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Crab Nebula (pulsar)

Image courtesy:
X-ray: NASA/CXC/SAO; Optical: NASA/
STScI; Infrared: NASA-JPL-Caltech

Fermi Bubble

Ackermann+2011
Curtesy: GMRT,  ROSAT
van Weeren+2010

 SN1006 (Supernova remnant)                              

Image courtesy : CEA/DSM/DAPNIA/SAp 
and ESA, CTIO,  NRAO/VLA, HESS.

Cygnus Superbubble, Star cluster
LL Orionis bow shock

10 km ~ AU ~ 1 pc ~ 50 pc ~ kpc ~ Mpc

Courtesy: NASA/HST

Radio relics (in galaxy clusters)

Nonthermal sources: similar emission spectra

https://en.wikipedia.org/w/index.php?title=LL_Orionis&action=edit&redlink=1
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Crab Nebula (pulsar)

Image courtesy:
X-ray: NASA/CXC/SAO; Optical: NASA/
STScI; Infrared: NASA-JPL-Caltech

Fermi Bubble

Ackermann+2011
Curtesy: GMRT,  ROSAT
van Weeren+2010

Sausage radio relics (galaxy clusters)

 SN1006 (Supernova remnant)                              

Image courtesy : CEA/DSM/DAPNIA/SAp 
and ESA, CTIO,  NRAO/VLA, HESS.

Cygnus Superbubble, Star cluster
LL Orionis bow shock

10 km ~AU pc ~50 pc ~ kpc ~ Mpc

Nonthermal sources: acceleration mechanism

Emission spectra follow power-law


Thermal explanations do not work


Highly energetic charged particles are required


Possible mechanisms: Fermi Acceleration (Fermi, 1949)


Diffusive shock Acceleration, Magnetic reconnection

Enrico Fermi

Axford et al. 1977; Bell 1978; Blandford & Ostriker 1978; 

https://en.wikipedia.org/w/index.php?title=LL_Orionis&action=edit&redlink=1
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Diffusive Shock Acceleration 

UpstreamDownstream

Converging flowsvdown
vup

N(E) = N(E0)( E
E0 )

−qE

⟺ N(p) = N(p0)( p
p0 )

−qp
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Challenges

Normalization 

Different species (e.g., protons, electrons, heavier ions)

<latexit sha1_base64="rzbgFvozZKqpnz8ejWvIOgRRjJk="></latexit>

MA, Ms, vsh, ✓BnSpectral index

Maximum energy }
N(E) = N(E0)( E

E0 )
−qE

⟺ N(p) = N(p0)( p
p0 )

−qp

Observations

Recent studies: e.g.,  Guo+2014, Bell+2013, Caprioli+2014,2015,  Park+2015, Bell+2019, Caprioli+2020,  
Bohdan+2020, Pohl 2021, Shalaby+2022,…
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Outline

