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1.  Introduction of reconnection and relativistic jets and Weibel instability 

(Nisikawa et al 2009) 

2. Magnetic field generation and particle acceleration in kinetic
Kelvin-Helmholtz instability (kKHI) and Mushroom instability (MI)
(Nishikawa et al. ApJ, 793, 60, 2014) 

3.  Global jet simulations with MI and KKHI with large simulation system

without magnetic field (Nishikawa et al. ApJ, 820, 94, 2016a) (rjt = 100∆)

4. Global jet simulations with helical magnetic 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. Recent Simulations of Particle Acceleration and Reconnection in Relativistic Jets

(Nishikawa et al. MNRAS, 493, 2652, 2020; Meli et al. MNRAS, 2021)

7. Summary and Future plans 



Key Scientific questions

• How do global jets evolve with different species?

• How do helical magnetic fields affect kinetic instabilities, nonlinear evolution 

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 a key issue

in understanding jet evolution besides the kink instability in RMHD simulations

• 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

• Nonthermal acceleration due to reconnection may generate flares



Reconnection with Harris model

Initial conditions: anti-parallel magnetic field generated by sheet current

(extensive simulation studies with “slab geometry”)

Current-driven instability may trigger reconnection?

(Mizuno et al. 2014)

In global jets (helical magnetic fields: Harris model with slab geometry cannot be applied)

“Harris model”



Launching site of M87

Cruz-Osorio et al. Nature Astronomy 2021



Astrophysical systems 

Relativistic jets from black holes

M87

(credit to 

NASA)

Crab Nebula

https://commons.wikimedia.org/wiki/File:Galaxies-AGN-Inner-Structure.svg

https://commons.wikimedia.org/wiki/File:Chandra-crab.jpg

https://commons.wikimedia.org/wiki/File:Close-Up_Look_at_a_Jet_Near_a_Black_Hole.jpg

Hirotani +

ApJ, 2021



Profile of magnetic fields and jet density in jet frame

Alves et al. prl, 121, 245101, 2018

Current-driven Kink Instability 

in Theta pinch experiments (jet?)

no bulk flow (imbedded with the ambient)

toroidal magnetic fields by

oppositely flowing electrons and positrons

𝜎 = 5

(scaled)

periodic

boundary

condition

(no propagation)
Davelaar et al. ApJL, 896, L31, 2020

Pinch experiment

toroidal

magnetic 

field

Helical magnetic field



3D global jet simulation

Jet injection orifice

with toroidal magnetic fields

and motional electric field

Jet head

Ambient plasma

system size: 2000Δ✕1000Δ✕1000Δ

jet radius: 100Δ

10,000 processors

total particles: 48.8 billions

run times: 7:55 hours

Haswell 7.1GB/processor

5.76TB memory

Jet length: 10μpc

≈1700c

NASA Pleiades

Black hole

GRPIC 



Minute-scale flare as a diagnostic tool for the jet geometry

Jet-in-jet magnetic reconnection

Manuel Meyer’s talk (Monday afternoon): Shukla & Mannheim Nature Communications 2020



The y component of magnetic field (By) in x-z plane at the center of jet (Ex,z)

e
−

- p
+

e±

polarity switched

clockwise counterclockwise

no helical magnetic fields

(Nishikawa et al. 2016a)
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Recent simulations with Pleiades (preliminary results)

Helical magnetic field structure Contour of Ex arrows: By,z

e− - p+ jet,       t = 500     ,  ,    x = 520∆w
pe

-1(Meli et al. 2021)

B0 = 0.1
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Figure 2. 2D maps of the Lorentz factor of the jet electrons at y ∆ = 381 for e jets (left panels) and the e - p+ jets (right panels) with r jet = 100∆ at time

t = 1000ω 1
pe . Panels (a) and (b) show unmagnetized jets and panels (c) and (d) the jets with the toroidal magnetic field. Black arrows show the in-plane

magnetic field Bx , Bz .
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Figure 3. Color maps of the jet electron density with black arrows depicting the magnetic field components in the x - z plane, at t = 1000ω 1
pe . As in Fig. 2,

left panels show results for e jets and the right panels for e - p+ jets. Upper panels (a) and (b) show unmagnetized jets and lower panels (c) and (d) jets with

a toroidal magnetic field. Note that the maps display the jet structures in a region of the computational box, 250 < x ∆ < 500, that fully encompasses the

injected jet with r jet = 100∆. The jet electron density at injection is njt = 8.

