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Non-thermal Processes: the Last Refuge of Scoundrels? 

Cosmic Rays 

Turbulence

Magnetic Fields 



Why care about life non-thermal? 
1. Democracy 
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Pgas ⇠ PB ⇠ Pturb ⇠ PCRIn ISM,

In galaxy clusters (ICM)
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Pgas � PB, Pturb, PCR

In CGM, 

WHY??? 

2. Rich Physics 

????? 



General Approach

Hmm…that’s exactly  
what I do for a living.



It is better to be lucky than to be smart 
And the CGM is a good place to get lucky! 

“A lot of people confuse difficult with interesting.” 
— Bohdan Paczynski 

Harder

More interesting

Nervous breakdown 

Great if you are Einstein

No jobs 

CGM theory! 



Magnetic Fields



Why care about magnetic fields? 

1. Anisotropic Transport

Of particles, momentum, heat… 

2. MHD forces

Magnetic pressure 
(B-fields don’t like to 

squeeze) 

Magnetic tension 
(B-fields don’t like 

to bend) 



B-fields grow in many ways 
Turbulent dynamo is probably most relevant to CGM 

Saturates  
when reaches  
equipartition 

with turbulence

Fig credit: J. Schober



What is the B-field in the CGM?  

van der Voort+20
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� ⌧ 1

in biconical 
outflows!

Constraints very uncertain…   

Parts of CGM could be magnetically dominated 

Prochaska+20

Sims: 



Some CGM implications
1. Very different cloud morphology 

Jennings & Li 2020
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� =
Pgas

PB

2. Magnetic pressure support in cold gas 
Hydro MHD

Gronke & Oh 2020



3. Magnetic draping can suppress hydro instabilities 
(via magnetic tension)   

Dursi & Pfrommer 2008

4. Magnetic drag increases momentum coupling of hot and cold phases  

Distance travelled before cold gas comoves with hot wind
Shorter distance means better coupling 

McCourt+15



MHD forces can still surprise you
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� = 27

So far, so good. 

Because you must compare 
perturbed forces, not 

background forces

Ji+18

Example: Thermal instability with gravity + MHD 



here’s the weird thing… 
horizontal and vertical fields give  the same cold gas mass! 

vertical field 

even though they look very different

horizontal field 

Ji+18
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⇢
= 0.29
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Particles also don’t move! 
Buoyancy also suppressed

� = 3

Supported by high pressure regions …which develop because of confining magnetic 
tension



Here’s another head-scratcher 
Outcome of thermal instability w/ B-fields. Solitons?? 

Jiang & Oh 2021 



Turbulence 

When I meet God, I’m going to ask him two questions: why relativity? 
And why turbulence? I really believe he’ll have an answer for the first.  

—Werner Heisenberg 



What’s Turbulence? 

• energy cascades (usually from large to small scales)  

• comes from non-linear term in hydro equations  

• Incompressible hydro: Kolmogorov turbulence

…more than just non-thermal motions
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v ·rv
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Ekinetic

teddy
⇠ ⇢v3

l
⇠ const

More to life than Kolmogorov:  
compressible turbulence (jump directly to small scales!),  
MHD (3 independent cascades!),  
stratified turbulence (vertical motions suppressed)…   
decaying turbulence, etc 

 



Why should you care about turbulence? 

Turbulent 
pressure 
support

Diffuses (metals, entropy …) Tangles and amplifies B-fields

Heats 
Changes multi-phase 

structure

Tan+20



An Inconvenient Truth
We barely resolve turbulence in our sims

Numerical viscosity extends up to ~ 20-30 times the grid scale

Federrath+2010

we’re stirring honey… 



Turbulence & 
Radiative Cooling
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This.. 

looks like this
Brent Tan 



Two highlights 
Details of microscopic heat transfer between phases not important 

Effective cooling: geometric mean of elastic and inelastic collision times    

Not sensitive to  
numerical diffusion 

Don’t need to resolve Field 
length
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⌧̃cool ⇠
r

L

u0 tcool

Just like conduction or radiative transfer 



You want a subgrid model… 
Analytic model for temperature PDFs

By density or emission weighting, get absorption/emission line ratios  
from analytic model which matches sims 

Input: cooling time, turbulent diffusivity

Tan+21 in prep



‘Foggy’ cold gas is observationally driven
Theorists are just catching up… 

Large area covering fraction  
despite low volume filling fraction  
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fV ⇠ 10�4
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fA ⇠ 1

All makes sense if have a fog: intersect many cloudlets along line of sight

Highly  
suprathermal  

line widths
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M ⇠ 100 !

