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Cloudy with a Chance of 
Rain: Accretion Braking of 

Cold Clouds

Tan, Oh & Gronke 2022, in prep



How do Falling Cluster Filaments Survive? 
And why is their infall sub-virial? 

Lim+08Perseus A, molecular gas velocity offsets

Zahedy+19

Same problem with LRGs… velocity dispersions are only ~ 60% of expected 



IN GALAXIES, WE SEE OUTFLOWING COLD GAS 

Most feedback mechanisms accelerate hot gas, but we can (mostly) only see cold gas 

Veilleux et al 2005



CLOUD SURVIVAL IN WINDS LOOKS HARD

Basic reason

Acceleration time: 
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B-fields 

help prolong 

life but  

clouds still 

die  

(Cottle+20)



Marinacci+12,Armillotta+16, Gronke & Oh (2018,2020), Li+20, Sparre+20, Kanjilal+21, Abruzzo+22

Don’t think about Sailing
<latexit sha1_base64="Zje3WEIOM+173BFpcm0OhsDYxVM=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktir0IFUE8VrAf0G5LNs22odlkSbKVUvo/vHhQxKv/xZv/xrTdg7Y+GHi8N8PMvCDmTBvX/XYya+sbm1vZ7dzO7t7+Qf7wqK5logitEcmlagZYU84ErRlmOG3GiuIo4LQRDG9nfmNElWZSPJpxTP0I9wULGcHGSp07dI3aaiDRqFNCN918wS26c6BV4qWkACmq3fxXuydJElFhCMdatzw3Nv4EK8MIp9NcO9E0xmSI+7RlqcAR1f5kfvUUnVmlh0KpbAmD5urviQmOtB5Hge2MsBnoZW8m/ue1EhOW/QkTcWKoIItFYcKRkWgWAeoxRYnhY0swUczeisgAK0yMDSpnQ/CWX14l9VLRuyy6DxeFSjmNIwsncArn4MEVVOAeqlADAgqe4RXenCfnxXl3PhatGSedOYY/cD5/AB7OkO8=</latexit>

F = ⇢v2A

Think about a car crash 

Works if mixed 

gas can cool

<latexit sha1_base64="E33EnHDs6hIQE7CIDPyLovhQWHk=">AAACF3icbVDLSgMxFM3UV62vqks3wSIIwjAjit0IBUFcVrAPaIeSyWTa0GRmSO4UyjB/4cZfceNCEbe6829MHwttPRA4Oefem9zjJ4JrcJxvq7Cyura+UdwsbW3v7O6V9w+aOk4VZQ0ai1i1faKZ4BFrAAfB2oliRPqCtfzhzcRvjZjSPI4eYJwwT5J+xENOCRipV7Zv8TXuhorQLEjyLIDc3CXuBjFkoxyfzZjM8cjoDu6VK47tTIGXiTsnFTRHvVf+MgNoKlkEVBCtO66TgJcRBZwKlpe6qWYJoUPSZx1DIyKZ9rLpXjk+MUqAw1iZEwGeqr87MiK1HkvfVEoCA73oTcT/vE4KYdXLeJSkwCI6eyhMBYYYT0LCAVeMghgbQqji5q+YDogJCUyUJROCu7jyMmme2+6l7dxfVGrVeRxFdISO0Sly0RWqoTtURw1E0SN6Rq/ozXqyXqx362NWWrDmPYfoD6zPH7x8nbk=</latexit>

F =
dp

dt
= mv̇ + ṁv = 0

<latexit sha1_base64="I9l8ZJZkYssri1aEhMd0fe6fYmI=">AAACDHicbVDLSsNAFJ3UV62vqks3g0VwVRJR7EYouHFZxT6gCWUynbRDJ5kwc1MpIR/gxl9x40IRt36AO//GaZuFth64cDjnXGbu8WPBNdj2t1VYWV1b3yhulra2d3b3yvsHLS0TRVmTSiFVxyeaCR6xJnAQrBMrRkJfsLY/up767TFTmsvoHiYx80IyiHjAKQEj9coV944PhkCUkg+Y4CvsBorQ1O1LSMMsM4PHJmVX7RnwMnFyUkE5Gr3yl9mnScgioIJo3XXsGLyUKOBUsKzkJprFhI7IgHUNjUjItJfOjsnwiVH6OJDKTAR4pv7eSEmo9ST0TTIkMNSL3lT8z+smENS8lEdxAiyi84eCRGCQeNoM7nPFKIiJIYQqbv6K6ZCYNsD0VzIlOIsnL5PWWdW5qNq355V6La+jiI7QMTpFDrpEdXSDGqiJKHpEz+gVvVlP1ov1bn3MowUr3zlEf2B9/gDZ85t5</latexit>
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Mixing + cooling works 



3D ATHENA sims. Mach number 1.5  winds. 