Reflection at shock

Injection into DSA

Energization at shock foot

Electromagnetic turbulence
Self-consistent investigation 

is necessary 

Fully Kinetic Simulation
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B0

Shocks from First Principles

Define E, B fields


Populate cells with charged particles


Evolve particles based on Lorenz force


Estimate current


Solve Maxwell equations

Ti = Te
<latexit sha1_base64="soS3yu/PRD7pneeNVJJUPqKjrzA=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8EiuCozIuhGKLpxWaE3aIchk55pQ5PMkGSEMhR8FTcuFHHrc7jzbUzbWWjrD4GP/5zDOfmjlDNtPO/bWVldW9/YLG2Vt3d29/bdg8OWTjJFoUkTnqhORDRwJqFpmOHQSRUQEXFoR6O7ab39CEqzRDbMOIVAkIFkMaPEWCt0jxth3lMCswm+wQXDJHQrXtWbCS+DX0AFFaqH7levn9BMgDSUE627vpeaICfKMMphUu5lGlJCR2QAXYuSCNBBPjt/gs+s08dxouyTBs/c3xM5EVqPRWQ7BTFDvVibmv/VupmJr4OcyTQzIOl8UZxxbBI8zQL3mQJq+NgCoYrZWzEdEkWosYmVbQj+4peXoXVR9b2q/3BZqd0WcZTQCTpF58hHV6iG7lEdNRFFOXpGr+jNeXJenHfnY9664hQzR+iPnM8f9hKU1A==</latexit><latexit sha1_base64="soS3yu/PRD7pneeNVJJUPqKjrzA=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8EiuCozIuhGKLpxWaE3aIchk55pQ5PMkGSEMhR8FTcuFHHrc7jzbUzbWWjrD4GP/5zDOfmjlDNtPO/bWVldW9/YLG2Vt3d29/bdg8OWTjJFoUkTnqhORDRwJqFpmOHQSRUQEXFoR6O7ab39CEqzRDbMOIVAkIFkMaPEWCt0jxth3lMCswm+wQXDJHQrXtWbCS+DX0AFFaqH7levn9BMgDSUE627vpeaICfKMMphUu5lGlJCR2QAXYuSCNBBPjt/gs+s08dxouyTBs/c3xM5EVqPRWQ7BTFDvVibmv/VupmJr4OcyTQzIOl8UZxxbBI8zQL3mQJq+NgCoYrZWzEdEkWosYmVbQj+4peXoXVR9b2q/3BZqd0WcZTQCTpF58hHV6iG7lEdNRFFOXpGr+jNeXJenHfnY9664hQzR+iPnM8f9hKU1A==</latexit><latexit sha1_base64="soS3yu/PRD7pneeNVJJUPqKjrzA=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8EiuCozIuhGKLpxWaE3aIchk55pQ5PMkGSEMhR8FTcuFHHrc7jzbUzbWWjrD4GP/5zDOfmjlDNtPO/bWVldW9/YLG2Vt3d29/bdg8OWTjJFoUkTnqhORDRwJqFpmOHQSRUQEXFoR6O7ab39CEqzRDbMOIVAkIFkMaPEWCt0jxth3lMCswm+wQXDJHQrXtWbCS+DX0AFFaqH7levn9BMgDSUE627vpeaICfKMMphUu5lGlJCR2QAXYuSCNBBPjt/gs+s08dxouyTBs/c3xM5EVqPRWQ7BTFDvVibmv/VupmJr4OcyTQzIOl8UZxxbBI8zQL3mQJq+NgCoYrZWzEdEkWosYmVbQj+4peXoXVR9b2q/3BZqd0WcZTQCTpF58hHV6iG7lEdNRFFOXpGr+jNeXJenHfnY9664hQzR+iPnM8f9hKU1A==</latexit><latexit sha1_base64="soS3yu/PRD7pneeNVJJUPqKjrzA=">AAAB/nicbZDLSgMxFIYzXmu9jYorN8EiuCozIuhGKLpxWaE3aIchk55pQ5PMkGSEMhR8FTcuFHHrc7jzbUzbWWjrD4GP/5zDOfmjlDNtPO/bWVldW9/YLG2Vt3d29/bdg8OWTjJFoUkTnqhORDRwJqFpmOHQSRUQEXFoR6O7ab39CEqzRDbMOIVAkIFkMaPEWCt0jxth3lMCswm+wQXDJHQrXtWbCS+DX0AFFaqH7levn9BMgDSUE627vpeaICfKMMphUu5lGlJCR2QAXYuSCNBBPjt/gs+s08dxouyTBs/c3xM5EVqPRWQ7BTFDvVibmv/VupmJr4OcyTQzIOl8UZxxbBI8zQL3mQJq+NgCoYrZWzEdEkWosYmVbQj+4peXoXVR9b2q/3BZqd0WcZTQCTpF58hHV6iG7lEdNRFFOXpGr+jNeXJenHfnY9664hQzR+iPnM8f9hKU1A==</latexit>

� = Pg/PB ⇡ 1
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Current and Charge 
densities

Particles Electric and  
Magnetic fields

M
axwell’s equations

Lorentz force 

De
po

sit
io

n 
to

 g
rid

Tristan-MP  (Spitkovsky 2008)

Define E, B fields


Populate cells with charged particles


Evolve particles based on Lorenz force


Estimate current


Solve Maxwell equations

Ti = Te
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Shocks from First Principles
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Shocks from First Principles (1D)

Gupta, Caprioli, Spitkovsky, in prep
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Power law

M
axw

ellian

M
axw

ellian

Power law

Shocks from First Principles (1D)

Gupta, Caprioli, Spitkovsky, in prep
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Shock modifies the initial magnetic orientation

Shocks from First Principles (2D)

