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What kinds of fluids do we talk about in Astrophysics? 

Large scale structure in the Universe 

Dark matter :  forms the 
underlying structures in the 
Universe - collisionless, non-
relativistic fluid, interacts 
gravitationally

Gas:  falls into dark matter 
potential wells & radiatively 
emits  
Directly observable at 
multiple phases 
(temperatures)



The radiative cooling of hot gas and condensation

ζ = (ρ/μmp)2Λ(T, Z)

Bremsstrahlung

H0

He+

tcool = E/ζ

∝ T−1 ∝ T1/2
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Multiphase gas : hot gas  

T ≳ 107 KFor massive gaseous systems:

For smaller gaseous systems: T ≳ 105−6 K

Why such temperatures? 
Set by gravitational potentials  

of the knots

Hydrostatic equilibrium

shocked

Supersonic 
gas

dp
dr

= − ρg
�(r)
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Multiphase gas : hot gas  

T ≳ 107 KFor massive gaseous systems:

For smaller gaseous systems: T ≳ 105−6 K

Why such temperatures? 
Set by gravitational potentials  

of the knots

Hydrostatic equilibrium

shocked

Supersonic 
gas
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shocked

galaxy

Multiphase gas : Can’t be only hot gas! 

Bulk of this hot gas often remains hot! 

No evidence of monolithic cooling  

tcool ≲ tHubble

Energy feedback 
mechanisms
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Multiphase gas : what are the sources of cold gas? 

+T ≲ 104 K

Choudhury+ 2020 [in prep]

Direct  
cold gas  

infall
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Multiphase gas : what are the sources of cold gas? 
Cold gas  

formation in place out  
of the diffuse phase

Field 1965, McCourt+2012,  
Sharma+2012, Choudhury+2016

For massive halos (ICM),  
Local thermal instability

Linear instability   
growth rate 

ω = 1/tTI

tTI = tcool/(2 − ΛT)

ΛT = ∂Λ(T, Z)/∂T

eωt
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Multiphase gas : what are the sources of cold gas? 
Cold gas  

formation in place out  
of the diffuse phase

Field 1965, McCourt+2012,  
Sharma+2012, Choudhury+2016

For massive halos (ICM),  
Local thermal instability

g

q�(n, t)
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hotcold

Linear instability   
growth rate 

ω = 1/tTI

tTI = tcool/(2 − ΛT)

ΛT = ∂Λ(T, Z)/∂T

eωt
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Multiphase gas : what are the sources of cold gas? 
Cold gas  

