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Outline
1. Global (cylindrical) jet simulations with MI and KKHI with large simulation 
     system (Nishikawa et al. ApJ, 820, 94, 2016a) (rjt = 100∆)
2. Recent Simulations of Particle Acceleration and Reconnection in Relativistic Jets
     (Nishikawa et al. MNRAS, 493, 2652, 2020; Meli et al. MNRAS, 2023; 
       Nishikawa et al. LRCA 2021, TRISTAN-MPI is available upon requests))
3. Synthetic spectra from cylindrical jets (Duţan et al. MNRAS, revising, 2024)
4. 2D GRPIC simulations with B-L coordinates with spherical coordinates 
     (Hirotani et al. 2021, 2023, 2024)
5. Reconnection near the event horizon (Hirotani et al. 2023)
6. Jet collimation (Hirotani et al. 2024)
7. Summary and Future plans 
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Figure 1. The schematic jet injection scheme with a toroidal magnetic field
(⌫q). The jet electrons and positrons (protons) are injected so that the current
(indicated with the red arrow) is generated to support the toroidal magnetic
field.

simulation box far from the boundaries, the e�ect of periodic bound-
aries is negligible.

2.1 A new jet injection scheme and simulation parameters

In this work, we use a new jet injection scheme. Into the ambient
plasma at rest we inject a cylindrical jet which propagates in the
G-direction, with a toroidal magnetic field (Eq. 1), as schematically
shown in Fig. 1.

The jet is injected at G = 100� in the center of the H - I plane
at (Hjc, Ijc), and propagates in the G-direction. Its radial width in
cylindrical coordinates is Ajet = 100�.

In this study, we apply only a toroidal magnetic field ⌫q (A) =
⌫0 (A/0) [1 + (A/0)2]�1. The poloidal field component, ⌫x (e.g.,
Nishikawa et al. 2020), is not included. ⌫q has a peak amplitude at
A = 0 where 0 is the characteristic radius. In Cartesian coordinates,
the corresponding field components, ⌫y and ⌫z, are calculated as:

⌫H (H, I) =
(I � Ijc)⌫0

0[1 + (A/0)2]
, ⌫I (H, I) = �

(H � Hjc)⌫0

0[1 + (A/0)2]
. (1)

Equation (1) describes the magnetic field of left-handed polarity for
positive ⌫0. In this study we assume 0 = 50�.

For the field outside of the jet we multiply Equation (1) with a
damping function:

⇥(A � Ajet) =
Ajet

A

, where A > Ajet. (2)

We assume a top-hat density profile for the jet head. Although the
shape of a real jet is far more complex, the present results are the
first step in a series of advanced numerical investigations including
an implementation of a Gaussian (Lorentzian) (non top-hat) profile,
which is closer to jet density profiles generated by General Relativis-
tic MHD (GRPIC) simulations (e.g., Nishikawa et al. 2021).

In our new jet injection scheme the magnetic field is co-moving
with the jet and is generated by the current that is self-consistently
created by the jet particles. First, we calculate the velocities of the jet
particles based on J(A) = r ⇥B in the jet frame. Then the velocities of
the jet particles are Lorentz-transformed to the simulation frame. In
the simulation frame the jet electrons propagate faster than positrons
(protons), which generates a negative current in the jet (clockwise
as viewed from the jet head). In order to sustain the current in the

jet, the toroidal magnetic field is gradually applied at the jet orifice,
located at G/� = 100 � 102, and a motional electric field is set-up,
Emot = �vj ⇥ B. Here, vj = Ej,xx̂, where Ej,x is the G-component of
the jet velocity. In this way one avoids non-linear e�ects emerging
from the constantly applied magnetic field in the simulation frame
where unnatural banding and currents in the centre of jets might
occur (e.g., Nishikawa et al. 2020). After thorough testing of this
new jet injection scheme, we confirm that these unnatural e�ects are
not observed.

