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Outline
• CGM (~ Mpc): the middle world of cosmological galaxy formation 

(observable Universe ~1010 pc, galaxy disk height ~100 pc)


• Why study the CGM (ẟ~102-5, n~10-5–1 cm-3)? New absorption/emission 
observations; not as nonlinear as stars (ẟ~1030, n~1024 cm-3), easier to 
understand


• CGM is multiphase (gas at different n,T coexist)! How to explain this?


• Some idealised models: thermal instability & condensation, galactic 
outflows, cloud crushing



Baryon budget of the Universe

arXiv:1811.12147

z~0



Evolution of the Universe

[Wikipedia]

Universe had 

a beginning 


& 

it evolves with time

focus on z~0,

nearby Universe



I. CGM observations

Traditional focus in galaxy formation has been of stars, which are highly nonlinear 

Source & sink of mass/energy to/from galaxy; Observations of diffuse CGM more constraining for galaxy formation 



Scales 

5 Mpc

25 Mpc

100 Mpc

1 Gpc

0.5 Mpc

Bullet Cluster

21cm clouds in Andromeda

[Thilker et al. 2004]

[Krause 2009]

Many more observational probes (emission & absorption) going to high z!

Stripped tail of  D100 in Coma cluster

60 kpc

[Cramer et al. 2019]



spherical halo

*/gas disk

virial radius
200 kpc for MW

disk radius
10 kpc for MW

hot multiphase 
plasma~106 K

BH at center

CGM/ICM
LCDM

CGM typically unobservable in emission but in quasar absorption line studies 
In ICM the hot gas is dense and observable in emission through X-ray telescopes 

Therefore, ICM is better understood than CGM

~10 Mpc

circumgalactic/intracluster mediumIGM filaments

Cluster halo

Other probes: SZ effect (distortion of CMB by halo e-s), FRBs pulse dispersion



[McNamara & Nulsen 2007]

~100 kpc

Clusters in emission

CO map
Hα map

[Salome et al 2006]

~40 kpc

Perseus

~107-8 K
~104 K

~10 K

AGN feedback



Galactic outflows

Makani’s [OII] outflow

[Rupke et al.  2019]

Largest imaged galactic outflow in nearby Universe
Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht

M82

~20 kpcstars, dust, hot outflow

stellar feedback



CGM probed in absorption

UV spectra must for z~0

CGM is so dilute! 
Hard to see in emission



COS-Halos

[Tumlinson et al. 2011]

Quasar sightlines within 150 kpc of galaxies

Several surveys:  
COS-Dwarfs, COS-LRG,  

COS-DISK, CGM2…

λobs = λem(1+z)
lines redshift due to cosmological expansion

O VI 1032, 1038 Å doublet



Range of ions seen in CGM
[Tumlinson et al. 2017]

Most interesting lines in UV at z~0

Key Q: how to explain the  
range of temperatures & densities? 

(i) origin of cold gas (condensation, uplift) 
(ii) sustenance of cold gas (Cloud Crushing)

λobs = λem(1+z)
cosmological expansion

know a lot about z≳2



III. The origin of multiphase gas
How is cold gas produced in the CGM/ICM?  
(i) TI & condensation from the hot phase;  
(ii) seeding by galaxy wakes, IGM filaments 
(iii) uplift of dense gas by distributed outflows 



Cluster cooling flow problem

1 kpc 200 kpc

[Johnstone et al. 2002]

cool-core clusters show SF, cold gas & radio bubbles 

tcool << cluster age 

this gas goes not seem to cool and form stars in dense cores 
lack of blue massive galaxies at cluster centers  



AGN Heating?
cooling ICM can power SMBH 

negative feedback loop prevents 
catastrophic cooling 

jet/cavity power ~ X-ray 
luminosity 

& lack of cooling 

=> rough thermal balance

[McNamara & Nulsen 2007]

~100 kpc



Thermal instability
AGN heating can balance cooling globally

q-~n2 (2-body process; line+ff emission in CIE)

n

unstable thermal eq.

What about local thermal stability?

q+~(uncertain: dissipation of mechanical energy)



Radiative cooling

log10[T(K)]

atomic physics governs CGM & galaxy formation!
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cooling losses due to metal line & ff emission



Toy model
heating~cooling at every radius  
(to explain lack of cooling flows)

hydrostatic equilibrium: dp/dr = -ρg  
gravity due to dark matter

how far can we go with 
this simple model?



TI with gravity
-ansatz: heating = <cooling> at each ht. small density perturbns 

-we know this is true globally [McCourt et al. 2012]

gravity

in-situ multiphase only when tcool/tff <1 (crucial parameter)
tcool =

1.5nkBT

neni⇤[T ]
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Spherical sims. clusters
multiphase 

if tcool/tff small!
only hot phase 

if tcool/tff big!

cool filaments when tTI/tff < 10

Log10 density

10 kpc

[Sharma et al. 2012]



ICM vs CGM
cooling/heating breaks self-similarity 

of hot gas!  

tcool/tff~10 threshold for hot CGM 

lower mass halos lower density 

beware: cooling time for MW halos at 
viral radius ~ Hubble time; non-

equilibrium effects! 1e12 Msun

3e14 Msun

[Sharma et al. 2012]

cold gas at ~10 kpc in clusters 
& at ~100 kpc in MW halos  



Observations & tcool/tff
[Voit et al. 2015]

tcool/tff~5-20

Clusters with larger tcool/tff  
don’t show multiphase gas

[Voit et al. 2015]



Ideas apply to smaller scales!
Coronal rain: UV emission tracing 5e4 K 

condensation from corona triggered  
after a normal flare  [NASA]

cooling time ~ few hrs instead of 100 Myr 
yet tcool/tff similar!  

