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multiphase ( ~ 1078 K vs. 1017 K) galactic winds and fountain flows
Multiphase gas dynamics crucial to model galactic ecosystems!
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From silicon alone we find that gas clumping on scales of at most
36 parsecs is required assuming temperatures of at least 10°° K.
However, when we include Crv, Cn, Si1v, Si1, Ci1n, Si11, and O1
we find that a clumping scale of (.009 parsecs is favoured (with
a lo upper limit of 0.38 parsecs) and super-solar metallicities are
required.
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The multiscale CGM

Lopez et al. (2025)
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Challenge for large scale simulations
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Not your grandma’s subgrid model!

Previous work: Semelin & Combes (2002), Berczik et al. (2003), Harfst et al. (2004),
Scannapieco et al. (2006), Huang et al. (2020), Weinberger & Hernquist (2022),
Smith et al. (2024), Butsky et al. (2024), Das et al. (2025) ...
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Towards a multiphase subgrid model:
1. Multi-fluid code
2. Sound multiphase theory —crucial for predictable power
3. Subgrid implementation & testing
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Towards a multiphase subgrid model: Our take:
1. Multi-fluid code (see Rainer’s talk (?) and posters)

2. Sound multiphase theory —crucial for predictable power ~ This talk.
3. Subgrid implementation & testing (see Hitesh’s talk tomorrow)
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Mixing versus cooling
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...but what about...?

» Magnetic fields

e.g., Dursi & Pfrommer (2008), McCourt et al. (2015), Hidalgo-Pineda et al. (2023)

» Colder gas (dust & PAHSs)

e.g., Girichidis et al. (2021), Farber & MG (2021), Chen & Oh (2024)

» "Shielding” by multiple clouds

e.g., Aliza's et al. (2012, 2014), Forbes & Lin (2019), Seidl et al. (2025)
* An expanding wind?

e A turbulent wind?

» A complex cloud morphology?
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» Magnetic fields

e.g., Dursi & Pfrommer (2008), McCourt et al. (2015), Hidalgo-Pineda et al. (2023)

» Colder gas (dust & PAHSs)

e.g., Girichidis et al. (2021), Farber & MG (2021), Chen & Oh (2024)

» "Shielding” by multiple clouds

e.g., Aliza's et al. (2012, 2014), Forbes & Lin (2019), Seidl et al. (2025)

* An expanding wind?

e A turbulent wind?

Alankar Dutta

» A complex cloud morphology?

Fernando Hidalgo-Pineda
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Towards a realistic ISM

Cold clouds are not spherical!

How does r,.;, relate to a (scale free) ISM morphology? Fernando Hidalgo-Pineda
How is the ISM morphology imprinted in the winds?

In what way are the phases kinematically coupled?

0
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Resolving the relevant length-scales becomes (computationally) challenging!
— AthenaPK

Visit his poster!



A cold cloud in an expanding (CC8g like) wind

Galactic winds are not uniform!

AIankér Dutta
Can a cold cloud survive in a CC85 wind?
Mass transfer between the phases n1, . .o1a ~ Ac1PhotVm
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Galactic winds are not uniform!

AIankér Dutta
Can a cold cloud survive in a CC85 wind?
Mass transfer between the phases n1, . .o1a ~ Ac1PhotVm
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A cold cloud in an expanding (CC8g like) wind

Galactic winds are not uniform!

Alankar Dutta
Can a cold cloud survive in a CC85 wind?

Mass transfer between the phases 7t . .oid ~ AciPhotVim
)
phot X d l l

mixing & cooling physics
—10/3 777
Pxd > A, xd

v 779

1X

cloud’s surface area
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A cold cloud in an expanding (CC8g like) wind

Galactic winds are not uniform!

Alanéthta
Can a cold cloud survive in a CC85 wind? Visit his poster!