In our simulations, the jet Lorentz factor is set to Wjt = 15. The jet
is initially weakly magnetized while the ambient medium is unmag-
netized. The jet’s magnetic-field amplitude ⌫0 = 0.5 corresponds to
a plasma magnetization f = ⌫

2
0/(=e<eWjt2

2) = 1.73 ⇥ 10�2, where
2 is the speed of light, <e is the electron rest mass and =e the electron
density. In order to investigate the non-linear stage of the jet’s evolu-
tion, we follow the jet for a su�ciently long time of Cmax = 1000l�1

pe .
Both the jet and the ambient plasma are composed of electrons and

protons or of electrons and positrons. The initial number densities
measured in the simulation frame are =jt = 8 and =amb = 12 in
the jet and in the ambient plasma, respectively. The Debye length
for the ambient electrons is _D = 0.5� and the electron skin depth
is _se = 2/lpe = 10.0�, where lpe = (42

=amb/(n0<e))1/2 is the
electron plasma frequency. The thermal speed of jet electrons is
Ejt,th,e = 0.0142 in the jet frame whilst in the ambient plasma it is
Eam,th,e = 0.052. The thermal speed of protons is smaller by a factor
of (<p/<e)1/2 ⇡ 42.

3 RESULTS OF SIMULATIONS OF A JET WITH A
TOROIDAL MAGNETIC FIELD

We present simulation results for e± and e� - p+ jets with a toroidal
magnetic field, applying a new and improved jet injection scheme.
We are in particular interested in the di�erences in the dynamical
behaviour of the jets of di�erent plasma compositions and in the
way these jets interact with the surrounding environment. In order
to give an overview of how the toroidal magnetic field a�ects the
evolution of the jet, in Figs. 2-5 we present simulation results for jets
with a toroidal field and compare them to the results obtained for
unmagnetized jets.

Figure 2 presents a global jet structure and shows the Lorentz
factor of the jet electrons for an e± (a, c) and an e� - p+ (b, d) jet. In
all panels the magnetic field direction in the G - I plane is indicated
with the black arrows. For the e± jets, the structures seen at the
boundary between the jet and the ambient plasma at 500 < G/� <

1000 show the excitation and development of kKHI and MI, where
the MI represents the transverse component/dynamics of the kKHI.
After the dissipation of the magnetic field around G/� = 800 (see
Fig. 4), the disruption around the jet head is prominent in both the
unmagnetized and weakly magnetized jets. The jets expand radially,
which resembles a Mach cone (a bow shock) structure. Such bow
shock structures are less prominent in the e� - p+ jets. A di�erence
between the unmagnetized and magnetized e� - p+ jet with the
toroidal magnetic field, is that in the latter the jet electrons are
expanded outside the jet in a region G/� ' 500�900. Nevertheless,
since the magnetic field strength is weak the di�erences between
the two di�erent jet compositions are not that stark. This indicates
that the jet electrons are radially pushed as a result of instabilities
excited within the jet. We further discuss the particle Lorentz factor
distributions in the jets in Section 3.2.

Figure 3 depicts the density of the jet electrons (ambient electrons
excluded) for e± jets (left column) and e� - p+ jets (right column).

MNRAS 000, 1–16 (2021)

jet radius: 100Δ
Simulation grid size: (Lx , Ly , Lz ) =  
(1285 ∆ ,  789 ∆ ,  789 ∆), with ∆  the 
size of the grid cell Jet radius: rj t  =  
100∆, Top-hap jet density profile
Two types of plasma: pair plasma 
and electron-ion plasma (with mass 
ratio mi/me =  4)
Jet Lorentz factor, Γ = 15 (AGN), and 
amplitude of initial toroidal magnetic 
field, B0 =  0.5, as in Meli+ (2023) We 
also consider here: Γ = 100 (GRBs) 
and B0 =  0.1



Key Scientific questions (Meli et al. MNRAS, 2023)
• How do global jets evolve with different species?
• How do helical (toroidal) magnetic fields affect kinetic instabilities, nonlinear 
   evolution and reconnection with toroidal magnetic field?
• Do 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 (toroidal) magnetic fields are crucial in understanding these instabilities
• PIC global jets simulations are new and an innovative approach and provide the
    complex evolution of relativistic jets with kinetic processes including radiation,
    which cannot be done by the RMHD approach
• Nonthermal acceleration due to reconnection may generate flares
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Colormap of the magnetic-field amplitude By
e− - i+ jet

