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What is magnetic reconnection?


• The Sweet-Parker model of magnetic reconnection. 


• The regime of relativistic reconnection.


• The physics of particle acceleration in relativistic reconnection.


What can magnetic reconnection do?


• Where/How do reconnection layers form?


• UHECRs from relativistic reconnection.


• Hard and fast flares from relativistic reconnection.

• It allows you to build a career in plasma astrophysics.



What is magnetic reconnection?
R. Kulsrud at his 90th birthday party:  

“Enrico Fermi told me to study reconnection for my PhD thesis, nearly 70 years ago.  
We have yet to understand it.”
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What is magnetic reconnection?

What is magnetic reconnection?


• A change in the macroscopic 

topology of the B field due to 

microscopic plasma effects.


• This is often accompanied by 

explosive energy release.



Reconnection in the Sun

https://www.youtube.com/watch?v=8H7ZQ3hqj4c


Reconnection in Earth’s magnetosphere

https://www.youtube.com/watch?v=U2D8KDfzzZQ


Three million-dollar questions

What is magnetic reconnection?


• A change in the macroscopic topology of the B field due to 

microscopic plasma effects.


• This is often accompanied by explosive energy release.

Three key questions:


• The rate problem: how fast does the field dissipation proceed?


• The particle acceleration problem: how does reconnection partition 

energy between B field, ions and electrons (thermal and non-thermal)?


• The onset problem: how does the system evolve towards 

reconnection? 



Why does the field topology change?



From Maxwell to ideal MHD

Faraday’s law

Induction equation 

in ideal MHD

What did I use? Ohm’s law in ideal MHD:



Resistive MHD

Ideal Ohm’s law leads to flux freezing (Alfven theorem): 

magnetic field lines must move with (are frozen into) the plasma.


BUT: Reconnection implies breaking the frozen-field constraint, 
i.e., we need to go beyond ideal MHD.

Ohm’s law in ideal MHD:

Ohm’s law in resistive MHD:



Resistive MHD
Ohm’s law in resistive MHD:

Induction equation in resistive MHD (for uniform resistivity):

Lundquist number: Alfven speed:



Resistive MHD and reconnection

The last term becomes important not because the resistivity is large, but 
because B gradients (i.e., currents) are large → current sheets

Ideal MHD is ok in most of the volume, but not in current sheets

In astro, the mean free path to collisions is enormous: ~kpc in supernova 
remnants, ~Mpc in galaxy clusters. So, the plasma is ~ collisionless. 

What can violate the frozen-in condition and mediate reconnection?



The generalized Ohm’s law
The generalized Ohm’s law:

This introduces new (microscopic) length scales:

(credit: 
Murphy)



The Sweet-Parker model in resistive MHD

Lundquist number:



The SP model: the rec rate

(credit: 
Murphy)

Note: S here is computed using 
the collisional (Spitzer) resistivity



The SP model: issues
It predicts solar flares should last ~ months. Instead, they last ~ minutes.

So?

1. Most astro plasmas are collisionless, so we need to include kinetic 

effects, which may generate a higher effective resistivity.

Kinetic effects can be studied with particle-in-cell (PIC) simulations.


[much more on this later]



The SP model: issues
It predicts solar flares should last ~ months. Instead, they last ~ minutes.

So?

1. Most astro plasmas are collisionless, so we need to include kinetic 

effects, which may generate a higher effective resistivity.


2. Still, some systems (interiors of stars and accretion disks, solar 

chromosphere) should be collisional enough, that resistive MHD applies.

Is the SP model actually correct?



Is the SP model actually correct?

It seemed so for 

a long time…

until…

Elongated current sheets are susceptible to the plasmoid instability!



The plasmoid instability

(credit: 
Loureiro)
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The plasmoid instability: rec rate
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Plasmoids: solar flares
LASCO

Yohkoh/SXT

Time



Plasmoids: lab experiments
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Magnetic energy

Kinetic energy

Outflow 4-velocity
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(LS, Giannios & Petropoulou 16)

Plasmoids in reconnection: PIC sims



The PIC method
Move particles under 

Lorentz force 

Deposit current from 
particle motion in the 

cells onto the grid 

Solve for EM fields on the 
grid 

Interpolate EM fields on 
the grid to the particles in 

the cells 

EM fields  
on the grid 

particles  
in the cells 

The PIC

Particle-in-Cell (PIC) method: 

It is the most fundamental way of 
capturing the interplay of charged 
particles and e.m. fields.
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The computational challenge: 
The microscopic scales resolved by PIC simulations are much smaller than astronomical scales.  

