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Abstract

Particle acceleration via Poynting vector with toroidal magnetic field is studied in 3D PIC

simulation of electron-positron plasma. We choose two different initial magnetic field configurations

to compare how the particle acceleration is affected by the expansion of electromagnetic wave. In

the cylindrical case, the electromagnetic field strength decays as (ct)−2, and particles are accelerated

in the radial direction as well as the axial direction. Rayleigh-Taylor instability is also observed

at the center of the cylinder. In the torus case, the field strength decays as (ct)−3, making the

acceleration less efficient. Particles accelerated in the axial direction by E ×B force creates strong

charge separation.
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I. INTRODUCTION

One of the most famous models to produce a GRB and large explosion energy from the

death of a massive star is the collapsar model [6, 11]. When a massive star is collapsing

to a black hole, it accretes envelope matter at a very high rate. Woosley pointed out that

neutrinos should be emitted from the innermost region of the accretion disk through the

electron-positron capture and electron-positron pair annihilation [2, 6]. A strong jet with

a large explosion energy on the order of ∼ 1052 ergs, is generated from the polar region by

the pair-annihilation of neutrinos, and the shock wave propagates through a channel created

inside of the stellar envelope. Two-dimensional relativistic hydrodynamic simulations with

nucleosynthesis [6–9] confirms the formation and propagation of jets inside of the stellar

envelope.

Poynting flux acceleration (PFA) may be launched when the magnetic jet head or the mag-

netar stripe wind emerge from the stellar envelope surface due to the sudden deconfinement

of the magnetic field and embedded electron-positron plasma. When the electron-positron

plasma jet is emerged out from the envelope, electromagnetic wave expands into ambient

medium with particles accelerated by the PFA [4, 10]. Since magnetic fields are connected

to the accretion disk associated with the collapsar, the emerged jet is collimated and cre-

ates a magnetic tower [5]. Three-dimensional magnetohydrodynamic global simulations of

a central black hole associated with low magnetized accretion disk [3] shows that vertically

inflating toroidal fields supports the magnetic jet collimation.

In this article we present 3D PIC simulations of particle acceleration driven by PFA with

two different initial magnetic field configurations. In the first model, initial toroidal magnetic

field and particle distributions are a decreasing function of radius, and have infinite length

in the axial direction. In the second model, magnetic field and particles are distributed as a

radially decreasing function as the same as the first model, but has a finite length in the axial

direction. The first model represents the particle acceleration in the magnetic tower, and

the second represents the magnetic jet head emerged from the stellar envelope. Hereafter

we call the first model as the cylindrical case and the second as the torus case, respectively.
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II. INITIAL SETUP OF THE SIMULATION

We use the 3D explicit PIC simulation scheme based on the Yee algorithm[12]. Spatial

grids for the fields are uniform in all directions, ∆x = ∆y = ∆z = c/ωpe, where ωpe is the

electron plasma frequency. We employ 1283 cells with triply periodic boundary conditions.

In the simulation, the origin is located at the center, and x direction corresponds to the axis

of the magnetic cylinder and torus.

For both the cylindrical and torus cases, the radial profiles of initial magnetic field and

particle density are the same. In order to make the magnetic field satisfy ∇ · B = 0, the

initial magnetic field profile has toroidal component only, which is given as

Bφ =











B0r/(2∆x), 0 ≤ r < 2∆x

2B0∆x/r, 2∆x ≤ r ≤ 8∆x
. (1)

We note that the radial profile of Bφ corresponds to the profile around cylindrical infinite

current column with j = cB0/4πr(r < 2π∆x). For simplicity and self-consistency, we

assume no initial electric field and current. Electric field and current are self-induced by

magnetic field and particle motion associated with it. In magnetic-tower scenario, magnetic

field near the tip of a jet is almost purely toroidal, and plasma motion is driven by magnetic

field expansion.

The density profile is given as

ρ =











ρ0r/(2∆x), 0 ≤ r < 2∆x

2∆xρ0/r, 2∆x ≤ r ≤ 5∆x
. (2)

Here, ρ0 is calculated by assuming ωpe/Ωce = 0.1, where Ωce is the electron cyclotron fre-

quency.

The initial temperature of plasma is a spatially uniform Maxwellian kBTe = kBTp =

100eV, where Te and Tp are the electron and positron temperature, respectively. We note

that we use c/ωpe instead of electron Debye length as a unit scale in the simulations, because

EM field expands with the speed of light rather than the thermal speed.

In the cylindrical case, Bφ and ρ are uniform in the z direction. In the torus case, however,

both Bφ and ρ vanishes for z < −2c/ωpe and z > 2c/ωpe in order to simulate the magnetic jet

head. Initial temperature is assumed to be uniform Maxwellian with kBTe = kBTp,i = 100eV.
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FIG. 1: 3D contour plot of magnetic field strength (left) and the magnetic field profile of the plane

y = 0 (right) at tΩce = 520.