idea generally applicable to ALL coronae
arXiv:1304.2408



Larger density perturbations

multiphase 
if tcool/tff <10

cold gas when tTI/tff < 10

10 kpc

[Sharma et al. 2012]

realistic ICM

[Choudhury et al. 2019]

latest on idealised simulations

condensation easier if δ≳1 (filaments, galaxy wakes)
condensation harder for a steeper entropy profile

Prakriti Pal Choudhury

condensation for tcool/tff<10

with larger density perturbations,
condensation for lower bkg density



real galaxies have perturbations! 
galaxy wakes & IGM filaments

dense gas column density in 1e13-14 halos [TNG50]

[Nelson et al. 2020]



MP gas in galactic outflows

multiple SN spread throughout  
disc throw up cold clouds

kpc

[Vijayan et al. 2018]

central injection doesn’t  
give MP clouds

SFR~10 Msun/yr at 5 Myr

similar conclusions from  
Schneider et al. 2018 

Clouds cannot grow indefinitely in an  
expanding wind. How is growth stopped?

Aditi Vijayan

Central energy injection



MP gas in galactic outflows

multiple SN spread throughout  
disc throw up cold clouds

kpc

[Vijayan et al. 2018]

central injection doesn’t  
give MP clouds

SFR~10 Msun/yr at 5 Myr

similar conclusions from  
Schneider et al. 2018 

Clouds cannot grow indefinitely in an  
expanding wind. How is growth stopped?

Aditi Vijayan

Central energy injection

Credit: X-ray: NASA/CXC/JHU/D.Strickland; Optical: NASA/ESA/STScI/AURA/The Hubble Heritage Team; IR: NASA/JPL-Caltech/Univ. of AZ/C. Engelbracht

M82

~20 kpcstars, dust, hot outflow

stellar feedback



III. The cloud-crushing problem
Once cold gas is produced, it moves relative to the hot/diffuse  
background either due to gravity or as it is lifted by hot outflow 

What is its fate? Small-scale problem



The cloud crushing problem

classic incompressible flow past a cylinder 

Supersonic version

except the dense cloud material 

can mix with diffuse wind  

& be moved by it



CCP: timescales

Rcl

vwind

in pressure balance initially

� = ⇢cl/⇢hot = Thot/Tcl
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density contrast

Mach number M = vwind/cs,hot
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Figure 4. Left: The mass evolution of the dense gas (! > !cl/3) for our runs with various density contrasts ("), initial cloud radii (#cl), and the wind Mach
number (M). The mass is normalized to the initial cloud mass. The runs without cooling show cloud destruction after a few cloud-crushing times (Klein et al.
1994). Even with radiative cooling, clouds smaller than the Gronke-Oh radius do no show cold mass growth. Larger clouds show an initial dip in the dense
mass but it grows later as gas from the hot wind is mixed and cooled into the dense tail (see the bottom panels of Figure 3). The green solid line corresponds
to the red circle in Figure 2 above the red solid line for a cloud larger than the Gronke-Oh radius. Dense mass show slight increase before dissolving into the
hot wind due to insufficient resolution (see the left panel of Figure B1). Right: The speed difference between the wind and the cloud material normalized
by the initial wind speed. The black crosses indicate the times when the cold mass gets completely destroyed due to mixing with the hot wind. The decrease
in the speed difference indicates momentum transfer due to turbulent mixing between the two phases with an initial velocity difference. Somewhat shallower
evolution in some of the runs with cooling may be because of insufficient resolution (see the right panel of Figure B1).

cloud-crushing without cooling where mass transfer happens from
the cold to the hot phase, the mass transfer is in the opposite di-
rection for cloud-crushing with a cloud larger than the Gronke-Oh
radius. This qualitative change happens because the mixed gas has a
cooling time shorter than the turbulent mixing time. In the absence
of cooling, mixing leads to the turbulent evaporation of the cold
cloud as it continuously encounters the hot wind. The physics of
momentum exchange between the hot and the cold phases remains
unchanged and the two phases again become comoving after the
cold cloud encounters roughly its own mass in the hot wind.

4.3 Dependence on density contrast & Mach number
In absence of radiative cooling, all clouds are expected to mix into
the diffuse hot phase over a few !cc. Radiative cooling allows the
possibility of the growth of cold mass, provided the cloud radius is
large enough. The Gronke-Oh radius (Eq. 3) is larger for a larger
density contrast and a higher Mach number. This implies that the
clouds with smaller " and M grow faster, as is borne out by the left
panel of Figure 4.

The right panel of Figure 4 shows that the cloud material be-
comes comoving in all cases after about a drag time, irrespective of
whether the cold mass grows or the cold gas is destroyed. There are
no significant trends with the density contrast and the Mach num-
ber. The simulations with faster cooling show a longer acceleration
timescale for the cold cloud but this is likely a numerical artifact
due to insufficient resolution (see B).

4.4 Cloud Dynamics: A detailed look
The turbulent mixing layer, with gas at intermediate tempera-
ture/density/velocity, is an essential element of the dynamics of
cloud-crushing both with and without cooling. In absence of cool-

ing, the turbulent boundary layer grows with time and the cold phase
is mixed in the hot wind after a few cloud-crushing times. However,
the cloud material, which is mixed in the hot wind, takes a longer
time (!drag ∼ "1/2!cc) to become comoving. Thus there is mass
transport from the cold to hot phase on ∼ !cc timescale and momen-
tum transfer from the hot to cold phase on ∼ !drag. With cooling, for
a sufficiently large cloud, the net mass transfer reverses and is from
hot to the cold phase because the mixed layer can cool and accrete
on to the cold filamentary tail.