Need a very thin shell which surrounds the halo?? 



OK, you still want to talk sizes
Mike vs. Max

McCourt+2018

Typical size 
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�Mc ⇠ cstcool(T ⇠ 104K)

Gronke & Oh 2018
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�G ⇠ cstcool,mix(T ⇠ 105K) � �McMinimum size 

Trash talk: ’Mist will just dissolve’ Trash talk:‘Big clouds will just shatter’
Who is right? 

Mike McCourt Max Gronke



Both?  



Instead of this… Do this. 

Laminar Flow Turbulent Flow



Gronke & Oh 2021



Lots of cool features

Mass broadly distributed 
across range of scales 

(~1/2 in a big cloud, ~ 1/2 in much smaller clouds) 

<latexit sha1_base64="5iDFGAIn06Nf1dTeD5iNPsAfNBQ=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwFSY1tnVXcOOygn1AW8JkOmmHziRhZiLUUPwVNy4Ucet/uPNvnLQVVPTAhcM593LvPUHCmdIIfVhLyyura+uFjeLm1vbOrr2331JxKgltkpjHshNgRTmLaFMzzWknkRSLgNN2ML7M/fYtlYrF0Y2eJLQv8DBiISNYG8m3D3uhxCQT00z4aAp7iglY8e0Sci5qlbJXgchBqOqW3ZyUq96ZB12j5CiBBRq+/d4bxCQVNNKEY6W6Lkp0P8NSM8LptNhLFU0wGeMh7RoaYUFVP5tdP4UnRhnAMJamIg1n6veJDAulJiIwnQLrkfrt5eJfXjfVYa2fsShJNY3IfFGYcqhjmEcBB0xSovnEEEwkM7dCMsImDm0CK5oQvj6F/5NW2XHPHXTtleq1RRwFcASOwSlwQRXUwRVogCYg4A48gCfwbN1bj9aL9TpvXbIWMwfgB6y3T1HDlRs=</latexit> m

m0
⇠ 6

<latexit sha1_base64="q3aNNK0B1DkMJb/TC8xwN7GNobA=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEVyUZ1La7ghuXFewD2lIyaaYNTWaGJCOUYcBfceNCEbd+hzv/xkxbQUUPXDiccy/33uPHgmuD0IdTWFldW98obpa2tnd299z9g7aOEkVZi0YiUl2faCZ4yFqGG8G6sWJE+oJ1/OlV7nfumNI8Cm/NLGYDScYhDzglxkpD96gfKEJTmaVyiDLY11xCzxu6ZVRBCGGMYU5w9RJZUq/XPFyDOLcsymCJ5tB9748imkgWGiqI1j2MYjNIiTKcCpaV+olmMaFTMmY9S0MimR6k8/MzeGqVEQwiZSs0cK5+n0iJ1HomfdspiZno314u/uX1EhPUBikP48SwkC4WBYmAJoJ5FnDEFaNGzCwhVHF7K6QTYvMwNrGSDeHrU/g/aXsVfFFBN+flRm0ZRxEcgxNwBjCogga4Bk3QAhSk4AE8gWfn3nl0XpzXRWvBWc4cgh9w3j4BsPOVRw==</latexit> m
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Entire box

Biggest cloud
But area dominated by small cloudlets

Along a random line of sight, you are much more likely 
to pierce the ‘fog’ than a ‘cloud’



Mass threshold 
similar to  
wind problem 
(Gronke & Oh 
2018)

Large clouds are required for survival 

Equivalent mass in small droplets doesn’t work  
Coagulation too slow to ensure survival 

Big clouds live

Small clouds die Growth roughly fits analytic models 
but transition to exponential growth when 
small clouds dominate area 

live

die



Outcome is highly stochastic 
… a lot of ‘cosmic variance’ 

Monte-Carlo approach (‘shattering’ tree) probably useful 

t

Invert merger tree

Need to ensemble average! 



The big cloud…

..launches the droplets 

which do battle and get 
blown up 

but the mothership survives 
and keeps launching more

The Hollywood Version

Continuous growth and breakup  
on all scales 

The Nerd Version 



Cosmic Rays



Why should you care about Cosmic Rays? 

