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Photons capable of ionizing neutral hydrogen.
Photons with 𝝀 < 911.8 Angstrom.



Outline of this talk

• Motivation: What drives the EoR?

• Quantifying IGM Transmission Bias

• The Impact of the escape fracton PDF



The Epoch of Reionization

“low” redshift, stacked 
AGN spectrum (HST)
Zheng et al. 1997

Hydrogen
ionizing 
photons

Becker et al 2015



Observing the reionizers:
the state of the art

What are the main drivers of reionization?

• Star-forming galaxies: Lyman continuum (LyC) photons from young O/B stars

• Active Galactic Nuclei (AGN): LyC photons produced from nuclear activity

Star-forming galaxies are generally preferred as the number density of AGN 
drops above z~6 (though AGN likely play some role)



Observing the reionizers:
the state of the art

Spectroscopy: Photometry:

Keck Lyman Continuum Spectroscopic Survey (KLCS, 
Steidel et al. 2018), 2.9 < z < 3.4

136 Lyman Break Galaxies (LBGs) observed with Keck 
LRIS across 9 fields (~89 hours of observations!)

~15 LyC detected galaxies

LymAn Continuum Escape Survey (LACES, Fletcher et al. 2019)

Three 16h HST F336W pointings, 54 NB selected LAEs, z = 3.1

7-12 LyC detected galaxies

+many more examples in 

both categories, however 

the typical number of 

detections is 0-1!



Observing the reionizers:
the LyC escape fraction,  𝒇𝒆𝒔𝒄

The fraction of LyC photons produced in a given galaxy that manage to ”escape the galaxy”
(these are the photons that ultimately drive the EoR)

How does f()* vary between star-forming galaxies and AGN?

How does f()* vary with galaxy properties? (e.g. stellar mass, SFR, metallicity, etc)

Does f()* vary with galaxy environment?

The answers to these questions 
strongly influence our 

understanding of reionization.



Observing the reionizers:
the LyC escape fraction,  𝒇𝒆𝒔𝒄

The number of LyC photons produced in a given galaxy that manage to ”escape the galaxy”
(these are the photons that ultimately drive the EoR)

𝑓,-.,0,1 =
( ⁄𝐹677 𝐹8977);<-
( ⁄𝐿677 𝐿8977)>?@

× 𝑇CDEF8

*𝑓,-.,0,1 : the “rel” indicates there is no dust attenuation correction

observed fluxes, model independent

Intrinsic luminosities, reasonably 
constrained (e.g. SED fitting)

IGM transmission 
to LyC

IGM transmission to LyC, 
degenerate with 𝑓,-.



Neutral Hydrogen in the Line-of-Sight:
IGM Transmission at high z,  𝑻𝑰𝑮𝑴

IGM
CGM

From Ly-series absorption in 
bright quasar spectra
Rudie et al. 2013

Simulate thousands of 
sightlines…

AVERAGE 
transmission 

functions

Inoue et al. 2014

𝑓,-.,0,1 =
( ⁄𝐹677 𝐹8977);<-
( ⁄𝐿677 𝐿8977)>?@

× 𝑇CDEF8𝑓,-.,0,1 =
( ⁄𝐹677 𝐹8977);<-
( ⁄𝐿677 𝐿8977)>?@

× 𝑇CDE(𝑧) F8

But is it 
appropriate??



The IGM BIAS of LyC Detections at z > 3.0
estimations based on mock surveys: 4 ingredients

1: IGM Transmission

2: Mock UV fluxes

3: Detection method/depth

BPASSv2.1
Eldridge et al. 
2017

4: Input SED
github.com/robbassett/TAOIST_MC
Logo credit: James Josephides

What about 
dust!?



The IGM BIAS of LyC Detections at z > 3.0
estimations based on mock surveys

• 10,000 IGM transmission curves per redshift

• 100 mock galaxies per sightline:
1. Sample UV flux (how bright is it?)
2. Sample 𝑓,-. uniformly from 0 to 1

• Apply 𝑇CDE Curve and measure LyC fluxes 

• Assume a detection limit

• Check 𝑇CDE for detected galaxies and compare 
to the average value at that redshift



The IGM BIAS of LyC Detections at z > 3.0
estimations based on mock surveys: spectroscopy 

• Limiting mag = 27.9 (KLCS)

• Detections occur in sightlines 
with IGM transmission at least 
0.16 higher than average

• 0 transmission impossible for 
detections, but most probably 
value

• Drives mean IGM transmission 
down

• Is it significant?



The IGM BIAS of LyC Detections at z > 3.0
estimations based on mock surveys: photometry 

• Limiting mag = 30.24 (LACES)

• (CFHT u, 27.82 mag)

• Detections occur in sightlines 
with IGM transmission at least 
0.12 higher than average

• 0.21 more likely for this 
comparison as they are LAEs

• Lower bias for LBG simply 
reflects that this comparison is 
deeper (30.24 mag vs 27.9)



The IGM BIAS of LyC Detections at z > 3.0
estimations based on mock surveys: depth 

• Depth and intrinsic 
brightness 
distribution are two 
of the key factors 
determining what 
the level of IGM 
transmission bias is 
for any given survey

Spectroscopy Photometry



The IGM BIAS of LyC Detections at z > 3.0
estimations based on mock surveys: summary 



Constraining the PDF of 𝑓"#$
Exploring LyC Detection Rates from Current Surveys

• So far we have implicitly 
assumed a flat distribution of 
𝑓,-. between 0 and 1

• i.e. any  value is considered 
equally likely

• So far, most observations 
show low values, < 0.2

• Is a flat PDF appropriate?

• Detection rate is too high!



Constraining the PDF of 𝑓"#$
Exploring LyC Detection Rates from Current Surveys

Basically no difference in IGM transmission bias

Flat

𝛈 = 𝟎. 𝟑

• Although the 𝑓,-. PDF 
used doesn’t affect the 
bias, it does affect the 
recovered 𝑓,-. value

• If 𝜂 is much smaller, the 
bias does increase 
significantly

• 𝑓,-. PDF likely depends on 
sample selection



Constraining the PDF of 𝑓"#$
Exploring LyC Detection Rates from Current Surveys

• LAE detection rates from Fletcher+2019 
possibly consistent with flat 𝑓,-. PDF

• For exponentially declining model, only a 
very minor preference for low 𝑓,-.

• Still early days as the number of known LyC 
emitters is still < 50, but likely to be 
significantly more in the coming years



IGM Attenuation Bias for LyC Detections
Summary

• Until now, 𝑓,-. calculated from LyC detections at high redshift assume a mean 
IGM transmission value

• This is a bad assumption as the most probable value of 𝑇CDE is zero, which is 
inconsistent with a detection. This results in overestimates of 𝑓,-.

• The level of bias in 𝑇CDE depends primarily on the underlying sample and the 
detection limit of a given survey. For comparisons here it is expected to be at 
least ~0.16-0.21

• Detection rates from KLCS (Steidel+2018) suggest that a 𝑓,-. PDF skewed 
towards 0 should be preferred. This alternative PDF would result in further 
reduction of inferred 𝑓,-. values

• The 𝑓,-. PDF appears to depend on sample selection, strong evidence that 
LyC escape depends on galaxy properties


