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Star formation across Cosmic Time
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Thin, rotation-dominated disks 

Clumpy, thick, turbulent disks

SF galaxies across Cosmic Time

From morphological (e.g., HST) and 
Kinematics (from IFU/Hα) observations 

13.8 AGE (GYr)

e.g., Förster-Schreiber et al. 2006, 2018, Tacconi et al. 2020, Wuyts et al. 2020, 
Wisnioski et al. 2015, Swinbank et al. 2017, Harrison et al. 2017
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Thin, rotation-dominated disks 

Clumpy, thick, turbulent disks
ALMA complicated the picture with 
contradictory kinematics results at z ≥ 4

13.8 AGE (GYr)

SF galaxies across Cosmic Time

Surprisingly rotation-dominated disks

Rotating disks with expected high turbulence

e.g., Tsukui et al. 2021, Jones et al. 2021, Rizzo et al. 2021, Herrera-Camus et al. 2022, Lelli et al. 2021, 
 Fraternali et al. 2021, Roman-Oliveira et al. 2023, Pope et al. 2023, Parlanti et al. 2023
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More disks in the Early Universe
The JWST Hubble Sequence 13

Figure 9. Morphology fractions vs average specific star formation. Disks, spheroids, peculiars and the other class are plotted
in blue squares, red circles, pink diamonds, and gray crosses, respectively. Four redshift bins are shown and the other category
aggregates the ambiguous, point source and unclassifiable sources. For all redshift bins and sSFR bins the disk galaxies dominate,
with the exception of the highest redshift bin where disks and peculiar present similar contributions.

Figure 10. Fraction of the total stellar mass (fm) in each
morphology subsample vs redshift. This represents the rela-
tive amount each class contributes to the total stellar mass
in that redshift. Disks, spheroids, peculiars, and the ”other”
class are plotted in blue squares, red circles, pink diamonds,
and gray crosses, respectively. The other category aggre-
gates the ambiguous, point source and unclassifiable sources.
The contribution from disks shows a trade o↵ with respect to
peculiars and spheroids at higher redshifts. No stellar mass
cut is applied, it includes all sample.

Park et al. (2022) reports similar findings for the Hori-
zon simulations, with the z � 5 fraction of disks domi-
nating at around 75% by using quantitative morphology
indicators as a proxy for morphology.

3.6. HST vs JWST

As discussed in Sec. 3.3, there is a stark di↵erence
between morphological classifications derived with HST

Figure 11. Fraction of SFR (fSFR) in each morphology sub-
sample vs redshift. We show the contribution to total SFR of
each redshift bin from each morphological class down to our
mass limit. This represents how much each galaxy class con-
tributes to the total SFR in that redshift. Disks, spheroids,
peculiars, and the ’other’ types are plotted in blue squares,
red circles, pink diamonds, and gray crosses, respectively. No
stellar mass cut is applied, it includes all sample.

and JWST observations. The new JWST data is chal-
lenging our understanding of galaxy evolution and struc-
ture formation in the early Universe. Here, at the end
of this paper, we discuss some di↵erences between HST
and JWST observations and provide an analysis of what
contributes to this discrepancy. This is meant to facil-
itate discussion about why our results are so di↵erent
from previous work and to point the way towards under-

Ferreira et al. 2023

See also Fudamoto et al. 2022; Jacobs et al. 2022; Wu et al 2022; 
Huertas-Company et al. 2023, Robertson et al. 2023 

JWST is not helping by revealing even a  
higher fraction of disks. 

Tohill et al. 2023
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Galaxy kinematics through various emission lines 
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Tracing various phases of the ISM  

Hα: 104 K 
[CII]:  ~102 K 
CO < 102 K 



Standard theoretical scenario 

But also:  Dekel et al. 2014; Zolotov et al. 2015; Bird et al. 2013, 2021; Dekel et al. 2021; Yu et al. 2021

Kretschmer et al. 2021Pillepich et al. 2019

 galaxies are predicted to be 
Irregular, clumpy and turbulent and 
rotation-dominated disk structures 

are transient.  

z ≥ 4



Tension between theory and observations 
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Theoretical models struggle to reproduce 
dynamically cold disks

Q1) Do zoom-in cosmological simulations with a more 
complex chemistry and emission line modelling 

reproduce dynamically cold disks? 

Q2) Can we reconcile the tension between theory and 
observations by employing different kinematic tracers?  



• Non-equilibrium chemical networks to form 
molecular hydrogen and turn it into stars 
• Radiation field tracked on the fly to account for 
ionization and photodissociation effects 

Gas mass      
AMR            
At        

Mg = 104 M⊙
∼ 80 − 0.1 cKpc/h

z ≃ 6 Δx ≃ 30 pc

Resolution

Accreting filaments Merging clumps/satellites Molecular/stellar disk

SERRA properties summary:  
• Redshift range:   

• Stellar masses:  

• IR Luminosities:  

• UV mag:  

• [CII] luminosities: 

15 < z < 4
106 − 5 × 1010 M⊙
107 − 5 × 1011 L⊙

−21 < MUV < − 15
106 − 1010 L⊙

Pallottini et al. 2022

From cosmological to molecular cloud scales  

SERRA: A suite of zoom-in early galaxies 

Pallottini+17a,b,+19 



Portrait of a SERRA galaxy at z=8

Pallottini et al. 2019

Stars Gas Metals 



Portrait of a SERRA galaxy at z=8

Pallottini et al. 2019

Stars Gas Metals 

[CII] emission [NII] emission [OIII] emission 



Bridging simulations and IFU-like observations 

Kohandel et al. 2020, 2023a, 2023b



Bridging simulations and IFU-like observations 

 : Cold, molecular/neutral gas tracer ( ) 