MNRAS 000, 1–16 (2021)
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Jet electron density

(Meli et al. 2021)
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(Meli et al. 2021)
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By component of generated instabilities



8 Meli, A. et al.

500

400

300

100       200       300       400       500       600       700       800        900     1000      1100
X/ 

Z
/ 

Figure9. Upper panel: x - γvx distribution of jet electrons(red), jet positron

(green) and ambient (blue) electrons at t = 1000ω 1
pe . Lower panel: Color

map of Ex in the x-z planeat y ∆ = 381, with arrowsindicating Bx , z . The

maximum and minimum are 0.817. The dislocation of jet electrons and

positrons generate the strips of the positive and negative Ex.

vz = 0 aremarked with horizontal dashed black linesin Figures7a

and 7b, respectively. In thenon-linear stageof thesimulation, a few

electrons are accelerated up to vx 25 at x ∆ 700 750 and

up to around vx 35 at x ∆ 950. One can also note the jet

electron acceleration to vz 10 that occurs in the jet region at

x ∆ 600 950.

Figure 7c shows a distribution of the Ex component of the

electric field in the y z plane at x ∆ = 520, as marked with

vertical bars in panels (a) and (b). Black arrows indicate By,z. It is

noted that the original jet (radius) is fully contained within the plot

area. Therefore, the strong electric field region visible in the figure

islocatednear thecenter of thejet (z ∆ = 381) and it correspondsto

the MI mode that is dominant at this x-location in the jet (compare

Fig. 6). The concentric pattern around the jet center (m = 5 or 6)

is excited while the outer and inner modes of the MI are merged

and so the mode becomes asymmetric, taking a form of the upside

down mushroom at x ∆ = 520 and z ∆ 381. This electric field

accompanying theexcited MI along the jest pushes the jet electrons

outside of the jet. Theexpelled jet electronsarevisible in Figure 2d

at 480 x∆ 800 for z ∆ 381.

Figure 8a shows the x vx distribution of the jet (red) and

the ambient (blue) electrons for the e jet in the linear stageat time

t = 600 1
pe . One can note the pattern of the electron acceleration

and deceleration along the jet, with some electrons reaching vx

25 at x 560∆.

To understand how the jet electrons are energized weexamine

Ex in the x z (Fig. 8b) and y z (Fig. 8c) planes. Figures8b and 8c

show MI modes that form a symmetric pattern (m 5) around the

jet center (z ∆ = 381) and haveacomplicated structurealong the z

direction. Such structures of Ex are formed because the combined

modesof MI and kKHI propagateobliquely, and becomemorever-

tical in the non-linear stage (compare 720 x ∆ 1050 in Fig. 9,

bottom panel). The kKHI modulates the electromagnetic jet struc-

ture along the jet propagation direction which leads to the complex

field pattern along the jet. This is responsible for the oscillated jet

electrons (positrons). The temporal analysis of phase-velocity dis-

tributions(x - vx) revealsthat thebunched jet electrons(positrons)

propagate with the jet velocity, which indicates that the generated

patterns of Ex are quasi-steady in time. The jet electrons that are

accelerated most significantly up to vx 25 are located around

x ∆ 560 where thenegativequasi-steady Ex is found at theouter

layer of the jet (Fig. 8b).

Asindicated in Fig. 8c, thepatternsof Ex show two concentric

MI modes (m 5) in the transverse plane, and the large negative

area of Ex is responsive in support of the accelerated jet electrons.

It should benoted that theenergetic jet electronsaround x ∆ 560

at t = 600 1
pe (the third peak from the jet head in Fig. 10a) are

accelerated further around x ∆ 960, as shown in Fig. 10c at

t = 1000 1
pe . This indicates that the quasi-steady negativeelectric

fieldspropagatewith the jet and accelerate jet electronsup to vx

35.

Figure 9 shows the x - vx distribution of jet electrons (red),

jet positron (green) and ambient (blue) electrons, for apair jet at t =

1000 1
pe . The color-map shows the Ex in the x - z plane at y ∆ =

381 and the arrows indicate the Bx,z field. We understand that the

slight dislocationsof thejet electronsandpositronsaretheresponse

to magnetic field structures, as the corresponding variations in vz

suggest (cf. Fig.10c), and they generate through E j the strips

of the positive and negative Ex seen in the color-map of the same

figure. It should be noted that Figure 4c shows a rather week By

(700 x ∆ 1050), however Figure 9 (bottom panel) shows

strong striped patterns of Ex, which are generated by the out-of-

phase distributions of jet electrons and positrons, as shown in Fig.

