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Jets are ubiquitous in the universe1, 2. The radio jet is a beamed plasma flow with relativistic

speed accelerated by a supermassive black hole in some galaxies. Recent observations of the

relativistic jet in the elliptical galaxy M87 have discovered a triple-ridge sub-structure in the

jet at a distance of one thousand Schwartzchild radius from the black hole3, 4. The triple-ridge

structure may be the first strong evidence of the spine-sheath structure consisting of the fast

spine region (jet spine) and relatively slow sheath region (jet sheath), which was hypothet-

ically introduced to explain observational features in various unresolved relativistic jets5, 6.
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However, the formation mechanism of such a spine-brightened jet is quite enigmatic. Here

we report that the combination of the magnetic pinching force induced by an electron-scale

shear-instability called Mushroom instability7 and the high-energy electron ejections by the

subsequent magnetic reconnection leads to the drastic accumulation of high-energy electrons

in the center of the cylindrical jet. The concentration of high-energy electrons towards the jet

center indicates the appearance of bright jet-spine as observed in M87. Thus, the electron-

scale, microscopic processes would play an important role in the structure formation and

generation of high-energy components in the relativistic jets.

The elliptic galaxy M87 is one of the best laboratories to study the relativistic jet because it

possesses one of the closest jets, so that its jet structure is best resolved8, 9. Recently, very long

baseline interferometer (VLBI) observation at 15 GHz with Very Long Baseline Array (VLBA)

revealed the triple-ridge structure in M87 jet at a distance of r&103rS from the central supermassive

black hole3, 4. Here, rS = 2GM/c2 is the Schwarzschild radius of the central black hole with its

mass M , G is the gravitational constant, M⊙(= 1.99×1033g) is the mass of the sun, and c is the

speed of light. Recent observations of black-hole shadow in M87 with Event Horizon Telescope

determined the mass of the black hole to be M∼ 6.5 × 109M⊙
10, hence rS∼2×1015cm. The

triple-ridge structure can be interpreted as the observational feature of the spine-sheath structure

of the jet, which is the combination of the fast spine and the slow sheath parts of the jet 5. The

spine-sheath structure is also proposed to explain the short-time variation of TeV γ-ray emission

in relativistic jets propagating almost parallel to the line-of-sight of observers called blazar (e.g.,

Mrk 501 and PKS 2155-304) and may be ubiquitous in the relativistic jet6.
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In order to understand the physics and the observed features of the relativistic jets, a number

of magnetohydrodynamic (MHD) simulations have been performed up to today11–20. The general

relativistic MHD simulations may reproduce the sheath structure18, but could not explain the for-

mation of the jet spine. The observations of jets in supermassive black holes also indicate that the

electron energy-spectra in the jet spine are harder than those in the jet sheath6. However, the forma-

tion mechanism of the jet spine, which is composed of high-energy electrons, is still an important

question.

Electron-scale, microscopic processes may play an important role on the structure formation

and dynamics in the relativistic jets. Meanwhile, a limited number of particle-in-cell (PIC) sim-

ulations of jets have been carried out as a strong tool to explore the electron-scale microscopic

processes of jets21–23. In the 2010s, an important electron-scale shear-instability called Mushroom

instability (MI)24 was found in the plasma with relativistic bulk shear flow. Importantly, the MI

dominates the electron-scale Kelvin-Helmholtz instability when relative bulk speed is greater than

∼0.3c7. Based on kinetic plasma simulations7, 24–27, the mechanism of MI is the following: At first,

the interchanging thermal motion of electrons across the shear surface, which is faster than proton

motions, results in the electric currents along the jet bulk-motion near the shear surface. Then,

the magnetic field is generated mainly parallel to the shear surface. The generated magnetic field

further induces the interchanging electron motion across the velocity shear surface.