Cold gas grows in 
mass (from hot gas 
cooling out)  
and becomes 
comoving (since hot 
gas has high 
momentum)

Gronke & Oh 2018



Mass growth is highest when cloud is entrained
Often clouds ‘rise from the dead’ 

Kanjilal+21 Gronke & Oh 2018



How about infall, rather than outflow…
Just reverse the velocity vector,right? 

HVCs
Cluster Filaments

Armillotta+17

Often modelled with 

wind tunnels 



It doesn’t work

Cloud falling in  

isothermal atmosphere 

<latexit sha1_base64="mBNGB22BEFmaxBsR55AsD70HRkU=">AAACCnicbVDLSgMxFM3UV62vUZduokVwIWVGFLssuHFZwT6gMwyZNNOGJpMhyYhlmLUbf8WNC0Xc+gXu/BvTdgRtPRA4nHMvN+eECaNKO86XVVpaXlldK69XNja3tnfs3b22EqnEpIUFE7IbIkUYjUlLU81IN5EE8ZCRTji6mvidOyIVFfGtHifE52gQ04hipI0U2Ic6yDzJIRaCnUJO73PoMQZ/VJzDwK46NWcKuEjcglRBgWZgf3p9gVNOYo0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ2iMOFF+No2Sw2Oj9GEkpHmxhlP190aGuFJjHppJjvRQzXsT8T+vl+qo7mc0TlJNYjw7FKUmqYCTXmCfSoI1GxuCsKTmrxAPkURYm/YqpgR3PvIiaZ/V3Iuac3NebdSLOsrgAByBE+CCS9AA16AJWgCDB/AEXsCr9Wg9W2/W+2y0ZBU7++APrI9vIQ+Z3A==</latexit>

tcool,mix ⌧ tcc

It dies



Why?
The cloud never entrains. It falls like a rock. 

Cloud in a wind Falling Cloud

Cloud destruction 
slows down with 

time

Cloud destruction  
gets worse with time



There’s still hope



Decelerates via mixing with hot gas
Reaches lower terminal velocity than with ram pressure! 

<latexit sha1_base64="HW3i/KTyIN5VFk0U4qmyGt36KcU="></latexit>

d(mv)

dt
= ṁv + v̇m = mg � 1

2
C0⇢hotv

2A

vanishes when no acceleration

Accretion  
Drag

Hydrodynamic  
Drag

Hydro drag dominates: 

Accretion drag dominates: 

<latexit sha1_base64="SAuZcQV5i1W4Nl6tpxYCtCeRC2g=">AAAB9HicdVDLSgMxFM34rPVVdekmWARXJVO0TncFNy4r2Ae0Q8mkaRuax5hkKmXod7hxoYhbP8adf2OmraCiBy4czrmXe++JYs6MRejDW1ldW9/YzG3lt3d29/YLB4dNoxJNaIMornQ7woZyJmnDMstpO9YUi4jTVjS+yvzWhGrDlLy105iGAg8lGzCCrZNC20u7WsChVvcz2CsUUQk5VCowI36AfEeq1aBcrkJ/biFUBEvUe4X3bl+RRFBpCcfGdHwU2zDF2jLC6SzfTQyNMRnjIe04KrGgJkznR8/gqVP6cKC0K2nhXP0+kWJhzFRErlNgOzK/vUz8y+skdhCEKZNxYqkki0WDhEOrYJYA7DNNieVTRzDRzN0KyQhrTKzLKe9C+PoU/k+a5ZJ/UUI358VasIwjB47BCTgDPrgENXAN6qABCLgDD+AJPHsT79F78V4XrSvecuYI/ID39gn8mpI4</latexit>

tgrow well understood

from wind tunnel studies



Cloud Falling in Constant Background
Compare against Analytic Model 

Model matches sims very well. 

Accretion drag terminal velocity 

Hydro drag terminal velocity 



Survival Criterion
Cloud must grow faster than it’s destroyed

For falling cloud in  
constant background, 
cloud size does NOT 
matter! 

Different from wind tunnel  

<latexit sha1_base64="nMkVgHk38VkOYBNvRu7PM72FMtU="></latexit>

tcool,mix < tcc ) r > rcrit ⇠
vwindtcool,mixp
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Equivalent to: 

Accretion braking is efficient where  
thermal instability takes place  

So, the cold gas you make in TI survives

<latexit sha1_base64="lh3XCwb+o4vS2hXM44TjgtuZsaY=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQkJKIYhcuCm5cVrAPaEOYTCft0EkmzNwIJeQb3Pgrblwo4taVO//G6UPQ1gMXDufcy733BIngGhznyyosLa+srhXXSxubW9s79u5eU8tUUdagUkjVDohmgsesARwEayeKkSgQrBUMr8d+654pzWV8B6OEeRHpxzzklICRfPukGypCM/CzroowlVKcDiTk+Y8ShnmOrzB2sW+XnYozAV4k7oyU0Qx13/7s9iRNIxYDFUTrjusk4GVEAaeC5aVuqllC6JD0WcfQmERMe9nkpRwfGaWHQ6lMxYAn6u+JjERaj6LAdEYEBnreG4v/eZ0UwqqX8ThJgcV0uihMBQaJx/ngHleMghgZQqji5lZMB8RkBCbFkgnBnX95kTTPKu5Fxbk9L9eqsziK6AAdomPkoktUQzeojhqIogf0hF7Qq/VoPVtv1vu0tWDNZvbRH1gf35CxnVA=</latexit>

tcool,hot
t↵

< 1 in planar geometry (just like thermal instability!) 