They drive  

Galactic winds 

and dominate in 

the halo 
Salem & Bryan 2014

They provide 

non-thermal pressure 

support 

Butsky+20

Wiener+17
They heat and alter 
thermal interfaces



Cosmic Ray Physics in a Nutshell

CRs are relativistic… but they live in our Galaxy for ⇠ 3⇥ 107yr � Lgal

c
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Why?? 

They are self-confined by the streaming instability

Scatter off magnetic fluctuations 

Random walk out 

� ⇠ rL/(�B/B)2 ⇠ 1 pc

<latexit sha1_base64="qNK9O+1VQgvWBDCTzvYeG7Hqtk4=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCBymJFKy3ghePFewHNKFstpt26W4SdjdiCfkrXjwo4tU/4s1/47bNQVsfDDzem2FmXpBwprTjfFuljc2t7Z3ybmVv/+DwyD6udlWcSkI7JOax7AdYUc4i2tFMc9pPJMUi4LQXTG/nfu+RSsXi6EHPEuoLPI5YyAjWRhraVU8xgVzkXaLMkwIlJB/aNafuLIDWiVuQGhRoD+0vbxSTVNBIE46VGrhOov0MS80Ip3nFSxVNMJniMR0YGmFBlZ8tbs/RuVFGKIylqUijhfp7IsNCqZkITKfAeqJWvbn4nzdIddj0MxYlqaYRWS4KU450jOZBoBGTlGg+MwQTycytiEywxESbuComBHf15XXSvaq7jfrNfaPWahZxlOEUzuACXLiGFtxBGzpA4Ame4RXerNx6sd6tj2VrySpmTuAPrM8fO7CTRQ==</latexit>

See Zweibel 2013, 2017 for reviews and Ellen’s talk on Thurs!  



Can write two-fluid hydrodynamic equations. 

CRs stream at Alfven velocity 

CRs push gas with force rPc

<latexit sha1_base64="U25km5NXwjRU1eCxp1USwVPoExQ=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjxWsB/QhjLZbtqlm03c3RRK6O/w4kERr/4Yb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTlo5TRVmTxiJWnQA1E1yypuFGsE6iGEaBYO1gfDf32xOmNI/lo5kmzI9wKHnIKRor+T2JgUDS6Gd0Rvrlilt1FyDrxMtJBXI0+uWv3iCmacSkoQK17npuYvwMleFUsFmpl2qWIB3jkHUtlRgx7WeLo2fkwioDEsbKljRkof6eyDDSehoFtjNCM9Kr3lz8z+umJqz5GZdJapiky0VhKoiJyTwBMuCKUSOmliBV3N5K6AgVUmNzKtkQvNWX10nrqupdV28friv1Wh5HEc7gHC7Bgxuowz00oAkUnuAZXuHNmTgvzrvzsWwtOPnMKfyB8/kDEk+Rog==</latexit>

vA ·rPc

<latexit sha1_base64="Y2Mr4pOoU4vAU5MF0DzZBvQ1qYU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiRSsO4qblxWsA9oQphMJu3QyUyYmRRK6MqNv+LGhSJu/QZ3/o3TNgttPXDhcM693HtPmDKqtON8W6W19Y3NrfJ2ZWd3b//APjzqKJFJTNpYMCF7IVKEUU7ammpGeqkkKAkZ6Yaj25nfHROpqOAPepISP0EDTmOKkTZSYJ+Og9yTCbyZQg9HQkOPo5Ah2ApyPIWBXXVqzhxwlbgFqYICrcD+8iKBs4RwjRlSqu86qfZzJDXFjEwrXqZIivAIDUjfUI4Sovx8/sYUnhslgrGQpriGc/X3RI4SpSZJaDoTpIdq2ZuJ/3n9TMcNP6c8zTTheLEozhjUAs4ygRGVBGs2MQRhSc2tEA+RRFib5ComBHf55VXSuay59dr1fb3abBRxlMEJOAMXwAVXoAnuQAu0AQaP4Bm8gjfryXqx3q2PRWvJKmaOwR9Ynz/xJpgi</latexit>

