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Objectives and contents

● Study of low-redshift Lya emitters
○ Sample overview
○ Lya output with properties of stars & gas
○ Evolution & acceleration of galaxy winds

● Evolution of profiles with redshift 
○ Intrinsic LAE profiles do not evolve significantly 
○ IGM is responsible for reshaping Lya 

● Lya profiles to infer IGM properties during the EoR
○ Derive sizes of ionized regions
○ Estimate the LyC escape fraction
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Library of mid-resolution spectra at z > ~0.02 

- LARS/eLARS/Lya Halos: x3 programs
- Henry: Green Peas + MgII emitters
- Wofford: x2 HII galaxies 
- Scarlata: GALEX LAEs
- Heckman: Lyman break analogs. x3 progs.
- Thuan/Izotov: GP-like, LyC cand. x4 progs.
- Malhotra: blueberries 
- Jaskot: GPs 

~150 galaxies with Lyα and some UV
Cut at z>0.05 for ‘global’ Lyα ⇒ 87 galaxies

Sample: the entire COS archive of galaxies, minus a few…



Stage I: Model the UV spectrum

Model with population synthesis
Multiple instantaneous bursts

Derive age, Z, SFH, SN rate, …

Subtract continuum: measure 
42 optical emission lines 

Derive: AV, ionization param, …

Normalize continuum: measure 
ISM absorption lines: 11 lines of 7 
ions

Derive: column density, velocities



Measure the Lyα profiles

Measures 39 properties of the Lyα

● Fluxes, flux densities, peaks
● Troughs
● Velocities of peaks
● Skewness
● Blue and red sides
● zsys given AND estimated from Lyα

Runnholm, Gronke & MH 2021



Characteristics 

Ionizing properties 
with stellar age

BPT and excitation 
diagnostic diagrams



Global Lya output  

Strong Lya variation at high 
mass & SFR

Upper envelope set by 
expectations

Anticorrelations with the usual 
scatter

Interesting, but already known…



Bin by age, and stack…

Lyα

CII: cool gas in expanding envelope.   Absorption gets stronger & faster with time

Lya: transfers through this expanding medium.  Blue peak gets weaker and bluer



Envelope expands and accelerates with time

CII: cool gas in expanding envelope.   Absorption gets stronger & faster with time

Lya: transfers through this expanding medium.  Blue peak gets weaker and bluer

More gas condenses or is advected into wind



Wind Flow and Structure
Wind structure

● Observed to get faster with time
Looks like wind is accelerated
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Wind Flow and Structure
Wind structure

● Observed to get faster with time
Looks like wind is accelerated

● More cool gas found in wind
Alternatively: gas condensed out

● Bulk reaches ~1 kpc in ~10 Myr
Wind is ‘stretched’ with time.  



Wind mass & Outflow Energetics

Mechanical energy 
Reaches 1056 erg in 10 Myr
~105 SNe
Stellar feedback: ~10x more

Wind mass
Starts at nothing
Reach 108 Msun @ 10Myr

Mass loading factor

Exceeds 1 after 10 Myr

All increase with time



Lya vs [O III] / [O II]

At higher O32 you get:

1.  More blueshifted emission
     ~0 at O32 ~ 1
     ~30% at O32 ~ 10

2.  Narrower peaks
     More emission near v = 0

3.  More Lya:  EW and fesc

Higher ionization conditions 
in young bursts allows the 
Lya to escape
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Lya with nebular properties Kendall’s τ and associated p-value



Lya with stellar properties Kendall’s τ and associated p-value



Lya with mixed nebular and stellar properties

I.e. we have one set of these plots 
for every measured quantity 



Lyα equivalent width of local galaxies scales strongly with 
(i.) nebular metallicity:  lower O/H → more Lyα 
(ii.) ionization parameter:  higher log U → more Lyα 
(iii.) age of starburst:  younger → more Lyα 

⇒ This looks like an evolutionary sequence with stars

However: Lyα escape fraction and Lblue/Lred change similarly
(i.) Blueshifted emission evolves faster than red 
(ii.) Dust not as relevant as O/H or U
(iii.) Absorption lines get weaker in lockstep

⇒ probably related to photoionization feedback, or the very first supernovae

A coherent picture

All expected from Lyα 
production standpoint

Nothing to do with production
All in the transfer
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Comparison of Lya emitter profiles with high-z

