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Why study cosmic reionization? 
É Cosmic reionization is the last major phase transition of most baryonic matter 

in the Universe. It involves the conversion of cold, neutral hydrogen into 

highly ionized hydrogen in the intergalactic medium, implying the end of the 

Dark Age and the beginning of the Age of Galaxies .

É This process reflects the formation, radiation, and dynamical characteristics 

of first - generation objects , small - scale density fluctuations , cosmic chemical 

evolution , early stellar formation and black hole accretion histories, and a 

complex series of feedback mechanisms.
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ÅnH: density of H

ÅT(K): Temperature

ÅXHII: fraction of HII 

ÅIonizing flux: LyC photons
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ÅCurrent & Future Galaxies Surveys for Reionization



2025

Redshift Records 

in Exploring our 

Universe
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z=10.1 (2023)

GRB 090423, 

z=8.2 (2009)

Galaxy JADES-GS-z14-0,

z=14.32(2024);

MoM-z14, 

z=14.44(2025)
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How do we search for high-z objects?

Im et al. 2024

ÅLyman Break Galaxies (LBGs)



How do we search for high -z objects?

¸ Primeval galaxies (at very high-z) are composed of newly formed massive stars.   

¸ The ionizing UV photons generated by massive stars are transferred into strong Lyman-ʰ ŜƳƛǎǎƛƻƴ 

lines with hydrogen atoms in the interstellar medium. 

¸ These galaxies are known as Lyman-ʰ ŜƳƛǘǘŜǊ ƎŀƭŀȄƛŜǎ ό[!9ǎύΦ
9

ÅLyman-alpha Emitters (LAEs)



Z~4.5 LAE
ÅDeep surveys for LAEs at z>2:
Hawaii Survey: Cowie&Hu98; LALA Survey: Rhoads+00; Subaru surveys: 
Ouchi+03; MUSYC: Gawiser+07; HETDEX Pilot Survey: Adams+11; 
VLT/MUSE survey: Bacon+17; LAGER: Zheng+17; SILVERRUSH
CHORUSh5LbΣ [ŜŜҌнпΧ 

ÅLBG surveys started from Steidel+95

ÅLyman-Break Galaxies (LBGs)
Spectral break around (rest-frame) 912Å by absorption 
of neutral H

ÅLyman-ʰ Emitter Galaxies (LAEs)
Spectral line around (rest-frame) 1216Å by resonant 
scattering of neutral H

Z~2.3 LBG

ÅSearching Methods for High -z Galaxies

Zheng+13



2021

JWST Probes the Cosmic Dawn

Deep Surveysχ



The Early Universe probed by JWST

Arrabal Haro et al. 

2023, Nature

Curtis -Lake et al. 2023, 

Nature Astronomy

Carniani et al. 2024, Nature

Naidu et al. 2025, Submitted
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High -z Galaxies: basic properties

Stark+2016

Shibuya+2012̆ Ouchi+2020



Zheng+2016,ApJS Jiang+2018, Natur. Ast Hu+2021, Natur. AstCai+2017, ApJ

Using Lyman -alpha 

emitters to search for 

protoclusters and 

large -scale structures

BOSS1441, z=2.3          CDFS, z=2.8                      SXDF, z=5.7                      COSMOS, z=6.9   

Credit: RosatiNatur. Ast. 2018

High -z Galaxies: Tracing the Environment
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Reionization Probes

Fully Neutral

Fully Ionized Fully Ionized

H + ɹ Ą p + e-

Fan+06

QSOs 
Gunn-Peterson 
Trough

(H)



The first Probe of Reionization̔Quasars

Gunn & Peterson 1965

Gunn-Peterson Test (GP optical depth e- G̱P)

Lyh absorption saturated: ̱GPҗ мл5 xHI



SDSS Quasars Spectra

Fan+2006

Gunn & Peterson 1965

Gunn-Peterson Test (GP optical depth e- G̱P)

Lyh absorption saturated: ̱GPҗ мл5 xHI

The first Probe of Reionization̔Quasars



SDSS Quasars Spectra

Fan+2006

Gunn & Peterson 1965

Gunn-Peterson Test (GP optical depth e- G̱P)

Lyh absorption saturated: ̱GPҗ мл5 xHI

The first Probe of Reionization̔Quasars



CMB and Precise Cosmology

Slide Credit: Zhao Wen



Free 
Electrons

CMB Polarization
Free electrons (integrated)

Å CMB photons interact with free electrons in the ionized (+partly 
ƛƻƴƛȊŜŘύ ǳƴƛǾŜǊǎŜ Ǿƛŀ ¢ƘƻƳǎƻƴ ǎŎŀǘǘŜǊƛƴƎ Ҧ {ǳǇǇǊŜǎǎƛƻƴ on 
Temperature Fluctuation & Bump on Polarization Power Spectra

Å Optical depth of Thomson scattering : an integration of free 
electron density

Å Instantaneous reionizationat zr (Lewis2008)

Å te = 0.066 ± 0.016 (Planck2015; cf. WMAP9 + Planck2013 = 
0.084± 0.013, WMAP1 = 0.17± 0.06! )

ҦȊr~8.8+1.7/-1.4 (instantaneous reionization)