formation in place out  
of the diffuse phase

Field 1965, McCourt+2012,  
Sharma+2012, Choudhury+2016

For massive halos (ICM),  
Local thermal instability

g

q�(n, t)
<latexit sha1_base64="x3JIsJAMqFk4uN+/ia80MIRDTZk=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQQUsigi6LblxWsA9oY5lMJ+3QySTO3AghxF9x40IRt36IO//GpK1QXwcuHM65l3s4bii4Bsv6MAoLi0vLK8XV0tr6xuaWub3T0kGkKGvSQASq4xLNBJesCRwE64SKEd8VrO2OL3K/fceU5oG8hjhkjk+GknucEsikvlnu+QRGrpfc3iRHaVUewkHaNyt2zZoAW7/Il1VBMzT65ntvENDIZxKoIFp3bSsEJyEKOBUsLfUizUJCx2TIuhmVxGfaSSbhU7yfKQPsBSobCXiizl8kxNc69t1sM4+qf3q5+JfXjcA7cxIuwwiYpNNHXiQwBDhvAg+4YhREnBFCFc+yYjoiilDI+irNl/A/aR3XbKtmX51U6uezOopoF+2hKrLRKaqjS9RATURRjB7QE3o27o1H48V4na4WjNlNGX2D8fYJSRSUgw==</latexit><latexit sha1_base64="x3JIsJAMqFk4uN+/ia80MIRDTZk=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQQUsigi6LblxWsA9oY5lMJ+3QySTO3AghxF9x40IRt36IO//GpK1QXwcuHM65l3s4bii4Bsv6MAoLi0vLK8XV0tr6xuaWub3T0kGkKGvSQASq4xLNBJesCRwE64SKEd8VrO2OL3K/fceU5oG8hjhkjk+GknucEsikvlnu+QRGrpfc3iRHaVUewkHaNyt2zZoAW7/Il1VBMzT65ntvENDIZxKoIFp3bSsEJyEKOBUsLfUizUJCx2TIuhmVxGfaSSbhU7yfKQPsBSobCXiizl8kxNc69t1sM4+qf3q5+JfXjcA7cxIuwwiYpNNHXiQwBDhvAg+4YhREnBFCFc+yYjoiilDI+irNl/A/aR3XbKtmX51U6uezOopoF+2hKrLRKaqjS9RATURRjB7QE3o27o1H48V4na4WjNlNGX2D8fYJSRSUgw==</latexit><latexit sha1_base64="x3JIsJAMqFk4uN+/ia80MIRDTZk=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQQUsigi6LblxWsA9oY5lMJ+3QySTO3AghxF9x40IRt36IO//GpK1QXwcuHM65l3s4bii4Bsv6MAoLi0vLK8XV0tr6xuaWub3T0kGkKGvSQASq4xLNBJesCRwE64SKEd8VrO2OL3K/fceU5oG8hjhkjk+GknucEsikvlnu+QRGrpfc3iRHaVUewkHaNyt2zZoAW7/Il1VBMzT65ntvENDIZxKoIFp3bSsEJyEKOBUsLfUizUJCx2TIuhmVxGfaSSbhU7yfKQPsBSobCXiizl8kxNc69t1sM4+qf3q5+JfXjcA7cxIuwwiYpNNHXiQwBDhvAg+4YhREnBFCFc+yYjoiilDI+irNl/A/aR3XbKtmX51U6uezOopoF+2hKrLRKaqjS9RATURRjB7QE3o27o1H48V4na4WjNlNGX2D8fYJSRSUgw==</latexit><latexit sha1_base64="x3JIsJAMqFk4uN+/ia80MIRDTZk=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQQUsigi6LblxWsA9oY5lMJ+3QySTO3AghxF9x40IRt36IO//GpK1QXwcuHM65l3s4bii4Bsv6MAoLi0vLK8XV0tr6xuaWub3T0kGkKGvSQASq4xLNBJesCRwE64SKEd8VrO2OL3K/fceU5oG8hjhkjk+GknucEsikvlnu+QRGrpfc3iRHaVUewkHaNyt2zZoAW7/Il1VBMzT65ntvENDIZxKoIFp3bSsEJyEKOBUsLfUizUJCx2TIuhmVxGfaSSbhU7yfKQPsBSobCXiizl8kxNc69t1sM4+qf3q5+JfXjcA7cxIuwwiYpNNHXiQwBDhvAg+4YhREnBFCFc+yYjoiilDI+irNl/A/aR3XbKtmX51U6uezOopoF+2hKrLRKaqjS9RATURRjB7QE3o27o1H48V4na4WjNlNGX2D8fYJSRSUgw==</latexit>

