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Outline

I A few words on the most commonly invoked plasma
processes for particle acceleration

I I will argue that turbulence and magnetic reconnection
should take place together in astrophysical plasmas

I Introduce the method (Fully Kinetic PIC) used to study
particle acceleration

I Turbulence (with reconnection) as reproduced by Fully
Kinetic PIC simulations

I Some hits on how particles are accelerated in Fully Kinetic
PIC simulations of turbulence (with reconnection)

I Generation of power-law energy distribution from thermal
distributions (focusing on protons)
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The Usual Suspects

BW-2013

osiris 2.0

New Features in v2.0

· Bessel Beams 

· Binary Collision Module (to study 
plasmas which behave more like fluids)

· Energy Conserving Algorithm
· Multi-dimensional Dynamic 

Load Balancing
· OpenMP/MPI hybrid 

parallelism
· PML absorbing BC
· Higher order splines
· Parallel I/O (HDF5)
· Boosted frame in 1/2/3D

osiris framework

· Massivelly Parallel, Fully Relativistic 
Particle-in-Cell (PIC) Code 

· Visualization and Data Analysis Infrastructure
· Developed by the osiris.consortium
⇒  UCLA + IST

Ricardo Fonseca: ricardo.fonseca@ist.utl.pt
Frank Tsung: tsung@physics.ucla.edu

http://cfp.ist.utl.pt/golp/epp/ 
http://exodus.physics.ucla.edu/

Magnetic Reconnection 

Turbulence 

Shocks 
(Collisionless) 

(Collisionless) 

(Collisionless) 
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Tsung
Osiris presentation

Daughton et al. 2014

Comisso & Sironi 2019



Magnetization Parameter

σ � 1 σ =
B2

4πh
σ � 1

σ � 1 =⇒ vA = c
√
σ/(1 + σ) ' c (relativistic regime)
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Relativistic Shocks

Courtesy of F. Fiuza

Non-ThermalThermal

Sironi et al. 2013

I Shock acceleration: standard
paradigm for many years

I Poor particle acceleration
already for fairly modest
plasma magnetizations

σ & 10−2 ⇒ no acceleration

See also Krymskii 1977, Axford et al. 1977, Blandford & Ostriker 1978, Bell 1978,
Gallant et al. 1992, Spitkovsky 2008, Fiuza et al. 2012, ...
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quasi-perpendicular electron-positron shock



Relativistic Magnetic Reconnection

Sironi & Spitkovsky, 2014

I Efficient particle accelerator
for fairly high plasma
magnetizations

σ & 1⇒ acceleration

See also Zenitani & Hoshino 2001, Jaroschek et al. 2004, Lyubarsky & Liverts
2008, Cerutti et al. 2013, Guo et al. 2014, Werner et al. 2016, ...
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Important Caveat
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But simulations employ ad hoc
(ultra-unstable) initial current sheets

(having kinetic-scale thickness).

Astrophysical systems have large scale
separation, l ≫ λd.

Under most circumstances,
turbulence is inevitable (high Re).



Turbulence Cascade à la Richardson

energy-containing 
range inertial range dissipation 

range

 l=2π/kf 

flux of energyinjection of energy dissipation of energy

 λd=2π/kd 
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l ≫ λd



Turbulence Cascade with Magnetic Field

energy-containing 
range inertial range dissipation 

range

 l=2π/kf 

flux of energyinjection of energy dissipation of energy

 λd=2π/kd 
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l ≫ λd



Turbulence Cascade with Magnetic Reconnection

dissipation of energyflux of energyinjection of energy

energy-containing 
range

dissipation 
range

plasmoid 
range

 l=2π/kf  λ =2π/k  λd=2π/kd 

inertial range

 *  * 
energy-containing 

range inertial range dissipation 
range

 l=2π/kf 

flux of energyinjection of energy dissipation of energy

 λd=2π/kd 
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Turbulence Cascade with Magnetic Reconnection

dissipation of energyflux of energyinjection of energy

energy-containing 
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l ≫ λd
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Turbulence Cascade with Magnetic Reconnection

dissipation of energyflux of energyinjection of energy

energy-containing 
range

dissipation 
range

plasmoid 
range

 l=2π/kf  λ =2π/k  λd=2π/kd 

inertial range

 *  * 
energy-containing 

range inertial range dissipation 
range

 l=2π/kf 

flux of energyinjection of energy dissipation of energy

 λd=2π/kd [zoomed-in subdomain from 2D turbulence simulation]

out-of-plane electric current density
(magnetic field lines superimposed)

reconnecting 

current sheet

I Magnetic reconnection occurs in intermittent current sheets
⇒ inevitable when l ≫ λd

(essentially all astrophysical systems of interest here)
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How Turbulence+Reconnection Accelerate Particles?