𝑡 = 600 ω pe
−1

𝑡 = 900 ω pe
−1

(Meli et al. 2023)
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Evolution of kinetic instabilities



Magnetic field vectors: Nonlinear to Chaotic transition (Blandford et al. 2017) t = 900 ω pe
−1
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Synthetic spectra from Particle-in-cell Simulations of Relativistic Jets (Synchrotron 
radiation)

(Dutan et al. revising, 2024)

Head-on

5° off

B0 = 0.5

B0 = 0.1

B0 = 0.5

B0 = 0.1

6 Duţan, I. et al.

Figure 7. The same plot as Fig. 4(b), but with use of the sign-preserving logarithmic color scaling for By. We plot sgn(By) · {2 + log[max(|By |/B0, 10�2)]}. The
level of "0" on the color scale hence corresponds to |B|/B0  10�2. The regions (a), (b) and (c) marked with white rectangles were used for FFT plots presented
in Fig. 6.

e± jet with � = 15 (a) e�- i+ jet with � = 15 (b)

e± jet with � = 100 (c) e�- i+ jet with � = 100 (d)

Figure 8. Synthetic spectra for e± jets (left panels) and for e�- i+ jets (right panels). Upper panels correspond to jets with a bulk Lorentz factor of � = 15 (when
selecting electrons with � > 12, except for the blue lines), while lower panels are for jets with � = 100 (when selecting electrons with � > 80). The continuous
line corresponds to the spectra for a head-on emission of jet electrons, whereas the dashed lines represent for 5�-o↵ emission of radiation. The red lines show
the cases with a stronger amplitude of the initial toroidal magnetic field, B0 = 0.5, whereas the orange lines represent the spectra for B0 = 0.1. In panel (b),
the blue lines (solid for the head-on emission and dashed for the 5�-o↵ emission) are obtained choosing jet electrons randomly including all Lorentz factors,
whereas the dashed green lines show the slops of the selected case (blue solid line) and random case (red solid line), respectively. In panel (c), the slopes of the
power-law segments at lower (⇠ 0.94) and higher (⇠ �2.2) frequency are indicated. The slopes for all spectra are listed in Table 1.

.

Panel Emission B0 = 0.5 (red) B0 = 0.1 (orange) B0 = 0.5 (blue)

a) e±, � = 15 head-on (solid) 1.00 ± 0.01 0.95 ± 0.02
5�-o↵ (dashed) 1.05 ± 0.01 0.93 ± 0.01

b) e�-i+, � = 15 head-on (solid) 0.97 ± 0.01 0.83 ± 0.01 0.84 ± 0.01
5�-o↵ (dashed) 0.98 ± 0.03 0.77 ± 0.04 0.76 ± 0.01

c) e±, � = 100 head-on (solid) 0.94 ± 0.003 0.98 ± 0.003
�2.22 ± 0.1 �1.55 ± 0.08

5�-o↵ (dashed) 0.84 ± 0.02 0.90 ± 0.01
d) e�-i+, � = 100 head-on (solid) 0.87 ± 0.01 0.91 ± 0.01

�2.26 ± 0.10 �2.46 ± 0.13
5�-o↵ (dashed) 0.91 ± 0.01 0.92 ± 0.01

Table 1. Slopes of the spectra presented in Fig. 8. The four values in italic are the slopes of the decreasing legs of the solid curves (head-on) in panels c) and d).

MNRAS 000, 1–9 (2024)

𝛾 > 12
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Nishikawa+ (2024, in prep.)

color maps of the Ex electric field with arrows depicting the magnetic 
field components in the y − z plane for e± plasma jets with Γ = 15 and

B0 =  0.2, at X =  300∆	 at	t = 1000
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GRPIC simulations
1D: Levinson + Cerutti 2018, Chen + Yuan 2020, Kisaka + 2020
2D: Purfrey + 2019, Crinquand + 2020, 2021, Hirotani + 2021, 2023, 2024, 
       El Mellah + 2022, Torres + 2023, Galishnikova + 2023
3D: Crinquand + 2022, 

• Plasma kinetics in the magnetosphere:
    reconnection physics, plasma injection,
    spark gaps, flares, pair-creation, etc.

