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Composition:
Metal-rich/poor?

Formation:
Condensation out of hot
halo?

Stripped from satellites?
Cold gas ejected from
galaxies?

Lifetimes:
Short/Long-lived clouds?
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Simulated Cold, Dense Gas Clouds

|dealised “Wind Tunnel” Cosmological Simulations

Simulations

» Captures the evolution of halo gas over
cosmic epochs and scales

* Can thus naturally account for the
complexity of the CGM

* Lifetimes of clouds
* Interaction with ambient medium
* Impact of magnetic fields

* While large-scale features are well
resolved, sub-kpc objects are typically
not.

* Cannot answer gquestions that are input
parameters: cloud metallicity,
temperature, mass, size...

* Lack the complexity of a realistic CGM

Volume X = O(10'?%)

Nelson+ (2018) EEt .
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Contingous set of
cold (T < 10*°K)
gas cells.
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uds with TNG50

On average, TNG50 MW-like galaxies have
100s of discrete cold, dense clouds (>= 10
cells) in their CGM.

While the number of clouds correlates weakly
with stellar mass, the connection with the star
formation status of the central galaxy is strong.



Studying Clouds with TNGS50

Properties of clouds are diverse.
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Studying Clouds with TNGS50
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The Resolution Problem
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The Resolution Problem

Why not run these simulations at higher resolutions?

TNGS50 (Large Volume Cos. Sim.)

L, ~ 50 Mpc; m, ~ 10° M,; ~ 130 Mh
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m, ~ 10* My ~ 2600 Mhr
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m, ~ 10° My ~ 50000 Mhr

Cosmological Zoom-in Simulations
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CGM Refinement
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Studying Clouds with GIBLE
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Cold Gas from the Central Galaxy
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Most, but not all, outflowing
HVCs are linked to outflows

Most, but not all, inflowing HVCs
from the central galaxy

condense out of the hot halo

Cloud Fractioq by Origin

—200 —100 0 100 200
Cloud LOS Velocity, LSR [km/s]

Ramesh+ (2024c)



Evolution of Cold Clouds




Evolution of Cold Clouds

1. Exchange of matter between clouds and their surroundings

17.5

[103 M@/Myr]
~ oS N G
O1 O Ol O

O
O

In-Flux
Out-Flux

Flux Between Cloud and Surroundings
N
O1

5.25 550 br75 6.00 625 6.50
l0g10(Cloud Mass, My [Mg])

Ramesh+ (2024c)



Evolution of Cold Clouds

1. Exchange of matter between clouds and their surroundings

17.5

= =
N O
Ol O

[103 M@/Myr]
=
O

Flux Between Cloud and Surroundings

7.5

5.0

2.5 In-Flux
Out-Flux

5.25 550 br75 6.00 625 6.50
l0g10(Cloud Mass, My [Mg])

Ramesh+ (2024c)



Evolution of Cold Clouds

1. Exchange of matter between clouds and their surroundings
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Evolution of Cold Clouds

1. Exchange of matter between clouds and their surroundings
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Evolution of Cold Clouds

1. Exchange of matter between clouds and their surroundings
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Evolution of Cold Clouds

1. Exchange of matter between clouds and their surroundings
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Evolution of Cold Clouds

2. Cloud-Cloud Interactions

Credits: ESA/Hubble Collaboration
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2. Cloud-Cloud Interactions
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Evolution of Cold Clouds

2. Cloud-Cloud Interactions
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How much further can we increase the mass resolution?

(Cloud Mass ~ 10° My)

Mass Resolution ~ 200 M -> 8 cells per cloud radius

|

Mass Resolution ~ 0.2 M -> 64 cells per cloud radius
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Summary

Milky Way-like galaxies typically contain 2100s-1000s of discrete, cold clouds in their CGMs.

Although the number of clouds is largely independent of galaxy stellar mass, it correlates strongly with the
star formation status, hinting that these clouds may play in important role in refuelling the central cold gas

supply.

Most clouds originate through cold gas outflows from the central galaxy and/or condensation of the hot

CGM. Our simulations predict that most, but not all, outflowing (inflowing) HVCs originate from the galaxy
(hot CGM).

Clouds evolve through a combination of flux exchanges with their surroundings, and interactions with their
counterparts.

‘Cosmological Wind-Tunnels’ offer a promising pathway to study evolution of clouds to an even better
extent, in terms of both resolution and variation of physics.



