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Cosmic Dawn: Epoch of Reionization (EoR)

2Joohyun Lee, TACOS 2025

Robertson 2022 

Å¢ƘŜ ǎŜŎƻƴŘ ǇƘŀǎŜ ǘǊŀƴǎƛǘƛƻƴΥ ƴŜǳǘǊŀƭ Ҧ ƛƻƴƛȊŜŘ όŎŦΦ ǊŜŎƻƳōƛƴŀǘƛƻƴΥ ƛƻƴƛȊŜŘ Ҧ ƴŜǳǘǊŀƭύ

ÅAt ᾀͯςπ σπ, first stars and galaxies start to form in DM (mini-)halos that collapsed early

ÅUltraviolet (UV) photons emitted from massive stars in galaxies ionized surrounding 

intergalactic medium (IGM)



Inhomogeneous Reionization: Imprint of Large-scale Structure

3Joohyun Lee, TACOS 2025

ÅCosmic HII regions (Shapiro & Giroux 97) 

or ionized (hydrogen or HII) bubbles

ÅInhomogeneity arises from clustering of matter

Ҧ ǘǊŀŎŜǎ ǳƴŘŜǊƭȅƛƴƎ ƭŀǊƎŜ-scale structure

CoDa I simulation; Ocvirk+2016

Blue: Neutral H

Orange: Ionized HCoDa III simulation;
J. Lee+2025a in prep

Blue: Neutral H

Pink: Ionized H



Inhomogeneous Reionization: Imprint of Large-scale Structure

4Joohyun Lee, TACOS 2025

ÅLine-intensity mapping (LIM) observe 

reionization & clustering of matter directly: 

21-cm (SKA, HERA, LOFAR, CHIME, etc.), 

Hydrogen lines, Lyh, Hh Σ Iʲ όSPHEREx),

molecular lines, CO (COMAP; WƛŀƴǊƻƴƎΩǎ talk)

Hʰ map from
CoDa III sim;
H. Lee+2025

Semi-numerical prediction of 21-cm map;
Muñoz+2022



Drivers of Reionization: Stars in Galaxies

5Joohyun Lee, TACOS 2025

ÅWith same DM halos, galactic physics alter reionization topology & history

ÅEach galaxy has

1. Rate of ionizing radiation 

(ὔȠ cf., ὔ ὒ ‚ )

2. Escape fraction of radiation Ὢ

ÅDecided by star formation history, 

initial mass function (IMF), 

interstellar medium (ISM) & dust,

stellar spectrum models 

(e.g., inclusion of binary stars) Reionization 
history;

Muñoz+2024

Reionization 
topology;
Iliev+2012

Green: Neutral H

Orange: Ionized H

Blue: Galaxies

Low-mass gal. 
halo-dominated

High-mass gal.
halo-dominated



Metal EnrichmentτAnother Inhomogeneous Process 

6Joohyun Lee, TACOS 2025

ÅSame massive stars reionized also metal-enriched (elements > He) with supernovae (SNe)

CoDa III sim; J. Lee+2025a in prep

See CŀƪƘǊƛΩǎtalk
on CGM enrichment



Galaxies in EoR: Pushing the Limit with JWST

7Joohyun Lee, TACOS 2025

ÅUV Luminosity Function (UVLF) := Number density of galaxies with certain UV luminosity

Ҧ hǾŜǊŀōǳƴŘŀƴŎŜ ƻŦ ¦±-ōǊƛƎƘǘ ƎŀƭŀȄƛŜǎ ŀǘ ƘƛƎƘ ǊŜŘǎƘƛŦǘΣ ŜǎǇŜŎƛŀƭƭȅ Ȋ Ҕ мл όǎŜŜ WǳƭƛŀƴΩǎ ǘŀƭƪύ

ÅMass-metallicity relation (MZR) := Stellar mass vs. metal abundance

Ҧ [Ŝǎǎ ƳŜǘŀƭǎ ϧ ŦƭŀǘǘŜǊ ǎƭƻǇŜ ǘƘŀƴ ƭƻŎŀƭ ǊŜƭŀǘƛƻƴ

UVLF; Finkelstein+24
Bright Faint

Chemerynska+24



Simulating EoR: Connecting Small-scale and Large-scale Physics

8Joohyun Lee, TACOS 2025

ÅFully coupled radiation hydrodynamics simulation

1. Reproduces global reionzation history (large scale)

2. Matches observables (small scale): stellar mass function, UVLF, MZR, ionized H bubble size

Observable:
UVLFfrom CoDa III; 

(J. Lee+2025b 
in prep)

Reionization:
Neutral fraction
from CoDa III; 
(Lewis+2022)



Lewis+2022

Cosmic Dawn (CoDa) III Simulation

ÅEvolution of metal & dust, with dust opacity in ionizing radiation

Åψρως particles + cells in όфпΦп aǇŎύ, uni-grid rad-hydro simulation 

by RAMSES-CUDATON, GPU-accelerated code

Č First trillion -element computer simulation of 

fully-coupled galaxy formation and reionization (20 PB data!)