Artificial disk (set up as boundary condition)

Requires rescaling (an issue for radiative PICs)



2DGRPIC simulations (Hirotani +2023)

(a) Angle-dependent BZ process: 
      BH’s rotational energy is electromagnetically extracted, being 
   concentrated along the magnetic (B) field lines threading the 
   event horizon in the middle latitudes.

Assume a BH spin 𝑎 = 0.9𝑀,	M=10𝑀⊙, �̇� = 2.5×10"#

(b) Magnetic reconnection in the BH vicinity:
      B islands are created by reconnection near the equator, expelling 
   B flux tubes to halt the BZ process. However, when B islands 
   disappear, B flux tubes efficiently thread the horizon to cause a 
   flare. → BH’s rotational energy is extracted intermittently.



Flaring activity of BH magnetosphere by reconnection

Fig.) Top left: E· B/Beq
2 (color) and B 

field lines (black curves).
To right: charge density (n+-n-)/nGJ (color) 
and electric currents (cgs, red arrows).
Bottom: Time evolution of the BZ flux 
along six discrete colatitudes.

At t~540 GM/c3, B field lines efficiently 
threads the ergosphere (top left), where 
the BH’s rotational energy is stored. It 
results in a strong meridional current (top 
right) near the horizon, extracting the 
BH’s rotational energy by JxB force 
intermittently (bottom).

Field-line

𝑬 " 𝑩/𝐵!"(2𝑀)#
charge	density (𝑛$ − 𝑛%)/𝑛&'

averaged current



Angular dependence of the BZ flux

causality and the plasma’s inertia. However, this criticism can
be overcome by the formation of these strong, time-dependent
return currents within the ergosphere.

As we are not considering the pair production between the
gap-emitted γ-rays and disk-emitted soft photons, we do not
find the quasiperiodic gap activities through gap reopening and
resultant pair cascade as reported in 1D GRPIC simulations
with photon tracking (Chen & Yuan 2020; Kisaka et al. 2020).

To examine the angular dependence of the BZ flux, we plot
the BZ flux as a function of the colatitude at five discrete
elapsed times in the left panel of Figure 12. At t= 540M, the
BZ flux peaks at θ∼ 60° and 120°. If we take a time average
after t= 480M, we find that the BZ flux does peak in the
middle latitude in 40° < θ< 60° (upper hemisphere) and in
120° < θ< 140° (lower hemisphere), as the right panel
indicates.

Let us quickly take a look at the BZ luminosity, by
integrating the BZ flux over the entire spherical surface at a
fixed r. When = ´ -m 2.5 10 4, we can evaluate the magnetic-
field strength at the horizon by its equipartition value,

Beq= 1.53× 106 G at r= 2M, which allows us to analytically
infer the luminosity as = ´ -L 4.16 10 erg sBZ

ana 34 1. Evaluating
the simulated flux at r= 2.335M and normalizing its integrated
value with LBZ

ana, we obtain the BZ luminosity as presented in
Figure 13. We find that the BZ luminosity flares every ∼50
dynamical timescales, as expected, and the peak values attain
16–19 times of the analytically inferred value.
The time-averaged BZ luminosity is found to be

2.63 × 1033 ergs−1, which corresponds to 6.2% of the
analytical value. Therefore, when the accretion rate is as small
as = ´ -m 2.5 10 4, we can conclude that the spin-down
luminosity of the BH exceeds 15 times the analytical estimate
during the flare although its long-term average is kept at only
6% of it.

3.7. Power Spectrum of the BZ Flux

To look more closely at the time variability properties, let us
Fourier-transform the BZ flux. For this purpose, we introduce a
normalized power spectral density (PSD), P( fk), of function

Figure 12. Angular dependence of the BZ flux measured at radius r = 2.335 M. Left: BZ fluxes at five discrete elapsed times. Right: BZ flux averaged over time
between t = 480 and 590 M. The left (or right) half of each panel corresponds to the upper (or lower) hemisphere.

Figure 13. Blandford–Znajek luminosity obtained by integrating its flux over the entire spherical surface at r = 2.335 M. The ordinate is normalized by the
analytically inferred value.