. Dutta, Sharma, MG (2025)
Mass transfer between the phases n1, . .o1a ~ Ac1PhotVm

Phot X d_2 l l

mixing & cooling physics
—10/3 777
Pxd > A, xd

v 779

1X

cloud’s surface area

Number density (cm~3)
1.0e-2 2.0e-2 5.0e-2 10e-1 20e-] 50e-1 1.0 20 50 1.0e+]  2.0e+] 5.3e+0]

Time: 0.0 t.c.ini = 0.00 Myr




Ritali Ghosh

Does a turbulent wind hinder “tail formation” and, thus, cold gas survival?
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A cold cloud in a turbulent wind!
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Does a turbulent wind hinder “tail formation” and, thus, cold gas survival?
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A cold cloud in a turbulent wind!

Galactic winds are not laminar!

: -

Ritali Ghosh

Does a turbulent wind hinder “tail formation” and, thus, cold gas survival?

t(:c)()l, mix/tc(: =10 -, th-b =(.2

_ 1101 2
o) . S
S <
Q =
N

_ ey
© g7
4 - :‘.
() i QD
| - —

), 5 ]OOQ
o -
= 5
S ; 5
U a®

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

Observational signatures of turbulence in winds?

Visit her poster!

Fischer et al. (2024)



W h y S h OuU | d I care 7 Galactic winds are much more complex!
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iIsolated galaxies
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Schneider & MG (submitted)



W h y S h OuU | d I care 7 Galactic winds are much more complex!

Simplified numerical experiments and analytical models yield...

observational predictions (e.g., morphology, kinematics)
(scalings for) interpretation of data

length scale / convergence criteria

reasons what physical mechanisms matter

“subgrid recipes”

turbulent
mixing layers superbubbles
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iIsolated galaxies
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streams and jets
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cloud-wind interactions

ISM patch

turbulent boxes

cosmalogical zooms

Schneider & MG (submitted)



W h y S h OuU | d I care 7 Galactic winds are much more complex!

turbulent
mixing layers superbubbles Isolated galaxies

. . . = iets

Simplified numerical experiments and analytical models yield...

- observational predictions (e.g., morphology, kinematics)

- (scalings for) interpretation of data 10pc 100 1 kpe 10 kpe 100 kpe
- length scale [/ convergence criteria
- reasons what physical mechanisms matter - . .
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ISM patch
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W h y S h OuU | d I care 7 Galactic winds are much more complex!

turbulent
mixing layers superbubbles Isolated galaxies

streams and jets

10pc 100pc 1 kpc 10 kpc 100 kpc

Simplified numerical experiments and analytical models yield...
- observational predictions (e.g., morphology, kinematics)
y 1pc

- (scalings for) interpretation of data

- length scale [ convergence criteria —
- reasons what physical mechanisms matter
- “subgrid recipes”

cloud-wind interactions

turbulent boxes cosmalogical zooms

ISM patch
(a) on V-cycle
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“"We all feel under appreciated.”
- Ellen Zweibel

Jaysaval et al. (2016)
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Tan, Oh, MG (2020)

Zooming in on a turbulent mixing layer

Three lessons from turbulent combustion.

1. Two distinct regimes. - L
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Zooming in on a turbulent mixing layer

Three lessons from turbulent combustion.

1. Two distinct regimes.

weak cooling

2. O(u’) relation.

Strong Cooling (A, = 64)
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3. Turbulent diffusion dominates.
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Zooming in on a turbulent mixing layer

Three lessons from turbulent combustion.

1. Two distinct regimes.

weak cooling

2. O(u’) relation.

Q (erg cm~4s71)

Strong Cooling (A, = 64)
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Result:

robust model for the

exchange of the phases.
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strong cooling

Tan, Oh, MG (2020)

3. Turbulent diffusion dominates.
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A song of ice & fire: model of mixing and cooling

Example: falling cloud
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A song of ice & fire: model of mixing and cooling

Example: falling cloud ‘Hod with this pertect model tor
miking and cwling they lived happily
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A song of ice & fire: model of mixing and cooling

Tan, Oh, MG (2023)

Example: falling cloud
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Powerful model of transfer
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And with this pertect model tor
miking and cwling they lived happily
cuer atter.

‘The Gnd

magnetic fields

viscosity

B-fields & viscosity can hinder mixing!



A song of ice & fire: model of mixing and cooling

Tan, Oh, MG (2023)

Example: falling cloud
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The evil powers of viscosity

Viscosity...prevents mixing! - luﬂ, y Tirso Marin-Gilabert, MG, Oh (2025)

Nepis ~ va)(l/ 2 t0 fully

suppress KHI.
(Roediger et al. 2013)
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Viscosity...prevents mixing! Tirso Marin-Gilabert, MG, Oh (2025)

7 va)(l/ 2t0 fully

suppress KHI.
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The evil powers of viscosity
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The evil powers of viscosity

Viscosity...prevents mixing! py—
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Does viscosity prevent mixing?



Does viscosity prevent mixing?

Weak cooling

Strong cooling

a____-_p_;.‘___..:u.;__—-é}--é)-—""d“b_-__CT-
1) S
A A a
10~ O
0 ® No visc
A 0.059¢u
].(—)_5 J ﬂ 1 T1Crit
qp ~
+ ar U. 57?Crit.
=== 4 x Dal/1l
_‘ " M ...:.l_r) 4 " P .;.l_ " M M ..vj M N 2 M : " ..“.:.‘_) M M " .....—:‘
10°% 107¢ 107! 10" 10° 10)? 10°

r)awnbc

Marin-Gilabert, MG, Oh (2025)

> in the weak cooling regime u’ is suppressed



Marin-Gilabert, MG, Oh (2025)

Does viscosity prevent mixing?

Weak cooling Strong cooling
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Does viscosity prevent mixing?
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> in the weak cooling regime u’ is suppressed
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Does viscosity prevent mixing?
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Weak cooling

Strong cooling
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Does viscosity prevent mixing?

Weak cooling Strong cooling _ _ _ _
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In the strong cooling regime:
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The (non-)effect of viscosity

In the weak cooling regime ¢, <« t.,,~ cooling is the bottleneck (unaffected by v)! 03

In the strong cooling regime:
- cooling acts fast keeping the temperature profile sharp
- in pressure equilibrium this leads to a sharp velocity profile
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The (non-)effect of viscosity

In the weak cooling regime ¢, <.

— cooling is the bottleneck (unaffected by »)! 0s

ool

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
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The (non-)effect of viscosity

In the weak cooling regime ¢, <.

ool

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

— cooling is the bottleneck (unaffected by »)!

(momentum diffusion vs.
temperature sharpening)
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The (non-)effect of viscosity

In the weak cooling regime ¢, <.

ool

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

When does the suppression occur?

1
ool < tuise = Da > —

VISC
Herit

[

C

— cooling is the bottleneck (unaffected by »)!

(momentum diffusion vs.
temperature sharpening)

(0.4

Marin-Gilabert, MG, Oh (2025)

Weak Cooling :

rrv

Strong Cooling

101

WDy / [t



Marin-Gilabert, MG, Oh (2025)

The (non-)effect of viscosity

In the weak cooling regime ¢, <.

— cooling is the bottleneck (unaffected by v)! 0
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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
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The (non-)effect of viscosity

In the weak cooling regime ¢, <.
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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
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The (non-)effect of viscosity

In the weak cooling regime ¢, <.

u / Cs. cold
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In the strong cooling regime:

cooling acts fast
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<eeping the temperature profile sharp
orium this leads to a sharp velocity profile
Kelvin-Helmholtz instability acts, keeping u’ large
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Appendix



Temperature dependent viscosity

MHot = T]Cold

V > Vre =

A AVghear (phot pcold) L2

100 (Phot + Pcold) .

(35)
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Fig. 14. Velocity profile of 1D simulations. Zap panel: Only the cold gas
(v < O)1s viscous. Botiom panel: Only the hot gas (y > (1) 1s viscous.



