnection
The basic configuration of two-dimensional steady-state
reconnection is shown in figure 1. All field quantities are
independent of time. Also, the magnetic field B and the
plasma velocity v are assumed to lie in the x, y-plane,
while for the electric field a non-vanishing z-component
is admitted. The plasma is highly ideal such that the
Lundquist number S (12) is much larger than 1.

To obtain an efficient conversion of magnetic to
kinetic energy (along the trajectories of fluid elements) it
is appropriate to assume a stagnation-type flow field v
and oppositely directed magnetic fields in the upper and
lower part of the inflow region (figure 1). The magnetic
field vanishes at the origin (neutral point); viewed three-
dimensionally a neutral line (line on which B = 0) extends
along the z-axis.

Since S is large, for a smooth plasma flow
with maximum gradients associated with the global
length scale L the frozen-in condition would not allow
annihilation of magnetic flux to any significant extent.
This difficulty is avoided by the presence of a ‘diffusion
region’ near the neutral line, where the resistive term j/σ

in Ohm’s law is much larger than in the approximately
ideal environment (‘external region’), typically by an
enhancement of jz. The diffusion region has length scales
δ and # (figure 1) with L ≥ # ≥ δ. A locally defined
Lundquist number, where L is replaced by δ in (12)
can be considerably smaller than the global Lundquist
number, indicating that in the diffusion region resistive
diffusion can play an important role. There, the plasma
and magnetic fields may decouple effectively, so that field
annihilation along the fluid path becomes possible.

Under the present conditions (5) implies that Ez is a
positive constant, say E0. The presence of the diffusion
region allows for a non-vanishing value of E0, because
otherwise (i.e. under ideal conditions with j/σ negligible)
the z-component of equation (3) would require Ez = 0 at
the neutral point, such that E0 would have to vanish.

Another important property of the present geometry
(shown in figure 1) is that ∂By/∂x > ∂Bx/∂y or jz > 0.
Therefore, E · j = E0jz > 0 holds, which by (8) or
(9) implies that magnetic energy is converted to kinetic
energy. In fact, from (8) one finds

∂
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where (1) was used assuming that ρv ̸= 0, and s denotes
the arc length of the trajectory of the plasma element
(increasing in the direction of v). Note that the thermal part
on the left-hand side of (13) is enthalpy per unit mass rather
than internal energy per unit mass, because the work done
by the pressure force is included.

For a discussion of the consequences of mass and
momentum conservation we specialize the resistive MHD
equations (1)–(7) further, using the incompressibility
condition (11) with constant density ρ0 instead of (4). Then
the resistive RMHD equations for a steady state assume the
form

ρv · ∇v = −∇p + j × B (14)

E0 + v × B · ez = jz/σ (15)

∇ · v = 0 (16)

(∇ × B) · ez = µ0jz (17)

∇ · B = 0. (18)

Quantities in the outer inflow region will be
characterized by their magnitudes at the point (x0, 0)

where the positive x-axis crosses the boundary, and are
labeled by the subscript zero, in particular (in addition to
ρ0, E0)

p0 = p(x0, 0), B0 = By(x0, 0), v0 = −vx(x0, 0)
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Initial conditions: anti-parallel magnetic field generated by sheet current
(extensive simulation studies with “Harris model”)
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Figure 2. Three-dimensional density isosurfaces with a transverse slice at z = 0 for the decreasing density cases B1 (Rj = a/2) and B2 (Rj = 4a) at t/tc = 50 and
90. Representative solid magnetic field lines are shown, and the color scales with the logarithm of the density.
(A color version of this figure is available in the online journal.)

later simulation time, t = 90, it is clear that the kink amplitude
increases spatially down the jet with the largest amplitudes
located far from the inlet at z ∼ 15L = 60a. The very
different result from the Rj = a/2 case indicates a propagating
spatially growing kink as opposed to a static temporally growing
kink. We find that the perturbation propagation speed is greater
than the flow speed (see Section 3.2), and the precessional
perturbation crosses the grid before t = 90. The difference
in behavior between cases A1 and A2 was suggested by
previous periodic box simulations of temporal kink growth,
which showed a temporally growing static kink when Rj =
a/2 and a temporally growing moving kink when Rj = 4a
(Mizuno et al. 2011). In both decreasing density cases, organized
helical density and magnetic structure appear disrupted at the
terminal simulation time, albeit at very different distances from
the inlet.

