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Multiphase	gas	dynamics	crucial	to	model	galactic	ecosystems!



The	multiscale	CGM
also:	

Rauch	et	al.	(1999)	
Rigby	et	al.	(2002)	
Shaye	et	al.	(2007)	
Lau	et	al.	(2015)	

Crighton	et	al.	(2015)	
Chen	et	al.	(2023)	

…

Photoionization	modelling

d	~	NHI	/	nHI	≲100pc

Lan	et	al.	(2017)



The	multiscale	CGM
also:	

Rauch	et	al.	(1999)	
Rigby	et	al.	(2002)	
Shaye	et	al.	(2007)	
Lau	et	al.	(2015)	

Crighton	et	al.	(2015)	
Chen	et	al.	(2023)	

…

Photoionization	modelling

d	~	NHI	/	nHI	≲100pc

Morrison	et	al.	(2024) with	Matthew	Pieri

Lan	et	al.	(2017)



The	multiscale	CGM
also:	

Rauch	et	al.	(1999)	
Rigby	et	al.	(2002)	
Shaye	et	al.	(2007)	
Lau	et	al.	(2015)	

Crighton	et	al.	(2015)	
Chen	et	al.	(2023)	

…

Photoionization	modelling

d	~	NHI	/	nHI	≲100pc

Kinematic	information

Churchill	et	al.	
(2003)

also:	
Rudie	et	al.	(2018)	
Churchill	et	al.	

(2020)	
…

Morrison	et	al.	(2024) with	Matthew	Pieri

Lan	et	al.	(2017)



The	multiscale	CGM
also:	

Rauch	et	al.	(1999)	
Rigby	et	al.	(2002)	
Shaye	et	al.	(2007)	
Lau	et	al.	(2015)	

Crighton	et	al.	(2015)	
Chen	et	al.	(2023)	

…

Photoionization	modelling

d	~	NHI	/	nHI	≲100pc Xu	et	al.	(2023)

Lopez	et	al.	(2025)

Direct	imaging	of	nearby	winds

e.g.,	see	reviews	by	Veilleux	et	al.	(2005,2020)

Kinematic	information

Churchill	et	al.	
(2003)

also:	
Rudie	et	al.	(2018)	
Churchill	et	al.	

(2020)	
…

Morrison	et	al.	(2024) with	Matthew	Pieri

Lan	et	al.	(2017)



Milky	Way	observations

Richter	(2025)

The	multiscale	CGM
also:	

Rauch	et	al.	(1999)	
Rigby	et	al.	(2002)	
Shaye	et	al.	(2007)	
Lau	et	al.	(2015)	

Crighton	et	al.	(2015)	
Chen	et	al.	(2023)	

…

Photoionization	modelling

d	~	NHI	/	nHI	≲100pc Xu	et	al.	(2023)

Lopez	et	al.	(2025)

Direct	imaging	of	nearby	winds

e.g.,	see	reviews	by	Veilleux	et	al.	(2005,2020)

Kinematic	information

Churchill	et	al.	
(2003)

also:	
Rudie	et	al.	(2018)	
Churchill	et	al.	

(2020)	
…

Morrison	et	al.	(2024) with	Matthew	Pieri

Lan	et	al.	(2017)



Challenge	for	large	scale	simulations

Hummels	et	al.	(2019)

Faucher-Giguère	et	al.	(2016)

van	de	Voort	et	al.	(2018)

see	also,	Peeples	et	al.	(2018),	Suaresh	et	al.	(2018),	Nelson	et	al.	(2020),	…



Challenge	for	large	scale	simulations

Hummels	et	al.	(2019)

Faucher-Giguère	et	al.	(2016)

Affecting:	
‣ CGM	observables	(QSO	absorption	lines,	Lyα	halos,	…)		
‣ wind	/	fountain	flow	observables	(how	are	the	phases	
coupled?)	