Typical length (c/ωp) and time (1/ωp) scales are:
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Hereafter: 
relativistic kinetic reconnection in 

collisionless plasmas



The regime of “relativistic plasmas”

� =
B2

0

4⇡⇢c2

vA ⇠ cMagnetically-dominated plasmas:

High-energy astro sources are our best “laboratories” of relativistic plasma physics

σ≪1 σ≫1

Crab Nebula

AGN jets

MMS
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Relativistic reconnection

v

X v

reconnecting B field

reconnecting B field

� =
B2

0

4⇡⇢c2
� 1

• Reconnection electric field (out-of-plane): 

• “Guide” (out-of-plane) uniform magnetic field Bg
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The physics of particle acceleration 
in relativistic reconnection 

LS 2022, PRL, 128, 145102 
Zhang, LS & Giannios 2021, ApJ, 922, 261  
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in relativistic reconnection 

LS 2022, PRL, 128, 145102 
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PIC simulation of σ=10 (relativistic) reconnection

(Zhang+21)

B0

� =
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� 1

 The reconnection layer breaks into a chain of magnetic islands / plasmoids



The three stages of any accelerator

(Caprioli & 
Spitkovsky 14)

• Injection 

• Maximum Energy (cutoff)
• Power-Law Formation 



• Injection 



Particle injection

How can the inflowing cold particles 
be promoted to γ~σ/2 and above? 

� =
B2

0

4⇡⇢c2
� 1

reconnection rate

guide field (along electric current)

They need to be in the right place at the right time!

where they interact with non-ideal fields
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E>B

Magnetic energy

Particle injection

(LS 22, PRL)



Particle injection

Solid: total spectrum
Dashed: E>B particles
Dotted: E<B particles

• The spectrum of E<B particles peaks at γ~1 

• The spectrum of E>B particles peaks at γ~σ

⇒ The high-energy end is dominated by E>B particles. 

(LS 22, PRL)



Particle injection fraction
E>B fraction at γ>σ

(LS 22, PRL)

E>B fraction at γ>σ/4

Overall E>B fraction
Fraction of length along 
y=0 with E>B regions

E>B



How to kill particle injection?
Testparticles: like regular particles, but they do not contribute to the current. 

(LS 22, PRL)

Dot-dashed: testparticles 
whose energy is fixed at 
γ~few while in E>B regions. 

Dotted: E<B particles.

Dot-dashed: testparticles 
evolved without E//

⇒ Injection by non-ideal fields is a necessary prerequisite for further acceleration.  



Why should we care about injection?

• Because reconnection-accelerated particles may not get much beyond the 
injection stage.

• To emphasize that studies of test-particle acceleration in MHD simulations 
need to properly include non-ideal effects. 



• Injection 

• Maximum Energy (cutoff)



(Petropoulou & LS 18)

The spectral cutoff in 2D

x [c/ωp]

ωpt

y 
[c

/ω
p]

Magnetic energy

γ

∝t1/2

∝t

1. B increases linearly in 
compressing plasmoids. 

2. Magnetic moment                    
is conserved. 

3. This gives γ ∝t1/2

2D reconnection is slow!

ωpt(Petropoulou & LS 18, Hakobyan+ 21)

µ / �2

B



• In 3D, lucky particles escape from plasmoids 
(Dahlin+15) and wiggle “free” around the layer. 

L=box length

The highest energy particles in 3D

Density

⊙     ⊙     ⊙
⊗     ⊗     ⊗



(Zhang, LS, Giannios 21)

L=box length
Density

• They get accelerated linearly in time, γ ∝ t, by the 
large-scale (ideal) electric field in the upstream. 

• The energy gain rate approaches 

The highest energy particles in 3D

<latexit sha1_base64="xMddHYdTEUV/8y2x5GgsasmcRYI="></latexit>
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• In 3D, lucky particles escape from plasmoids 
(Dahlin+15) and wiggle “free” around the layer. 