Begelman & Fabian (1990) consider a mixing layer which
entrains mass from the hot and cold phases such that the mean
temperature of the mixed phase is

#mix ∼
"$hot#hot + "$cl#cl

"$hot + "$cl
∼
√
#hot#cl, (7)

where "$hot and "$cl are the mass entrainment rates into the mixed
layer from the hot and cold layers, respectively. This estimate as-
sumes that "$cl/ "$hot ∼ %in,hot/%in,cl ∼ "1/2 (%in,cl [%in,hot] is the
inflow velocity from the cold [hot] phase into the mixing layer).
These scalings also imply that the mixed layer’s longitudinal veloc-
ity is close to the longitudinal velocity of the cold gas.

Gronke & Oh (2018) used the above scalings for a turbulent
boundary layer to understand their numerical simulations of cloud-
crushing problem with cooling. The cold cloud can grow if the
mixed gas, assumed to be at ∼ √

#cl#hot cools faster than the cloud-
crushing time, the timescale over which the cold cloud is mixed into
the hot wind in absence of cooling. While this scaling is reasonable
for a cooling function that peaks at the intermediate temperatures
(which is true for the typical CGM/galactic outflow parameters), it
must be refined for a qualitatively different cooling function.
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Small clouds, for given 𝝌, 𝓜, are mixed in hot wind 

large clouds grow eventually with cooling

momentum transport independent of size



CC with cooling
𝝌=100, 𝓜=1, Rcl=14 pc
ncl=0.1 cm-3, Tcl=104 K

Box-size (30,15,15)Rcl,  
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CIE cooling function for Zsun 
No cooling below 104 K



Volume rendering  
of cooling time 

Multiphase gas in the cloud-crushing problem with cooling 15

Figure C1. A volume rendering snapshot (top panel) of the local cooling time (!cool; Eq. 4) and the isosurface of fast-cooling gas with !cool = 1 Myr (bottom
panel) from our high resolution fiducial run ("cl/#cell = 64; see Table 3) colored by temperature at late times, by which significant cloud growth due to
cooling of the mixed gas and entrainment have occurred (! = 14!cc). Top panel: The surface of efficiently cooling layers develop highly corrugated spaghetti
like features. The inset at bottom-right shows the opacity transfer function used for volume rendering. This was chosen in to highlight the voxels corresponding
to the most efficiently cooling gas in the computational domain. Bottom panel: The multiphase nature of the mixing layer with a short cooling time spans a
range of intermediate "warm" gas temperatures, as seen by the color on the surface. This surface is highly corrugated and displays a fractal nature.

MNRAS 000, 1–14 (2020)

Transparency

Surfaces highly irregular!

Paraview+NVIDIA IndeX on 

GPU cluster SahasraT@IISc

t ⇡ 14tcc
<latexit sha1_base64="KaIQb15mtN+X1dg1g8tN62EC1Zs=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeix6MVjBfsBTQib7aZdukmW3YlYQi7+FS8eFPHqz/Dmv3Hb5qCtDwYe780wMy+UgmtwnG9rZXVtfWOzslXd3tnd27cPDjs6zRRlbZqKVPVCopngCWsDB8F6UjESh4J1w/HN1O8+MKV5mtzDRDI/JsOER5wSMFJgHwP2iJQqfcRuA0OQeyrGlBaBXXPqzgx4mbglqaESrcD+8gYpzWKWABVE677rSPBzooBTwYqql2kmCR2TIesbmpCYaT+fPVDgM6MMcJQqUwngmfp7Iiex1pM4NJ0xgZFe9Kbif14/g+jKz3kiM2AJnS+KMoEhxdM08IArRkFMDCFUcXMrpiOiCAWTWdWE4C6+vEw6F3XXqbt3jVrzuoyjgk7QKTpHLrpETXSLWqiNKCrQM3pFb9aT9WK9Wx/z1hWrnDlCf2B9/gB4NJWs</latexit><latexit sha1_base64="KaIQb15mtN+X1dg1g8tN62EC1Zs=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeix6MVjBfsBTQib7aZdukmW3YlYQi7+FS8eFPHqz/Dmv3Hb5qCtDwYe780wMy+UgmtwnG9rZXVtfWOzslXd3tnd27cPDjs6zRRlbZqKVPVCopngCWsDB8F6UjESh4J1w/HN1O8+MKV5mtzDRDI/JsOER5wSMFJgHwP2iJQqfcRuA0OQeyrGlBaBXXPqzgx4mbglqaESrcD+8gYpzWKWABVE677rSPBzooBTwYqql2kmCR2TIesbmpCYaT+fPVDgM6MMcJQqUwngmfp7Iiex1pM4NJ0xgZFe9Kbif14/g+jKz3kiM2AJnS+KMoEhxdM08IArRkFMDCFUcXMrpiOiCAWTWdWE4C6+vEw6F3XXqbt3jVrzuoyjgk7QKTpHLrpETXSLWqiNKCrQM3pFb9aT9WK9Wx/z1hWrnDlCf2B9/gB4NJWs</latexit><latexit sha1_base64="KaIQb15mtN+X1dg1g8tN62EC1Zs=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeix6MVjBfsBTQib7aZdukmW3YlYQi7+FS8eFPHqz/Dmv3Hb5qCtDwYe780wMy+UgmtwnG9rZXVtfWOzslXd3tnd27cPDjs6zRRlbZqKVPVCopngCWsDB8F6UjESh4J1w/HN1O8+MKV5mtzDRDI/JsOER5wSMFJgHwP2iJQqfcRuA0OQeyrGlBaBXXPqzgx4mbglqaESrcD+8gYpzWKWABVE677rSPBzooBTwYqql2kmCR2TIesbmpCYaT+fPVDgM6MMcJQqUwngmfp7Iiex1pM4NJ0xgZFe9Kbif14/g+jKz3kiM2AJnS+KMoEhxdM08IArRkFMDCFUcXMrpiOiCAWTWdWE4C6+vEw6F3XXqbt3jVrzuoyjgk7QKTpHLrpETXSLWqiNKCrQM3pFb9aT9WK9Wx/z1hWrnDlCf2B9/gB4NJWs</latexit><latexit sha1_base64="KaIQb15mtN+X1dg1g8tN62EC1Zs=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FQSKeix6MVjBfsBTQib7aZdukmW3YlYQi7+FS8eFPHqz/Dmv3Hb5qCtDwYe780wMy+UgmtwnG9rZXVtfWOzslXd3tnd27cPDjs6zRRlbZqKVPVCopngCWsDB8F6UjESh4J1w/HN1O8+MKV5mtzDRDI/JsOER5wSMFJgHwP2iJQqfcRuA0OQeyrGlBaBXXPqzgx4mbglqaESrcD+8gYpzWKWABVE677rSPBzooBTwYqql2kmCR2TIesbmpCYaT+fPVDgM6MMcJQqUwngmfp7Iiex1pM4NJ0xgZFe9Kbif14/g+jKz3kiM2AJnS+KMoEhxdM08IArRkFMDCFUcXMrpiOiCAWTWdWE4C6+vEw6F3XXqbt3jVrzuoyjgk7QKTpHLrpETXSLWqiNKCrQM3pFb9aT9WK9Wx/z1hWrnDlCf2B9/gB4NJWs</latexit>