For the increasing density cases, Figure 3 reveals some
differences relative to the comparable declining density cases.
Like the declining density cases A1 and A2 at t = 50, in cases C1
and C2, the helical kink develops first near the jet inlet. At the
later simulation time, now t = 100 in case C1 with Rj = a/2,
the kink amplitude continues to grow near the jet inlet and also
develops farther down the jet like the decreasing density case A1.
Now the largest amplitudes are found somewhat farther from the
inlet at z ∼ 7.5L = 30a and appear less than for the comparable
decreasing density case A1. For Rj = 4a, at the later simulation
time, the kink amplitude increases spatially down the jet like the
decreasing density case A2. The amplitude appears to saturate
beyond about z ∼ 10L = 40a without obvious disruption
of the helical twist. However, beyond z ∼ 15L = 60a, the
magnetic structure becomes more distorted and less regular. We
note that the perturbation propagation speed is greater than the
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Current-driven instability may trigger reconnection?

(Mizuno et al. 2014)

In global jets (helical magnetic fields: Harris model cannot be applied)
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Efficient Nonthermal Particle Acceleration by the Kink Instability in Relativistic Jets

Alves et al. prl, 121, 245101 (2018)
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transferred to newly accelerated particles with a power-law
spectrum. Importantly, we observe that the maximum
energy gain increases linearly with the jet cross-sectional
radius. Based on these findings, we argue that this new
mechanism can account for the acceleration of high-energy
leptons and hadrons in AGN jets.
We simulated a volume of the jet in its proper reference

frame, with relativistic electron-positron plasma supporting
a helical magnetic field in an unstable hydromagnetic equi-
librium; the net-inward magnetic stress is balanced by
increased thermal pressure near the axis (see Supplemental
Material [18]). This setup approximates the jet spine after
the plasma has been focused towards the axis by recol-
limation, at the moment when it stagnates and is most
vulnerable to the internal KI. We consider magnetic field
profiles of the form BðrÞ ¼ B0ðr=RcÞe1−r=Rceϕ þ Bzez,
where Rc is the cross sectional radius of the jet spine.
We have also tested toroidal magnetic field profiles that
decay as r−α (with α ≥ 1), and determined that our overall
findings are not sensitive to the structure of the magnetic
field far from Rc. Near the black hole, the poloidal and
toroidal magnetic field components (Bz and Bϕ, respec-
tively) are comparable to one another [23]. However,

Bz=Bϕ decreases with distance from the source, and can
be very small at the relevant ∼100 pc distances. The
characteristic magnetic field amplitude (henceforth denoted
as B0) at these distances, B0 ∼mG, is quite strong in the
sense that the ratio σ of the magnetic to plasma rest-mass
energy densities may exceed unity. The simulations cover
values of σ ¼ 1–10 and Bz=Bϕ ¼ 0.0–0.5.
We utilize the fully kinetic electromagnetic PIC code

OSIRIS 3.0 [24,25]. Our simulations resolve a large dynamic
range in 3D, enabling us to study the interplay between the
evolution of the KI at large scales and the dynamics of
particles at small scales, i.e., between the MHD physics
of the jet spine at ∼Rc and the kinetic physics operating at
the particle gyroradius scale ρg ≪ Rc. By systematically
increasing the scale separation R̄≡ Rc=hρgi, we find
asymptotic behavior in the particle acceleration physics
as R̄ ≫ 1. The dimensions of the simulated domains are
20 × 20 × ð10 − 20ÞR3

c, with the jet located at the center of
the domain and oriented along ẑ. The simulations resolve
the gyroradius of thermal particles at the core of the jet,
hρgi, with 4–12 points, and use 8–16 particles per cell per
species [18]. Our largest simulations attain R̄ ¼ 50 and are

J [cB0/2πRc]
2.52.01.00.5 1.50.0

Ez [B0]
0.40.2-0.2-0.4 0.0
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FIG. 1. Evolution of the jet structure subject to the kink instability. (a) Current density, (b) magnetic field lines, and (c) axial electric
field, taken at times (1) ct=Rc ¼ 16 and (2) ct=Rc ¼ 24. These times correspond to the linear and nonlinear stages of the kink instability.
Note that a quarter of the simulation box has been removed in (b1), (b2), and (c2) to reveal the inner field structure of the jet.
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Electric current Magnetic field Axial electric field

ct/Rc =16

ct/Rc =24

Rc = 200∆ n(r) = n0 + (nc−n0)/cosh2(2r/Rc)
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Electron-proton jet with helical magnetic fields
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Magnetic field vectors
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Electron acceleration with quasi-static electric field