‣ impact	of	winds	energetically	and	content	(dust,	PAHs,	
…)	

‣ fuel	for	future	star-formation	
‣ impact	on	cosmological	environment	(LyC	escape,	…)	
‣ …

van	de	Voort	et	al.	(2018)

see	also,	Peeples	et	al.	(2018),	Suaresh	et	al.	(2018),	Nelson	et	al.	(2020),	…



Challenge	for	large	scale	simulations

Hummels	et	al.	(2019)

Faucher-Giguère	et	al.	(2016)

Affecting:	
‣ CGM	observables	(QSO	absorption	lines,	Lyα	halos,	…)		
‣ wind	/	fountain	flow	observables	(how	are	the	phases	
coupled?)	

‣ impact	of	winds	energetically	and	content	(dust,	PAHs,	
…)	

‣ fuel	for	future	star-formation	
‣ impact	on	cosmological	environment	(LyC	escape,	…)	
‣ …

van	de	Voort	et	al.	(2018)

see	also,	Peeples	et	al.	(2018),	Suaresh	et	al.	(2018),	Nelson	et	al.	(2020),	…



Go	subgrid?

Solutions	in	computational	astrophysics:	
(1) adaptive	techniques	(SPH,	AMR,	…)	
(2)subgrid	models	(feedback,	star-

formation,	…)



Go	subgrid?

Solutions	in	computational	astrophysics:	
(1) adaptive	techniques	(SPH,	AMR,	…)	
(2)subgrid	models	(feedback,	star-

formation,	…)

Tu
m
lin

so
n	
et
	a
l.	
(2
01

7)

Add	feedback	&	
star-formation:	
fudge	here



Go	subgrid?

Solutions	in	computational	astrophysics:	
(1) adaptive	techniques	(SPH,	AMR,	…)	
(2)subgrid	models	(feedback,	star-

formation,	…)

Tu
m
lin

so
n	
et
	a
l.	
(2
01

7)

Add	feedback	&	
star-formation:	
fudge	here

Add	multiphase	
subgrid	model:	
fudge	here



Go	subgrid?

Solutions	in	computational	astrophysics:	
(1) adaptive	techniques	(SPH,	AMR,	…)	
(2)subgrid	models	(feedback,	star-

formation,	…)

Tu
m
lin

so
n	
et
	a
l.	
(2
01

7)

Add	feedback	&	
star-formation:	
fudge	here

Add	multiphase	
subgrid	model:	
fudge	here

With	four	parameters	I	can	fit	an	
elephant,	and	with	five	I	can	make	

him	wiggle	his	trunk.	
-	John	von	Neumann
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This	talk.

(see	Hitesh’s	talk	tomorrow)

(see	Rainer’s	talk	(?)	and	posters)
Our	take:
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Towards	a	realistic	ISM
Cold	clouds	are	not	spherical!

Fernando	Hidalgo-Pineda

Resolving	the	relevant	length-scales	becomes	(computationally)	challenging!	
→AthenaPK

How	does	 	relate	to	a	(scale	free)	ISM	morphology?rcrit

How	is	the	ISM	morphology	imprinted	in	the	winds?

In	what	way	are	the	phases	kinematically	coupled?

Visit	his	poster!
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A	cold	cloud	in	an	expanding	(CC85	like)	wind
Galactic	winds	are	not	uniform!

Alankar	Dutta

Mass	transfer	between	the	phases	 ·mhot→cold ∼ Aclρhotvmix

cloud’s	surface	area
mixing	&	cooling	physics

ρhot ∝ d−2

P ∝ d−10/3 ⇒ Acl ∝ d???

vmix ∝ ???

Can	a	cold	cloud	survive	in	a	CC85	wind? Visit	his	poster!
Dutta,	Sharma,	MG	(2025)
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Does	a	turbulent	wind	hinder	“tail	formation”	and,	thus,	cold	gas	survival?

Galactic	winds	are	not	laminar!

Fischer	et	al.	(2024)

Ritali	Ghosh

What	is	the	morphology	of	the	cold	gas	(“long	tails”)?