In Stratified Halo, size does matter
You have to survive famine before you can feast

Cloud must be big enough to  

survive until reach dense inner halo,  

where it can grow

<latexit sha1_base64="hLTGaYv27ecbBTJfzoGUlhFDE9s=">AAACFnicbZDLSsNAFIYn9VbrLerSzWAR3FgSUdqVFNy4rGAv0IQwmU7aoTOTMDMRSshTuPFV3LhQxK24822cthG09YeBj/+cw5nzhwmjSjvOl1VaWV1b3yhvVra2d3b37P2DjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Hpa794TqWgs7vQkIT5HQ0EjipE2VmCfeZFEONNB5kkOMc7zH46iPIdX0EMsGSHoKcphPbCrTs2ZCS6DW0AVFGoF9qc3iHHKidCYIaX6rpNoP0NSU8xIXvFSRRKEx2hI+gYF4kT52eysHJ4YZwCjWJonNJy5vycyxJWa8NB0cqRHarE2Nf+r9VMdNfyMiiTVROD5oihlUMdwmhEcUEmwZhMDCEtq/grxCJmctEmyYkJwF09ehs55zb2sObcX1WajiKMMjsAxOAUuqIMmuAEt0AYYPIAn8AJerUfr2Xqz3uetJauYOQR/ZH18A/VGnyk=</latexit>

tcc
t↵

> ↵ ⇠ 7



Falls ballistically 

in low density CGM 

Reaches dense region:   

the parachute opens! 

Decelerates 

to terminal 

velocity  

and grows  

in mass



Near Milky Way (< 10 kpc),  clouds of any size  

can survive and grow  

Clouds falling from CGM need fat reserves 

until they reach the food shelter



Subvirial infall
If the parachute opens, you fall slowly

<latexit sha1_base64="0titm4J3iSyfSuAoGYHhwlCbeFo="></latexit>

vT ⇠ gtgrow ⇠
✓
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◆
tgrow ) vT

vvir
⇠ tgrow

t↵
< 1

Small clouds fall more slowly 

And grow more in mass



Accretion induced braking: velocities  

independent of drop height

Fits infall velocities in Perseus A 

Standard models: need to  

fine-tune drop height



Bottom Line

• Accretion induced drag is stronger than hydrodynamic drag 

• To survive,  growth must beat destruction 

• Need short cooling times near halo center  

• New, subvirial terminal velocity 

Mix to Decelerate! 

<latexit sha1_base64="dUAOt9R0I72DHbSVLzZwFR7/zz0=">AAACMHicbVDNS8MwHE3n15xfVY9egkPwNFpR3MHDwIMeJ+wL1lLSLN3CkrYk6WSU/kle/FP0oqCIV/8Ks7WCbj4IvLz3fiS/58eMSmVZr0ZpZXVtfaO8Wdna3tndM/cPOjJKBCZtHLFI9HwkCaMhaSuqGOnFgiDuM9L1x9czvzshQtIobKlpTFyOhiENKEZKS555U3ECgXA68VJHcNjKsh86oSLLoCMph3lE5fpQRPc6VdyCQIeuoO2ZVatmzQGXiV2QKijQ9MwnZxDhhJNQYYak7NtWrNwUCUUxI1nFSSSJER6jIelrGiJOpJvOF87giVYGMIiEPqGCc/X3RIq4lFPu6yRHaiQXvZn4n9dPVFB3UxrGiSIhzh8KEgZVBGftwQEVBCs21QRhQfVfIR4h3Y7SHVd0Cfbiysukc1azL2rW3Xm1US/qKIMjcAxOgQ0uQQPcgiZoAwwewDN4A+/Go/FifBifebRkFDOH4A+Mr2/hSqqj</latexit>

vT
vvir

⇠ tgrow
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< 1

<latexit sha1_base64="/Ica1API900GY1qFJBnDXP6SICQ=">AAACCHicbVDLSsNAFJ3UV42vqEsXDhbBVUlEscuCG5cV+oImhMl0kg6dScLMpFJClm78FTcuFHHrJ7jzb5y2WWjrgQuHc+7l3nuClFGpbPvbqKytb2xuVbfNnd29/QPr8Kgrk0xg0sEJS0Q/QJIwGpOOooqRfioI4gEjvWB8O/N7EyIkTeK2mqbE4yiKaUgxUlryrVNz4ueu4LBdQFdSDiOoFkIkkocC+lbNrttzwFXilKQGSrR868sdJjjjJFaYISkHjp0qL0dCUcxIYbqZJCnCYxSRgaYx4kR6+fyRAp5rZQjDROiKFZyrvydyxKWc8kB3cqRGctmbif95g0yFDS+ncZopEuPFojBjUCVwlgocUkGwYlNNEBZU3wrxCAmElc7O1CE4yy+vku5l3bmu2/dXtWajjKMKTsAZuAAOuAFNcAdaoAMweATP4BW8GU/Gi/FufCxaK0Y5cwz+wPj8AT62mNI=</latexit>