Mechanisms of electron acceleration jet electron in x - !vx phase space
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|B| FieldStreamlines of Magnetic Field (B) of Jet (Front 
View), RA                Electron/Proton Jet



Combination of Forward and Backward Stream lines
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Turbulent magnetic field acceleration

3

FIG. 2. Top: Time evolution of the particle spectrum for the
simulation in Fig. 1. At late times, the spectrum displays an
extended power-law tail with slope p = �d logN/d log(� �
1) ⇠ 2.9. The inset shows the dependence of the power-law
index p on �B2

rms0/B
2
0 and �0. Bottom: Particle spectra at

late times (ct/l = 12) for simulations with fixed �0 = 10,
�Brms0/B0 = 1 and l = L/8, but di↵erent system sizes
L/de0 2 {410, 820, 1640, 3280, 6560}. The insets show the
dependence of the power-law index p (top; dashed line is
the asymptotic slope p = 2.9) and the cuto↵ Lorentz fac-
tor �c (bottom; dashed line is the predicted scaling �c ⇠p
�z�th0(l/de0), see text) on the system size.

�c — defined as the Lorentz factor where the spectrum
drops one order of magnitude below the power-law best
fit — linearly increases with system size (bottom inset
in Fig. 2(b)). As discussed below, stochastic acceleration
by turbulent fluctuations dominates the energy gain of
nonthermal particles. High-energy particles will cease to
be e�ciently scattered by turbulent fluctuations when
their Larmor radius exceeds the energy-carrying scale
l = 2⇡/kN , implying an upper limit to their Lorentz
factor of �c ⇠ e

p
hB2il/mc2 ⇠ p

�z�th0(l/de0), which
successfully matches the scaling of �c on system size in
the inset of Fig. 2(b) (this argument assumes that the
turbulence survives long enough to allow the particles to
reach this upper limit). By varying l/L, we have explic-
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FIG. 3. Top: Current density Jz at ct/l = 4 from a 3D simula-
tion with �0 = 10, �Brms0/B0 = 1, L/de0 = 820, and l = L/4,
showing the copious presence of current sheets [66]. Bottom:
Time evolution of the corresponding particle spectrum. The
inset shows for two di↵erent box sizes that the time-saturated
particle spectra are almost identical between 2D (blue) and
3D (red).

itly verified that �c / l, rather than �c / L.

We have confirmed our main results with large-scale
3D simulations, since several properties of the turbulence
itself, as the energy decay rate and the degree of intermit-
tency, are known to be sensitive to dimensionality [49].
Results from our largest 3D simulation, with L/de0 = 820
and l = L/4, are presented in Fig. 3. The plot of Jz in
the fully-developed turbulent state (top) shows the pres-
ence of a multitude of current sheets, as found in our 2D
setup. The evolution of the particle energy spectrum is
presented in Fig. 3(b). A pronounced nonthermal tail
develops, whose power-law slope and high-energy cuto↵
are remarkably identical to its 2D counterpart (in the in-
set, we compare the time-saturated spectra of 2D and 3D
simulations for two di↵erent box sizes, showing that the
spectra nearly overlap).

Cosmin & Sironi, 2018, prl, 121, 255101

Current density Jz at ct/l = 4 from a 3D simulation
with !0 = 10, "Brms0/B0 = 1, L/de0 = 820, and l = L/4,
showing the copious presence of current sheets.
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FIG. 4. Top: Evolution of the Lorentz factor for 10 represen-
tative particles selected to end up in di↵erent energy bins at
ct/l = 12 (matching the di↵erent colors in the colorbar on the
right). Middle: Probability density functions of |Jz,p|/Jz,rms

experienced by the injected particles at their tinj (red circles)
and by all our tracked particles at ct/l = 4 (blue diamonds),
with a half-normal distribution overplotted as a solid black
line. Bottom: Zoom of Jz at ct/l = 4 with the open cir-
cles indicating the positions of the particles that are injected
around this time [66].