q+(r, t) = hq�i
<latexit sha1_base64="sbvqeKYYbAC32u/gnDEZwiAkofM=">AAACFHicdVDLSgMxFM3UV62vUZdugkWoVMuMCLoRim5cVrAP6Iwlk2ZqaCYzJhmhDPMRbvwVNy4UcevCnX9jZlqhvg4ETs659yb3eBGjUlnWh1GYmZ2bXygulpaWV1bXzPWNlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS94Vnmt2+JkDTkl2oUETdAA059ipHSUs+sOgFS156f3Fwl1bQi9tQuPIEOQ3zACNTifgodkd/Snlm2a1YOaP0iX1YZTNDome9OP8RxQLjCDEnZta1IuQkSimI9r+TEkkQID9GAdDXlKCDSTfKlUrijlT70Q6EPVzBXpzsSFEg5Cjxdma0gf3qZ+JfXjZV/7CaUR7EiHI8f8mMGVQizhGCfCoIVG2mCsKD6rxBfI4Gw0jmWpkP4n7QOarZVsy8Oy/XTSRxFsAW2QQXY4AjUwTlogCbA4A48gCfwbNwbj8aL8TouLRiTnk3wDcbbJ2vNnco=</latexit><latexit sha1_base64="sbvqeKYYbAC32u/gnDEZwiAkofM=">AAACFHicdVDLSgMxFM3UV62vUZdugkWoVMuMCLoRim5cVrAP6Iwlk2ZqaCYzJhmhDPMRbvwVNy4UcevCnX9jZlqhvg4ETs659yb3eBGjUlnWh1GYmZ2bXygulpaWV1bXzPWNlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS94Vnmt2+JkDTkl2oUETdAA059ipHSUs+sOgFS156f3Fwl1bQi9tQuPIEOQ3zACNTifgodkd/Snlm2a1YOaP0iX1YZTNDome9OP8RxQLjCDEnZta1IuQkSimI9r+TEkkQID9GAdDXlKCDSTfKlUrijlT70Q6EPVzBXpzsSFEg5Cjxdma0gf3qZ+JfXjZV/7CaUR7EiHI8f8mMGVQizhGCfCoIVG2mCsKD6rxBfI4Gw0jmWpkP4n7QOarZVsy8Oy/XTSRxFsAW2QQXY4AjUwTlogCbA4A48gCfwbNwbj8aL8TouLRiTnk3wDcbbJ2vNnco=</latexit><latexit sha1_base64="sbvqeKYYbAC32u/gnDEZwiAkofM=">AAACFHicdVDLSgMxFM3UV62vUZdugkWoVMuMCLoRim5cVrAP6Iwlk2ZqaCYzJhmhDPMRbvwVNy4UcevCnX9jZlqhvg4ETs659yb3eBGjUlnWh1GYmZ2bXygulpaWV1bXzPWNlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS94Vnmt2+JkDTkl2oUETdAA059ipHSUs+sOgFS156f3Fwl1bQi9tQuPIEOQ3zACNTifgodkd/Snlm2a1YOaP0iX1YZTNDome9OP8RxQLjCDEnZta1IuQkSimI9r+TEkkQID9GAdDXlKCDSTfKlUrijlT70Q6EPVzBXpzsSFEg5Cjxdma0gf3qZ+JfXjZV/7CaUR7EiHI8f8mMGVQizhGCfCoIVG2mCsKD6rxBfI4Gw0jmWpkP4n7QOarZVsy8Oy/XTSRxFsAW2QQXY4AjUwTlogCbA4A48gCfwbNwbj8aL8TouLRiTnk3wDcbbJ2vNnco=</latexit><latexit sha1_base64="sbvqeKYYbAC32u/gnDEZwiAkofM=">AAACFHicdVDLSgMxFM3UV62vUZdugkWoVMuMCLoRim5cVrAP6Iwlk2ZqaCYzJhmhDPMRbvwVNy4UcevCnX9jZlqhvg4ETs659yb3eBGjUlnWh1GYmZ2bXygulpaWV1bXzPWNlgxjgUkThywUHQ9JwignTUUVI51IEBR4jLS94Vnmt2+JkDTkl2oUETdAA059ipHSUs+sOgFS156f3Fwl1bQi9tQuPIEOQ3zACNTifgodkd/Snlm2a1YOaP0iX1YZTNDome9OP8RxQLjCDEnZta1IuQkSimI9r+TEkkQID9GAdDXlKCDSTfKlUrijlT70Q6EPVzBXpzsSFEg5Cjxdma0gf3qZ+JfXjZV/7CaUR7EiHI8f8mMGVQizhGCfCoIVG2mCsKD6rxBfI4Gw0jmWpkP4n7QOarZVsy8Oy/XTSRxFsAW2QQXY4AjUwTlogCbA4A48gCfwbNwbj8aL8TouLRiTnk3wDcbbJ2vNnco=</latexit>

hotcold
0 50 100

x (kpc)

�100

�75

�50

�25

0

25

50

75

100

z
(k

p
c)

0 50 100
x (kpc)

�100

�75

�50

�25

0

25

50

75

100

-3 -2 -1
log10n

Linear instability   
growth rate 

ω = 1/tTI

tTI = tcool/(2 − ΛT)

ΛT = ∂Λ(T, Z)/∂T

eωt

Choudhury+2019
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Where are the cold filaments? What we look for in simulations/
observations 

McDonald+2017

tcool =
p

(γ − 1)n2Λ(T, Z)

tff = (2r
g )

1/2

tcool/tff ≲ 10

No condensation

condensation

Choudhury+2019

McCourt+, Sharma+2012
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Bremsstrahlung

H0

He+

∝ T−1 ∝ T1/2

ICMSmaller gaseous systems

VARIATION OF METALLICITY AND GASEOUS SYSTEM SIZE
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SUMMARY

CGM/ICM - a complex astrophysical gas  
• HD/MHD 
• unlike terrestrial fluid - gravity (dynamics of DM)  
• Radiates - observable!

Gas in multi-phase -  multiple proposed scenarios for 
condensation   
• direct cold gas infall 
• local condensation (thermal instability) 
• mergers

Local thermal instability - conditions and constraints - observables 
• Cooling time to free-fall time 
• Entropy 
• Metallicity 