• AGN jets are able to accelerate UHECRs.



• Injection 

• Maximum Energy (cutoff)
• Power-Law Formation 



The injection stage gives hard spectra

•p=4
•p=3

•p=1.5

•p=2

The injection stage produces power laws at                , 
with slope as hard as p=1 for high magnetizations. 

γ

(LS & Spitkovsky 14, 
see also Melzani+14, 
Guo+14,15, 
Werner+16,17)

2D and 3D 
electron-
positron

� =
B2

0

4⇡⇢c2

This holds in electron-positron, electron-proton and electron-positron-proton plasmas.

dn

d�
/ ��p
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Theory of post-injection power-law

• In steady state,


assuming injection at 


• If tacc and tesc depend linearly on γ, the solution is

• What is the acceleration time tacc             ?


• What is the escape time tesc ?
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A new 3D theory of power-law formation

L=box length
Density

⊙     ⊙     ⊙
⊗     ⊗     ⊗



A new 3D theory of power-law formation

L=box length
Density

• Active acceleration only in the “free” state while particles are in the upstream.

z
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• Acceleration ceases when particles are captured by plasmoids (escape term).
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Acceleration and escape times
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�̇ = 0
<latexit sha1_base64="PFXgXlntrmRQaZ435GnEha2+B24=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8lV0R9SIUvXisYD+gXctsmm1Dk90lmVXK0v/hxYMiXv0v3vw3pu0etPXBwOO9mWTmBYkUBl3321laXlldWy9sFDe3tnd2S3v7DROnmvE6i2WsWwEYLkXE6yhQ8laiOahA8mYwvJn4zUeujYijexwl3FfQj0QoGKCVHjq9GLNOH5SC8ZXbLZXdijsFXSReTsokR61b+rIPsFTxCJkEY9qem6CfgUbBJB8XO6nhCbAh9Hnb0ggUN3423XpMj63So2GsbUVIp+rviQyUMSMV2E4FODDz3kT8z2unGF76mYiSFHnEZh+FqaQY00kEtCc0ZyhHlgDTwu5K2QA0MLRBFW0I3vzJi6RxWvHOK+7dWbl6ncdRIIfkiJwQj1yQKrklNVInjGjyTF7Jm/PkvDjvzsesdcnJZw7IHzifP2gDknI=</latexit>

�̇ = 0
<latexit sha1_base64="PFXgXlntrmRQaZ435GnEha2+B24=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8lV0R9SIUvXisYD+gXctsmm1Dk90lmVXK0v/hxYMiXv0v3vw3pu0etPXBwOO9mWTmBYkUBl3321laXlldWy9sFDe3tnd2S3v7DROnmvE6i2WsWwEYLkXE6yhQ8laiOahA8mYwvJn4zUeujYijexwl3FfQj0QoGKCVHjq9GLNOH5SC8ZXbLZXdijsFXSReTsokR61b+rIPsFTxCJkEY9qem6CfgUbBJB8XO6nhCbAh9Hnb0ggUN3423XpMj63So2GsbUVIp+rviQyUMSMV2E4FODDz3kT8z2unGF76mYiSFHnEZh+FqaQY00kEtCc0ZyhHlgDTwu5K2QA0MLRBFW0I3vzJi6RxWvHOK+7dWbl6ncdRIIfkiJwQj1yQKrklNVInjGjyTF7Jm/PkvDjvzsesdcnJZw7IHzifP2gDknI=</latexit>

�̇ = 0
<latexit sha1_base64="PFXgXlntrmRQaZ435GnEha2+B24=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8lV0R9SIUvXisYD+gXctsmm1Dk90lmVXK0v/hxYMiXv0v3vw3pu0etPXBwOO9mWTmBYkUBl3321laXlldWy9sFDe3tnd2S3v7DROnmvE6i2WsWwEYLkXE6yhQ8laiOahA8mYwvJn4zUeujYijexwl3FfQj0QoGKCVHjq9GLNOH5SC8ZXbLZXdijsFXSReTsokR61b+rIPsFTxCJkEY9qem6CfgUbBJB8XO6nhCbAh9Hnb0ggUN3423XpMj63So2GsbUVIp+rviQyUMSMV2E4FODDz3kT8z2unGF76mYiSFHnEZh+FqaQY00kEtCc0ZyhHlgDTwu5K2QA0MLRBFW0I3vzJi6RxWvHOK+7dWbl6ncdRIIfkiJwQj1yQKrklNVInjGjyTF7Jm/PkvDjvzsesdcnJZw7IHzifP2gDknI=</latexit>