We propose that, in jets with cylindrical velocity-shear surface, the interchange motion across

the shear surface tends to the electron concentration to the center (i.e., spine) of the jet via the
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cylindrical geometric effects. In addition to the concentration of the electrons, the simultaneous

acceleration of the electron, which is indicated by the observation of relativistic jets, should be also

explained. Here, we perform fully kinetic PIC simulations of the relativistic jets of fully ionized

hydrogen plasma to explore the mechanism which can simultaneously explain the formation of the

spine-structured jet and the acceleration of the electrons there. The simulations are carried out by

using a two-dimensional PIC simulation code PASTEL 28 in the Cartesian coordinate system with

x − y plane, which can explicitly solve the Maxwell equations and the Newton-Lorentz equation

in a self-consistent way.

The initial condition of the simulation is as follows. The cylindrical jet with bulk speed

vbulk = 0.9c in the positive z direction is located at the center of the computational domain (x-

y plane). The diameter of the jet is set to be 100 c/ωpe, where ωpe is the plasma frequency of

electrons. The temperatures of the electrons and protons are constant in space, and their thermal

velocities equal to 0.1c and 0.025c, respectively. The computational particles called ”superparti-

cles” are also uniformly distributed and neither magnetic field nor electric current is assumed.

In Fig. 1, we show the synthetic picture of our jet model resulting from the PIC simulation.

The MI generates and amplifies the magnetic field, while the magnetic field is initially zero. The

electrons concentrate in the center of the jet region, as the relativistic jet propagates. This is

due to the combination of magnetic pinching force induced by MI and the high energy electron

ejections by the subsequent, episodic magnetic reconnection (MR), where MR is the topological

rearrangement of magnetic fields with dissipation of magnetic energy and resultant heating and
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acceleration of plasma particles29–35. Hereafter, we refer to this new type MR as MI-driven-MR.

As a consequence, the number density multiplied by the magnetic field strength, which roughly

reflect the synchrotron emissivity, becomes higher as the jet propagates (i.e., as the simulation time

increases). As is shown in later, MI-driven-MR accelerates the electron especially inside the initial

velocity-shear surface. This confirms that the region inside the velocity shear surface becomes

bright via synchrotron emission as the jet propagates, which proposes the formation mechanism of

the jet spine.

Next, we present the detail of MI-driven-MR near the velocity-shear surface. Figure 2 dis-

plays magnified view of the electron density, transverse electron velocity, electric current density,

and energy conversion rate to electrons at t = 2.5×102 ω−1
pe . As a result of the nonlinear evolution

of the MI, an elongated current sheet surrounded by anti-parallel magnetic fields grows in the radial

direction. The direction of the electric current density is anti-parallel to the bulk-jet motion, since

the electric current is generated via the MI. Importantly, X-shaped singular points of magnetic field

lines (”reconnection points”) appear at the center of the current sheet, in which the reconnection

component (z-component) of electric field is generated along the electric current density through

a microscopic kinetic process36, and thus the field energy is strongly converted to electrons. In

other words, the subsequent heating and acceleration of the electron in the transverse direction of

the jet occur inside the current sheet via the MI-driven-MR. In addition, the magnetic field in the

z-direction also appears and the acceleration in the z-direction becomes important, especially in

the late phase of the simulation as a consequence of the coupling with the effect of the generation

of the return current in the jet spine. Another strong evidence of MR is shown by the appearance
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of the hole structure in the phase-space of electrons as shown in supplementary information.

The high-energy electrons concentrate to the jet center as the episodic MI-driven-MRs evolve.

In Figure 3, we show time evolution of the MI-driven-MRs. One can find that the reconnection

point moves towards the jet center as time increases, which results in the contraction of the current

sheet surrounding the jet center. This is because the electrons which generate the electric current

move towards the jet center due to the MRs and the Lorentz force as a consequence of MI. As the

current sheet contracts, the reconnection point moves towards the jet center. Then, the accelerated

and/or heated electrons concentrate in the jet center, i.e., the jet spine is formed.

The MI-driven-MR efficiently accelerates electrons. Figure 4 displays the time evolution

of electron energy-spectra in the whole computational domain. Initially, the electrons outside

the velocity-shear surface shows the Maxwell distribution, while the shifted-Maxwellian appears

inside the shear surface because the electrons have the bulk velocity with v = 0.9c. One can find

that the more electrons are accelerated with time via MI-driven-MR and the power-law spectra

with narrow energy range appear as explained below.