Turbulence + Reconnection + Particles:

Turbulence Magnetic Reconnection

The Astrophysical Journal, 753:131 (15pp), 2012 July 10 Gekelman, Lawrence, & Van Compernolle

Figure 21. Two quasi-separatrix layers of Figure 19 are displayed with some of
the field lines defining the QSL. Field lines were started evenly spaced on the
right-side edge of each of the QSLs, but they end up at opposite sides of the
QSLs on the left edge, similarly as in Figure 10(b). The z-axis is compressed
by a factor of 50.

It has been argued that only the induced electric field matters,
but the charged particles react to the total field, which is E =
−∇Φ−∂ A/∂t . In an early reconnection experiment (Gekelman
et al. 1993), it was discovered that both of the potential gradient
and the induced fields exist and have opposite signs thereby
greatly reducing the actual electric field in the plasma. In
some cases (Tharp et al. 2010) the resistivity is assumed to

be Spitzer, which is then derived from a measurement of the
electron temperature. There is no a priori reason that this is the
case in a plasma undergoing reconnection in which localized
currents exist. We have examined the induced electric field in
a reconnection event during an experiment on colliding laser-
produced plasmas (Gekelman et al. 2010). The field is largest
where reconnection occurs but we never estimated the resistivity
as we did not measure the terms in Ohm’s law. (We did use
the temporal change in the helicity to make an estimate of
the global resistivity). It is possible to measure the resistivity
using emissive probes (which measure the plasma potential)
in combination with magnetic probes which can be used to
evaluate the inductive fields, and we are hoping to do it in a
future experiment. When the plasma resistivity is presented the
reader must be critical of its origin.

Our next experiment will involve a long (many ion gyroradii)
current sheet, which is initially uniform but subject to break
up into flux ropes. Finally, one should consider dynamic flux
ropes as a form of Alfvén wave (Gekelman et al. 2011). All
low-frequency (f < fci) currents in plasmas are essentially
shear waves and flux ropes are a form of them. Shear waves,
for example, have a parallel electric field that can interact
with particles with the same phase velocity of the wave. The
waves can be Landau damped, which implies the same can
happen to flux ropes. As it stands, QSLs, when they can be
identified, indicate that reconnection is occurring somewhere
within them. In the future, theories could possibly link quantities
such as Q or its area to the reconnection rate or other important
quantity.

Figure 22. Magnetic field lines and vectors as a function of time on a plane δz = 3.29 m from the current source. The temporal interval between the four images is δt =
0.64 µs. As time goes by the field lines move toward each other, reconnect in the top right-hand figure at t = t0 + 44.80 µs and then they move apart. t0 = 4.11 ms.

14

Gekelman et al. (2012)

Particle Acceleration
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Solving the Full Problem: Timeline

Turbulence + Reconnection + Particles:

Complex, Nonlinear, Multiscale Problem

1940 1960 1980 2000 2020

    Fermi Toy Model  
(random magnetic mirrors)
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Solving the Full Problem: Timeline

Turbulence + Reconnection + Particles:

Complex, Nonlinear, Multiscale Problem

1940 1960 1980 2000 2020

Test-Particle Simulations  
     (in prescribed fields)    Fermi Toy Model  

(random magnetic mirrors)
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Solving the Full Problem: Timeline

Turbulence + Reconnection + Particles:

Complex, Nonlinear, Multiscale Problem

1940 1960 1980 2000 2020

Test-Particle Simulations  
     (in prescribed fields)

        Test-Particle Simulations  
     (in fields from MHD simulations)

    Fermi Toy Model  
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Solving the Full Problem: Timeline

Turbulence + Reconnection + Particles:

Complex, Nonlinear, Multiscale Problem

1940 1960 1980 2000 2020

Test-Particle Simulations  
     (in prescribed fields)

        Test-Particle Simulations  
     (in fields from MHD simulations)

     Hybrid Simulations  
 (fluid electrons, kinetic ions)

    Fermi Toy Model  
(random magnetic mirrors)
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Solving the Full Problem: Timeline

Turbulence + Reconnection + Particles:

Complex, Nonlinear, Multiscale Problem

Fully-Kinetic Simulations  
             

1940 1960 1980 2000 2020

Test-Particle Simulations  
     (in prescribed fields)

        Test-Particle Simulations  
     (in fields from MHD simulations)

    Fermi Toy Model  
(random magnetic mirrors)

     Hybrid Simulations  
 (fluid electrons, kinetic ions)
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Fully-Kinetic Treatment - PIC Method

Solve Particle
Equations of Motion:

dpp
dt

= qp

(
E +

pp
γpmpc

×B

)
dxp
dt

=
pp
γpmp

Solve Maxwell’s Equations

∂E

∂t
= c∇×B − 4πJ

∂B

∂t
= −c∇×E

Extrapolate to Grid:

(x,p)p → Ji

Interpolate to Particles:

(E,B)i → Fp

PIC code: TRISTAN-MP (Spitkovsky 2005)
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Numerical Simulations with Massive Supercomputers

I This problem is hard (needs large separation of scales)

I We can do it now thanks to huge numerical simulations
(> 1010 cells, > 2× 1011 particles)

I Here I’ll present (scattered) results from simulations of:
nonrealtivistic plasma turbulence, relativistic pair plasma
turbulence, relativistic proton-electron plasma turbulence
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Turbulence Structures from PIC Simulations
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δB0/B0 ∼ 1



Turbulence Power Spectrum
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I The large computational domain allow us to capture both
the MHD cascade at large scales and the kinetic cascade at
small scales
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Reconnecting Current Sheets in Turbulence

z
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The large inertial range
allows the development of
reconnection layers with

flux ropes

Comisso & Sironi 2022
(see also Comisso & Sironi

2018, 2019)



Current Sheets Initiate Particle Acceleration
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Sudden “injection phase”
that brings particles to

energies ε� εth, followed by
a more gradual stochastic
Fermi acceleration phase

The initial particle
acceleration is associated

with locations of high
current density

(reconnecting sheets)



Stochastic Fermi Acceleration for γ/γσ & 1
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The power-law tail of the
particle spectrum starts at

γ/γσ & 1

(γσ is the mean Lorentz factor
after turbulent dissipation)

PIC simulations are
well fitted by

Dγ ∼ 0.1σ
(c
l

)
γ2

Comisso & Sironi 2019



Development of a Nonthermal Power-Law Tail

p=3.7
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p=3.7

ions

10-2 10-1 100 101

ε/mec
2

10-8

10-6

10-4

10-2

100

ε
 f i

(ε
)

t  v
  /

l
   

A

8.0

4.0

2.0

1.0

0.5

0.25

0.125

p=4.4

electrons

10-2 10-1 100 101

ε/mec
2

10-8

10-6

10-4

10-2

100

ε
 f e

(ε
)

t  v
  /

l
   

A

8.0

4.0

2.0

1.0

0.5

0.25

0.125

(a)

(b)

I Self-consistent formation of a nonthermal power-law tail.

Here, fi(ε) = dN(ε)/dε, ε = (γ − 1)mic
2, p = −d ln fi/d ln ε
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Development of a Nonthermal Power-Law Tail

p=3.7

ions

10-2 10-1 100 101

ε/mec
2

10-8

10-6

10-4

10-2

100

ε
 f i

(ε
)

t  v
  /

l
   

A

8.0

4.0

2.0

1.0

0.5

0.25

0.125

p=4.4

electrons

10-2 10-1 100 101

ε/mec
2

10-8

10-6

10-4

10-2

100

ε
 f e

(ε
)

t  v
  /

l
   

A

8.0

4.0

2.0

1.0

0.5

0.25

0.125

(a)

(b)

p=3.7

ions

10-2 10-1 100 101

ε/mec
2

10-8

10-6

10-4

10-2

100

ε
 f i

(ε
)

t  v
  /

l
   

A

8.0

4.0

2.0

1.0

0.5

0.25

0.125

p=4.4

electrons

10-2 10-1 100 101

ε/mec
2

10-8

10-6

10-4

10-2

100

ε
 f e

(ε
)

t  v
  /

l
   

A

8.0

4.0

2.0

1.0

0.5

0.25

0.125

(a)

(b)

I Self-consistent formation of a nonthermal power-law tail.

Here, β0 = βi0 + βe0, with βi0 = βe0 = 8πn0kBT0/B
2
0
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The Spectrum Hardens for Increasing σ0
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I Here, ε∗i = (3/2)kBT0 + κi ∆εi,e = (3/2 + 2κi/β0)kBT0 is
the mean energy per particle after turbulent dissipation
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Hardening of the Ion Spectrum for Increasing σ0
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I Hardening of the ion energy spectrum for increasing
plasma magnetization (relativistic regime σ0 & 1)
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Acceleration up to ρL ∼ outer scale eddy size

Here shown for a pair plasma...
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Summary

I Fully Kinetic Simultaneous Treatment of Turbulence,
Reconnection, and Particle Acceleration.

I High-Energy Particles are Generated Self-Consistent-
ly as a By-Product of Turbulence + Reconnection.

I Particle Acceleration Follows a Two-Stage Process.

I Self-consistent Formation of a Nonthermal
Power-Law Tail (starting from a thermal
distribution) up to ρL ∼ outer scale eddy size.

I Hardening of the Proton Energy Spectrum for
Higher Plasma Magnetization (Relativistic Regime).
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