Growth criterion
tcool,mix/tcc . 1

<latexit sha1_base64="Cl7C9/pV/H7It7JGXbcFqZO9yyc=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0ITURQZdFNy4r2Ac0IUymk3boTCbMTMQS8glu/BU3LhRx69Kdf+O0jaCtBy4czrmXe+8JE0aVdpwvq7SwuLS8Ul6trK1vbG7Z2zstJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4Nfbbd0QqKuJbPUqIz1E/phHFSBspsA91kHmSQywEO4ac3ucnPwrOoceIUopy6AZ21ak5E8B54hakCgo0AvvT6wmcchJrzJBSXddJtJ8hqSlmJK94qSIJwkPUJ11DY8SJ8rPJQzk8MEoPRkKaijWcqL8nMsSVGvHQdHKkB2rWG4v/ed1URxd+RuMk1STG00VRyqAWcJwO7FFJsGYjQxCW1NwK8QBJhLXJsGJCcGdfniet05rr1Nybs2r9soijDPbAPjgCLjgHdXANGqAJMHgAT+AFvFqP1rP1Zr1PW0tWMbML/sD6+Ab6qZyG</latexit><latexit sha1_base64="Cl7C9/pV/H7It7JGXbcFqZO9yyc=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0ITURQZdFNy4r2Ac0IUymk3boTCbMTMQS8glu/BU3LhRx69Kdf+O0jaCtBy4czrmXe+8JE0aVdpwvq7SwuLS8Ul6trK1vbG7Z2zstJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4Nfbbd0QqKuJbPUqIz1E/phHFSBspsA91kHmSQywEO4ac3ucnPwrOoceIUopy6AZ21ak5E8B54hakCgo0AvvT6wmcchJrzJBSXddJtJ8hqSlmJK94qSIJwkPUJ11DY8SJ8rPJQzk8MEoPRkKaijWcqL8nMsSVGvHQdHKkB2rWG4v/ed1URxd+RuMk1STG00VRyqAWcJwO7FFJsGYjQxCW1NwK8QBJhLXJsGJCcGdfniet05rr1Nybs2r9soijDPbAPjgCLjgHdXANGqAJMHgAT+AFvFqP1rP1Zr1PW0tWMbML/sD6+Ab6qZyG</latexit><latexit sha1_base64="Cl7C9/pV/H7It7JGXbcFqZO9yyc=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0ITURQZdFNy4r2Ac0IUymk3boTCbMTMQS8glu/BU3LhRx69Kdf+O0jaCtBy4czrmXe+8JE0aVdpwvq7SwuLS8Ul6trK1vbG7Z2zstJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4Nfbbd0QqKuJbPUqIz1E/phHFSBspsA91kHmSQywEO4ac3ucnPwrOoceIUopy6AZ21ak5E8B54hakCgo0AvvT6wmcchJrzJBSXddJtJ8hqSlmJK94qSIJwkPUJ11DY8SJ8rPJQzk8MEoPRkKaijWcqL8nMsSVGvHQdHKkB2rWG4v/ed1URxd+RuMk1STG00VRyqAWcJwO7FFJsGYjQxCW1NwK8QBJhLXJsGJCcGdfniet05rr1Nybs2r9soijDPbAPjgCLjgHdXANGqAJMHgAT+AFvFqP1rP1Zr1PW0tWMbML/sD6+Ab6qZyG</latexit><latexit sha1_base64="Cl7C9/pV/H7It7JGXbcFqZO9yyc=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0ITURQZdFNy4r2Ac0IUymk3boTCbMTMQS8glu/BU3LhRx69Kdf+O0jaCtBy4czrmXe+8JE0aVdpwvq7SwuLS8Ul6trK1vbG7Z2zstJVKJSRMLJmQnRIowGpOmppqRTiIJ4iEj7XB4Nfbbd0QqKuJbPUqIz1E/phHFSBspsA91kHmSQywEO4ac3ucnPwrOoceIUopy6AZ21ak5E8B54hakCgo0AvvT6wmcchJrzJBSXddJtJ8hqSlmJK94qSIJwkPUJ11DY8SJ8rPJQzk8MEoPRkKaijWcqL8nMsSVGvHQdHKkB2rWG4v/ed1URxd+RuMk1STG00VRyqAWcJwO7FFJsGYjQxCW1NwK8QBJhLXJsGJCcGdfniet05rr1Nybs2r9soijDPbAPjgCLjgHdXANGqAJMHgAT+AFvFqP1rP1Zr1PW0tWMbML/sD6+Ab6qZyG</latexit>