Just after the MI grows, the electrons outside the shear surface are mainly accelerated and

the Maxwell distribution starts to be distorted around γ − 1 ∼ 0.1 at t & 20 ω−1
pe . The MRs

intermittently take place with their reconnection points, which move towards the center of the

cylindrical jet with time as shown in Figure 3. At t = 750 ω−1
pe , the power-law spectra with narrow

energy range is formed at γ−1 ≃ 1. As shown in the right panel of Figure 4, the highly accelerated

particles are inside the initial shear surface, indicating that the jet spine is composed of high energy
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electrons. At the final stage of our simulation, the electrons are accelerated in the jet direction (z-

direction), while the particles are accelerated to the transverse direction (x− and/or y-direction) in

the early non-linear stage of the simulation.

In terms of the timescale, the concentration of electrons in the jet triggered by MI is plausible.

The typical propagation timescale of the relativistic jet up to the distance with appearance of triple-

ridge structure for M87 (∼ 103rS) is tdyn & 103rS/c ∼ 108s. Next, the growth timescale of MI

tMI can be estimated below. The growth timescale of MI is tMI ∼ 1/ωpe (see the supplementary

information in detail). The plasma frequency of electrons ωpe =
√

4πe2ne/me can be estimated to

be ∼ 106
√

ne/104cm−3 s−1, where we can roughly speculate the electron number density of the

jet is ne . 104 cm−3 since the synchrotron flux from the jet should be less than the observed flux

in M87 by EHT observations37. Therefore, tMI & 10−6s and this is greatly less than the propagation

timescale of the relativistic jet tdyn. In practice, the formation timescale of jet spine is longer than

the MI growth timescale. In our simulation, the electron density near the jet center significantly

increases after the timescale at which the electrons with thermal velocity (0.1c) reaches the jet

center from the velocity shear surface (50c/ωpe), i.e., ∼ 500/ωpe. Since the radius of M87 jet

at ∼ 103rS from the BH is ∼50rS
4, 38, 39 and the thermal velocity of electrons are expected to be

& 0.1c, the formation timescale of the jet spine is estimated to be . 107s. Hence, with respect

to the timescale, our scenario of the jet-spine formation via MI-driven-MR is consistent with the

observed M87 jet.

The results of our PIC simulations indicate that the number density of the electrons can be
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high in the center of the jet. In other words, the bright jet spine, which was found in the recent

VLBI observations, can be formed. In addition, the electrons are highly accelerated in the spine

region. Evidence of the MI-driven-MRs would be found in the future VLBI observation of the

polarized radio images at 103rS. If the MI-driven-MRs take place in the relativistic jets, we expect

that the azimuthal component of magnetic fields surrounding the jet spine will be generated via

the MIs. Since the MHD simulations, i.e., the plasma dynamics without MI-driven-MRs, suggest

that the magnetic field near the jet axis would be almost along the direction of the jet propagation,

future detection of the strong azimuthal component of magnetic fields in the jet spine will be a

smoking gun of our new scenario of jet-spine formation.

Methods

We perform fully kinetic PIC simulations40–42 of the relativistic jets of electron-proton plasma

to probe the formation mechanism of the jet spine and the acceleration of the electrons simulta-

neously. The simulations are carried out by using a 2D3V (two dimensional in real space and

three dimensional in velocity space) PIC simulation code PASTEL28 which explicitly solves the

Maxwell equations and the Newton-Lorentz equation.

We solve the kinetic equations of electron-proton plasma in the transverse-direction to the

jet propagation in order to study the formation of the jet spine and the acceleration mechanism of

the electrons. We set the mass ratio of protons to electrons to be 1836, i.e., the real mass ratio.