1D quasi-parallel shock contains the key ingredients
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Proton reflection

Structure evolves in ~ 
<latexit sha1_base64="oNKlANTqEossG/jKZ7qO6bQhTQU=">AAACIXicbVBNS8NAEN3Ur1q/oh69LBbBU0lEtMeiF48V7Ac0oWy2k3bpbhJ2N0IJ+Ste/CtePCjSm/hn3LY5aNsHA4/3ZpiZFyScKe0431ZpY3Nre6e8W9nbPzg8so9P2ipOJYUWjXksuwFRwFkELc00h24igYiAQycY38/8zjNIxeLoSU8S8AUZRixklGgj9e26F0pCMzfPvFjAkPQzTwpMIc+xxzle7zLj9u2qU3PmwKvELUgVFWj27ak3iGkqINKUE6V6rpNoPyNSM8ohr3ipgoTQMRlCz9CICFB+Nv8wxxdGGeAwlqYijefq34mMCKUmIjCdguiRWvZm4jqvl+qw7mcsSlINEV0sClOOdYxnceEBk0A1nxhCqGTmVkxHxISiTagVE4K7/PIqaV/V3Jva9eN1tXFXxFFGZ+gcXSIX3aIGekBN1EIUvaA39IE+rVfr3fqypovWklXMnKJ/sH5+AaNMpGw=</latexit>
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!ci

Structure evolves in ~ 
<latexit sha1_base64="oNKlANTqEossG/jKZ7qO6bQhTQU=">AAACIXicbVBNS8NAEN3Ur1q/oh69LBbBU0lEtMeiF48V7Ac0oWy2k3bpbhJ2N0IJ+Ste/CtePCjSm/hn3LY5aNsHA4/3ZpiZFyScKe0431ZpY3Nre6e8W9nbPzg8so9P2ipOJYUWjXksuwFRwFkELc00h24igYiAQycY38/8zjNIxeLoSU8S8AUZRixklGgj9e26F0pCMzfPvFjAkPQzTwpMIc+xxzle7zLj9u2qU3PmwKvELUgVFWj27ak3iGkqINKUE6V6rpNoPyNSM8ohr3ipgoTQMRlCz9CICFB+Nv8wxxdGGeAwlqYijefq34mMCKUmIjCdguiRWvZm4jqvl+qw7mcsSlINEV0sClOOdYxnceEBk0A1nxhCqGTmVkxHxISiTagVE4K7/PIqaV/V3Jva9eN1tXFXxFFGZ+gcXSIX3aIGekBN1EIUvaA39IE+rVfr3fqypovWklXMnKJ/sH5+AaNMpGw=</latexit>

1

!ce
⌧ 1

!ci

Specular reflection

Extensively investigated using

Hybrid PIC simulations 

(ion-particle+fluid electrons)

Density overshoot

C

x[di]

Upstream modification

 (e.g., Gargaté+12,Caprioli+14)
(Gupta, Caprioli, Spitkovsky, in prep)
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Electron reflection

Shock is quasi-stationary

<latexit sha1_base64="oNKlANTqEossG/jKZ7qO6bQhTQU=">AAACIXicbVBNS8NAEN3Ur1q/oh69LBbBU0lEtMeiF48V7Ac0oWy2k3bpbhJ2N0IJ+Ste/CtePCjSm/hn3LY5aNsHA4/3ZpiZFyScKe0431ZpY3Nre6e8W9nbPzg8so9P2ipOJYUWjXksuwFRwFkELc00h24igYiAQycY38/8zjNIxeLoSU8S8AUZRixklGgj9e26F0pCMzfPvFjAkPQzTwpMIc+xxzle7zLj9u2qU3PmwKvELUgVFWj27ak3iGkqINKUE6V6rpNoPyNSM8ohr3ipgoTQMRlCz9CICFB+Nv8wxxdGGeAwlqYijefq34mMCKUmIjCdguiRWvZm4jqvl+qw7mcsSlINEV0sClOOdYxnceEBk0A1nxhCqGTmVkxHxISiTagVE4K7/PIqaV/V3Jva9eN1tXFXxFFGZ+gcXSIX3aIGekBN1EIUvaA39IE+rVfr3fqypovWklXMnKJ/sH5+AaNMpGw=</latexit>

1

!ce
⌧ 1

!ci

Self-consistent PIC investigations  
started since past decade.