with Tmix ⇡
p

TclThot
<latexit sha1_base64="4VXaMr0RbrbXyoTe0QgmqdD+Bl4=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LblxW6A06pWTStA1NJmNyRlqGeQ03voobF4q41JVvY9rOQlsPBD7+/xxOzh/GghvwvG9nZXVtfWOzsFXc3tnd23cPDhtGJZqyOlVC6VZIDBM8YnXgIFgr1ozIULBmOLqZ+s0Hpg1XUQ0mMetIMoh4n1MCVuq6Xq2bBlpiyccZDkgcazXGgbnXkOYOFVlOQwVZ1nVLXtmbFV4GP4cSyqvadT+DnqKJZBFQQYxp+14MnZRo4FSwrBgkhsWEjsiAtS1GRDLTSWeXZfjUKj3cV9q+CPBM/T2REmnMRIa2UxIYmkVvKv7ntRPoX3VSHsUJsIjOF/UTgUHhaUy4xzWjICYWCNXc/hXTIdGEgg2zaEPwF09ehsZ52ffK/t1FqXKdx1FAx+gEnSEfXaIKukVVVEcUPaJn9IrenCfnxXl3PuatK04+c4T+lPP1A7AyoVk=</latexit><latexit sha1_base64="4VXaMr0RbrbXyoTe0QgmqdD+Bl4=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LblxW6A06pWTStA1NJmNyRlqGeQ03voobF4q41JVvY9rOQlsPBD7+/xxOzh/GghvwvG9nZXVtfWOzsFXc3tnd23cPDhtGJZqyOlVC6VZIDBM8YnXgIFgr1ozIULBmOLqZ+s0Hpg1XUQ0mMetIMoh4n1MCVuq6Xq2bBlpiyccZDkgcazXGgbnXkOYOFVlOQwVZ1nVLXtmbFV4GP4cSyqvadT+DnqKJZBFQQYxp+14MnZRo4FSwrBgkhsWEjsiAtS1GRDLTSWeXZfjUKj3cV9q+CPBM/T2REmnMRIa2UxIYmkVvKv7ntRPoX3VSHsUJsIjOF/UTgUHhaUy4xzWjICYWCNXc/hXTIdGEgg2zaEPwF09ehsZ52ffK/t1FqXKdx1FAx+gEnSEfXaIKukVVVEcUPaJn9IrenCfnxXl3PuatK04+c4T+lPP1A7AyoVk=</latexit><latexit sha1_base64="4VXaMr0RbrbXyoTe0QgmqdD+Bl4=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LblxW6A06pWTStA1NJmNyRlqGeQ03voobF4q41JVvY9rOQlsPBD7+/xxOzh/GghvwvG9nZXVtfWOzsFXc3tnd23cPDhtGJZqyOlVC6VZIDBM8YnXgIFgr1ozIULBmOLqZ+s0Hpg1XUQ0mMetIMoh4n1MCVuq6Xq2bBlpiyccZDkgcazXGgbnXkOYOFVlOQwVZ1nVLXtmbFV4GP4cSyqvadT+DnqKJZBFQQYxp+14MnZRo4FSwrBgkhsWEjsiAtS1GRDLTSWeXZfjUKj3cV9q+CPBM/T2REmnMRIa2UxIYmkVvKv7ntRPoX3VSHsUJsIjOF/UTgUHhaUy4xzWjICYWCNXc/hXTIdGEgg2zaEPwF09ehsZ52ffK/t1FqXKdx1FAx+gEnSEfXaIKukVVVEcUPaJn9IrenCfnxXl3PuatK04+c4T+lPP1A7AyoVk=</latexit><latexit sha1_base64="4VXaMr0RbrbXyoTe0QgmqdD+Bl4=">AAACGXicbZDLSgMxFIYzXmu9jbp0EyyCqzIjgi6LblxW6A06pWTStA1NJmNyRlqGeQ03voobF4q41JVvY9rOQlsPBD7+/xxOzh/GghvwvG9nZXVtfWOzsFXc3tnd23cPDhtGJZqyOlVC6VZIDBM8YnXgIFgr1ozIULBmOLqZ+s0Hpg1XUQ0mMetIMoh4n1MCVuq6Xq2bBlpiyccZDkgcazXGgbnXkOYOFVlOQwVZ1nVLXtmbFV4GP4cSyqvadT+DnqKJZBFQQYxp+14MnZRo4FSwrBgkhsWEjsiAtS1GRDLTSWeXZfjUKj3cV9q+CPBM/T2REmnMRIa2UxIYmkVvKv7ntRPoX3VSHsUJsIjOF/UTgUHhaUy4xzWjICYWCNXc/hXTIdGEgg2zaEPwF09ehsZ52ffK/t1FqXKdx1FAx+gEnSEfXaIKukVVVEcUPaJn9IrenCfnxXl3PuatK04+c4T+lPP1A7AyoVk=</latexit> Gronke-Oh criterion [2018]

2 Kanjilal, Dutta, Sharma 2020

growth that differs qualitatively and quantitatively from Gronke
& Oh (2018). The present work aims to independently study this
important problem.