vT ⇠ gtgrow

<latexit sha1_base64="jdIlWJ+vDkh6TbrxD09Xlm4XAeE=">AAACA3icbVC7SgNBFJ31GeNr1U6bwSBYhV1RTGERsLGMYB6QLMvsZDYZMo9lZlYJy4KNv2JjoYitP2Hn3zhJttDEAxfOnHMvc++JEka18bxvZ2l5ZXVtvbRR3tza3tl19/ZbWqYKkyaWTKpOhDRhVJCmoYaRTqII4hEj7Wh0PfHb90RpKsWdGSck4GggaEwxMlYK3UMTZj3F4UDJhxxeweKJcQ5Dt+JVvSngIvELUgEFGqH71etLnHIiDGZI667vJSbIkDIUM5KXe6kmCcIjNCBdSwXiRAfZ9IYcnlilD2OpbAkDp+rviQxxrcc8sp0cmaGe9ybif143NXEtyKhIUkMEnn0UpwwaCSeBwD5VBBs2tgRhRe2uEA+RQtjY2Mo2BH/+5EXSOqv6F1Xv9rxSrxVxlMAROAanwAeXoA5uQAM0AQaP4Bm8gjfnyXlx3p2PWeuSU8wcgD9wPn8ACWKXFg==</latexit>

tgrow < tcc



Turbulent Reacceleration of 
Cosmic Rays

Bustard & Oh 2022a submitted,  

Bustard & Oh 2022b, in prep 



Radio Halos: CR turbulent reacceleration in action



There’s actually two kinds
Resonant and non-resonant

Non-resonant

Resonant

Brunetti & Lazarian 2007

• Resonant: (transit-time damping)  

— small scale resonance between wave period 

and particle transit time 
<latexit sha1_base64="A+iIzhI2V3k1h6TwI0zmYGABQwk=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRJR7EYouHFZwT6gCWEyvWmHTh7MTAol9A/c+CtuXCji1q07/8ZJm4VtPXDhzDn3MvceP+FMKsv6MUpr6xubW+Xtys7u3v6BeXjUlnEqKLRozGPR9YkEziJoKaY4dBMBJPQ5dPzRXe53xiAki6NHNUnADckgYgGjRGnJM8+dOIQBwbd45GVOQgThHPgUjxdeFc+sWjVrBrxK7IJUUYGmZ347/ZimIUSKciJlz7YS5WZEKEY5TCtOKiEhdEQG0NM0IiFIN5vdM8VnWunjIBa6IoVn6t+JjIRSTkJfd4ZEDeWyl4v/eb1UBXU3Y1GSKojo/KMg5VjFOA8H95kAqvhEE0IF07tiOtQpUKUjzEOwl09eJe3Lmn1dsx6uqo16EUcZnaBTdIFsdIMa6B41UQtR9IRe0Bt6N56NV+PD+Jy3loxi5hgtwPj6BVYXnC4=</latexit>

! = kkvk

•  Sensitive to uncertain fast mode power spectrum 
slope and damping  

•Complicated. Impossible to simulate. The glamor boy.  

•Also needed in our galaxy to scatter high energy

E> 300 GeV cosmic rays 

• characteristic scale: damping scale of fast modes



•Non-resonant: Large scale Fermi-II acceleration, in 
presence of diffusion 

•   

•CRs get energy from compression, then diffuse out  

•  Simple, robust. 

•  Analytic estimates never tested in hydro sims! Neglected. 
The unwanted child. 

•Characteristic scale: outer eddy scale 



Motivation

• Test analytic predictions for non-resonant reacceleration in modern hydro sims.  

• What is the effect of CR streaming on acceleration? 

• What is the backreaction of CR reacceleration on MHD turbulence? 



The Setup

3D Athena MHD simulations   

Driven compressive, subsonic turbulence 

Field-aligned CR diffusion + streaming 

2 moment CR code (Jiang & Oh 2018)  



Diffusive Acceleration
Sims match canonical expectations (Ptuskin 1988)