In our 2D3V PIC simulations, the Cartesian coordinate is employed: the simulation domain is on

the x − y plane and we set the z axis to be the direction of the jet propagation. The size of the
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Figure 1: Synthetic picture of our relativistic jet model. The top panel is composed of the vol-

ume rendered image of our PIC simulation (jet spine, which is colored in blue-green-white) and

schematic pictures (jet sheath colored in green). This image is synthesized by stratifying the time

snapshots of our 2D PIC simulation in the direction of the jet propagation. The color represents

the electron density multiplied by the strength of the magnetic field, which roughly agrees with the

synchrotron emissivity, which is the most important radiative process in the M87 jet. The middle

and bottom panels show the spatial distribution of the electron-density multiplied by the strength

of the magnetic field the above pseudo synchrotron emissivity and the electron-density itself only,

respectively, at each epoch. (animation: supplementary material)
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Figure 2: Electron density map in the whole simulation domain (top) at t = 2.5 × 102 ω−1
pe .

Magnified view of the electron density (middle left), the absolute value of the four-vector of the

electron velocity in the transverse direction of the jet (middle right), z component of electric current

density (bottom left), and the product of z component of electric current density and electric field

(bottom right) in the region enclosed in the top panel. The electric current and the electric field

are evaluated in the co-moving frame of the electrons at each point. The gray lines in the bottom

panels display the magnetic field lines in the plane. (animation: supplementary material)
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Figure 3: Time evolution of the MI-driven-MR near shear surface. The electric current sheet and

the reconnection points (red arrows) shift towards the jet center with time. The electric current is

evaluated in the co-moving frame of electrons at each point.
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Figure 4: Left: Time evolution of the number spectra of the electrons at t = 0 (blue), 20 (cyan),

250 (green), and 750 ω−1
pe (red). Right: energy spectra of electrons at t = 750 ω−1

pe in the range

1 ≤ γ − 1 ≤ 10. The spectrum of electrons in the whole simulation domain (red curve) is

decomposed into those of electrons which currently exist inside/outside the initial shear surface

(black solid-thick/dotted-thin curve).
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simulation domain is (409.6×409.6), where the unit of the length is the electron skin depth c/ωpe.

This simulation domain is resolved by (8192×8192) grid cells, and the cell size is one-half of the

Debye length of the electrons. The periodic boundary condition is imposed at each boundary of

the computational domain.

Initially, the cylindrical jet is located at the center of the simulation domain and the diameter

of the jet is set to be 100 c/ωpe. Inside the jet region, the electrons and protons have bulk speed

with 0.9c in the z direction, whereas the plasma has no bulk speed outside the jet. We assume

that the uniform density plasma fills both inside and outside the velocity shear surface. The initial

number of the computational particles, which are called superparticles, of both the electrons and

the protons is 160 per grid cell. The temperatures of the electrons and protons are constant in space

with its thermal velocity to be 0.1c and 0.025c, respectively. These thermal velocities are defined

in the co-moving frame of the bulk plasma flow. At first, the velocity of particles in the co-moving

frame is determined to reproduce the Maxwell distribution by generating a set of random numbers

based on a Mersenne-Twister method. Next, the four-velocity of particles is Lorentz boosted to

the z direction if the superparticles are inside the velocity shear surface, i.e., what is called shifted

Maxwell distribution is realized inside the shear surface. We add no artificial initial perturbation

to the plasma, i.e., the MI spontaneously grows by the electrons crossing the velocity shear surface

due to their thermal motions. Initially, plasma has neither magnetic field nor electric current in the

simulation domain. This assumption would be reasonable because the jet spine is detected in the

region far from the central black hole r & 103rS, in which at least a part of the magnetic fields is

believed to be dissipated and their energy is converted to the kinetic energy of the jet.
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Since the injection mechanism of the plasmas into the jet is a long-standing, open question,

we simply assumed the initially uniform density plasma composed of protons and electrons as

described above. The protons and electrons might be injected into the jet base as a result of the

MRs triggered at the interface of jet and turbulent accretion flow 14 or the decay of the neutrons

generated via the accelerated proton in the underlying accretion flows 43. In our new formation

mechanism of the jet spine, the high-energy electrons spontaneously concentrate into the jet center

as a consequence of the MI-driven-MRs.
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Supplementary information

Mushroom instability

The MI is the relativistic, electron-scale shear instability. Due to the generation of the magnetic field and

the enhanced interchange of electrons due to the resultant Lorentz force, the morphology of the deformed

electron shear surface shows mushroom like structure, which is demonstrated in Figure 5.