MUSE-WIDE
Urrutia+2019; Herenz+2017

479 Lya emitters at z=2.9 - 6.6

Publicly available from 
https://musewide.aip.de/project/ 

CANDELS Deep in GOODS-S 
→ best HST data available

Focus on the ratio  Lblue/Lred

https://musewide.aip.de/project/


Evolution of Lya-emitter profiles 
87 low-z sources

479 sources at z=3 – 6.6

Match the COS and MUSE samples 
in Lya luminosity range and EW

Focus on the ratio  Lblue/Lred



Evolution of Lya-emitter profiles
Normalize & stack the Lya profiles in bins 
of different redshift

Lya Lblue/Lred goes from: 

0.32 at z=0.2
0.17 at z=3.2
0.16 at z=3.6
0.08 at z=4.0
0.10 at z=4.5
0.02 at z=5.2

If the galaxies are changing, they are 
doing so in a very conspicuous way…  

C.f. quasar spectra! 
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0.32 at z=0.2
0.17 at z=3.2
0.16 at z=3.6
0.08 at z=4.0
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If the galaxies are changing, they are 
doing so in a very conspicuous way…  

C.f. quasar spectra! 

Matthee+2021
0.26 at z=2.2



Evolution of the IGM opacity
z=3.6

z=1.3

z=0.3

z=5.7

z=6.4

In
cr

ea
si

ng
 re

ds
hi

ft 
The multivariate distribution functions  d3N / dNHI, db, dz  

All are well known from quasar observations



Evolution of the IGM opacity

Inoue & Iwata (2008); Inoue+2014 publish set of PDFs to implement this  (others are available)



Evolution of Lya-emitter profiles

Lya opacity increases across with redshift



Evolution of Lya-emitter profiles

Lya opacity increase appears to match decrease in blueshifted emission



Evolution of Lya-emitter profiles

How would the COS profile look if it were absorbed by this opacity? 



Evolution of Lya-emitter profiles

The absorbed COS profile looks exactly like the observed profiles at z=3-6! 

We cannot detect redshift evolution of Lya spectral profiles



Intrinsic Lya properties do not change with redshift

Agreement from recent JWST obs
Roy+2023

Lya halos at high-z resemble those at low-z
Runnholm+2023; Rasekh+2022

Can happily apply low-z Lya profiles to high-z galaxies
Ly

a 
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UV continuum radius
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1. Absorbs all blueshifted emission 
2. Damping wing reduces redshifted flux and shifts moment to higher velocities 

How the IGM affects Lya 

Know the intrinsic line profile?    

Estimate intrinsic EW and velocity offset of IGM

z = 6 z = 10, small bubble z = 10, big bubble



● 23 known galaxies at z = 6-11 with zsys [Δv(Lya)],  EW(Lya), ανδ MUV
Endsley+2022, Tang+2023, Bunker+2023, Saxena+2023, Jung+2023

● Lya profiles do not evolve significantly with redshift + we can predict them
Hayes+2021, Hayes+2023

● Similar nebular conditions in low & high z analogs 
Cameron+2023, Schaerer+2023, Brinchmann+2023

● EW(Lya) distributions known to z~6 ⇒ prior from MUV
Hashimoto+2018 and many others…

Into the Reionization Epoch

Hierarchical inference model to get intrinsic Vigm 

Hayes & Scarlata 2023



zsys = 10.6    Δv(Lya) = 555 km/s     EW(Lya) = 18 Å MUV= -21.5

Example with GNz11 at z=10.6

Bunker+2023EW0 = 171 Å
           (150-370) Å

vIGM   = -714 km/s
     (450-990) km/s



Bubble Size Distribution at z = 6 - 11
HII regions: smaller at higher z
N = 23  Κενδαλλ τ = -0.34  p = 0.02 z = 6-7

z = 7-8
z = 8-11



HII regions: smaller at higher z

Bubble Size Distribution at z = 6 - 11

N = 23  Κενδαλλ τ = -0.34  p = 0.02

10 – 90 % range of bubble sizes
N-body in 714 cMpc
RT with C2-RAY
Less efficient χion Giri & Mellema 2022



Ionizing Escape Fraction
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Ionizing Escape Fraction
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Conclusions 

● Analyzed 87 galaxies observed with HST/COS and optical spectrographs
Stellar modeling, nebular conditions, Lya profiles, etc.

● Lya is stronger in very young galaxies, likely due to photoionization feedback

● Absorbing envelope gets thicker as starburst continues, condensing more HI

● Low-z profiles (even z=0) CAN be used to make inferences at high-z

● Estimate sizes of HII regions in the EoR from Lya: 0.5 – 3 pMpc
Bubbles grow from z=11 to 6

● Ionizing escape fractions at z=6-11 are 16 (6-50) %