�̇ = 0

<latexit sha1_base64="23eYNIjnctGfSDSyqkyFXCFglhE="></latexit>

�̇ = ⌘rec!c

<latexit sha1_base64="23eYNIjnctGfSDSyqkyFXCFglhE="></latexit>

�̇ = ⌘rec!c

Acceleration time tacc
<latexit sha1_base64="sOkwcbApyj7LVNeUyyHPraji350=">AAAB/XicdVDLSgMxFM34rPU1PnZugkVwNc5IsXYhFNy4rGAf0A4lk2ba0CQzJBmhDsVfceNCEbf+hzv/xnRmBBU9EDiccw/35gQxo0q77oe1sLi0vLJaWiuvb2xubds7u20VJRKTFo5YJLsBUoRRQVqaaka6sSSIB4x0gsnl3O/cEqloJG70NCY+RyNBQ4qRNtLA3r/ojxDn6KQ/jHSa89nArrhOPQPMSa1akLoHPcfNUAEFmgP73cRxwonQmCGlep4baz9FUlPMyKzcTxSJEZ6gEekZKhAnyk+z62fwyChDGEbSPKFhpn5PpIgrNeWBmeRIj9Vvby7+5fUSHZ77KRVxoonA+aIwYVBHcF4FHFJJsGZTQxCW1NwK8RhJhLUprGxK+Pop/J+0Tx3vzHGvq5VGtaijBA7AITgGHqiBBrgCTdACGNyBB/AEnq1769F6sV7z0QWryOyBH7DePgFHW5XC</latexit>

= �/�̇ Escape/trapping time tesc

<latexit sha1_base64="LX0HJRGNA9SqYJ72VGfmxPyg7Hs="></latexit>
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�
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<latexit sha1_base64="LX0HJRGNA9SqYJ72VGfmxPyg7Hs="></latexit>

�t
=
30
� !

�1
c

σ=10 σ=10

The two timescales are comparable, so 
<latexit sha1_base64="+0qFqY7jj+xLpMqxKOP6wltv1ko=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBHcGJIa2roruHFZwT6giWUynbRDZ5IwMxFCqL/ixoUibv0Qd/6Nk7aCih64cDjnXu69J0gYlcq2P4yV1bX1jc3SVnl7Z3dv3zw47Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmF4Wfu+OCEnj6EZlCfE5Gkc0pBgpLQ3NipeIOFEx9MaIc3SbnzmzoVm1rYtmvebWoW3ZdsOpOQWpNdxzFzpaKVAFS7SH5rs3inHKSaQwQ1IOHDtRfo6EopiRWdlLJUkQnqIxGWgaIU6kn8+Pn8ETrYxgGAtdkYJz9ftEjriUGQ90J0dqIn97hfiXN0hV2PRzGiWpIhFeLApTBvWzRRJwRAXBimWaICyovhXiCRIIK51XWYfw9Sn8n3RrllO37Gu32nKXcZTAETgGp8ABDdACV6ANOgCDDDyAJ/Bs3BuPxovxumhdMZYzFfADxtsnzKOU1Q==</latexit>

/ ��1<latexit sha1_base64="TpmheM3i79fygh2PTnOZA+tfR+Y=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ac0oWy2k3bpbhJ2N0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmGLZZIhLVC6lGwWNsG24E9lKFVIYCu+Hkbu53n1BpnsSPZppiIOko5hFn1FjJjwa5rySJFOJsUK25dXcBsk68gtSgQGtQ/fKHCcskxoYJqnXfc1MT5FQZzgTOKn6mMaVsQkfYtzSmEnWQL26ekQurDEmUKFuxIQv190ROpdZTGdpOSc1Yr3pz8T+vn5noNsh5nGYGY7ZcFGWCmITMAyBDrpAZMbWEMsXtrYSNqaLM2JgqNgRv9eV10rmqe9d196FRazaKOMpwBudwCR7cQBPuoQVtYJDCM7zCm5M5L86787FsLTnFzCn8gfP5AwgmkaM=</latexit>