While our results are broadly applicable, we choose parame-
ters relevant for the CGM. Recent observations have revealed the
multiphase structure of the CGM (Tumlinson et al. 2017). The cold
phase primarily consists of neutral and low ionization potential ions
like H I, Na I, Ca II, and dust; the cool phase harbours ions like C
II, C III, Si II, Si III, N II, and N III; the warm phase is traced by
high ionization potential ions like C IV, N V, O VI, and Ne VII;
and the hot gas phase by highly ionized species like O VII and
O VIII. The absorption (and less commonly emission) features of
these different species serve as tracers of the multiphase CGM. The
CGM is polluted by metals due to stellar winds and supernovae,
which can coalesce at a sufficiently high star formation rate density
(Heckman 2001; Yadav et al. 2017), forming a large-scale galactic
wind. Star formation distributed through the disk can often result
in entrained cold gas moving at high velocity (Cooper et al. 2008;
Vijayan et al. 2018; Schneider et al. 2020), as inferred from spec-
tral line observations (for a review, see Veilleux et al. 2005; Rupke
2018). Multiphase gas is seen not only in galactic outflows, but also
in the extended CGM as probed by quasar absorption (Tumlinson
et al. 2011; Werk et al. 2014). Most likely, this extended multiphase
gas with a sub-escape velocity is not associated with outflows, but
arises due to condensation induced near wakes of satellite galaxies
and intergalactic filaments on the scale of the halo virial radius (Nel-
son et al. 2020). Cold gas is also seen in cool core clusters within 10s
of kpc of the cluster center (e.g., Olivares et al. 2019) and extended
symmetrically out to the virial radius in ! ! 3 halos hosting quasars
(e.g., Borisova et al. 2016) and galaxies (e.g., Wisotzki et al. 2018).

The observations of cold gas moving up to several 100 km
s−1 raise a major question on the existing theoretical models. It
is expected that hydrodynamic instabilities, such as the Kelvin-
Helmholtz and Rayleigh-Taylor instabilities, should mix the cold
cloud into the diffuse hot phase and ultimately destroy it. The de-
struction timescale of an adiabatic, initially static cloud of size "cl
(in pressure equilibrium with its background; Table 1 lists the var-
ious relevant parameters for the cloud-crushing problem) exposed
to an impinging hot wind of velocity #wind scales as the cloud-
crushing time $cc ∼ √

%"cl/#wind (where % is the density contrast
between the cloud and the wind; Klein et al. 1994). The timescale
of the wind to accelerate the cloud via momentum transfer to speed
∼ #wind is given by the drag time $drag ∼ %"cl/#wind. Clearly, the
cloud-crushing time $cc is shorter by a factor of √% than the drag
time $drag, implying that the cloud must be destroyed before it is
blown away by the wind. This problem – the survival of cool gas
clouds moving through a hot ambient medium, the cloud-crushing
problem, – has received significant attention in recent years, par-
ticularly in the context of the CGM (Banda-Barragán et al. 2015;
Schneider & Robertson 2017; Banda-Barragán et al. 2018b; Gronke
& Oh 2018, 2020; Sparre et al. 2018; Liang & Remming 2019; Li
et al. 2020a; Sparre et al. 2020).

Recently, Gronke & Oh (2018, 2020) revisited the problem
of entrainment of hot wind by a cold cloud and derived a crite-
rion for cloud growth due to radiative cooling. They concluded that
whenever the ratio of the cooling time of the mixed gas and the
cloud-crushing time ($cool,mix/$cc) < 1, the mixed warm gas pro-
duced in the boundary layer cools and produces new comoving cold
gas, and thus, the cloud grows and acquires momentum. More re-
cently, however, Li et al. (2020a) derived a criterion for cold mass
growth due to radiative cooling and it is somewhat different from
the predictions of Gronke & Oh (2018). According to them, cloud

Table 1. Parameters for the cloud-crushing problem

Symbol Meaning

!cl Cloud radius (diameter "cl = 2!cl)
#cell Cell/grid size in simulation (resolution)
$cl Particle number density in the cloud
$hot Particle number density in the wind
%cl Temperature of the dense cloud (equals cooling floor)
%hot Temperature of the hot wind
%mix Temperature of the mixed phase, taken to be

√
%hot%cl

& Wind-cloud contrast ($cl/$hot = %hot/%cl)
'wind Relative speed of the hot wind with respect to the cloud
(cc Classical cloud-crushing time (√&!cl/'wind)
(drag Drag time (&!cl/'wind)
M ≡ 'wind/)! ; )! =

√
1.67*/+ is hot wind sound speed

(cool,hot Cooling time of the hot phase
(cool,mix Cooling time of the mixed phase

growth occurs only if $cool,hot/$life,pred < 1, where $cool,hot is the
cooling time of the hot (not mixed as in Gronke & Oh 2018) phase
and $life,pred is a predicted cloud lifetime obtained by fitting their
simulation results to a simple function of the various parameters
of the cloud-crushing problem. They estimate the predicted cloud
lifetime as

$life,pred ≈ 10$cc & , (1)

where

& = (0.9 ± 0.1)'0.3
1 (0.3

0.01)
0.0
6 #0.6

100, (2)

and '1 ≡ 'cl/(1 pc) ('cl is the initial cloud diameter),
(0.01 ≡ (hot/(0.01 cm−3), )6 ≡ )hot/(106 K) and #100 ≡
#wind/(100 km s−1).