Observational	signatures	of	turbulence	in	winds?

Visit	her	poster!
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The	evil	powers	of	viscosity
Tirso	Marin-Gilabert,	MG,	Oh	(2025)Viscosity…prevents	mixing!

No	visc.										

…but	not	cooling? (no	fixed	u’-Q	relation	as	before)
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	to	fully	
suppress	KHI.

ηcrit ∼ Lvρχ1/2



Marin-Gilabert,	MG,	Oh	(2025)

Does	viscosity	prevent	mixing?



‣ in	the	weak	cooling	regime	u’	is	suppressed
Strong	coolingWeak	cooling

Marin-Gilabert,	MG,	Oh	(2025)

Does	viscosity	prevent	mixing?



‣ in	the	weak	cooling	regime	u’	is	suppressed
- …to	the	adiabatic	value

Strong	coolingWeak	cooling

Marin-Gilabert,	MG,	Oh	(2025)

Does	viscosity	prevent	mixing?



‣ in	the	weak	cooling	regime	u’	is	suppressed
- …to	the	adiabatic	value
‣ in	the	strong	cooling	regime	u’	is	not	
surpressed

Strong	coolingWeak	cooling

Marin-Gilabert,	MG,	Oh	(2025)

Does	viscosity	prevent	mixing?



‣ in	the	weak	cooling	regime	u’	is	suppressed
- …to	the	adiabatic	value
‣ in	the	strong	cooling	regime	u’	is	not	
surpressed
- …although	cooling	does	only	weakly	affect	
turbulence	( )∝ Da1/10

Strong	coolingWeak	cooling

Marin-Gilabert,	MG,	Oh	(2025)

Does	viscosity	prevent	mixing?

(cf.	Tan	et	al.	2020,	Fielding	et	al.	2020)



‣ in	the	weak	cooling	regime	u’	is	suppressed
- …to	the	adiabatic	value
‣ in	the	strong	cooling	regime	u’	is	not	
surpressed
- …although	cooling	does	only	weakly	affect	
turbulence	( )∝ Da1/10

Strong	coolingWeak	cooling

In	both	regimes		the	mass	
transfer	rates	are	not	
affected	by	viscosity!

🤔

Marin-Gilabert,	MG,	Oh	(2025)

Does	viscosity	prevent	mixing?

(cf.	Tan	et	al.	2020,	Fielding	et	al.	2020)



Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

In	the	strong	cooling	regime:

Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile

Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile
- Kelvin-Helmholtz	instability	acts,	keeping	u’	large

Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile
- Kelvin-Helmholtz	instability	acts,	keeping	u’	large

Marin-Gilabert,	MG,	Oh	(2025)

The	(non-)effect	of	viscosity

(momentum	diffusion	vs.		
temperature	sharpening)



In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile
- Kelvin-Helmholtz	instability	acts,	keeping	u’	large

Marin-Gilabert,	MG,	Oh	(2025)

When	does	the	suppression	occur?

tcool < tvisc ⇒ Da >
η

ηcrit

The	(non-)effect	of	viscosity

(momentum	diffusion	vs.		
temperature	sharpening)



η/ηcrit

Po
in
t	o

f	d
iv
er
ge

nc
e	
fr
om

	n
on

-v
is
co

us
	tr
en

d

In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile
- Kelvin-Helmholtz	instability	acts,	keeping	u’	large

Marin-Gilabert,	MG,	Oh	(2025)

When	does	the	suppression	occur?

tcool < tvisc ⇒ Da >
η

ηcrit

The	(non-)effect	of	viscosity

(momentum	diffusion	vs.		
temperature	sharpening)

th
eo
ret
ica
l	

ex
pe
cta
tio
n



η/ηcrit

Po
in
t	o

f	d
iv
er
ge

nc
e	
fr
om

	n
on

-v
is
co

us
	tr
en

d

In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile
- Kelvin-Helmholtz	instability	acts,	keeping	u’	large