 : Hot ionised gas tracer ( ) 

[CII] 158 μm T ∼ 100 K

Hα 6562Å T > 104 K

Kohandel et al. 2023b

arXiv:2311.05832

https://arxiv.org/abs/2311.05832


A sample of  SERRA galaxies∼ 3K

Kohandel et al. 2023b

arXiv:2311.05832

https://arxiv.org/abs/2311.05832


 relation in SERRA galaxiesM⋆ − σ

Kohandel et al. 2023b

arXiv:2311.05832

σHα > 2σCII

https://arxiv.org/abs/2311.05832


Dynamically cold disks do exist in SERRA 
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No significant evolution of V/σ at z = 4 - 9 

Kohandel et al. 2023b

arXiv:2311.05832

https://arxiv.org/abs/2311.05832


And they are not transient 
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Massive galaxies ( ) 
with  at  maintain 
their cold disks for  orbital 

periods. 

M⋆ > 1010M⊙
Vrot /σ > 10 z > 4

> 10

Kohandel et al. 2023b

arXiv:2311.05832

https://arxiv.org/abs/2311.05832


Q1) Do zoom-in cosmological simulations with a more 
complex chemistry and emission line modelling 

reproduce dynamically cold disks? 

A1) Yes! One needs to model detailed ISM physics and 
multi-wavelength kinematic observables from simulations   

High-z dynamically cold disks: 
Myth or Reality?  

See also: Vadim Semenov, Aniket Bhagwat and Floor van Donkelaar presentations

https://galaxiesfromscratch2024.univie.ac.at/fileadmin/user_upload/k_galaxiesfromscratch2024/slides/Aniket_Bhagwat.pdf


Q1) Do zoom-in cosmological simulations with a more 
complex chemistry and emission line modelling 

reproduce dynamically cold disks? 

High-z dynamically cold disks: 
Myth or Reality?  

Q2) Can we reconcile the tension between theory and 
observations by employing different kinematic tracers?  

A1) Yes! One needs to model detailed ISM physics and 
multi-wavelength kinematic observables from simulations   
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arXiv:2311.05832

https://arxiv.org/abs/2311.05832


[CII]158µm

log(ß[CII]/LØ/kpc2)

km/s

hvi[CII]

æ[CII]

km/s

face
on

edge
on

HÆ 6562.81Å
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 velocity mapHα velocity map[CII] Ionization field

Photoionized regions outside the disk that are part of an expanding, cooling outflow
through which LyC photons percolate 

Outflows complicate H  kinematics …α

Kohandel et al. 2023b

arXiv:2311.05832

See also Ejdetjärn et al. 2024  
arXiv:2401.04160

https://arxiv.org/abs/2311.05832


Takeaways

When equipped with comprehensive ISM physics and multi-
wavelength treatments, zoom-in cosmological simulations 

reveal galaxies that efficiently form and sustain their 
dynamically cold disks as early as the EoR. 

Galaxy kinematics is sensitive to the tracer used. [CII] 
effectively maps the thin, gaseous disk of galaxies, whereas H𝛼 
also has contributions from extraplanar gas, such as outflows. 

Thus, using it as a kinematic tracer necessitates careful 
consideration and treatment.
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 Special Session SS8 

Zoom-in views of galaxy disks across Cosmic Time:
Bridging simulations and observations

Aims and scope

ALMA, VLT, and JWST are at the forefront of a revolutionary transformation in our understanding of
galaxy disk formation and evolution. These observatories deliver remarkable high-angular resolution,
enabling us to gain an extraordinarily detailed, multi-phase view of the interstellar medium (ISM) within
galaxy disks. This detailed view reveals galactic disks' stellar and gas distribution and kinematics across
cosmic epochs in exquisite detail, unveiling the complex interplay of physical processes governing disk
evolution, from star formation and feedback mechanisms to the role of dark matter.

The increasing number of ALMA and JWST observations on high-redshift galaxy disks makes it
exceedingly timely and imperative to convene a dedicated session at EAS, where the following topics will
be discussed:

Bridging the Near and Far Universe: Disparities in the physical properties of stellar disks between
the nearby and distant Universe and the role of the environment in the formation and destruction of
disks and their morphological transformation.
The Origin of Disk Structure: Key factors influencing the emergence of galaxy disk structure over
cosmic time.
Turbulence and its Drivers: Evolution of turbulence and the impact of different physical
mechanisms (e.g., stellar and AGN feedback, gravitational instabilities, etc.) on distinct phases of
the ISM.
Interplay between Disk and Bulge formation: Gas dynamics and its role in the build-up of galaxy
components (e.g., bulges, massive gas and stellar clumps and bars)

Programme

Simulations of galaxy disks at different epochs
Morphology of star-forming galaxies across cosmic time
Evolution of kinematic and dynamic properties of galaxy disk populations

Invited speakers

Andrea Ferrara (Scuola Normale Superiore)

Filippo Fraternali (Kapteyn Astronomical Institute)

Jeyhan Kartaltepe (Rochester Institute of Technology)

Scientific organisers

Mahsa Kohandel (Scuola Normale Superiore)

Francesca Rizzo (DAWN, Niels Bohr Institute)

More work is needed to bridge 
simulations and observations 

Deadline: March 4