CRs heat gas at rate

As rPc ! 0

<latexit sha1_base64="RRKdnGJhk/XeUVUTDEngZ31dWp4=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCp5JIwXorePFYwbZCE8Jku2mXbjZhd6OU0JsX/4oXD4p49S9489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w86KskkoW2S8ETehaAoZ4K2NdOc3qWSQhxy2g1HV1O/e0+lYom41eOU+jEMBIsYAW2kwD72BIQccCvIPRljMsGeZIOhBimTB+wEdtWpOTPgZeIWpIoKtAL7y+snJIup0ISDUj3XSbWfg9SMcDqpeJmiKZARDGjPUAExVX4++2OCT43Sx1EiTQmNZ+rviRxipcZxaDpj0EO16E3F/7xepqOGnzORZpoKMl8UZRzrBE9DwX0mKdF8bAgQycytmAxBAtEmuooJwV18eZl0zmtuvXZ5U682G0UcZXSETtAZctEFaqJr1EJtRNAjekav6M16sl6sd+tj3lqyiplD9AfW5w8Wm5jN</latexit>

CRs decouple and stream at speed of light

They can also diffuse relative to Alfven wave frame, with flux:  

<latexit sha1_base64="UcxX0MM1syFNBREt76O2CNxNr7M=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiIVuxGqblxWsA9oQplMJ+3QyUycmRRKyNqNv+LGhSJu/QJ3/o3TNgttPXDhcM693HtPEDOqtON8W0vLK6tr64WN4ubW9s6uvbffVCKRmDSwYEK2A6QIo5w0NNWMtGNJUBQw0gqGNxO/NSJSUcHv9TgmfoT6nIYUI22krn006l7BS+iFEuH0Oks99SB1WoFeTKEnByLLunbJKTtTwEXi5qQEctS79pfXEziJCNeYIaU6rhNrP0VSU8xIVvQSRWKEh6hPOoZyFBHlp9NXMnhilB4MhTTFNZyqvydSFCk1jgLTGSE9UPPeRPzP6yQ6rPop5XGiCcezRWHCoBZwkgvsUUmwZmNDEJbU3ArxAJlUtEmvaEJw519eJM2zsntedu4qpVo1j6MADsExOAUuuAA1cAvqoAEweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A3Izmhg=</latexit>

vA =
Bp
4⇡⇢

<latexit sha1_base64="9wbqnnOTFt4Igi4ATjAjzJZL0ks=">AAACFHicbVDLSgNBEJyNrxhfqx69DAZBEMOuKOYiBATxGME8IBuW3skkGTI7O8zMCmHJR3jxV7x4UMSrB2/+jZPHQRMLGoqqbrq7IsmZNp737eSWlldW1/LrhY3Nre0dd3evrpNUEVojCU9UMwJNORO0ZpjhtCkVhTjitBENrsd+44EqzRJxb4aStmPoCdZlBIyVQvfkJswCFWMywlf4FAcDkBKsJEEB55SPcCAg4oCrIQndolfyJsCLxJ+RIpqhGrpfQSchaUyFIRy0bvmeNO0MlGGE01EhSDWVQAbQoy1LBcRUt7PJUyN8ZJUO7ibKljB4ov6eyCDWehhHtjMG09fz3lj8z2ulpltuZ0zI1FBBpou6KccmweOEcIcpSgwfWgJEMXsrJn0bBzE2x4INwZ9/eZHUz0r+Rcm7Oy9WyrM48ugAHaJj5KNLVEG3qIpqiKBH9Ixe0Zvz5Lw4787HtDXnzGb20R84nz8Mm52N</latexit>

Fc = �krPc

Tangled magnetic fields can also cause effectively diffusive behavior



CRs are a relativistic fluid like photons
We should use radiative transfer methods on them

CRs stream out

CRs stream in

Sharma et al 2010

CRs can only stream down gradient: grid scale instabilities! 