III. RESULTS

First, we study the cylindrical case. Three-dimensional contour plot of magnetic field

strength and the magnetic field profile of the plane y = 0 at tΩce = 520 are shown in

Fig. 1. Only a quarter of the whole simulation box is shown in Fig. 1a. Electric field

Ez is automatically generated by the expansion of magnetic field, and the direction of the

Poynting vector is always in the radial direction. EM wave expands to surrounding vacuum

region with the speed ∼ c, carrying particles within its ponderomotive well. Electrons and

positrons are also accelerated in the negative and positive z direction respectively, due to

E ×B drift, as we expected. Due to the periodic boundary condition, no charge separation

occurs in the z direction.

Rayleigh-Taylor instability occurs in the central region (r < 10∆x). The critical wave

number kx for electron-positron plasma is given by [1]

k2

xv
2

0
< −g

ρ′

0

ρ0

, (3)

where v0 = −g/Ωce is the positron centrifugal drift velocity in the x direction, ρ′

0
= dρ0/dr,

and g = v2

0
/r is the centrifugal field strength in the radial direction by the magnetic field

curvature. The minimum wavelength λ = 2πr is ∼ 30∆x on the surface of the initial plasma

column, which corresponds to the wavelength in magnetic field profile Fig. 1b. Only the

center of the column becomes unstable, since ρ′

0
rapidly goes to zero toward the edge of

magnetic field column.
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FIG. 2: Phase plots of electrons (blue) and positrons (red) in the cylindrical case at tΩce = 560.
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FIG. 3: 3D contour plot of magnetic field strength (a) and the spatial distribution of electrons

(blue) and positrons (red) (b) at tΩce = 520.

Figure 2 shows phase plots at tΩce = 560. Figure 2a shows that troidal magnetic field

Bφ create a current in the x direction. Figures 2b and 2c indicates that the most energetic

particles are accelerated with γ ∼ 10 in both x and y directions, and slow particles are not

accelerated by PFA in y and z. Figures 2d and 2e shows that strong bifurcation occurs in

the y direction. The first ponderomotive force well in the front of EM pulse (y ∼ ±50∆x) is

too weak to hold all the energetic particles, and following ponderomotive wells (y ∼ ±40∆x

and ±30∆x) capture such particles slipped out from the first well. Finally, Fig. 2f shows

the expansion is uniform in the y − z plane.

Next, we show the results of the torus case. Figure 3a shows the three-dimensional contour
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FIG. 4: Phase plots of electrons (blue) and positrons (red) in the cylindrical case at tΩce = 560.

plot of magnetic field at tΩce = 520. In this case, EM field expands almost spherically.

Different from the cylindrical case, the magnetic torus has finite length in the x direction,

resulting the charge separation between electrons and positrons. Figure 3b shows the spatial

distribution of sample electrons (blue) and positrons (red). Positrons and electrons are tend

to move in the positive and negative x direction, respectively, creating electric field in the x

direction. Only few particles are captured and accelerated by PFA, since the magnetic field

strength drops as (ct)−3 in the torus case, whereas (ct)−2 in the cylindrical case.

Figure 4 shows phase plots at tΩce = 560. Figure 4a indicates strong acceleration occurs

on the edge of torus, creating charge separation. The highest γ factor for the most energetic

particles is ∼ 10, which is the same order as the cylindrical case. Charge separation may

prevent particles from accelerating for long time, but simulation box is too small to see if

the acceleration will stop. Figures 4b and 4c shows that the acceleration in the x−y plane is

highly non-uniform, and the highest γ in the y direction is almost half of γ in the x direction.

Figures 4d and 4e shows that the acceleration of particles captured in the front of EM

pulse (|y| > 25∆x) is not efficient, and more effective acceleration occurs in the second well

(10∆x < |y| < 25∆x). As we mentioned, magnetic field strength drops as r−3, and the first

well is too shallow to capture particles in it. The location of the second well corresponds to

the propagation of the initial field peak (r = 2∆x). Finally, Fig. 4f shows the expansion is

uniform in the y − z plane.
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IV. SUMMARY

We studied 3D PIC simulations of particle acceleration driven by PFA with two different

initial magnetic field configurations. Acceleration by PFA is robust in both cases, without

showing any instability. The efficiency, however, strongly depends on how strong magnetic

field is and how it expands. In the cylindrical case, we observe acceleration of particles

in the radial direction as well as the axial direction. Acceleration in the axial direction

is due to E × B force, whereas in the radial direction is by PFA. Without support from

external ambient pressure, EM wave expands indefinitely with decaying the field strength

proportional to (ct)−2. Bifurcation in the phase space occurs because the ponderomotive

potential well becomes too shallow to hold particles in it. Rayleigh-Taylor instability occurs

at the center, which does not affect the particle acceleration by PFA.

In the torus case, the expansion of magnetic field is spherical rather than cylindrical, and

the magnetic field strength decays with (ct)−3. As a result, the front potential well is too

weak to hold particles, and radial acceleration by PFA is not as efficient as the cylindrical

case. Another important difference is the charge separation between electrons and positrons,

which may terminate the acceleration in the axial direction.

Our simulation results show that hydrodynamical and/or MHD simulations are not suffi-

cient to understand the acceleration process in collapsar jets. We are planning to run more

realistic model to simulate the acceleration and radiation of particles by jets.
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