Growth peaks when 

This is lifetime of compression 

(not               )
<latexit sha1_base64="e9ZLEhb0Og4DGajd4OHVfF/5+RI=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LBbBU0lEsceCF48V7Ae0oWw2k3bp7ibubgoh9Hd48aCIV3+MN/+N2zYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJR8epotCmMY9VLyAaOJPQNsxw6CUKiAg4dIPJ3dzvTkFpFstHkyXgCzKSLGKUGCv5ZpgPlMAQhtkMD6s1t+4ugNeJV5AaKtAaVr8GYUxTAdJQTrTue25i/JwowyiHWWWQakgInZAR9C2VRID288XRM3xhlRBHsbIlDV6ovydyIrTORGA7BTFjverNxf+8fmqihp8zmaQGJF0uilKOTYznCeCQKaCGZ5YQqpi9FdMxUYQam1PFhuCtvrxOOld176buPlzXmo0ijjI6Q+foEnnoFjXRPWqhNqLoCT2jV/TmTJ0X5935WLaWnGLmFP2B8/kDfxKR4g==</latexit>

teddy

With anisotropic diffusion,   

CRs trapped longer — acceleration  

more efficient 

(Chandran & Maron 2004)

<latexit sha1_base64="dvM2nsUOxXMvXe+i4usJSaTP6pA=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjNFscuCG5cV7AM6Y8mkmTY0mYQko5RhPsCNv+LGhSJu/QB3/o1pOwttPRA4nHMuN/eEklFtXPfbKaysrq1vFDdLW9s7u3vl/YO2FonCpIUFE6obIk0YjUnLUMNIVyqCeMhIJxxfTf3OPVGaivjWTCQJOBrGNKIYGSv1yxXTT33F4VCJhwz6UglpBPTHSEp0l3pntQxCm3Kr7gxwmXg5qYAczX75yx8InHASG8yQ1j3PlSZIkTIUM5KV/EQTifAYDUnP0hhxooN0dkwGT6wygJFQ9sUGztTfEyniWk94aJMcmZFe9Kbif14vMVE9SGksE0NiPF8UJQzae6fNwAFVBBs2sQRhRe1fIR4hhbCx/ZVsCd7iycukXat6F1X35rzSqOd1FMEROAanwAOXoAGuQRO0AAaP4Bm8gjfnyXlx3p2PebTg5DOH4A+czx/AF5q5</latexit>

tgrow / 1/2
Anisotropic diffusion

<latexit sha1_base64="OdxngNkfk6Mn38nNhHhelQz+NOc=">AAACBXicdVDLSgMxFM3UV62vUZe6CBbBVckUrdNdwY3LCvYBnVIyadqGZiYhyShl6MaNv+LGhSJu/Qd3/o2ZtoKKHggczrmXm3NCyZk2CH04uaXlldW1/HphY3Nre8fd3WtqkShCG0Rwodoh1pSzmDYMM5y2paI4CjltheOLzG/dUKWZiK/NRNJuhIcxGzCCjZV67qHppYGK4FCJ2ykMpBLSCBiMsZQY9twiKiGLSgVmxPORZ0m16pfLVejNLISKYIF6z30P+oIkEY0N4Vjrjoek6aZYGUY4nRaCRFOJyRgPacfSGEdUd9NZiik8tkofDoSyLzZwpn7fSHGk9SQK7WSEzUj/9jLxL6+TmIHfTVksE0NjMj80SDi0QbNKYJ8pSgyfWIKJYvavkIywwsTY4gq2hK+k8H/SLJe8sxK6Oi3W/EUdeXAAjsAJ8MA5qIFLUAcNQMAdeABP4Nm5dx6dF+d1PppzFjv74Aect0+rkJio</latexit>

tgrow / 

<latexit sha1_base64="9dz4T/zOb2snPnUG7GjGTvoOVhw=">AAACCnicdVDLSgMxFM3UV62vqks30SK4sWSK1nZXcOOygn1Ap5ZMmrahmUlIMkoZZu3GX3HjQhG3foE7/8ZMW0FFDwQO59zLzTm+5EwbhD6czMLi0vJKdjW3tr6xuZXf3mlqESlCG0Rwodo+1pSzkDYMM5y2paI48Dlt+ePz1G/dUKWZCK/MRNJugIchGzCCjZV6+X3Tiz0VwKEStwn0pBLSCOiNsZT4Oj52E9jLF1ARWZTLMCVuBbmWVKuVUqkK3amFUAHMUe/l372+IFFAQ0M41rrjImm6MVaGEU6TnBdpKjEZ4yHtWBrigOpuPI2SwEOr9OFAKPtCA6fq940YB1pPAt9OBtiM9G8vFf/yOpEZVLoxC2VkaEhmhwYRhzZt2gvsM0WJ4RNLMFHM/hWSEVaYGNtezpbwlRT+T5qlontaRJcnhVplXkcW7IEDcARccAZq4ALUQQMQcAcewBN4du6dR+fFeZ2NZpz5zi74AeftEzS7mo4=</latexit>