Have to add artificial diffusion: uncertain + expensive 

Cured by two-moment method (Jiang & Oh 2018)

Enforces decoupling when rPc ! 0

<latexit sha1_base64="RRKdnGJhk/XeUVUTDEngZ31dWp4=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCp5JIwXorePFYwbZCE8Jku2mXbjZhd6OU0JsX/4oXD4p49S9489+4bXPQ1gcDj/dmmJkXppwp7TjfVmlldW19o7xZ2dre2d2z9w86KskkoW2S8ETehaAoZ4K2NdOc3qWSQhxy2g1HV1O/e0+lYom41eOU+jEMBIsYAW2kwD72BIQccCvIPRljMsGeZIOhBimTB+wEdtWpOTPgZeIWpIoKtAL7y+snJIup0ISDUj3XSbWfg9SMcDqpeJmiKZARDGjPUAExVX4++2OCT43Sx1EiTQmNZ+rviRxipcZxaDpj0EO16E3F/7xepqOGnzORZpoKMl8UZRzrBE9DwX0mKdF8bAgQycytmAxBAtEmuooJwV18eZl0zmtuvXZ5U682G0UcZXSETtAZctEFaqJr1EJtRNAjekav6M16sl6sd+tj3lqyiplD9AfW5w8Wm5jN</latexit>

Streaming + diffusion is now standard



CRs + shocks: most demanding test

A very demanding test of numerics 

CR shocks equilibration times are very  long (1000’s of diffusion times) 

  

Pc,1

Pg,1 + Pc,1

<latexit sha1_base64="qSeeZFnuZ+X3HYt9YulmAccWpJ0=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQlJJIwboruHFZwT6gCWEynbRDJ5MwMxFKyDe48VfcuFDErSt3/o2TNAttPTBw7jn3cuceP2ZUKsv6Niorq2vrG9XN2tb2zu6euX/Qk1EiMOniiEVi4CNJGOWkq6hiZBALgkKfkb4/vcn9/gMRkkb8Xs1i4oZozGlAMVJa8swzJxAIpx0vxRd2luXEESEc6wKew7IqLM+sWw2rAFwmdknqoETHM7+cUYSTkHCFGZJyaFuxclMkFMWMZDUnkSRGeIrGZKgpRyGRblqclMETrYxgEAn9uIKF+nsiRaGUs9DXnSFSE7no5eJ/3jBRQctNKY8TRTieLwoSBlUE83zgiAqCFZtpgrCg+q8QT5DOSOkUazoEe/HkZdK7bNjNxvVds95ulXFUwRE4BqfABlegDW5BB3QBBo/gGbyCN+PJeDHejY95a8UoZw7BHxifPzzinIk=</latexit>

� = 1,M = 20

<latexit sha1_base64="1N/EwobJSa/bZ7vGP6BMx1V0z38=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFcSElKwbooFNy4ESrYBzSh3Ewn7dDJg5mJUEIXbvwVNy4UcetHuPNvnLRZaOuBC4dz7uXee7yYM6ks69tYW9/Y3Nou7BR39/YPDs2j446MEkFom0Q8Ej0PJOUspG3FFKe9WFAIPE673uQ687sPVEgWhfdqGlM3gFHIfEZAaWlglhyPKsANbF/g1AlAjQlwfNuoWjM8MMtWxZoDrxI7J2WUozUwv5xhRJKAhopwkLJvW7FyUxCKEU5nRSeRNAYygRHtaxpCQKWbzp+Y4TOtDLEfCV2hwnP190QKgZTTwNOd2Zly2cvE/7x+ovy6m7IwThQNyWKRn3CsIpwlgodMUKL4VBMggulbMRmDAKJ0bkUdgr388irpVCt2rXJ1Vys363kcBVRCp+gc2egSNdENaqE2IugRPaNX9GY8GS/Gu/GxaF0z8pkT9AfG5w9vBJYH</latexit>

Tsung+20

Previously impossible to simulate with streaming



OK, we got our elephant gun. What else to go after? 

Sound waves! 

Just add Cosmic Rays and stir… 

Turbulence!



Where do CRs come from?  

Fermi Acceleration
u

v
Θ

�E

E
= 4

u

v
Cos✓ + 4

u2

v2

random scatterers: !
 <CosΘ> = 0!

!
ΔE/E ~ u2/v2!

(2nd order Fermi accel)

(interested in rel. particles with v >> u)

converging flow: !
 <CosΘ> = 1!

!
ΔE/E ~ u/v!

(1st order Fermi accel)
slide  E. Quataert



Cosmic Rays+Turbulence: what happens?  
2nd order Fermi: the original. Faster than you think! 

Chad Bustard

Resonant (transit time damping): large CR mfp, needs kinetic treatment, relevant to ICM   

Non-resonant: small CR mfp, fluid approximation good, relevant to ISM +  CGM   
Neglected, not explored in simulations 

cluster radio halos 

Turbulence accelerates the CRs!