A conclusive answer is still missing

 (e.g., Riquelme+2011, Guo+2014, 
Park+2015, Bohdan+2019, Xu+2020, 
Shalaby+2022, Morris+2022)

Electron reflection is 
apparently messy 

C

x[di]

(Gupta, Caprioli, Spitkovsky, in prep)
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Reflection of test particle protons and electrons

Proton reflection: regulated by the strength of the shock barrier and inclination of B field                                                                                                        (specular reflection — Caprioli, Pop, Spitkovsky 2015) 

Electron reflection: apparently messy. (Gupta, Caprioli, & Spitkovsky, in prep)

Shock is a not sharp surface

Proton

Electron
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CR momentum flux in simulation frame

SG, Caprioli, Haggerty 2021 ApJ

⇠ / PCR

PB0
<latexit sha1_base64="xSGtwUQ/GLZvlHtjx42e6NUBNaw=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTMi6LK0G5dV7AM6w5BJM21oMhOSjFiG+QY3/oobF4q4deXOvzFtR9DWA4HDOfdyc04oGFXacb6speWV1bX10kZ5c2t7Z9fe22+rJJWYtHDCEtkNkSKMxqSlqWakKyRBPGSkE44aE79zR6SiSXyrx4L4HA1iGlGMtJEC+9S7p9ATMhE6gV4kEc6aQeZJDhs3ef7D606eB3bFqTpTwEXiFqQCCjQD+9PrJzjlJNaYIaV6riO0nyGpKWYkL3upIgLhERqQnqEx4kT52TRSDo+N0odRIs2LNZyqvzcyxJUa89BMcqSHat6biP95vVRHl35GY5FqEuPZoShl0MSf9AP7VBKs2dgQhCU1f4V4iEwv2rRYNiW485EXSfus6jpV9/q8UqsXdZTAITgCJ8AFF6AGrkATtAAGD+AJvIBX69F6tt6s99noklXsHIA/sD6+ARP2nbU=</latexit><latexit sha1_base64="xSGtwUQ/GLZvlHtjx42e6NUBNaw=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTMi6LK0G5dV7AM6w5BJM21oMhOSjFiG+QY3/oobF4q4deXOvzFtR9DWA4HDOfdyc04oGFXacb6speWV1bX10kZ5c2t7Z9fe22+rJJWYtHDCEtkNkSKMxqSlqWakKyRBPGSkE44aE79zR6SiSXyrx4L4HA1iGlGMtJEC+9S7p9ATMhE6gV4kEc6aQeZJDhs3ef7D606eB3bFqTpTwEXiFqQCCjQD+9PrJzjlJNaYIaV6riO0nyGpKWYkL3upIgLhERqQnqEx4kT52TRSDo+N0odRIs2LNZyqvzcyxJUa89BMcqSHat6biP95vVRHl35GY5FqEuPZoShl0MSf9AP7VBKs2dgQhCU1f4V4iEwv2rRYNiW485EXSfus6jpV9/q8UqsXdZTAITgCJ8AFF6AGrkATtAAGD+AJvIBX69F6tt6s99noklXsHIA/sD6+ARP2nbU=</latexit><latexit sha1_base64="xSGtwUQ/GLZvlHtjx42e6NUBNaw=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTMi6LK0G5dV7AM6w5BJM21oMhOSjFiG+QY3/oobF4q4deXOvzFtR9DWA4HDOfdyc04oGFXacb6speWV1bX10kZ5c2t7Z9fe22+rJJWYtHDCEtkNkSKMxqSlqWakKyRBPGSkE44aE79zR6SiSXyrx4L4HA1iGlGMtJEC+9S7p9ATMhE6gV4kEc6aQeZJDhs3ef7D606eB3bFqTpTwEXiFqQCCjQD+9PrJzjlJNaYIaV6riO0nyGpKWYkL3upIgLhERqQnqEx4kT52TRSDo+N0odRIs2LNZyqvzcyxJUa89BMcqSHat6biP95vVRHl35GY5FqEuPZoShl0MSf9AP7VBKs2dgQhCU1f4V4iEwv2rRYNiW485EXSfus6jpV9/q8UqsXdZTAITgCJ8AFF6AGrkATtAAGD+AJvIBX69F6tt6s99noklXsHIA/sD6+ARP2nbU=</latexit><latexit sha1_base64="xSGtwUQ/GLZvlHtjx42e6NUBNaw=">AAACEnicbVDLSgMxFM34rPU16tJNsAi6KTMi6LK0G5dV7AM6w5BJM21oMhOSjFiG+QY3/oobF4q4deXOvzFtR9DWA4HDOfdyc04oGFXacb6speWV1bX10kZ5c2t7Z9fe22+rJJWYtHDCEtkNkSKMxqSlqWakKyRBPGSkE44aE79zR6SiSXyrx4L4HA1iGlGMtJEC+9S7p9ATMhE6gV4kEc6aQeZJDhs3ef7D606eB3bFqTpTwEXiFqQCCjQD+9PrJzjlJNaYIaV6riO0nyGpKWYkL3upIgLhERqQnqEx4kT52TRSDo+N0odRIs2LNZyqvzcyxJUa89BMcqSHat6biP95vVRHl35GY5FqEuPZoShl0MSf9AP7VBKs2dgQhCU1f4V4iEwv2rRYNiW485EXSfus6jpV9/q8UqsXdZTAITgCJ8AFF6AGrkATtAAGD+AJvIBX69F6tt6s99noklXsHIA/sD6+ARP2nbU=</latexit>

