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Planck+15

Cosmological structure formation

Initial density fluctuations imprinted 
on the cosmic microwave 

background

Gravity, (radiation-magneto) Hydrodynamics

Star & BH formation, Feedback

Complex structure seen today τ 
galaxies, stars and planets



Cosmic Dawn (30>z>15)

Planck+15

ÅThe very first stars and galaxies start to form

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



Epoch of Reionization (15>z>5)

Planck+15

ÅEpoch of Reionization z=15-5 - Universe undergoes a phase transition

ÅAll photons with energy > 13.6 eV have the ability to ionize hydrogen

ÅRadiation from first stars and galaxies ionizes the neutral Hydrogen in 

the Universe and heats up the gas to ~ 10,000 K



Planck+15

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

Mason+18

Å JWST is a game-changer thanks to 

Å Larger mirror

Å Larger frequency coverage

Å Detects the rest frame optical emission of galaxies in 

Cosmic Dawn and Epoch of Reionization

Å Galaxies detected up to z=25 with spectroscopic 

confirmation of galaxies up to z=14

Å Cosmic Dawn and Reionization have entered a new high-

precision era



JWST thrown up surprises

Gravity  - Large  scale  structure

Boylan-Kolchin23

Larson+24
An abundance of massive bright galaxies

Overmassive BHs at high-z



JWST thrown up surprises

Gravity  - Large  scale  structure

Larson+24

Witstok+24

ÅLyŬ emitter with EW of 40 A at z~13

ÅStars and BHs in the galaxy must 

have created an ionized region 

around the galaxy

ÅOnly way to prevent complete 

extinction of LyŬ 

ÅAble to detect the onset of 

reionization
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Gravity  - Large  scale  structure

How to make sense of all of this?



Galaxy formation is a complex multi-scale ð multi-

physics problem

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

Reionization 

ÅRequires accurate treatment of 

ÅGravity

ÅHydrodynamics

ÅStar and BH formation

ÅFeedback processes

ÅSelf-consistent radiation hydrodynamics

ÅDust

ÅAccurate source functions for stars and black holes



The need for subgrid models



The simulation 

landscape

Vogelsberger+20



Inefficiency of galaxy formation

Behroozi+19



What about reionization?

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

Reionization 

ÅRequires accurate treatment of 

ÅGravity

ÅHydrodynamics

ÅStar and BH formation

ÅFeedback processes

ÅSelf-consistent radiation hydrodynamics - necessary for modelling reionization

ÅDust

ÅAccurate source functions for stars and black holes



Coupled galaxy formation + RHD simulations

ÅCan potentially model both the reionization process and the sources responsible for it

ÅOn the fly, RHD is quite expensive

ÅThe largest simulations have a linear size of about ~100 Mpc

PI: Kannan+22a,b; Smith+22; Garaldi+22

www.thesan -project.com



Accurate galaxy formation model + RHD

+

IllustrisTNG
(Springel+18)

+

AREPO-RT
(Kannan+19)

Å Well tested galaxy formation model, works 

extremely well down to z=0

Å Efficient and highly scalable radiation hydrodynamics 

module that solves the RT equations on the native 
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