9 (top panel).

Figure10showsthephase-space x vx distributionsfor thee

(a, c) jet and e - p+ (b, d) jet, respectively, for t = 600 1
pe (upper

row) and t = 1000 1
pe (middle row). Red colour indicates the jet

electronsand theblueonetheambient electrons. At first glance, the

phase-space distributions indicate electron acceleration at different

locations. Initially the jet electrons haveaLorentz factor of 15.

Figure 10a shows that the jet electrons (red) get accelerated and

decelerated by the excited instabilities as shown in Fig. 8. Figure

10c shows three different stages for the e jet at t = 1000 1
pe :

the early linear stage at 400 x ∆ 700, the later linear stage

at 700 x ∆ 900 where jet electrons are strongly accelerated

and decelerated by the MI and kKHI, and the non-linear stage at

900 x ∆ 1050 where jet electrons are further accelerated. At

the non-linear stage some jet electrons around x ∆ 950, reach

maximum energies of 30. In the e - p+ jet (panel d), the

maximum acceleration occurs similarly at around x ∆ 950. The

maximum electron energy is slightly higher than for the e jet,

which can also beobserved in theelectron energy distributions (see

Fig. 15). We note that the ambient electrons (blue) in the e jet are

accelerated within seven bunches along the jet, that is in the range

700 x ∆ 950, whilst the ambient electrons around the e -

p+ jet (panel d) are accelerated to approximately = 10 in less

prominent bunches and up to x ∆ 950.

Figure 10c illustrates correlations of the energy gains and

losses between the ambient and the jet electrons. Since the jet

electrons propagate with the saturated instabilities, the peaks of

theaccelerated jet electrons are rather sharp. However, the ambient

electrons do not move with the excited waves, and thus instead the

peaks of the accelerated ambient electrons are mostly slanted to-

ward the jet propagation. It should benoted that theacceleration of

the ambient electrons stops at approximately x ∆ 950, which is

MNRAS 000, 1–16 (2021)

(Meli et al. 2021)

Jet electrons and positrons are out of phase 𝑡 = 1000 w
pe

-1

Red: jet electrons

Green: jet positrons
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Summary

• A better jet injection scheme need to be implemented for HMF and MEF 

• Electron-proton jet suffers kinetic instabilities dominantly mushroom 

instability

• MI and kKHI produce quasi-steady electric field (Ex) for both jets

• These electric fields accelerate and decelerate electrons and positrons

• Electrons are further accelerated due to turbulent magnetic fields 

generated by dissipation of the helical magnetic field (reconnection) 

• Further investigations are required in order to confirm and/or find other 

acceleration mechanisms with varying parameters of simulations such as jet 

radius, magnetization factor, jet structure, etc.

• Need to perform simulations with very large systems (3000✕2000✕2000 

grids)



Image maps of polarity 𝛾jet = 15rjet = 40∆ at time t = 500 w
pe
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N. R. MacDonald and K.-I. Nishikawa: Polarized radiative transfer through 3D PIC jet simulations

Fig. 3. Upper left panel: fast-light Stokes I image (at an observing frequency of νobs = 1 GHz) of the normal plasma (e p+) jet. The internal
structure of the normal plasma jet’s magnetic field is illustrated in the left panel of Fig. 1. Upper right panel: corresponding fast-light Stokes I
imageof thepair plasma(e e+) jet. The internal structure of thepair plasma jet’smagnetic field issimilarly illustrated in theright panel of Fig. 1.
Middle left panel: rendering of the LP intensity of thenormal plasma jet. White line segments indicate theelectric vector position angles (EVPAs)
asprojected onto the plane of the sky. The effects of relativistic aberration (see Lyutikov et al. 2005) on the orientation of these EVPAs have been
included in thesecalculations. Middle right panel: corresponding LPintensity imageof thepair plasma jet. Lower left panel: stokesV imageof the
normal plasma jet highlighting the different regions within the jet that produce positive and negative CP. Lower right panel: corresponding Stokes
V image of the pair plasma jet. All six images have been convolved with a circular Gaussian beam of FWHM 7.5 mas (shown in the lower left of
each panel). The projected PIC cell size is 0.9 mas at a source distance of 1AU.
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A&A 653, A10 (2021)



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