tgrow / �1

<latexit sha1_base64="Cgl3oVN3HhHfdtXOz24J+cKzHc8=">AAACCXicbVBNS8MwGH7r55xfVY9egkPwNFpR3HHgxeME9wFrKWmWbmFJW5JUGKVXL/4VLx4U8eo/8Oa/Mdsq6OYDgSfP+5E8T5hyprTjfFkrq2vrG5uVrer2zu7evn1w2FFJJgltk4QnshdiRTmLaVszzWkvlRSLkNNuOL6e1rv3VCqWxHd6klJf4GHMIkawNlJgIx3knhRIkQJ5iomf+4BFUaZogQK75tSdGdAycUtSgxKtwP70BgnJBI014Vipvuuk2s+x1IxwWlQ9szbFZIyHtG9ojAVVfj5zUqBTowxQlEhzYo1m6u+JHAulJiI0nQLrkVqsTcX/av1MRw0/Z3GaaRqT+UNRxpFO0DQW41dSovnEEEwkM39FZIQlJtqEVzUhuIuWl0nnvO5e1p3bi1qzUcZRgWM4gTNw4QqacAMtaAOBB3iCF3i1Hq1n6816n7euWOXMEfyB9fENJTmZ8g==</latexit>

tsc ⇠ tdi↵use
<latexit sha1_base64="Nrt7Kcjl3jcSFkPAZc5XUwnd+ZM=">AAACE3icbVC7SgNBFJ2NrxhfUUubwSCIRdgNiikDNhYWUcwDsmG5O5kkQ2Z2h5nZSFjyDzb+io2FIrY2dv6Nk0ehiQcuHM65l3vvCSVn2rjut5NZWV1b38hu5ra2d3b38vsHdR0nitAaiXmsmiFoyllEa4YZTptSURAhp41wcDXxG0OqNIujezOStC2gF7EuI2CsFOTP/DvW6xtQKn7A/gCkBOxrJrBbLOGbwMXDIPWVwLI/DvIFt+hOgZeJNycFNEc1yH/5nZgkgkaGcNC65bnStFNQhhFOxzk/0VQCGUCPtiyNQFDdTqc/jfGJVTq4GytbkcFT9fdECkLrkQhtpwDT14veRPzPayWmW26nLJKJoRGZLeomHJsYTwLCHaYoMXxkCRDF7K2Y9EEBMTbGnA3BW3x5mdRLRe+i6N6eFyrleRxZdISO0Sny0CWqoGtURTVE0CN6Rq/ozXlyXpx352PWmnHmM4foD5zPH/YlnOc=</latexit>)  ⇠ 0.2L0vph



For 
<latexit sha1_base64="/FLxZ865zBeUVx2SwQxpG4k9UNo=">AAACAnicbVBNSwMxEM3Wr1q/Vj2Jl2ARPJVdUeyx4MWDhwq2FrrLkk2zbWiSDUm2UJbixb/ixYMiXv0V3vw3pu0etPXBwOO9GWbmxZJRbTzv2ymtrK6tb5Q3K1vbO7t77v5BW6eZwqSFU5aqTow0YVSQlqGGkY5UBPGYkYd4eD31H0ZEaZqKezOWJOSoL2hCMTJWityjYIikRDBgDN5GHhxFeaA4lINJ5Fa9mjcDXCZ+QaqgQDNyv4JeijNOhMEMad31PWnCHClDMSOTSpBpIhEeoj7pWioQJzrMZy9M4KlVejBJlS1h4Ez9PZEjrvWYx7aTIzPQi95U/M/rZiaphzkVMjNE4PmiJGPQpHCaB+xRRbBhY0sQVtTeCvEAKYSNTa1iQ/AXX14m7fOaf1nz7i6qjXoRRxkcgxNwBnxwBRrgBjRBC2DwCJ7BK3hznpwX5935mLeWnGLmEPyB8/kD8DqWdw==</latexit>

 ⌧ L0vph

smaller eddies accelerate CRs 

better —resolution dependent,  

need more inertial range

Over 3 decades in 
<latexit sha1_base64="LFefjga9kpTuQcECiZ+36sW9BxU="></latexit> 

L0vph
we have 

analytics with full inertial range 

<latexit sha1_base64="v4riCh4RIjzQp0NX0re2PCaK9as="></latexit>

tgrow ⇠ 5� 10 teddy



Similar to turbulent dynamo

Exponential growth

Linear growth and saturation 



Streaming Slows Things Down
Acceleration is weak for strong B-fields (fast streaming)

It’s just because of 

streaming losses, right? 

<latexit sha1_base64="WmdYgaus8gHoDGoPmMRniHoRomM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlEscuKG5cVbC00IUwmk3boPMLMpFBCwY2/4saFIm79CXf+jdPHQlsPXDiccy/33hNnjGrjed9OaWV1bX2jvFnZ2t7Z3XP3D9pa5gqTFpZMqk6MNGFUkJahhpFOpgjiMSMP8eBm4j8MidJUinszykjIUU/QlGJkrBS5R8OoCBSH12MY4EQaGAgUMwSbEY7cqlfzpoDLxJ+TKpijGblfQSJxzokwmCGtu76XmbBAylDMyLgS5JpkCA9Qj3QtFYgTHRbTH8bw1CoJTKWyJQycqr8nCsS1HvHYdnJk+nrRm4j/ed3cpPWwoCLLDRF4tijNGTQSTgKBCVUEGzayBGFF7a0Q95FC2NjYKjYEf/HlZdI+r/mXNe/uotqoz+Mog2NwAs6AD65AA9yCJmgBDB7BM3gFb86T8+K8Ox+z1pIznzkEf+B8/gC5OZbk</latexit>

vA ·rPc

Clusters

CGM? 