At the early stage of our global simulation (∼ 1/ωpe), the MI starts to grow near the velocity-shear surface.

This timescale is consistent with the growth timescale of MI assuming cold plasma7 tMI ∼ [(v̄/c)
√
γ̄ωpe]

−1,

where v̄ and γ̄ are the velocity and the Lorentz factor of the shear flow measured in the moving frame in

which we observe the shear speed as +v̄ and −v̄. Our jet model with vbulk = 0.9c corresponds to v̄ ∼ 0.6c,

where these are related by vbulk = 2v̄/(1 + v̄2/c2) and γ̄ ≃ 1.2, so that tMI ∼ 1/ωpe. One can find

that the MI linearly grows in this timescale in the left panel of Figure 6. Because the thermal velocity of

electrons is higher than that of the protons, the electrons easily cross the velocity shear surface of the jet

rather than protons. This electron motion leads to the generation of electric current in the vicinity of the

velocity shear surface. Subsequently, the magnetic fields surrounding the jet spine are generated near the

shear surface. Then, the electrons experience the Lorentz force, which enhances the electron motion to cross

the shear surface, and the perturbation grows into a number of electron channel-flows. The mushroom like

morphology appears in the head of the channel flows, and this is the basic behavior of electrons in the linear

stage of MI.
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In the non-linear stage of the MI, the magnetic reconnection (MR) is recurrently induced in the shear-flow

region (that is, MI-driven-MR). The channel flow accompanies the strong electric current and the anti-

parallel configuration of the magnetic field elongated in the radial direction. Then, the MR is triggered

near the shear surface and the heated and/or accelerated electrons are ejected towards the regions inside

and outside the shear surface, as shown in the main text. At the early non-linear stage, the electromagnetic

energy intermittently varies. This is due to the episodic MI-driven-MR; the MRs convert the electromagnetic

energy amplified by the MI to the electron energy, while the MI recovers the magnetic energy lost by the

MRs and forms new electric current sheets followed by subsequent MRs. In the later non-linear stage of

MI, the electromagnetic energy is amplified up to 10−4 of the initial particle energy in the whole simulation

domain. Throughout the simulation, the magnetic energy dominates the electric energy since the simulated

plasma is mildly relativistic. These are shown in the right panel of Figure 6.

Hole structure in Magnetic reconnection

Here, we confirm that the MRs are physically triggered in our simulation. Figure 7 displays a phase-space

(y–vy) plot of electrons, and one can clearly find the appearance of the hole structure at around y ≃ 3 and

vy ≃ 0. This hole structure in the phase space is a consequence of the stochastic motion of electrons in

the vicinity of the magnetic neutral sheet, which is called ”meandering motion”44. The hole structure in the

phase space is a strong evidence of the MRs 45.

supplementary movie

The movie 1 shows the time evolution of the synchrotron emissivity mimicked by displaying the number

density of the electrons multiplied by the magnetic field strength as is shown in Figure 1. As time increases,

the jet center becomes bright because of the concentration of electrons towards the jet center (see movie 2)
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Figure 5: (supplementary information) Time evolution of MI of electron-proton plasma with real

mass ratio in the cold plasma limit. The colour displays the dye concentration field of electrons.

In the region shown in this figure, the blue/red colour is initially attached to the electrons in the

upper/lower side of the velocity shear surface at y = 4.8c/ωpe. Then, the dynamics of electrons

are solved via the PIC simulations with their colour information being kept. White coloured re-

gion means that the red- and blue-coloured electrons are mixed there. The initial bulk velocity

of protons and electrons is vz = +0.5c and −0.5c above and below the velocity shear surface,

respectively. The simulation domain is Lx × Ly = 4.8[c/ωpe] × 19.2[c/ωpe], which is divided by

192×768 grid cells, i.e., the initial electron skin depth is resolved by 40 grid cells. The density and

thermal velocity of protons and electrons are initially uniform, except the y-component of velocity

is perturbed in such a way that vy = −(10−4c) cos (2πx/Lx). The periodic boundary condition is

imposed in x and y directions. We note that roughly the lower half of the simulation domain is

shown in this figure.