15
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Angular dependence of the BZ flux measured at radius r = 2.335 M. 
Left: BZ fluxes at five discrete elapsed times. Right: BZ flux averaged 
over time between t = 480 and 590 M.   The left (or right) half of each 
panel corresponds to the upper (or lower) hemisphere.

upper hemisphere lower hemisphere upper hemisphere lower hemisphere

Snap shots Time-averaged



Aharonian 2007; Rieger & Aharonian 2008; Levinson &
Rieger 2011; Broderick & Tchekhovskoy 2015; Hirotani &
Pu 2016) could result in an angle-dependent mass loading in
the jet-launching region. This effect works most efficiently
when the mass accretion rate is so small that the gap in
longitudinal (radial) thickness becomes comparable to the
transverse width in the meridional direction (Hirotani et al.
2016). In this case, the voltage drop along magnetic field lines
becomes a good fraction of the electromotive force exerted on
the BH surface. Accordingly, the sum of the kinetic energy
density of the accelerated charges and the radiation energy
density of the emitted photons becomes a good fraction of the
typical electromagnetic energy density near the BH. If it
happens along the magnetic field lines threading the horizon in
the middle latitudes, stronger emission may be expected along
such flow lines, resulting in stronger emission from the limbs.

5.5. Formation of the Central Ridge Emission

VLBI observations have revealed that the M87 jet has a
triple-ridge structure from the jet base, whose distance from the
central ring structure is approximately 30RS (Lu et al. 2023), to
larger scales whose distance is greater than 100RS (Kim et al.

2018). Near the jet base, the intensity of the the central ridge
structure (near the jet axis) attains about 60% of that of the
outer ridge (i.e., the limb). At larger scales, it attains about 45%
of that of the outer ridge.
On these grounds, as long as the M87 jet is concerned, it is

not enough to discuss only the two brightened limbs. Never-
theless, we consider that the central ridge emission is formed
when the polar funnel of the BH magnetosphere cannot be
described within the MHD framework. For instance, a strong
BH gap is formed in the polar region when the accretion rate is
much smaller compared to the Eddington rate and when the BH
is extremely rotating (Song et al. 2017). Therefore, taking
account of such non-force-free or non-MHD effects, we will
investigate if the emission is enhanced along the jet axis in our
subsequent papers.
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Figure 7. Similar to Figure 2, but the global magnetic field configuration is changed. (a) and (b) We change the poloidal field configuration, adopting q∞ = 0.5
(weakly parabolic) and q∞ = 1.0 (purely parabolic) flow lines in panels (a) and (b), respectively. (c)We change the toroidal field configuration, suppressing f below 1
near the equator (black dashed curve in Figure 1; see also the end of Section 2). All panels should be compared with Figure 2(b). In the present paper, panel (c) of this
figure shows the only case in which f deviates from unity in Equation (6).
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Limb-brightness depend on B configuration

(Hirotani + 2024)

weakly parabolic purely parabolic

Surface brightness distribution of synchrotron 
emission from the M87 jet at 86 GHz. 
qv=0.30 rad, Q=kTe/mec2= 1.0, p=3.0, rc= 100RS.

Obs.

Obs.

q =0.75

q =0.75

Intensity slice at r=0.6 and 0.8 mas. 
Moderate collimation (q=0.75) is 
consistent with VLBI obs. (Asada & 
Nakamura 2012, ApJL 745, L28).

Hirotani + (2024, ApJ 965, 50)



Particle acceleration in BH magnetospheres 15

Figure 8. Magnetic field lines (white curves) and the pair density (color, in Goldreich-Julian unit) on the poloidal plane near the
horizon, 1.4M < x = r sin ✓ < 3.2M and |r cos ✓| < 0.6M , at elapsed time t = 516.05M . The ordinate y = r cos ✓ = 0 corresponds
to the equatorial plane. Magnetic reconnection takes place at the X-type point that appears at (x, y) = (1.95M, 0.14M) at this
timing. The horizon resides at r = 1.435M in the left-most part. An animation of this simulation is available in the online
journal. The animation covers the simulation from t = 515.60M to 516.99M .

the inner light surface at t ⇠ 540M , the Lorentz factor
distribution peaks within r < 1.8M for both electrons
and positrons at this timing, t = 540M . If we integrate
over the particles within the specified latitudinal range
at each r at elapsed time t = 540M , we find that the
positronic (or electronic) density peaks at ⇠ 36nGJ (or
⇠ 30nGJ) with averaged Lorentz factor h�i ⇠ 8.3 ⇥ 106

(or ⇠ 6.3 ⇥ 106) in the region 2.4M < r < 2.5M and
50� < ✓ < 70�.