ISM

No, it’s bcos of  

phase shifts due to streaming
<latexit sha1_base64="EE7BVUCPVxsLGx3PwdsQhMtprQE=">AAAB+XicbZDLSgMxFIbP1Futt1GXboJFcFVmRLHLgiAuK9gLtMOQSTNtaCYTkkyhDH0TNy4UceubuPNtTNtZaOsPgY//nEPO+SPJmTae9+2UNja3tnfKu5W9/YPDI/f4pK3TTBHaIilPVTfCmnImaMsww2lXKoqTiNNONL6b1zsTqjRLxZOZShokeChYzAg21gpd9z4kqC9VKk2KmpZDt+rVvIXQOvgFVKFQM3S/+oOUZAkVhnCsdc/3pAlyrAwjnM4q/UxTickYD2nPosAJ1UG+2HyGLqwzQHGq7BMGLdzfEzlOtJ4mke1MsBnp1drc/K/Wy0xcD3ImZGaoIMuP4owje+U8BjRgihLDpxYwUczuisgIK0yMDatiQ/BXT16H9lXNv6l5j9fVRr2IowxncA6X4MMtNOABmtACAhN4hld4c3LnxXl3PpatJaeYOYU/cj5/AEhdkr8=</latexit>

Fc / Pc

<latexit sha1_base64="W5vVeR9bgd77o1RfcvgfTq72JNI=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARXJUZUeyyIIjLCvYBnWG4k2ba0EwmJBmhlG78FTcuFHHrZ7jzb0zbWWjrgcDhnHu5OSeWnGnjed/Oyura+sZmaau8vbO7t+8eHLZ0litCmyTjmerEoClngjYNM5x2pKKQxpy24+HN1G8/UqVZJh7MSNIwhb5gCSNgrBS5x7cRwYFUmTQZDgTEHHDDSpFb8areDHiZ+AWpoAKNyP0KehnJUyoM4aB11/ekCcegDCOcTspBrqkEMoQ+7VoqIKU6HM8CTPCZVXo4yZR9wuCZ+ntjDKnWozS2kymYgV70puJ/Xjc3SS0cMyFzQwWZH0pyjm3YaRu4xxQlho8sAaKY/SsmA1BAjO2sbEvwFyMvk9ZF1b+qeveXlXqtqKOETtApOkc+ukZ1dIcaqIkImqBn9IrenCfnxXl3PuajK06xc4T+wPn8AT2ylX8=</latexit>

Fc / rPc

(streaming)

(diffusion)



Heating is almost independent of B-field! 

Naive expectation

Misalignment between B-fields and  

compression when B-fields are strong

Resolution dependent

<latexit sha1_base64="D0DqryV/qbM+4Dn3PR42HoFcEeU=">AAAB/XicbVBNS8NAEN3Ur1q/4sfNy2IRPJVEFHusePFYwdZCE8Jks2mXbjZhd1OopfhXvHhQxKv/w5v/xm2bg7Y+GHi8N8PMvDDjTGnH+bZKK6tr6xvlzcrW9s7unr1/0FZpLgltkZSnshOCopwJ2tJMc9rJJIUk5PQhHNxM/YchlYql4l6PMuon0BMsZgS0kQL7aBhcY49EqcaegJADbgYksKtOzZkBLxO3IFVUoBnYX16UkjyhQhMOSnVdJ9P+GKRmhNNJxcsVzYAMoEe7hgpIqPLHs+sn+NQoEY5TaUpoPFN/T4whUWqUhKYzAd1Xi95U/M/r5jqu+2MmslxTQeaL4pxjneJpFDhikhLNR4YAkczcikkfJBBtAquYENzFl5dJ+7zmXtacu4tqo17EUUbH6ASdIRddoQa6RU3UQgQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AH16UVQ==</latexit>

vA ·rPc

Effect missing in large scale sims



Cosmic Rays Damp Turbulence

Depends on ratio of cascade time to damping time 

<latexit sha1_base64="Y6pDeZVRGC/LLPFdSTVHof88Cno=">AAACBnicbVBNS8NAEJ3Ur1q/oh5FWCyCp5KIYo8FLx48VLC10ISy2W7apbtJ2N0USsjJi3/FiwdFvPobvPlv3LY5aOuDgcd7M8zMCxLOlHacb6u0srq2vlHerGxt7+zu2fsHbRWnktAWiXksOwFWlLOItjTTnHYSSbEIOH0IRtdT/2FMpWJxdK8nCfUFHkQsZARrI/XsY93LPCkQwYrkyFNMIC+UmGS3eTbOe3bVqTkzoGXiFqQKBZo9+8vrxyQVNNKEY6W6rpNoP8NSM8JpXvFSRRNMRnhAu4ZGWFDlZ7M3cnRqlD4KY2kq0mim/p7IsFBqIgLTKbAeqkVvKv7ndVMd1v2MRUmqaUTmi8KUIx2jaSaozyQlmk8MwUQycysiQ2xS0Ca5ignBXXx5mbTPa+5lzbm7qDbqRRxlOIITOAMXrqABN9CEFhB4hGd4hTfryXqx3q2PeWvJKmYO4Q+szx9zk5kW</latexit>