Charge and mass do not matter


Magnetic field at saturation depends on 

What can drive EM turbulence:      is crucialPCR

PB0

Results obtained from 
controlled periodic box 
simulations reported in
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What balances the ion current 

(Gupta, Caprioli, Spitkovsky, in prep)

(e.g., Bell & Lucek 2001, Bell 2004, Amato & Blasi 2009)

Proton beam  
(driving resonant/non-resonant instab.)

x[di]
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Electrons are lighter than protons: more or less all plasma processes impact on dynamics

instabilities at the shock foot 

magnetic reconnection 

shock drift acceleration 

shock surfing acceleration 

…

It is important to figure out which one is more effective

Electrons DO NOT become nonthermal easily 

Not limited to 
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Magnetic gradient

Downstream

Upstream

Shock Drift Acceleration: Revisited

Charge particle

<latexit sha1_base64="eGf+NCSewY2uSsbZsh1OZO7qIMs="></latexit>

Es = �vpt

c
⇥B = ŝ

vpt

c
B

Incoming particles see magnetic gradient


Acceleration due to motional field


Single SDA cycle is rare (Diffusive SDA Park+2015, Stochastic SDA Katou & Amino 2019)
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Magnetic gradient

Downstream

Upstream

Shock Drift Acceleration: Revisited

Charge particle

(Gupta, Caprioli, Spitkovsky, 2022b in prep)We develop analytic framework to quantify SDA gain

<latexit sha1_base64="eGf+NCSewY2uSsbZsh1OZO7qIMs="></latexit>

Es = �vpt

c
⇥B = ŝ

vpt

c
B

Incoming particles see magnetic gradient


Acceleration due to motional field


Single SDA cycle is rare (Diffusive SDA Park+2015, Stochastic SDA Katou & Amino 2019)

SG, Caprioli, Spitkovsky in prep.
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Survey of full PIC nonrelativistic quasi-parallel shocks

Alfvén Mach number


Sonic Mach Number


Shock Speed


Mass ratio

Explored a set of new parameters

SG, Caprioli, Spitkovsky in prep.
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Synthetic spectra

Upstream

Downstream

SG, Caprioli, Spitkovsky in prep.

Thermal Electrons

Synthetic spectra

Theoretical Ingredients
(Including Reflection, SDA, DSA)

 2 M CPU hr simulation 10 mins in 1 CPU≳ →
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Takehome messages

Thank you!

Electron energization:
SDA is efficient, multiple cycles are required

D
SA

 lo
op

Minimal model:
synthetic spectra agree with simulation

What balances the ion current:
electrons?

Electron to proton ratio:
first time for different shock environments

Gupta, Caprioli, & Spitkovsky a,b in prep

Electron reflection:
apparently messy, but follows a pattern

A survey of quasi-parallel nonrelativistic shock 
simulations:

<latexit sha1_base64="M1XhmQz6gDt/n6k90sJrOqZlXKk="></latexit>

vsh,MA,Ms andmi/meReflection at shock

 Injection into DSA

Energization at shock foot

Electromagnetic turbulence