In this paper, we therefore seek to resolve this discrepancy
through a set of three-dimensional idealized hydrodynamical sim-
ulations with radiative cooling, similar to that of Gronke & Oh
(2018, 2020) and Li et al. (2020a), with the simulation parameters
specifically chosen to address this issue. The paper is organized as
follows. In section 2 we present the relevant analytical calculations
to highlight the discrepancy in terms of the initial cloud size. In
Section 3 we describe the simulation details and the range of pa-
rameters surveyed in our simulations. In Section 4 we present our
results and discuss their implications. We also present the different
diagnostics on the simulated fluid fields to better illustrate the under-
lying physics. In Section 5 we present caveats and future directions.
Finally in Section 6, we summarize our results.
2 Analytic Arguments
According to Gronke & Oh (2018, 2020) cloud growth occurs when-
ever the cooling time of the mixed gas (evaluated at)mix ≈ √

)cl)hot;
see Table 1 for various parameters of the cloud-crushing problem)
is shorter than the cloud-crushing time; i.e., $cool,mix/$cc < 1. In
terms of the initial cloud radius, this criterion corresponds to a cloud
size larger than

"GO ≈ 2 pc
)

5
2

cl,4M
*3Λmix,−21.4

%

100 = 2 pc
)

3
2

cl,4M
(cl,0.1Λmix,−21.4

%

100 , (3)

where )cl,4 ≡ ()cl/104K), *3 ≡ ()/(103cm−3K), Λmix,−21.4 ≡
Λ[)mix]/(10−21.4erg cm3s−1), and (cl,0.1 ≡ ((cl/0.1 cm−3). Re-
call that the cooling time is

$cool ≡
3
2
+,)

(Λ [)] , (4)
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R>RGO implies cloud growth

smaller clouds destroyed

Other groups question this, but our simulations are consistent with this!

tcool,hot/(f̄ tcc) . 1
<latexit sha1_base64="M38Rousa6d0JnVM5MD5rwyCUozM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQQeKuCHoMevEYwTwgG8LsZDYZMrOzzPQKYdnv8OKvePGgiDfx4t84eQiaWNBQVHXT3RXEghtw3S8nt7S8srqWXy9sbG5t7xR39xpGJZqyOlVC6VZADBM8YnXgIFgr1ozIQLBmMLwe+817pg1X0R2MYtaRpB/xkFMCVuoWPeimvpaYKiVO8EBBdlr2A6LTMMM/Fs2OsS+YMYZL7HWLJbfiToAXiTcjJTRDrVv88HuKJpJFQAUxpu25MXRSooFTwbKCnxgWEzokfda2NCKSmU46eS3DR1bp4VBpWxHgifp7IiXSmJEMbKckMDDz3lj8z2snEF52Uh7FCbCITheFicCg8Dgn3OOaURAjSwjV3N6K6YBoQsGmWbAhePMvL5LGWcVzK97teal6NYsjjw7QISojD12gKrpBNVRHFD2gJ/SCXp1H59l5c96nrTlnNrOP/sD5/AYkFqBH</latexit><latexit sha1_base64="M38Rousa6d0JnVM5MD5rwyCUozM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQQeKuCHoMevEYwTwgG8LsZDYZMrOzzPQKYdnv8OKvePGgiDfx4t84eQiaWNBQVHXT3RXEghtw3S8nt7S8srqWXy9sbG5t7xR39xpGJZqyOlVC6VZADBM8YnXgIFgr1ozIQLBmMLwe+817pg1X0R2MYtaRpB/xkFMCVuoWPeimvpaYKiVO8EBBdlr2A6LTMMM/Fs2OsS+YMYZL7HWLJbfiToAXiTcjJTRDrVv88HuKJpJFQAUxpu25MXRSooFTwbKCnxgWEzokfda2NCKSmU46eS3DR1bp4VBpWxHgifp7IiXSmJEMbKckMDDz3lj8z2snEF52Uh7FCbCITheFicCg8Dgn3OOaURAjSwjV3N6K6YBoQsGmWbAhePMvL5LGWcVzK97teal6NYsjjw7QISojD12gKrpBNVRHFD2gJ/SCXp1H59l5c96nrTlnNrOP/sD5/AYkFqBH</latexit><latexit sha1_base64="M38Rousa6d0JnVM5MD5rwyCUozM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQQeKuCHoMevEYwTwgG8LsZDYZMrOzzPQKYdnv8OKvePGgiDfx4t84eQiaWNBQVHXT3RXEghtw3S8nt7S8srqWXy9sbG5t7xR39xpGJZqyOlVC6VZADBM8YnXgIFgr1ozIQLBmMLwe+817pg1X0R2MYtaRpB/xkFMCVuoWPeimvpaYKiVO8EBBdlr2A6LTMMM/Fs2OsS+YMYZL7HWLJbfiToAXiTcjJTRDrVv88HuKJpJFQAUxpu25MXRSooFTwbKCnxgWEzokfda2NCKSmU46eS3DR1bp4VBpWxHgifp7IiXSmJEMbKckMDDz3lj8z2snEF52Uh7FCbCITheFicCg8Dgn3OOaURAjSwjV3N6K6YBoQsGmWbAhePMvL5LGWcVzK97teal6NYsjjw7QISojD12gKrpBNVRHFD2gJ/SCXp1H59l5c96nrTlnNrOP/sD5/AYkFqBH</latexit><latexit sha1_base64="M38Rousa6d0JnVM5MD5rwyCUozM=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoMQQeKuCHoMevEYwTwgG8LsZDYZMrOzzPQKYdnv8OKvePGgiDfx4t84eQiaWNBQVHXT3RXEghtw3S8nt7S8srqWXy9sbG5t7xR39xpGJZqyOlVC6VZADBM8YnXgIFgr1ozIQLBmMLwe+817pg1X0R2MYtaRpB/xkFMCVuoWPeimvpaYKiVO8EBBdlr2A6LTMMM/Fs2OsS+YMYZL7HWLJbfiToAXiTcjJTRDrVv88HuKJpJFQAUxpu25MXRSooFTwbKCnxgWEzokfda2NCKSmU46eS3DR1bp4VBpWxHgifp7IiXSmJEMbKckMDDz3lj8z2snEF52Uh7FCbCITheFicCg8Dgn3OOaURAjSwjV3N6K6YBoQsGmWbAhePMvL5LGWcVzK97teal6NYsjjw7QISojD12gKrpBNVRHFD2gJ/SCXp1H59l5c96nrTlnNrOP/sD5/AYkFqBH</latexit>

