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M82 or the Cigar galaxy, shines brightly at infrared wavelengths and is remarkable for its 
star formation activity. 


This stunning Hubble image of M82 was assembled using observations at different 
wavelengths. The red in the image represents hydrogen and infrared light, indicating 
starburst activity. The blue and greenish-yellow color represent visible wavelengths of light.


https://www.nasa.gov/feature/goddard/2017/messier-82-the-cigar-galaxy


https://www.nasa.gov/feature/goddard/2017/messier-82-the-cigar-galaxy


Outline

• What are cosmic rays (CRs), why are they important? 

• Relevant physics background 

• Subset of results



What is a cosmic ray?

Gaisser/Zweibel 13

CR == Relativistic, Charged 
Particle From Space

Mostly bare protons with  
~ GeV energies (𝛾 ~ 2)

Accelerated into power law 
distributions by shock waves

CRs are isotropic - no preferred 
arrival direction

CRs are collisionless - they 
don’t directly interact with 

background gas

Give energy scale comparison


Supernova remnant shocks (point 
sources)


Mention oh-my-god


Compare isotropy to looking at stars 
or a lightbulb




Energy Equipartition!!

Why are CRs important?

Draine 11

CRs are a substantial reservoir of energy

CRs are sparse - relatively 
small number densities



How do we study CRs?
• Where do they come 

from? Shock Acceleration C
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• Where are they going?
Observations
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• Where are they going?
Observations

• How did they get 
there? Transport

Linear/Quasilinear  
Kinetic Theory 

Kinetic Simulation

Magneto-Fluid 
Theory 

Fluid Simulation

Have to split the problem because of 
scale separation - Micro vs. Macro



CR Driven Winds
G

iri
ch

id
is

+ 
18

Fluid simulations take the 
standard MHD equations with 
additional terms that model 
CR and supernova feedback

The parameters matter



CR Self-Confinement
• CRs originate from point sources, but are 

somehow isotropized 
• Need fluctuations to scatter on 

Solution:  
CRs create the waves that they subsequently 
scatter on 
(self-confinement paradigm)

Cosmic Ray Streaming Instability

Wentzel 68, Kulsrud & Pearce 69



Wave-Particle Resonance

Surfing physics:

Doppler shifted wave frequency = 0

Landau/Cherenkov  
Resonance Condition:



CR Streaming Instability: 
Linear Theory

Gyroresonance Condition
CR anisotropy

Physical picture: unstable waves are “pushed”  
                             by net force of CR anisotropy

Left and Right 
Polarization

“Streaming”



Recap
• CR anisotropy = Instability: 

•  Alfvén waves grow exponentially as momentum is 
transferred from particles to EM fields via resonant 
interactions 

• What we want to know: 

• Validity of linear theory (growth rate) 

• Saturation wave amplitude and nonlinear wave spectra 

• Late time CR anisotropy (drift velocity)



PIC Simulations

• 1D periodic particle-in-cell 
• Maxwellian (isotropic Gaussian velocities) 

background plasma 
• B0 || x 
• CRs with vdr/vA > 1 
• ncr = 10-3 - 10-2 ni

Example Initial  
Condition



Beamed CR Distribution

Parallel momenta

Transverse momenta

Transverse B



Power Law Distribution

B energy (t)B(x)

p(x) B(k)

ncr = 2*10-3 ni 
vD/vA = .8c/.1c             
𝛾 = [2, 10]



Growth Rate
ncr = 2*10-3 ni 
vD/vA = .8c/.1c             
𝛾 = [2, 10]

Measured growth rate 
matches expectation!

Thermal Equilibration

Exponential Growth 
(Linear Phase)

Linear Saturation

Nonlinear Phase

Time
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Total Saturation



Streaming Speeds

vdr

Time

𝛅B2

CR drift speed evolution  
depends on wave 

spectrum

Large amplitude waves 
quickly reduce vdr ➡ vA  

Small amplitude waves 
result in protracted vdr 
decay phase as CRs 

slowly cascade to 
smaller μ



Saturation Mechanism

Instability is quenched when 
gradients are flattened

Initial conditions

Post saturation

90° problem!



Saturation Amplitudes

Conservation of momentum

90° problem



Summary
• CRs interact with magnetic fields (and background plasma 

indirectly) by gyroresonantly scattering on transverse 
perturbations.  

• This instability can drive galactic winds, but only if the CRs can 
strongly couple to the background plasma (vdr ➡ vA). 

• The linear and quasilinear theories accurately predict CR 
streaming evolution under the right conditions, but we discovered 
new parameters regimes where other behaviors are possible. 

• Large amplitude waves are required to fully extract the free 
momentum from CR anisotropy - wave damping exacerbates this 
problem.



Other Work: Wave Damping
CRs give energy to waves via streaming instability, but 

other mechanisms exist that drain energy instead: 
𝜞 = 𝜞cr + 𝜞damp ≟ 0 

• Ion-Neutral Friction 
• Nonlinear Landau Damping 
• Turbulent Damping

ISM
IGM, ISM (maybe)
Everywhere?



Other Work: 
Aperiodic CR Simulations

Malkov+ 13

Performed simulations with 
outflow boundary 

conditions

Disproved some overly 
simplistic analytical theory

Demonstrated the driving 
of CR winds on small 

scales (and even produced 
shocks)



Physics of Charged Particles

Gyrofrequency

Gyroradius

Charged particles move 
in helical orbits around 

magnetic fields



• “Regular” waves

Plasma Waves

Sound, water, string, etc…

• Plasma waves
Alfvén, Langmuir, 

Magnetosonic, L, R, X, O, 
etc…

Alfvén



Slide from X. Bai

Doppler Shifted Wave Frequency = Gyrofrequency



CR Streaming Instability: 
Linear Theory

“Streaming”

Assuming: 
1. Power-law CRs 
2. Small bulk drift vdr 
3. Distribution to infinite p 
4. Wave frequency << 

Gyrofrequency

In general: solve the full growth  
rate integral numerically

Notes: 
1. Instability requires vdr > vA  
2. Polarization degeneracy



Dispersion Relation

Typical PIC-friendly  
parameters 

ncr = 2*10-3 ni 
vD/vA = .8c/.1c             
𝛾 = [2, 10]

Typical “realistic”  
parameters 

ncr = 10-9 ni 
vD/vA = 2*10-4 c/10-4 c 
𝛾 = [1.01, 106]



Particle-In-Cell Method

Up to 1010 particles in a simulation - very expensive!

PIC: discrete EM fields, continuous particles



CR Streaming Instability: 
Quasilinear Theory

Resonant scattering is a nonlinear and nonstationary process

Schlickeiser 03

etc…



Quasilinear Approximation

CR Streaming Instability: 
Quasilinear Theory

Resonant scattering is a nonlinear and nonstationary process

QL scattering ➡ 0 as μ ➡ 0 
90° problem!

Shalchi 09