Acceleration Mechanisms.— In order to unveil the par-
ticle acceleration mechanisms, we have tracked the tra-
jectories of a random sample of ⇠ 106 particles from
a 2D simulation with �0 = 10, �Brms0/B0 = 1, and
L/de0 = 1640. In Fig. 4(a) we show the Lorentz fac-
tor evolution of 10 particles that eventually populate the
nonthermal tail (i.e., with � > 30 at ct/l = 12, compare
with the cyan line in Fig. 2(b)). A common feature of
these tracks is the rapid energy increase from � ⇠ �th0

up to � ⇠ 10 � 100. Indeed, we have verified that the
overwhelming majority (⇠ 97%) of the particles belong-
ing to the nonthermail tail (i.e., with � > 30 at ct/l = 12)
experience in their life such a sudden episode of energy
gain. This event is extracting the particles from the ther-
mal pool and injecting them into the acceleration process
(i.e., it controls the physics of particle injection). In-
spired by Fig. 4(a), we identify the injection time tinj as
the time when the energy increase rate (averaged over
�t = 45 de0/c) satisfies ��/�t > �̇thr, and prior to this
time the particle Lorentz factor was � < 4�th0 ⇠ 6. We
typically take �̇thr ' 0.01

p
�0�th0!p0, but we have veri-

fied that our identification of tinj is nearly the same when
varying �̇thr around this value by up to a factor of three.
Having determined the injection time, we can explore

the properties of the electromagnetic fields at the injec-
tion location. The red circles in Fig. 4(b) show the proba-
bility density function (PDF) of the electric current den-
sity |Jz,p| experienced by the particles at their injection
time (normalized by the root-mean-square Jz,rms in the
whole domain at that time). The peak of the PDF is
at |Jz,p| ⇠ 4 Jz,rms, and ⇠ 95% of the injected particles
reside at |Jz,p| > 2 Jz,rms, a threshold that is usually em-
ployed to identify current sheets [59]. This should be
contrasted with the blue diamonds, showing the PDF of
the electric current experienced by our tracked particles
at ct/l = 4, regardless of whether they are injected or
not. As expected, this peaks at zero, and only ⇠ 9%
of particles have |Jz,p| > 2 Jz,rms. The tail of the blue
curve at |Jz,p| > 2Jz,rms is due to the intermittent nature
of current sheets in turbulence [e.g., 16, 36, 37, 60–63],
while for |Jz,p| < 2Jz,rms the blue PDF lies close to a
half-normal distribution (solid black line).
In summary, particle injection into the acceleration

process occurs at current sheets; more specifically, at re-
connecting current sheets. This is illustrated in Fig. 4(c),
where we show Jz/en0c in a subset of the simulation do-
main at ct/l = 4. The overplotted open black circles
indicate the locations of particles whose tinj is around
this time. Clearly, most of the particles participating in
the injection episode reside at active reconnection lay-
ers, fragmenting into plasmoids. Despite the small filling
fraction of current sheets, the injection e�ciency (i.e., the
fraction of particles going through the injection phase) is
expected to be independent of box size. In fact, the life-
time of a current sheet of characteristic length l is the
eddy turnover time l/�Vrms (here, �Vrms is the velocity
fluctuation amplitude). During this time, reconnection
proceeds at a rate �Rc and the current sheet will “pro-
cess” a plasma surface ⇠ �Rl2(c/�Vrms), i.e., a fixed frac-
tion of the 2D domain (a similar argument holds in 3D).
Acceleration by the reconnection electric field [54–56]

governs the first phase of particle energization, as shown
in Fig. 5. Here, each colored curve represents the average
Lorentz factor of particles having the same injection time
tinj (within �tinj = 0.48ct/l). The linear growth from

Zoom of Jz at ct/l = 4 with the open circles indicating 
the positions of the particles that are injected
around this time.

particle acceleration via driven turbulence in moderately magnetized pair plasmas

B0 ẑ

"Bx and "By are externally drive in order to generate turbulence (not based on the first principle)

σ = δ Brms0
2 / 4πn0w0mc2, w0 = γ th9 +θ0 ,θ0 = kBT0 / mc2



Summary

• Electron-proton jet suffers kinetic instabilities dominantly mushroom instability

• Recollimation shocks are generated which produce quasi-static electric field

• These electric fields accelerate and decelerate electrons

• Electrons are further accelerated due to turbulent magnetic fields generated by 
untangling of helical magnetic fields

• Further investigations are required in order to confirm and/or find other 
acceleration mechanisms varying parameters of simulations such as jet radius, 
magnetization factor, jet structure, etc.
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See talk (Friday) by MacDonald



Future plans 
• Further simulations with a systematic parameter 

survey will be performed in order to understand 
jet evolution with helical magnetic fields 

• 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 and associated flares 

• Particle acceleration and radiation and flares
in shocks and reconnection with helical magnetic field

• Synthetic imaging with polarity