3.6. The Blandford-Znajek flux

Now let us consider the BZ flux. The radial compo-
nent of the BZ flux (i.e., the Poynting flux) become,

Tem
r
t =

c

4⇡
F rµFµt

=
c

4⇡

1

⌃

⇥

B3E2 �

✓
2Mar

⌃
E1 +

�� ⌃a2 sin2 ✓

⌃ sin2 ✓
B2

◆
E3

�
.

(33)

In what follows, we normalize Tem
r
t with its an-

alytically inferred value, F ana
BZ (r), where F ana

BZ (r) ⌘
Lana
BZ /(4⇡r2fcorr(r)) denotes the typical BZ flux ob-

tained by dividing the typical BZ luminosity Lana
BZ

with the surface area 4⇡r2fcorr, and fcorr ⌘R 1
0

p
(1 + a2/r2)2 � (�a2/r4)(1� z2)dz. The typical

BZ luminosity is estimated by (Tchekhovskoy et al.
2010)

Lana
BZ = k�2 a2

16M2
, (34)

where the total magnetic flux threading the horizon is
given by

� = BH(4⇡MrH)
2, (35)

and k ⇡ 1/6⇡ for a radial magnetic field near the hori-
zon. The present magnetosphere is magnetically dom-
inated, in the sense that the magnetic energy density

Reconnection near the event horizon
Magnetic islands are created by reconnection near the equator and migrate toward the event horizon, 
expelling magnetic flux tubes from the BH vicinity during a large fraction of time. 

(Hirotani et al. 2023)

movie is available:
knishika27@gmail.com



Summary (relativistic jets)
• We simulated electron-positron and electron-ion (proton) relativistic jets with 

toroidal magnetic fields (see Meli et al. 2023)
• For pair jet MI is excited and combined with kKHI: a non-oscillatory
   Ex modulates jet particles
• The electron-ion jet suffers kinetic instabilities dominantly mushroom instability
• MI and kKHI produce a non-oscillatory electric field (Ex) for both jets
• These electric fields accelerate and decelerate electrons and positrons (ions)
• Electrons are further accelerated due to turbulent magnetic fields 
    generated by dissipations of toroidal magnetic fields (reconnection) 
• Further investigations is important in order to confirm and/or find other 

acceleration mechanisms with varying simulation parameters such as,
    jet radius, magnetization factor, jet structure, etc.
●   Rigorous analysis of reconnection with magnetic field topology (Cai et al. 2007) 



Summary (GRPIC simulations)
• We examined the temporary evolution of axisymmetric magnetospheres around  

rapidly rotating stellar-mass black holes (BHs). (see Hirotani et al. 2021, 2023)
• The key parameters: 𝑎 = 0.9𝑀,	M=10𝑀⊙, �̇� = 2.5×10"#
• Created pairs fail to screen the electric field along the magnetic field, provided 

that the mass accretion rate is much small compared to the Eddington limit
• Magnetic islands are created by reconnection near the equator and migrate
   toward the event horizon, expelling magnetic flux tubes from the BH vicinity
• The extracted energy flux concentrates along the magnetic field lines threading 

the horizon in the middle latitudes
●   Rigorous analysis of reconnection with magnetic field topology (Cai et al. 2007) 



Future plans 
• Further simulations with a systematic parameter survey will be performed 

in order to understand jet evolution with toroidal magnetic fields with 
Gaussian (not top-hat) jet density profiles

•  Further simulations will be performed to calculate self-consistent 
     radiation including time evolution of spectrum and time variability
     using larger systems for GRBs, SNRs, AGNs, etc.  

• Magnetic field topology analysis for understanding reconnection evolution 
and associated flares with transient particle acceleration 

•   Synthetic imaging of polarity with new larger simulations and  
      compared with IXPE experiments

• Develop a 3D GRPIC code with Kerr-Schild coordinates