Marin-Gilabert,	MG,	Oh	(2025)

When	does	the	suppression	occur?

tcool < tvisc ⇒ Da >
η

ηcrit

The	(non-)effect	of	viscosity

(momentum	diffusion	vs.		
temperature	sharpening)



η/ηcrit

Po
in
t	o

f	d
iv
er
ge

nc
e	
fr
om

	n
on

-v
is
co

us
	tr
en

d

In	the	weak	cooling	regime	 →	cooling	is	the	bottleneck	(unaffected	by	 )!tmix ≪ tcool ν

Weak	Cooling

Strong	Cooling

In	the	strong	cooling	regime:
- cooling	acts	fast	keeping	the	temperature	profile	sharp
- in	pressure	equilibrium	this	leads	to	a	sharp	velocity	profile
- Kelvin-Helmholtz	instability	acts,	keeping	u’	large

Marin-Gilabert,	MG,	Oh	(2025)

When	does	the	suppression	occur?

tcool < tvisc ⇒ Da >
η

ηcrit

The	(non-)effect	of	viscosity

(momentum	diffusion	vs.		
temperature	sharpening)



The	(non-)impact	of	viscosity	on	the	multiphase	CGM

Mandelker	et	al.	(2020)



The	(non-)impact	of	viscosity	on	the	multiphase	CGM

Mandelker	et	al.	(2020)



The	(non-)impact	of	viscosity	on	the	multiphase	CGM

Don’t	worry	
about	viscosity!

Mandelker	et	al.	(2020)



Multiphase	gas	dynamics

…on	the	arXiv	soon!

“Writing	a	review	is	to	science	
what	playing	golf	is	to	sport.”	

-	Volker	Springel



Multiphase	gas	dynamics

…on	the	arXiv	soon!

“Writing	a	review	is	to	science	
what	playing	golf	is	to	sport.”	

-	Volker	Springel

Visit	us	at	ZAH/ARI	in	
beautiful	Heidelberg!	



Summary	&	conclusion

This	work	is	supported	by	ERC	grant	ReMMU	(101165038).



Summary	&	conclusion
• Understanding	multiphase	gas	dynamics	is	crucial	in	order	to	model	

multiphase,	multiscale	systems	like	the	CGM	correctly.

This	work	is	supported	by	ERC	grant	ReMMU	(101165038).



Summary	&	conclusion
• Understanding	multiphase	gas	dynamics	is	crucial	in	order	to	model	

multiphase,	multiscale	systems	like	the	CGM	correctly.

• The	interplay	of	turbulence,	mixing,	and	cooling	leads	often	to	
surprising	results. Visit	the	posters	of	Alankar,	Fernando,	&	Ritali!

This	work	is	supported	by	ERC	grant	ReMMU	(101165038).



Summary	&	conclusion
• Understanding	multiphase	gas	dynamics	is	crucial	in	order	to	model	

multiphase,	multiscale	systems	like	the	CGM	correctly.

• The	interplay	of	turbulence,	mixing,	and	cooling	leads	often	to	
surprising	results.

• The	mass	exchange	of	a	multiphase	system	is	unaffected	by	viscosity.

Visit	the	posters	of	Alankar,	Fernando,	&	Ritali!

Marin-Gilabert	et	al.	(2025)

This	work	is	supported	by	ERC	grant	ReMMU	(101165038).



Summary	&	conclusion
• Understanding	multiphase	gas	dynamics	is	crucial	in	order	to	model	

multiphase,	multiscale	systems	like	the	CGM	correctly.

• The	interplay	of	turbulence,	mixing,	and	cooling	leads	often	to	
surprising	results.

• The	mass	exchange	of	a	multiphase	system	is	unaffected	by	viscosity.

Visit	the	posters	of	Alankar,	Fernando,	&	Ritali!

Marin-Gilabert	et	al.	(2025)

This	work	is	supported	by	ERC	grant	ReMMU	(101165038).



Appendix



Temperature	dependent	viscosity