Li et al. [2020]: hot gas cooling time instead of mixed-gas cooling time!
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Figure 1. The Gronke-Oh radius (log; Eq. 3; left panel), the Li radius (log; Eq. 5; middle panel), and their ratio (right panel) as a function of the density contrast
! and the Mach number M. The variation of the two radii as a function of ! and M is different qualitatively and qauntitatively. We vary these two parameters
(!, M) in our cloud-crushing simulations with cooling to test the two criteria for the growth of cold/dense gas. For most of the relevant parameter regime, the
Li radius exceeds the Gronke-Oh radius by more than a factor of 10, with the discrepancy increasing with !.

where Λ[!] is the cooling function such that the energy loss due to
radiative cooling per unit volume for a given number density and
temperature is given by "2Λ[!].

In contrast, Li et al. (2020a) claim that cloud growth
due to radiative cooling occurs when #cool,hot/#life,pred =
#cool,hot/(10#cc $ ) < 1 (see section 3.4 and Eq. 19 in Li et al.
2020a). The radius according to this criterion for cold gas growth,
expressed in terms of the same parameters as Eq. 3, should exceed
(using Eqs. 1, 2)

%Li ≈ 15.4 pc
!
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where Λhot,−21.4 ≡ Λ(!hot)/(10−21.4erg cm3s−1). Note that the
cooling function in Eqs. 3 & 5 are evaluated at !mix and !hot,
respectively. For typical values of the parameters, !cl = 104' ,
M = 1.0, & = 100, and "cl = 0.1 cm−3, the corresponding Gronke-
Oh and Li radii are approximately 1.1 pc and 26.5 pc, respectively.
Thus, there exists a major discrepancy between the two criteria.
Figure 1 shows the Gronke-Oh and Li radii, and their ratio as a
function of the density contrast (&) and the Mach number (M) for
a fixed cloud temperature !cl = 104 K and density "cl = 0.1 cm−3.
By comparing Eqs. 3 & 5, note that the ratio is independent of the
cloud density but depends on the other parameters.

Figure 2 shows a comparison of the Gronke-Oh and Li criteria
for the growth of cold gas in the cloud-crushing problem, expressed
in terms of the key parameters of Li et al. (2020a), #cool,hot (the
cooling time of the hot wind) and #life,pred (the predicted lifetime in
the cloud-crushing problem; see Eqs. 1 & 2).¶ In this space, the Li
criterion is simply given by a line of slope unity passing through the

¶ We use "life,pred − "cool,hot coordinates suggested by Li et al. (2020a)
for a comparison because we were not readily able to get their individual
simulation parameters (!, M, #cl, $cl) and we did not want to misquote
their results.

origin. Notice that the cooling times #cool,mix and #cool,hot, in terms
of the cloud-crushing parameters ("cl, !cl, M, &, %cl), depend on
"cl, !cl and &, #cc on %cl, M and !cl, and #life,pred on all of them
except &. The three colored solid lines in Figure 2 show the Gronke-
Oh criterion in terms of #cool,hot and #life,pred for three different Mach
numbers, and for "cl = 0.1 cm−3 and !cl = 104 K. For each of these
curves, we fixM, "cl and!cl and vary &. For each & there is a unique
threshold radius corresponding to the Gronke-Oh criterion (Eq. 3),
and hence a unique #life,pred. Note that at small values of #cool,hot,
different values of & can give the same #cool,hot ‖ but different %GO
and #life,pred. Again notice that the Gronke-Oh and Li criteria are
qualitatively and quantitatively very different, with the difference
increasing with an increasing & (consistent with the right panel of
Figure 1).

3 Numerical Simulations
Now that we have highlighted the large discrepancy between the
analytic Gronke-Oh and Li criteria for cold cloud growth in the
cloud-crushing problem with cooling, we turn to numerical simu-
lations to check whether they agree with any of these criteria.

We set up three-dimensional hydrodynamical simulations in
a uniform (Δ( = Δ) = Δ* = +cell), Cartesian grid corresponding
to the classical cloud-crushing scenario along with optically thin
radiative cooling of collisionally ionized gas similar to Gronke &
Oh (2018, 2020). Since the physical set up is well-known, we do
not repeat all the details here and just present the key highlights. We
implement our numerical experiments in PLUTO 4.3, a conservative
Godunov hydrodynamics code (Mignone et al. 2007). We place a
dense, spherical cloud of cold gas of radius %cl at a temperature of
!cl = 104 K and number density "cl = 0.1 cm−3 in our simulation
domain and impose a steady hot wind outside it. All the boundaries
are outflowing except the one in the upstream direction where we

‖ This happens below ! ≈ 2, where the cooling function is locally steeper
than $ 2.
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Li radius is more than 10 times larger!

We resolve this apparent discrepancy: arXiv:2009.00525



Concluding Thoughts

• CGM can be studied in great detail with so many observational probes 

• Where does the cold gas come from in the first place? Condensation 
due to thermal instability, perhaps seeded with large density fluctuations, 
uplift by outflows


• Cloud-crushing problem: a prototype of multiphase gas in CGM; 
turbulent boundary layers have gas at a range of Ts/ns.


• How do we stop dense mass growth? Size of cold clouds? 

Thank You!


