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Cosmic Reionization

Open Questions
1. Reionization history
2. Reionization source
3. Physical process

Robertson+10

?



Cosmic Reionization History
Reionization scenario
Redshift evolution of neutral fraction
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• Late (Naidu+20)
• Medium late (Ishigaki+18)
• Early (Finkelstein+19)

• Not strongly constrained  

EarlyLate

Medium late

?
dominated by 
bright galaxies

dominated by 
faint galaxies

Late: 𝒇𝐞𝐬𝐜 ∝ 𝜮𝐒𝐅𝐑, 𝜶 > −𝟐
Medium late: 𝒇𝐞𝐬𝐜 = 𝟎. 𝟏𝟕, 𝜶 < −𝟐
Early: 𝒇𝐞𝐬𝐜 ∝ 𝑴𝐡

(𝟏 𝜶 < −𝟐



Lyα Emission
• Lyα emission line (λ!"#$ = 1216Å) is strongly 
attenuated by HI in the IGM

• Lyα EW is a good probe of 𝑥%&



Lyα Equivalent Width
• Lyα fraction: the fraction of LAEs among LBGs
• Using full distribution of EW (Mason+18) 

Jones+23 Mason+18 Mason+18



JWST Data
• JWST/NIRSpec observations
• ERS (GLASS, CEERS), GO, DDT, and GTO (JADES) programs
• High-resolution grating (R~2700), Medium-resolution grating 

(R~1000), and Prism (R~100) spectra

Medium-resolution spectrum Prism spectrum



Sample Galaxies
• 54 galaxies at 6.6<z<13.2 with -22.5<M'(<-17.0
• Include GNz-11 at z~10.6 (Bunker+23)
• Redshifts are spectroscopically confirmed
• Fall on star-formation main sequence at z~6



Spectral Fitting
• Continuum + Lyα line + IGM absorption(Inoue+14)
• Convolved with LSF(Isobe+23)
• Lyα velocity offset, line width, and EW measurements



Lyα detections
• 15/54 galaxies with Lyα detections (S/N>3)



Evolution of Lyα Properties
• No evolution of velocity offset and FWHM



Composite Spectra
• Stacking spectra normalized 
with continuum fluxes

• Clear evolution of peak flux
→EW evolution



Evolution of Lyα EW
• Measurements of EW and 3σ upper limits
• Evolution of Lyα EW → 𝑥%& evolution



EW Distribution Model
• Comparing EW measurements with models
• Galactic wind model + reionization simulation (Dijkstra+11)
• Similar M'( distribution at z~7, 8, and 9-13



𝒙𝐇𝐈 Estimates
• Bayesian inference based on Mason+18

𝑝(𝑥%&|EW) ∝ ∏) 𝑝(EW)|𝑥%&)𝑝(𝑥%&)
Uniform prior with 0<𝑥!"<1EW distribution model



Cosmic Reionization History
• Late or Medium late scenario

• Reionization source: 
objects hosted by moderately
massive halos

Early
Late

Medium late



Summary
• Spectral analysis of 54 galaxies at z~7-13
• Clear signature of Lyα EW evolution 
• 𝑥%& estimates consistent with late reionization history
→Reionization source: objects hosted by moderately massive halos



Appendix



EW Distribution Model
EW distribution model (Dijkstra+11)
Galactic outflow model: intrinsic Lyα line scattered through the outflow
Reionization seminumeric simulation: IGM opacity

↓
𝑇&+,(𝑥%&) : fraction of Lyα photons transmitted through the IGM 

𝑝-./ EW ∝ exp(−EW/EW0)

𝑝 EW|𝑥%& = 𝑁8
1

2
𝑑𝑇&+, 𝑃(𝑇&+,)𝑝-./ EW/𝑇&+,



EW Distribution Model
EW distribution model (Dijkstra+11)
Galactic outflow model + Seminumerical simulation

Lyα line profile
Dijkstra+11

outflow
↓

spherically 
symmetric 
thin shell

Mesinger+11Dijkstra & Wyithe 10 Lyα EW probability
distribution functions



Bayesian Inference
Bayesian Inference (Mason+18)
• For galaxies with Lyα detections:

• For galaxies with no Lyα detections:


