FLORENT RENAUD

STRASBOURG OBSERVATORY

WITH

OSCAR AGERTZ
\

AFEESSANDRO ROMEO



JWST + LENSING b S

Claeyssens et al. (2023)




GAS-RICH CLUMPY DISKS

Most of disk galaxies at cosmic noon (z ~ 1 — 3) host
huge star forming gas clumps ,,, ~ 10" Mg, M, ~ 10" M)
Guo et al. (2015), Sattari et al. (2023)
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Clumps could play a role in the formation of

e thick disk (via turbulence injection)

Krumholz et al. (2018), van Donkelaar et al. (2021), Ginzburg et al. (2022)
539919 | 1.07

* bulge (via migration, if clumps are long-lived)

Elmegreen et al.

Elmegreen et al. (2008), Agertz et al. (2009), Dekel et al. (2009) . | (2009)
e globular clusters ‘ 3 e

Shapiro et al. (2008), Mandelker et al. (2017)
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see also Wuyts et al. (2012), Tamburello et al. (2015), Zanella et al. (2015), Behrendt et al. (2019),
Dessauges-Zavadsky et al. (2019), Huertas-Company (2020), Claeyssens et al. (2025), and many more...



DIFFERENT INSTABILITY REGIME IN GAS-RICH DISKS

In gas-rich disks:
the molecular gas changes the instability regime

Transition from clump-driven to disk-driven (Toomre)
at foas & 20 %

Renaud et al. (2021)

Violent disk instabilities
Noguchi (1999), Agertz et al. (2009), Dekel et al. (2009)

Favored by turbulent compression

IN cosmo context
Ginsburg et al. (2025)
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Renaud, Romeo & Agertz (2021)




TRANSITION ALSO SEEN IN KINEMATICS

Gas rich (clumpy) disks provide a
high velocity dispersion to young stars... 35

.butonlyat £, .. =20 %

gas ~

Afterf,. . ~ 20 %
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* onset of disk instabilities (Toomre) =
* low and slow star formation S 10 k ]
« enrichment at low [a/Fe] 3
5 @ .
— High gas fraction = 0 20 10 60

barrier against thin disk formation ,
gas fraction [%]

(very similar signature from mergers)



MULTI-COMPONENT STABILITY CRITERION

Safronov-Toomre O: Requires the disk to be:

Safronov (1960), Toomre (1964) e axi T - galaxies can have O > 1
KO rotation & pressure from non-axisymmetric perturbations

Q . - SD\,\/eo\\- o J:aze-retrﬁn/ Romeo & Mogotsi (2017)

rGX gravity
* mona-=cemponent (100% stars or 100% gas)

Romeo & Falstad (2013)
parameter:
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Renaud, Romeo & Agertz (2021)



DRIVER OF INSTABILITIES

2 100
P bubbles, voids
= 10%
: : Y E as — (¢
Gas takes the dominant role in g S0P
the inter-clump medium -
i.e. for the assembly of the clumps g 0
The gaseous phase sets the = 1
formation of the clumps 3
S 50
i=
Stars dominate within clumps g 0
100
Stellar feedback increases the
turbulence support 50

(but doesn't affect the stars much)
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DECOUPLING

- | A R S o fgas = 10%
% oer _'__::'_|_ ] ® fgas=25%
Coupled instabilities in most regions (70-90%) S R
. 0.0 == i1l M N B fgas=40%
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DECOUPLING FROM LARGE SCALE DYNAMICS

Decoupled instabilities driven by: O Ho

(1% shown for clarity)

10
5 * high pitch angle = fragmentation
— beads on a string
2
~ 0
P
* |low pitch angle = KH instabilities
-5

— spurs

0
—10 -5 0 5 10
X [kpc]

Decoupled regions at the edge of spirals or dense clumps
with high pitch angle — favors fragmentation in "beads on a string"”
+ asymmetric drift = injection of feedback on the trailing side of spirals

Kpc-scale dynamics matters but the agent of decoupling is feedback



ISM PSD WTF (INTERSTELLAR MEDIUM'S POWER SPECTRUM DENSITY: A WONDERFUL THEORETICAL FUNCTION) .*, i

101
Change of slope at ~ 100 - 200 pc
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limit

Partly caused by the transition 10"

from 2D to 3D turbulence
(i.e. within the disk scaleheight)

/ .
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But divergence between the 3 cases...

— ;C‘.LL\ = 10%
— o =25%

—— fuas=40%

Transition between the galaxy-scale to
cloud/clump-scale stability regime,

depends on f,

gas

10% 10° 10°
large
scales

small

scale [pc] scales



SCALE DEPENDENCE
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REGIMES OF INSTABILITY

Surface density: Velocity dispersion:
b A
] a , b »
Z ~ 20 . 5 = 60 e | e | Toomre-llk |
lo [y sglf-graw’ry Q
dominates fowards
1 small-scales oﬁﬁ)

Dispersion equation:

w* = Kk*— 4n*GZl; “@ 0

(0"

Toomre-like



TWO REGIMES OF INSTABILITIES

2 o [ oo [°
bA
© Toomre-
self-gravity R like

dominates towards

small scales
\'\(\q
%
\

Toomre-like

Disk-driven regime (A = Toomre-like) at large scales

Valid at all scales at low f;gas : structures are set by disk instabilities — spirals

At high 1. only: transition to clump-driven (D) at a few 100 pc — spiats clumps

gas



EULERIAN APPROACH

fgus = 40% 75
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DISRUPTIVE MECHANISMS

(measurements at 120 pc scale)

Are differences amplified or mitigated by 2.0 . | |
. Mach number — 10% / 40%
?
environmental effects around the clumps” o iidos Vst 1 407
IS O tides/gravity O
: : : . F 1.5+ A shear -
* Turbulence: higher in gas-rich disks, ] A shear/gravity
as observed B ¢
S o x A *©
* Same trends for tides and shear Z e 1.0 * *OA O A
(but with stronger differences) e & @,
3 S * *e *
N
;C_é < % ® x
* Even when normalized to self-gravit 5 05F .
Jravity = . A A O@
2 A
Aga diff t £~ 20% : .
gain, many differences occur at f,,, & 0 = ool ]
bubbles, voids inter-clumps clumps
Stronger disruptive agents in gaS—riCh diSkS o e o |

— short lifetimes for massive clumps??? 10~ 10! 10°
p [em™]



OBSERVED CLOUD SCALING RELATIONS AT z~1
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LAGRANGIAN APPROACH: CLUMP IDENTIFICATION




LAGRANGIAN APPROACH: CLUMP IDENTIFICATION




UNIVERSAL SCALING RELATIONS + OUTLIERS

(z=0) (z=15-2) (z=2-2.5)
fuas = 10% fuas = 25% fuas = 40%

Clumps in gas-rich (high-z)
disks follow Larson's-like
scaling relations

... but with increased
range and scatter

r [pc] r [pc] r [pc]



STAR FORMATION IS INDEPENDENT OF THE CLUMP MASS
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UNIVERSAL SCALING RELATIONS + OUTLIERS

(z=0) (z=1.5-2) (z=2-2.5)
j:‘:"ds = 10% f;gas = 25% .fgas = 40%
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DIFFERENT REGIMES OF STAR FORMATION IN EXTREME CLUMPS

(z=0)
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NOT JUST A DENSITY EFFECT
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DIFFERENT REGIMES OF STAR FORMATION IN EXTREME CLUMPS
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Florent Renaud | Strasbourg Observatory / CNRS
C ONCLUSIONS florent.renaud@astro.unistra.fr

Observational hints of evolving regimes for star cluster formation

Different regime of instability in gas-rich disks (f,.. = 20 %) — clumpy morphology

gas ~

Clumps act as a barrier against thin disk formation (similarly to mergers)

Universal scaling relations for clumps at all gas fractions, but ...

Higher scatter in gas-rich disks  — universality + more outliers

Clumps with an excess mass form more stars, faster, and more efficiently

More disruptive environments in gas-rich galaxies, but ...

—Xtreme clumps are more compact than average — more resistant to disruption

Universal population of clouds + extreme outliers
at all gas fraction only in gas-rich disks




° You can watch my simulation movies here: youtube.com/@florent.renaud

g You can download them here:
https://people.astro.unistra.fr/f.renaud/movies.php

Feel free to use them, as long as you cite the source @&



https://people.astro.unistra.fr/f.renaud/movies.php
http://www.youtube.com/@florent.renaud