ffree

Ez

Ez



red:free 

blue:trapped 

black:all

σ=10

Free vs trapped vs all

<latexit sha1_base64="+0qFqY7jj+xLpMqxKOP6wltv1ko=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBHcGJIa2roruHFZwT6giWUynbRDZ5IwMxFCqL/ixoUibv0Qd/6Nk7aCih64cDjnXu69J0gYlcq2P4yV1bX1jc3SVnl7Z3dv3zw47Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmF4Wfu+OCEnj6EZlCfE5Gkc0pBgpLQ3NipeIOFEx9MaIc3SbnzmzoVm1rYtmvebWoW3ZdsOpOQWpNdxzFzpaKVAFS7SH5rs3inHKSaQwQ1IOHDtRfo6EopiRWdlLJUkQnqIxGWgaIU6kn8+Pn8ETrYxgGAtdkYJz9ftEjriUGQ90J0dqIn97hfiXN0hV2PRzGiWpIhFeLApTBvWzRRJwRAXBimWaICyovhXiCRIIK51XWYfw9Sn8n3RrllO37Gu32nKXcZTAETgGp8ABDdACV6ANOgCDDDyAJ/Bs3BuPxovxumhdMZYzFfADxtsnzKOU1Q==</latexit>

/ ��1



Free vs trapped vs all

In steady state: 

rate of free particles getting trapped = rate of trapped particles being advected out

red:free 

blue:trapped 

black:all

σ=10

3D

2D

σ=10

<latexit sha1_base64="+0qFqY7jj+xLpMqxKOP6wltv1ko=">AAAB/HicdVDLSsNAFJ34rPUV7dLNYBHcGJIa2roruHFZwT6giWUynbRDZ5IwMxFCqL/ixoUibv0Qd/6Nk7aCih64cDjnXu69J0gYlcq2P4yV1bX1jc3SVnl7Z3dv3zw47Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmF4Wfu+OCEnj6EZlCfE5Gkc0pBgpLQ3NipeIOFEx9MaIc3SbnzmzoVm1rYtmvebWoW3ZdsOpOQWpNdxzFzpaKVAFS7SH5rs3inHKSaQwQ1IOHDtRfo6EopiRWdlLJUkQnqIxGWgaIU6kn8+Pn8ETrYxgGAtdkYJz9ftEjriUGQ90J0dqIn97hfiXN0hV2PRzGiWpIhFeLApTBvWzRRJwRAXBimWaICyovhXiCRIIK51XWYfw9Sn8n3RrllO37Gu32nKXcZTAETgGp8ABDdACV6ANOgCDDDyAJ/Bs3BuPxovxumhdMZYzFfADxtsnzKOU1Q==</latexit>

/ ��1

<latexit sha1_base64="oZjzQj4QlnJ8pmaHOxEkEgWTRo8=">AAAB/HicbVDLSgMxFM34rPU12qWbYBHcWGZKUZcFNy4r2Ad0xpJJM21oMglJRhiG+ituXCji1g9x59+YtrPQ1gMXDufcy733RJJRbTzv21lb39jc2i7tlHf39g8O3aPjjhapwqSNBROqFyFNGE1I21DDSE8qgnjESDea3Mz87iNRmork3mSShByNEhpTjIyVBm4lkEpII2AwQpyjh/yiPh24Va/mzQFXiV+QKijQGrhfwVDglJPEYIa07vueNGGOlKGYkWk5SDWRCE/QiPQtTRAnOsznx0/hmVWGMBbKVmLgXP09kSOudcYj28mRGetlbyb+5/VTE1+HOU1kakiCF4vilEH77CwJOKSKYMMySxBW1N4K8RgphI3Nq2xD8JdfXiWdes2/rHl3jWqzUcRRAifgFJwDH1yBJrgFLdAGGGTgGbyCN+fJeXHenY9F65pTzFTAHzifP24ZlJQ=</latexit>