Bustard & Oh 2021

exponential growth on  
eddy turnover time

approaches saturation 
when 

<latexit sha1_base64="37jvRoLArWn83fMoMJW10cQsWlw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIYncWunFZxT6gMwyZNNOGJpkhyQhlmJ0bf8WNC0Xc+gvu/BvTdhbaeuDCyTn3kntPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOm1O/+0CkorG415OE+BwNBY0oRtpIgX3cCjJPcti8y6GnKIfFe4hUDq9hYFedmjMDXCZuQaqgQCuwv7xBjFNOhMYMKdV3nUT7GZKaYkbyipcqkiA8RkPSN1QgTpSfze7I4alRBjCKpSmh4Uz9PZEhrtSEh6aTIz1Si95U/M/rpzqq+xkVSaqJwPOPopRBHcNpKHBAJcGaTQxBWFKzK8QjJBHWJrqKCcFdPHmZdM5r7mXNub2oNupFHGVwBE7AGXDBFWiAG9ACbYDBI3gGr+DNerJerHfrY95asoqZQ/AH1ucP8GiYCQ==</latexit>

PCR ⇠ Pgas?



There is a sweet spot for acceleration

Happens when 
<latexit sha1_base64="eo0luqebQ/K9fsovsTa7/cToQoo="></latexit>

 ⇠ 3⇥ 1029cm2 s�1

✓
L

10 kpc

◆⇣ v

100 km s�1

⌘

Close to Milky Way values! Coincidence?…
maybe not.  

Acceleration time is short
<latexit sha1_base64="GXQEsgurp+6tZ2pGM/WfzPrktm4="></latexit>

⌧grow ⇠ ⌧eddy ⇠ 108 yr

✓
L

10 kpc

◆⇣ v

100 km s�1

⌘�1

Bustard & Oh 2021

Fast diffusion:  
CRs diffuse out 
before you can squeeze them 

Slow diffusion: CRs locked to gas, 
compressional energy gains reversed 

during rarefaction

It’s really just secular adiabatic heating



Nature and Nurture matter

• CRs revived in halo — changing CR profile and wind solutions 

• Turbulent ‘dynamo’ for CRs. Potentially enforces  

• Affects gamma-ray luminosity vs. wind-driving, CR gradient problem, etc etc…

CRs gain energy from turbulence in the halo

Fermi-Lat Collab (Ackermann+11)

CR gradient problem: Cosmic Ray profile in Milky 
Way declines more slowly away from sources than 

expected from standard models 

<latexit sha1_base64="37jvRoLArWn83fMoMJW10cQsWlw=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIYncWunFZxT6gMwyZNNOGJpkhyQhlmJ0bf8WNC0Xc+gvu/BvTdhbaeuDCyTn3kntPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOm1O/+0CkorG415OE+BwNBY0oRtpIgX3cCjJPcti8y6GnKIfFe4hUDq9hYFedmjMDXCZuQaqgQCuwv7xBjFNOhMYMKdV3nUT7GZKaYkbyipcqkiA8RkPSN1QgTpSfze7I4alRBjCKpSmh4Uz9PZEhrtSEh6aTIz1Si95U/M/rpzqq+xkVSaqJwPOPopRBHcNpKHBAJcGaTQxBWFKzK8QjJBHWJrqKCcFdPHmZdM5r7mXNub2oNupFHGVwBE7AGXDBFWiAG9ACbYDBI3gGr+DNerJerHfrY95asoqZQ/AH1ucP8GiYCQ==</latexit>

PCR ⇠ Pgas?



CRs + Sound Waves: what happens? 

• Sound waves are harmonic 
oscillator  

• Direct driving: CRs provide 
forcing which can be in 
phase (growth) or out of 
phase (damping) 

• Indirect driving: CR 
streaming heats gas which 
also changes gas pressure 
forces. 