22



10-7

10-6

10-5

10-4

 0  100  200  300  400  500  600  700

10-7

10-6

10-5

 0  10  20  30  40  50  60  70  80

Figure 6: (supplementary information) Time evolution of energy of electromagnetic field ǫEM,

electric field ǫE, magnetic field ǫM normalized by initial kinetic energy of particles (i.e., protons

and electrons) ǫP(init), which are measured in the laboratory frame. The left panel shows the early

stage of simulation. The black curve represents ǫEM. As a reference, the slope of maximal growth

rate of MI (∝ v̄/c
√
γ̄) for cold plasmas is shown by the gray dashed line. The MI grows linearly

up to t ∼ 10/ωpe. The right panel shows the long term evolution of ǫEM (black), ǫE (blue), and

ǫM (red).
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Figure 7: (supplementary information) The electron distribution in y–vy phase space at t =

2.5 × 102ω−1
pe , in which electrons are sampled along the line x = 46c/ωpe. The hole structure

at (y, vy/c)≃(3, 0) evidently presents the appearance of the MR at this point. In this figure, the

velocity in y-direction is evaluated in the co-moving frame of the bulk motion in z-direction.
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and the amplification of the magnetic field. This movie demonstrates the formation of the jet spine, which

is observed as a bright beam in the radio image of M87.

The movie 2 represents the evolution of the electron number density in the whole simulation domain, of

which the snapshots are shown in figures 1 and 2. As the time increases, the electrons concentrate to the jet

center.

The movie 3 displays the time evolution of the electron density, the electron velocity in the transverse

direction to the jet, the z-component of the electric current density, and the product of the z-component of

the electric current and electric field, in the region near the initial velocity shear surface. One can find that

the recurrent magnetic reconnection, which is triggered by the Mushroom instability, occurs and energize

the electrons.
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Figures

Figure 1

Synthetic picture of our relativistic jet model. The top panel is composed of the volume rendered image of
our PIC simulation (jet spine, which is colored in blue-green-white) and schematic pictures (jet sheath
colored in green). This image is synthesized by stratifying the time snapshots of our 2D PIC simulation in
the direction of the jet propagation. The color represents the electron density multiplied by the strength of
the magnetic �eld, which roughly agrees with the synchrotron emissivity, which is the most important
radiative process in the M87 jet. The middle and bottom panels show the spatial distribution of the
electron-density multiplied by the strength of the magnetic �eld the above pseudo synchrotron emissivity
and the electron-density itself only, respectively, at each epoch. (animation: supplementary material)



Figure 2

Electron density map in the whole simulation domain (top) at t = 2.5 × 102 ω−1 pe . Magni�ed view of the
electron density (middle left), the absolute value of the four-vector of the electron velocity in the
transverse direction of the jet (middle right), z component of electric current density (bottom left), and the
product of z component of electric current density and electric �eld (bottom right) in the region enclosed
in the top panel. The electric current and the electric �eld are evaluated in the co-moving frame of the
electrons at each point. The gray lines in the bottom panels display the magnetic �eld lines in the plane.
(animation: supplementary material)



Figure 3

Time evolution of the MI-driven-MR near shear surface. The electric current sheet and the reconnection
points (red arrows) shift towards the jet center with time. The electric current is evaluated in the co-
moving frame of electrons at each point.



Figure 4

Left: Time evolution of the number spectra of the electrons at t = 0 (blue), 20 (cyan), 250 (green), and 750
ω−1 pe (red). Right: energy spectra of electrons at t = 750 ω−1 pe in the range 1 ≤ γ − 1 ≤ 10. The
spectrum of electrons in the whole simulation domain (red curve) is decomposed into those of electrons
which currently exist inside/outside the initial shear surface (black solid-thick/dotted-thin curve).
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