/ ��2

At                3D reconnection leads to a universal (σ-independent) slope of p=2.
<latexit sha1_base64="OmnvN5aMzgJxXk7wuD2KKDvbwv4=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyWpxdpdwY3LCvYBTSg302k6dCYJMxOhhIK/4saFIm79Dnf+jdM2gooeGDiccy73zgkSzpR2nA+rsLK6tr5R3Cxtbe/s7tn7Bx0Vp5LQNol5LHsBKMpZRNuaaU57iaQgAk67weRq7nfvqFQsjm71NKG+gDBiI0ZAG2lgH3khCAFeqE1G4HNPsVDAwC47lcYCeEnqtZw0XOxWnAXKKEdrYL97w5ikgkaacFCq7zqJ9jOQmhFOZyUvVTQBMoGQ9g2NQFDlZ4vzZ/jUKEM8iqV5kcYL9ftEBkKpqQhMUoAeq9/eXPzL66d6dOlnLEpSTSOyXDRKOdYxnneBh0xSovnUECCSmVsxGYMEok1jJVPC10/x/6RTrbgXFeemVm5W8zqK6BidoDPkojpqomvUQm1EUIYe0BN6tu6tR+vFel1GC1Y+c4h+wHr7BOp8lhY=</latexit>

� & 3�



The outcome: a broken power law

At                3D reconnection leads to a universal (σ-independent) slope of p=2.
<latexit sha1_base64="OmnvN5aMzgJxXk7wuD2KKDvbwv4=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyWpxdpdwY3LCvYBTSg302k6dCYJMxOhhIK/4saFIm79Dnf+jdM2gooeGDiccy73zgkSzpR2nA+rsLK6tr5R3Cxtbe/s7tn7Bx0Vp5LQNol5LHsBKMpZRNuaaU57iaQgAk67weRq7nfvqFQsjm71NKG+gDBiI0ZAG2lgH3khCAFeqE1G4HNPsVDAwC47lcYCeEnqtZw0XOxWnAXKKEdrYL97w5ikgkaacFCq7zqJ9jOQmhFOZyUvVTQBMoGQ9g2NQFDlZ4vzZ/jUKEM8iqV5kcYL9ftEBkKpqQhMUoAeq9/eXPzL66d6dOlnLEpSTSOyXDRKOdYxnneBh0xSovnUECCSmVsxGYMEok1jJVPC10/x/6RTrbgXFeemVm5W8zqK6BidoDPkojpqomvUQm1EUIYe0BN6tu6tR+vFel1GC1Y+c4h+wHr7BOp8lhY=</latexit>

� & 3�

At               injection in reconnection leads to σ-dependent slopes, as hard as p=1.
<latexit sha1_base64="ZiM9KNipiBcDwsYqnvQp2yae8Vc=">AAAB/3icdVBNSwMxEM36WetXVfDiJVgET8tuLdbeCl48VrAf0C1lNk23oUl2SbJCqT34V7x4UMSrf8Ob/8a0XUFFHww83pthZl6YcKaN5304S8srq2vruY385tb2zm5hb7+p41QR2iAxj1U7BE05k7RhmOG0nSgKIuS0FY4uZ37rlirNYnljxgntCogkGzACxkq9wmEQgRAQcKq1ZgKfBZpFAnqFoudW58ALUilnpOpj3/XmKKIM9V7hPejHJBVUGsJB647vJaY7AWUY4XSaD1JNEyAjiGjHUgmC6u5kfv8Un1iljwexsiUNnqvfJyYgtB6L0HYKMEP925uJf3md1AwuuhMmk9RQSRaLBinHJsazMHCfKUoMH1sCRDF7KyZDUECMjSxvQ/j6FP9PmiXXP3e963KxVsriyKEjdIxOkY8qqIauUB01EEF36AE9oWfn3nl0XpzXReuSk80coB9w3j4BuOaWig==</latexit>