Growth time is short! (of order wave period) 

Begelman  & Zweibel (1994)

Drury & Falle 1986



Instability with streaming, diffusion + background gradient 

In very weak B-field (ICM) regime, potential CR instability driven by pressure anisotropy  (Kempski & Quataert 2020)

Stable

Unstable 

Pgas

PB

<latexit sha1_base64="I7ZuziR+o96W+3JbCXWPmVKtYdA=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgqsxIwborunFZwT6gMwyZNNOGJpkhyQhlmJUbf8WNC0Xc+g3u/BvTdgRtPXDh5Jx7yb0nTBhV2nG+rNLK6tr6RnmzsrW9s7tn7x90VJxKTNo4ZrHshUgRRgVpa6oZ6SWSIB4y0g3H11O/e0+korG405OE+BwNBY0oRtpIgX3sRRLhrBVknuRwiFSe/zyu8jywq07NmQEuE7cgVVCgFdif3iDGKSdCY4aU6rtOov0MSU0xI3nFSxVJEB6jIekbKhAnys9mZ+Tw1CgDGMXSlNBwpv6eyBBXasJD08mRHqlFbyr+5/VTHTX8jIok1UTg+UdRyqCO4TQTOKCSYM0mhiAsqdkV4hEyuWiTXMWE4C6evEw65zW3Xru8rVebjSKOMjgCJ+AMuOACNMENaIE2wOABPIEX8Go9Ws/Wm/U+by1Zxcwh+APr4xujU5k4</latexit>

Ldi↵use

Lc

<latexit sha1_base64="XFSc7nYULDO8ve93oAzDHi5omEo=">AAACBnicbVBPS8MwHE3nvzn/VT2KEByCp9HKwHkbePHgYYKbg7WUNEu3sCQtSSqM0pMXv4oXD4p49TN489uYbj3o5oPA473fL8l7YcKo0o7zbVVWVtfWN6qbta3tnd09e/+gp+JUYtLFMYtlP0SKMCpIV1PNSD+RBPGQkftwclX49w9EKhqLOz1NiM/RSNCIYqSNFNjHXiQRzm6CzJMcDmkUpYrkeSHgPA/sutNwZoDLxC1JHZToBPaXN4xxyonQmCGlBq6TaD9DUlPMSF7zzO0JwhM0IgNDBeJE+dksRg5PjTKEUSzNERrO1N8bGeJKTXloJjnSY7XoFeJ/3iDVUcvPqEhSTQSePxSlDOoYFp2Y2JJgzaaGICyp+SvEY2R60aa5minBXYy8THrnDbfZuLxt1tutso4qOAIn4Ay44AK0wTXogC7A4BE8g1fwZj1ZL9a79TEfrVjlziH4A+vzB0LemaE=</latexit>

For instability:  

Short CR scale height (unstable  

regardless of B-field)  

or  

Strong B-fields (unstable regardless of  

CR scale height) 
Tsung+21



What happens to a growing sound wave? 

Figure from Storz 2007

It goes non-linear, steepens and shocks 



Bring it On 

Density Velocity CR pressure Gas Pressure

This staircase structure  

is new:  has never been seen  

before in CR sims! 

Weak shocks 

separated by uncoupled  

regions (free-streaming  

CRs) Tsung+21



CR Staircase is due to ‘bottleneck effect’

Minimum in Alfven speed (‘bottleneck’) causes CRs to decouple 

Wiener, Oh & Zweibel 2017 (see also Skilling 1971) 



Statistics 

Distribution of widths and height follows a Schechter-like function! 

𝑓 ∝ 𝑥−𝛼exp( − ( 𝑥
𝛽 )

𝜒

)Fitting function

𝑥 = 𝑤𝑖𝑑𝑡h/ ¯𝑙𝑑𝑖𝑓𝑓 𝑥 = 𝑝𝑙𝑎𝑡𝑒𝑎𝑢_𝑤𝑖𝑑𝑡h/ ¯𝑙𝑑𝑖𝑓𝑓 𝑥 = h𝑒𝑖𝑔h𝑡/ ¯Δ𝑃𝑐

System reaches a statistical steady state 

Possible to understand characteristic lengthscales 



Reminiscent of adhesion model! 
Extension of Zeldovich approximation — solves Burger’s equation

Lagrangian map 

is a  

“Devil’s staircase” 

with fractal  

dimension 

initial position 

Current position

Schechter-like 

mass function 

Reasonable density distribution!

Many beautiful properties, with deep roots 

in Legendre transform



Scheme works well 

Black dotted line represents convex hull construction



OK, so what? 

• Time-averaged momentum and energy transfer 
appear unchanged 

• But strong transient density and velocity 
fluctuations! (visible w/ FRBs?) 

• Strong spatial and temporal pressure 
fluctuations — assuming a fixed pressure will be a 
poor approximation 



Many cool and wacky surprises in store
We have a long way to go…


