
To shatter, or not to shatter? 
The search for a converged model of the CGM

MaxGronke 
Hubble fellow/UCSB

with PengOh 

or: What happens to a gas potato in the CGM?



The issue of non-convergence

also see 
Faucher-Giguère et al. (2016) 
Peeples et al. (2018) 
Suaresh et al. (2018)

…as seen in Freeke’s talk! Hindering comparison to 
observations: 

(mis)match due to model or 
numerics?

Hummels et al. (2018)

van de Voort et al. (2018) 

+ multiple 
observations 
suggesting small-
scale structure.

e.g., Rauch et al. (1999), Rigby et al. (2002), Shaye et 
al. (2007), Lau et al. (2015), Churchill et al. (2003), 

Crighton et al. (2015), Lan et al. (2017)…



The road to convergence

1. What is the characteristic scale 
of cold gas in the CGM? 

2. Can we (soon) resolve it?

Great! Subgrid model?

Ye
s No

“Schwerbelastungskörper”

Two scales in this talk: 

(a) shattering scale 

(b)survival length



(a) shattering scale

Problem: will droplets survive?

lshatter ∼ min(cstcool) ∼ 0.1 (n /cm−3)−1 pc

…as also seen in Cameron’s talk.
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Cloud destroyed 
quickly! 

but if tcool,mix < tcc cloud will survive! 

cooling time of mixed gas ( )Tmix ∼ TclTwind

MG & Oh (2018)

Begelman & Fabian (1990)



(b) survival length

Tcl,4 ⌘(Tcl/10
4 K)

P3 ⌘nT/(103 cm�3 K)

⇤mix,�21.4 ⌘⇤(Tmix)/(10
�21.4 erg cm3 s�1)

rcl > rcl,crit ⌘
vwindtcool,mix
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tcc ⇠ �1/2 rcl
vwind

reminder:Require tcool,mix < tcc for cold gas survival

MG & Oh (2018)

rcl ∼ 10rcl,crit, ℳ ∼ 1.5

(in reference frame of cold gas. Velocity changing like inelastic collision  → Evan’s talk)



Clouds > rcl,crit will survive and grow
MG & Oh (2018,19)

Mcold,CGM ∼ ∫ dt ·mwind ∼ βM*

(cold gas transported to CGM 
comparable to stellar mass of galaxy; 

mote work with more realistic wind 
profiles required)
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What about (c) the Field length?
i.e., is the rcl > rcl,crit mass growth converged in our sims?
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1D cooling layer. Credit: Brent Tan
3D windtunnel
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MG & Oh (2019)

Dynamics responsible for convergence. ➞Drummond’s talk.



Pulsations and 
convergence

…of cooling induced mass growth.

perturbed: solid lines

unperturbed: dashed lines



Short recap: lshatter versus rcl,crit 

Idea: cold gas < rcl,crit 
gets washed away

rcl,crit ∼ 2
T5/2

cl,4ℳ
P3Λmix,−21.4

χ
100

pclshatter ∼ min(cstcool) ∼ 0.1 (n /cm−3)−1 pc

Idea: while cooling, lshatter 
emerges naturally

subgrid model 
required?

resolving (soon) 
feasible?

rcl,crit

lshatter
∼ 10ℳ

χ
100 ( Λ(Tcl)/Λ(Tmix)

0.1 )

…but how are the two scales related? ➞ universal setup.

relevant for initial question.



When does shattering occur?
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,  χinitial ∼ 100
Tcl ∼ 105 ⟶ 104 K

rcl ∼ lshatter rcl ≫ lshatter

(in 3D)

A cooling cloud  shatters (as 
predicted by McCourt et al.).

≫ lshatter
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,  χinitial ∼ 100
rcl ≫ lshatter

Tcl/Tfloor ∼ 10

(in 3D)

Tcl/Tfloor ∼ 1.5

A cooling cloud  shatters (as 
predicted by McCourt et al.) 

if  is large enough.

≫ lshatter

Tcl/Tfloor



Conditions of shattering

A cooling cloud  shatters  
if  is large enough.

≳ 10lshatter
Tcl/Tfloor

χ ∼ 10

shattering?



Conditions of shattering

A cooling cloud  shatters  
if  is large enough.

≳ 10lshatter
Tcl/Tfloor



Conditions of shattering

A cooling cloud  shatters  
if .

≳ 10lshatter
χfinal ≡ Tcl/Tfloor χinitial ≳ 250

shattering!



Conditions of shattering

pulsations

shattering

Galactic winds: 

only clouds in  
 

wind survive “as a 
whole”. Afterwards 

“dynamic coagulation 
effects” important.

ℳ2 ≲
1
2γ [ χcrit

χinitial
(γ + 1) − (γ − 1)] ∼ 4

Thermal instability: 
only

 
leads to “fog”.

Thot ≳ 2 × 106 K

Implications

can be related to  via shock jump conditionsℳ



Galactic winds: only clouds in   

wind survive “as a whole”. Afterwards “dynamic coagulation effects” important.

ℳ2 ≲
1
2γ [ χcrit

χinitial
(γ + 1) − (γ − 1)] ∼ 4

ℳ ∼ 3

ℳ ∼ 1.5



To shatter, or not to shatter?

rcl ≳ 10min(cstcool) ∼ 1 (n /cm−3)−1 pc
Is the region big enough?

shatters!
“dynamic coagulation 

effects”?

Survives and grows!

Destroyed?

(damped) pulsations

Is it even bigger?
rcl ≳ rcl,crit ∼ 20

T5/2
cl,4ℳ

P2Λmix,−21.4

χ
100

pc

χfinal ≡ χTcl /Tfloor ≳ 250
Does it cool a lot?

Yes

cools isochorically
gets destroyed on short timescale?

No