� . 3�
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<latexit sha1_base64="w/5iLL/jQbyy/BZNvTqYqyFoKds=">AAAB+3icdVDLSsNAFJ3UV62vWJduBovgqiS1WLsruHFZwT6gKeVmOkmHziRhZiKW0l9x40IRt/6IO//GaRpBRQ/cy+Gce5k7x084U9pxPqzC2vrG5lZxu7Szu7d/YB+WuypOJaEdEvNY9n1QlLOIdjTTnPYTSUH4nPb86dXS791RqVgc3epZQocCwogFjIA20sgueyEIAZ5iAp+bHgoY2RWn2syAV6RRz0nTxW7VyVBBOdoj+90bxyQVNNKEg1ID10n0cA5SM8LpouSliiZAphDSgaERCKqG8+z2BT41yhgHsTQVaZyp3zfmIJSaCd9MCtAT9dtbin95g1QHl8M5i5JU04isHgpSjnWMl0HgMZOUaD4zBIhk5lZMJiCBaBNXyYTw9VP8P+nWqu5F1bmpV1q1PI4iOkYn6Ay5qIFa6Bq1UQcRdI8e0BN6thbWo/Viva5GC1a+c4R+wHr7BGpzlKs=</latexit>

� ⇠ 3�
<latexit sha1_base64="gzj2P+uQ/tQZ/Ek0UXMC1DqQTy8=">AAACCHicdVDLSsNAFJ34rPVVdenCwSK4Kkkp1i6EghuXFewDmhAm05t26EwSZiZCCV268VfcuFDErZ/gzr9x2lRQ0QP3cjjnXmbuCRLOlLbtD2tpeWV1bb2wUdzc2t7ZLe3td1ScSgptGvNY9gKigLMI2pppDr1EAhEBh24wvpz53VuQisXRjZ4k4AkyjFjIKNFG8ktHrmJDQXy4cENJaCb8ZGoaTHMd+6WyXWnMgXNSry1Iw8FOxZ6jjBZo+aV3dxDTVECkKSdK9R070V5GpGaUw7TopgoSQsdkCH1DIyJAedn8kCk+McoAh7E0FWk8V79vZEQoNRGBmRREj9Rvbyb+5fVTHZ57GYuSVENE84fClGMd41kqeMAkUM0nhhAqmfkrpiNiAtEmu6IJ4etS/D/pVCvOWcW+rpWb1UUcBXSIjtEpclAdNdEVaqE2ougOPaAn9GzdW4/Wi/Wajy5Zi50D9APW2yc24Jq5</latexit>
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Relativistic reconnection vs 
relativistic shocks  

(as UHECRs accelerators)



(Zhang, LS, Giannios 21)

L=box length
Density

• They get accelerated linearly in time, γ ∝ t, by the 
large-scale (ideal) electric field in the upstream. 

• The energy gain rate approaches 

The highest energy particles in 3D

<latexit sha1_base64="xMddHYdTEUV/8y2x5GgsasmcRYI="></latexit>

�̇ =
⌘ rec

!c

• In 3D, lucky particles escape from plasmoids 
(Dahlin+15) and wiggle “free” around the layer. 

• AGN jets are able to accelerate UHECRs.



Gamma-ray burst external shocks: 

• γ0~a few hundreds 

• weakly magnetized: σ~10-9

• quasi-perpendicular shocks

Relativistic shocks in GRBs

� =
B2

0

4⇡�0n0mpc2

(Gehrels et al 02)

external 
shocks

θ~90°

γ0

B0

UpstreamDownstream



Density

εB

Density

⟨Density⟩

εB

⟨εB⟩

Weakly magnetized shocks
Mediated by the Weibel instability, that generates small-scale sub-equipartition magnetic fields.

2D PIC simulation of   σ=0   γ0=15   e--e+ shock



εB

γ

σ=0   γ0=15   e--e+ shock

Particle acceleration via the Fermi process in self-generated turbulence,  
for initially unmagnetized (i.e., σ=0) or weakly magnetized flows.

The Fermi process in low-σ shocks

(LS et al 13)

Shock



GRB shocks accelerate non-thermal particles

Conclusions are the same in 2D and 3D, for electron-positron and electron-ion plasmas

Time →

(LS et al. 13, Martins et 
al. 09, Haugbolle 10)

non-thermal

thermal
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Particle Lorentz factor γ



GRB shocks are slow accelerators

By scattering off small-scale Weibel turbulence, the maximum energy grows as γmax∝t1/2.  

Instead, most models of particle acceleration in shocks assume γmax∝t (Bohm scaling).

(LS et al. 13)