Å Problem: No time resolution

The Global Probe of Reionization̔CMB



ÅHydrogen atom

EDGES̔Bowman+2018

The Global Probe of Reionization̔21cm



Ouchi+2020

The Widely Used Probe of Reionization̔Lya
Origin of 

Lya radiationIonization and recombination

Collisional excitation

https://www.anisotropela.dk/encyclo/lyman_alpha.html

https://www.anisotropela.dk/encyclo/lyman_alpha.html


Resonant Scattering and Doppler Effect 

https://www.anisotropela.dk/encyclo/lyman_alpha.html

Diffusion in wavelength

https://www.anisotropela.dk/encyclo/lyman_alpha.html


ÅTheory: Damping Wing Absorption of Lyh
Photons by (partially)  Neutral IGM

ÅProbing line-of-sight EoRHistory: GRBs, QSOs, 
bright Lya Galaxies                                               

Surelqj Uhlrql}dwlrq zlwk O|ƙ Surilohv

Laursen+201
1



ÅTheory: Damping Wing Absorption of LyhPhotons 

by (partially)  Neutral IGM

ÅProbing EoRHistory: Comparing the Statistical 

Properties of Lyh Galaxies in EoRand Post-

RionizationEpoch (Lyh LF Test, LyhVisibility Test,Χ)

ÅMapping EoRTopology: IGM Environment on the 

Appeared Distribution of LyhGalaxies (Clustering 

Analysis, Ionizing Volume, Lya& 21cm CCF)
Dijkstra 2014

Surelqj Uhlrql}dwlrq zlwk O|ƙ Jdod{lhv

Laursen+201
1



Ground based Narrowband Surveys for z~7 LAEs:

LAGER vs. CHORUS
Chile Blanco (4m) Hawaii Subaru (8m)

DECam (3 sq-deg, f-ratio: 2.9) HSC (1.7 sq-deg, f-ratio: 2.2)



Lyman Alpha Galaxies in the Epoch 
of Reionization (LAGER)

JunxianWang (USTC)*,
Zhenya Zheng (SHAO)*,
WeidaHu (USTC), 
LinhuaJiang (PKU/KIAA), 
ChunyanJiang (SHAO), 
XuKong, WenyongKang (USTC), 
Xianzhong:ÈÅÎÇ ɉ0-/Ɋ ȣ

SangeetaMalhotra (ASU, GSFC)*, 
James Rhoads (ASU, GSFC)*, 
Alistair Walker (CTIO), 
Francisco Valdes (NOAO)
Alicia Gonzalez (ASU),
Vithal Tilviɉ!35Ɋ ȟ ȣ

Leopoldo Infante (LCO,PUC)*,
Felipe Barrientos (PUC)*, 
HuanYang (LCO), 
Pascale Hibon(ESO),
Gaspar Galaz(PUC), 
&ÒÁÎÚ "ÁÕÅÒ ɉ05#Ɋȟ ȣ

CHINA USA CHILE

NB964
Wc= 9642 Å  

FWHM = 92 Å  
Ą z(Ly-a) = 6.93+/-0.04



·LAGER Lya LF bright-end excesŝ Zheng+2017̃ ĄProtoclusterat z~6.9 (Hu+2021)

Luminosity (faint) (bright)

Zheng+2017

·LAGER Lya LF   
evolution 
̂Zheng+2017̃
x_HI~50% at z~6.9 
Ą

LAGER 4 fields Lya 
LFs (Wold+2022) 
x_HI<30% at z~6.9



Fully Neutral

Fully Ionized Fully Ionized

H + ɹ Ą p + e-

Fan+06

QSOs 
Gunn-Peterson 
Trough

(H)

xHI=0.1
xHI=0.5
xHI=1.0

z=7.1 
ULAS 

J1120+0641 

(Mortlock+2011)

QSO
LyaDamping Wing

(H)

GRB
LyaDamping Wing

(H)

z=6.3
GRB050904

(Totani+2006)

xHI<0.17 or DLA?

LyaGalaxies
LyaDamping Wing

(H)

Z~16-19

HI-21cm
EDGES, Bowman+2018



Combing all constraints together

See also: Sharma+16, Robertson+15, 
Mitra+15, Bouwens+15, Kakiichi+16, Greig 

ϧ aŜǎƛƴƎŜǊмтΣ CƛƴƪŜƭǎǘŜƛƴҌмф Χ

Å XHI increases from z~6
Å Large dispersion at z>~7Ą

Limited galaxy sample at z >~ 7

Wold et al. (2022)
ÅQuasar Gunn-Peterson

ÅQuasar Damping Wing

ÅGRB Damping Wing

EoRProbes with Galaxies:

1. LyaLF of LyaGalaxies in EoR

2. LyaVisibility

3. Clustering of LyaGalaxies
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Dijkstra2014

Exploring Reionization Topology via LAEs

EoRSimulations
from work of Iliev, Mellema, Shapiro, Mao, and collaborators

ωMovie of densityfield and HII regions
ωGreen: neutral
ωRed: Ionized

ωNote: 
- Clustering
- Bubble
- Overlap

ωFrom z=20 to 10. 

35/h cMpc (0.33 deg)



Joint analysis with LAEs and 21cm to probe EoR

Ouchi, Ono & Shibuya 2020, ARAA



Kulkarni et al. 2017

AGN-dominated

galaxy-dominated, very late

galaxy-dominated21 cm brightness temperature


