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Cosmological structure formation

Years after the Big Bang
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Star & BH formation, Feedback

Complex structure seen today
galaxies, stars and planets



Cosmic Dawn (30>z>15)

Years after the Big Bang

E |
400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion
J \', 14 -
| | , i .« \ | =
The Big Bang o & A - ® f ‘
! <8l ~ a8 7 .
n O . ‘!
- g\g \ - :
= > D, . ) . -
@ o = ® - T
= o~ @ : S
O = > \ f %)
Q) O O * ' ’ - CD
o e © 7 o - =
o T /
= O o » - 4 ¢ )
D (D =hs - <
(0] % '(??h p ® -
(o .
1), 5 ’ S, . .
Fully ionised ¢ Neutral . —» Fully ionised i
| a LY

The very first stars and galaxies start to form

Start emitting light and begin ionizing low-density gas around them



Epoch of Relonization (15>z>5)

Years after the Big Bang
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VYe>13.6 eV
Epoch of Relonization z=15-5 - Universe undergoes a phase transi(ijenv_,

All photons with energy > 13.6 eV have the abllity to ionize hydrogen

Radiation from first stars and galaxies ionizes the neutral Hydrogen in
the Universe and heats up the gas to ~ 10,000 K



mirror

JWST has expanded the high
redshift frontier (z~20)

Hubble primary
mirror

JWST Is a game-changer thanks to
Larger mirror
Larger frequency coverage

Detects the rest frame optical emission of galaxies in
Cosmic Dawn and Epoch of Relonization

Galaxies detected up to z=25 with spectroscopic
confirmation of galaxies up to z=14

Cosmic Dawn and Relonization have entered a new high-
precision era
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JWST thrown up surprises

L B S L) e e SED fitting (JWST Compilation z=4—6
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An abundance of massive bright galaxies | |
Overmassive BHs at high-z




JWST thrown up surprises

Rest-frame wavelength 12~ 13%° (A)
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Stars and BHs in the galaxy must
have created an ionized region
around the galaxy

Only way to prevent complete
extinction of LyU

Able to detect the onset of
reijonization
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SEPTEMBER 14,2022 | 13 MIN READ

JWST’s First Glimpses of Early Galaxies Could
Break Cosmology

The James Webb Space Telescope’s first images of the distant universe shocked

astronomers. Is the discovery of unimaginably distant galaxies a mirage or a

JWST finds cosmic monster ruling tiny early
galaxy: Was it forged by black holes from

revolution?

the Big Bang?
m By Robert Lea published July 9, 2025

The new, farthest galaxy has been found by "Theories involving substantial formation of stars prior to or
JWST, only 280 million years after the Big together with the black hole formation and growth are very
Bang unlikely."

Lisa Lock Andrew Zinin

6 MIN READ

Newfound Galaxy Class May Indicate Early Black
Hole Growth, Webb Finds
How to make sense of all of this?



Galaxy formation is a complex multi-scale 0 multi-
physics problem

AGenerally requires the solution of complex multi-physics and multi-scale systems to understand
Relonization

ARequires accurate treatment of
AGravity
AHydrodynamics
AStar and BH formation
AFeedback processes
ASelf-consistent radiation hydrodynamics

ADust

AAccurate source functions for stars and black holes



The need for subgrid models

Feedback processes occur on small scales but impact the large scale
properties of galaxies

Any process occurring below the cell size in simulations in not
modeled properly

Consider a simulation of a representative patch of the Universe
~100 Mpc -- If you want to resolve stellar feedback physics then cell
size ~ 0.1 pc -- Dynamic range ~ 10?

Need 0%/ cells to achieve this resolution everywhere

Need models that can capture the small scale physics and translate
them onto the grid scale

Most current research in galaxy formation focuses on
developing accurate and predictive subgrid models

Sphere of influence for feedback << Grid size
(I pc << lkpc)



dark matter-only | dark matter + baryons

The simulation
landscape
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* A variety of simulation codes and . LELVIS — e
techniques are used to model
galaxies A % | B {

* Interestingly, wildly different sub-
grid models give rise to similar
galaxy properties
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Inefficiency of galaxy formation

* The star formation efficiency is about
1~2% at z=0 in MW mass halos

* The efficiency decreases up to z=5 and
then increases again

* However, they are still quite small <1 %
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What about reionization?

AGenerally requires the solution of complex multi-physics and multi-scale systems to understand
Relonization

ARequires accurate treatment of
AGravity
AHydrodynamics
AStar and BH formation
AFeedback processes
ASelf-consistent radiation hydrodynamics - necessary for modelling reionization

ADust

AAccurate source functions for stars and black holes



Coupled galaxy formation + RHD simulations

PI: Kannan+22ab Smlth;22 Garald|+22

ACan potentially model both the reionization process and the sources responsible for it
AOn the fly, RHD is quite expensive
AThe largest simulations have a linear size of about ~100 Mpc



Accurate galaxy formation model + RHD
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Efficient and highly scalable radiation hydrodynamics
module that solves the RT equations on the native
Voronoil Mesh

Well tested galaxy formation model, works
extremely well down to z=0