Advantages

1. High mass resolution: resolves all atomic cooling halos (ὓ ρπὓṩ) and IGM clumping

2. Self-regulation of reionization: ionizing radiation feedback suppresses star formation in low-mass halos

3. Large volume: tracks patchiness of reionization and full dynamic range of halo mass with good statistics

The Cosmic Dawn (ñCoDaò) Project Website 

https://coda-simulation.github.io/

Joohyun Lee, TACOS 2025 9
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Reionization and Metal Enrichment in CoDa III

10Joohyun Lee, CFC2025

Lee+2025, to be submitted

Blue: Ionized H
Black: Neutral H
Pink: High-T gas



Redshift Evolution of UVLF: Roll-over in UV-faint Galaxies
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ÅSuppression of star formation by reionization 

in galaxies ὓ ρτ 

Ҧ Signature of reionization!

(may be observable using lensed field

ǿƛǘƘ ŜƴƻǳƎƘ І ƻŦ ƎŀƭŀȄƛŜǎΧύ

ÅIn reionized regions, Jeans-mass filtering 

prevents gas supplied to low-mass halos

Ҧ wŜŘǳŎŜǎ ¦± ƭǳƳƛƴƻǎƛǘȅ ƛƴ ƭƻǿ-mass halos

Suppression 

by reionization

Faint Bright

z=5

z=6

J. Lee+2025b 
in prep



Effect of Dust Attenuation Modeling on UV Luminosity Function
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ÅWith fixed dust mass, we can vary

1. Dust grain size distribution:

[ŀǊƎŜǊ ǎƛȊŜ Ҧ ƭŜǎǎ ¦± ŀǘǘŜƴǳŀǘƛƻƴ

2. Sub-grid star-dust geometry:

Evenly distributed stars Ҧ ŀǘǘŜƴǳŀǘƛƻƴҨ

Centrally concentrated stars Ҧ ŀǘǘŜƴǳŀǘƛƻƴҧ

Stars are in foreground Ҧ ƴƻ ŀǘǘŜƴǳŀǘƛƻƴ

ÅBest match (z = 5): 

dust mass reduced by ¼

+ evenly distributed stars in a cell

J. Lee+2025b 
in prep

No 

attenuation



¦± [ǳƳƛƴƻǎƛǘȅ CǳƴŎǘƛƻƴ ŀǘ Ȋ Ҕ млΥ {ǳŎŎŜǎǎΧΚ

13Joohyun Lee, TACOS 2025

ÅCoDa III matches z = 10 observations

ÅCompared to simulated UVLF, z = 12 observations found overabundance of bright galaxies

Faint Bright
J. Lee+2025b 

in prep



UV Luminosity Function at z = 7, 8: Success!

14Joohyun Lee, TACOS 2025

ÅMatches well!

ÅMore dust attenuation on the bright end

J. Lee+2025b 
in prepFaint Bright
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Galaxy Mass-Metallicity Relation (MZR)

Joohyun Lee, TACOS 2025

ÅLittle evolution at ᾀͯυ ψ for ὓẘ ρπὓṩ; 

steepens over time for ὓẘ ρπὓṩ

ÅA little lower than observations 

but within the scatter

ÅSlightly shallower slope (ὓẘ ρπὓṩ)

Ҧ ǎƘŀƭƭƻǿŜǊ ǎƭƻǇŜ ŀǘ ƭƻǿ-mass end 

is hinted in observation (e.g., Curti+24)

J. Lee+2025a 
in prep



Neutral
fraction

(reionization
history;

Lewis+2022)

Reionization History: Huge Success!

2312.11350

Joohyun Lee, TACOS 2025 16

ÅCoDa III matches both global reionization history & mean free path evolution at z < 6

while reproducing galaxy properties, UVLF and MZR

Å(Remark: z > 12 overabundant galaxies do not affect reionization history)

CoDa III

CoDa III CoDa II
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Becker+21, Zhu+2023



Global Reionization vs. Metal Enrichment

ÅReionization ionization-fronts (I-fronts) travel farther, faster than metal enrichment 

όά½-ŦǊƻƴǘǎέΤ ƛΦŜΦΣ {b-driven galactic winds) Č ὗ = volume filling fractions, ὗ ὗ

ÅEven after EoR, most of IGM still metal-free: ὗ ς Ϸ (ὤ ὤ ρπ ὤṩ)

Joohyun Lee, TACOS 2025

Redshift Redshift

17

J. Lee+2025a 
in prep
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Global Metal Enrichment and Star Formation

Joohyun Lee, TACOS 2025

Å╩ἪἩἺὁἷἶ Ⱦ╩ṩ  ͯ  at ᾀ υȢυσ (ὼ ωωȢωωϷ

ÅPrediction from simple model correlating reionization and metal enrichment worked!

ÅPop III SF persists to Ú υȢυ

Star

Gas
Total 

Baryon

J. Lee+2025a 
in prep
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Ionized Fraction, ╧ἒ ἓἓ Metallicity, ╩

Reionization and Metal Enrichment in CoDa III

Joohyun Lee, TACOS 2025 19

J. Lee+2025a in prep



H  Line-intensity Mapping: Probe of Star Formation and Reionization (?)

Joohyun Lee, TACOS 2025 20

ÅH  produced from ionized H can trace star-forming galaxies and ionized IGM

ÅNon-negligible contribution from IGM: SPHEREx might see with galaxy-H  cross-correlation?

Halos + IGM Only Halos

H. Lee+2025, J. Lee+2026 in prep
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Post -reionization

flattening

◑

◑ Ȣ

Growth of 

bubbles

Growth of Metal-enriched BubblesτFoF

ÅCharacteristic size ͯρππ ckpc

ÅSharp reduction of 

smaller bubble number 

after reionization 

Č Signature of 

reionization end!!

J. Lee+2025a 
in prep

Joohyun Lee, TACOS 2025