tcasc ⇠
L

v
<latexit sha1_base64="B4WOI9xFDUD/k720yFmPtOikY4c=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjioiRFscuCGxcuKtgHNDFMppN26MwkzEwKJeQf3Pgrblwo4taNO//GaZuFth64cDjnXu69J0wYVdpxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lZi0cMxi2Q2RIowK0tJUM9JNJEE8ZKQTjq6nfmdMpKKxuNeThPgcDQSNKEbaSIF9roPMkxxipHAOPUU59CKJcHYLx3MnGeZ5Nn6o5YFdcarODHCZuAWpgALNwP7y+jFOOREaM6RUz3US7WdIaooZycteqkiC8AgNSM9QgThRfjb7KYenRunDKJamhIYz9fdEhrhSEx6aTo70UC16U/E/r5fqqO5nVCSpJgLPF0UpgzqG04Bgn0qCNZsYgrCk5laIh8hEok2MZROCu/jyMmnXqu5l1bm7qDTqRRwlcAxOwBlwwRVogBvQBC2AwSN4Bq/gzXqyXqx362PeumIVM0fgD6zPHx2bnkg=</latexit>

tcasc ⇠
Lvph
v2



Diffusion only 

<latexit sha1_base64="AnvP1tMvw0e1rd103IvCwEzSZl0=">AAAB7XicbVBNTwIxEJ3FL8Qv1KOXRmLiiewiRI4kXjxiIh8JrKRbulDptpu2a0I2/AcvHjTGq//Hm//GAntQ8CWTvLw3k5l5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3Mz9zhNVmklxb6Yx9SM8EixkBBsrtWte5eEKDYolt+wugNaJl5ESZGgOil/9oSRJRIUhHGvd89zY+ClWhhFOZ4V+ommMyQSPaM9SgSOq/XRx7QxdWGWIQqlsCYMW6u+JFEdaT6PAdkbYjPWqNxf/83qJCet+ykScGCrIclGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtgQvNWX10m7UvZqZfeuWmrUszjycAbncAkeXEMDbqEJLSDwCM/wCm+OdF6cd+dj2ZpzsplT+APn8wfdRY35</latexit>

5123 sims

Clear signs of damping  

— small scales get wiped out

Simulation Results 



With streaming, gas is 

mostly heated by CRs 

— energy intercepted by CRs 

before reaching grid scale 

— turbulence damped on small  

scales.   



Implications

• CRs have unusual form of viscosity — kill compressive modes on small 
scales 

• `Divergence cleaning’ —  removes perturbations for thermal instability?  

• Remove small scale fast modes needs to scatter CRs resonantly 

• Damping maximized when  
<latexit sha1_base64="//xYq7Laq6f/MrnibXSV5X1mbFA=">AAACGXicbVDNS8MwHE3n15xfVY9egkPwNFpR3MHDwIsXYYL7gLWUNEu3sKQtSSqMkn/Di/+KFw+KeNST/43p1oNuPgh5vPf7kbwXpoxK5TjfVmVldW19o7pZ29re2d2z9w+6MskEJh2csET0QyQJozHpKKoY6aeCIB4y0gsn14XfeyBC0iS+V9OU+ByNYhpRjJSRAtvxOFJjjFh+q4PcExxKDa+gFwmE83aQY62LqzBUorSGgV13Gs4McJm4JamDEu3A/vSGCc44iRVmSMqB66TKz5FQFDOia14mSYrwBI3IwNAYcSL9fJZMwxOjDGGUCHNiBWfq740ccSmnPDSTRQ656BXif94gU1HTz2mcZorEeP5QlDETEhY1wSEVBCs2NQRhQc1fIR4jU4oyZdZMCe5i5GXSPWu4Fw3n7rzeapZ1VMEROAanwAWXoAVuQBt0AAaP4Bm8gjfryXqx3q2P+WjFKncOwR9YXz9Cy6EM</latexit>

Ms <
Pc

Ptot

Might not be important in ICM, but important in CGM





𝛂	=	5/6

𝛂	

MASS GROWTH RATE



SURVIVAL:
ISOTHERMAL
HYDROSTATIC
BACKGROUND
● Cooling time decreases as you fall

● Transition from non-growth to 
growth

● Need to survive until cooling time is 
short enough to grow



SCALINGS



For supersonic clouds

For subsonic clouds


