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A B S T R A C T 

The cosmic ionizing emissivity from star-forming galaxies has long been anchored to UV luminosity functions. Here, we 
introduce an emissi vity frame work based on Ly α emitters (LAEs), which naturally hones in on the subset of galaxies responsible 
for the ionizing background due to the intimate connection between production and escape of Ly α and LyC photons. Using 

constraints on the escape fractions of bright LAEs ( L Ly α > 0.2 L 

∗) at z ≈ 2 obtained from resolved Ly α profiles, and arguing for 
their redshift-invariance, we show that: (i) quasars and LAEs together reproduce the relatively flat emissivity at z ≈ 2–6, which 

is non-trivial given the strong evolution in both the star formation density and quasar number density at these epochs and (ii) 
LAEs produce late and rapid reionization between z ≈ 6 −9 under plausible assumptions. Within this framework, the > 10 × rise 
in the UV population-averaged f esc between z ≈ 3–7 naturally arises due to the same phenomena that drive the growing LAE 

fraction with redshift. Generally, a LAE dominated emissivity yields a peak in the distribution of the ionizing budget with UV 

luminosity as reported in latest simulations. Using our adopted parameters ( f esc = 50 per cent , ξ ion = 10 

25.9 Hz erg 

−1 for half the 
bright LAEs), a highly ionizing minority of galaxies with M UV 

< −17 accounts for the entire ionizing budget from star-forming 

galaxies. Rapid flashes of LyC from such rare galaxies produce a ‘disco’ ionizing background. We conclude proposing tests to 

further develop our suggested Ly α-anchored formalism. 

Key words: galaxies: high-redshift – intergalactic medium – cosmology: observations – dark ages, reionization, first stars –
ultraviolet: galaxies. 
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 I N T RO D U C T I O N  

he completion of hydrogen reionization by z ≈ 6 marks the last
ajor phase transition of the Universe (e.g. Fan et al. 2006 ; Loeb &
urlanetto 2013 ; McGreer, Mesinger & D’Odorico 2015 ; McQuinn
016 ; Stark 2016 ; Wise 2019 ; Dayal et al. 2020 ). Due to the low
umber density of quasars, the cosmic ionizing emissivity was likely
ominated by star-forming galaxies at z > 6 (e.g. Matsuoka et al.
018 ; Parsa, Dunlop & McLure 2018 ; Kulkarni, Worseck & Hennawi
019a ; Shen et al. 2020 ). While this broad picture is in place,
ajor open questions remain. Was reionization driven by multitudes

f ultra-faint ( L UV < 0.01 L 

∗) galaxies below current observational
imits, or by relatively rare, bright ( L UV > 0.1 L 

∗) galaxies that are
lready being catalogued (e.g. Finkelstein et al. 2019 ; Naidu et al.
020 )? An intertwined puzzle is why after reionization is complete,
he ionizing background seems to remain approximately flat across
 ≈ 2–6 (e.g. Becker & Bolton 2013 ; Khaire & Srianand 2019 ;
 E-mail: mattheej@phys.ethz.ch 
 These authors contributed equally to this work. 
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aucher-Gigu ̀ere 2020 ) – this is in sharp contrast with both the rapidly
hanging star formation rate density (e.g. Bouwens et al. 2021 ) as
ell as quasar number density (e.g. Kulkarni et al. 2019a ) during

his epoch. Another related conundrum is the large Ly α opacity
uctuations observed at z ≈ 5–6, which have been interpreted as
vidence for extended and patchy reionization. The precise origin
f these fluctuations are as yet unknown (e.g. Keating et al. 2020 ;
osman et al. 2021 ; Zhu et al. 2021 ). All these issues may be

ummarized as follows: we are in need of a unified, empirically
rounded origin story for the z ≈ 2–8 cosmic ionizing background. 
The first place to start is by re-examining our tools, and the

mplicit assumptions steeped in them. Calculations of the ionizing
missivity from star-forming galaxies typically adopt the following
V luminosity anchored formalism (e.g. Madau, Haardt & Rees
999 ; Robertson et al. 2013 ; Duncan & Conselice 2015 ) 

˙ ion ( z) = ρUV ( z) ξion f 
LyC 
esc . (1) 

The ionizing emissivity ṅ ion ( z) is intuitively expressed as the
roduct of the UV luminosity density ( ρUV ; Bouwens et al. 2015a ;
inkelstein 2016 ; Oesch et al. 2018b ), a global UV luminosity to

onizing photon conversion factor ( ξ ion ; Matthee et al. 2017a ; Shi v aei
t al. 2018 ; Lam et al. 2019 ), and the ionizing photon escape fraction
© 2022 The Author(s) 
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http://orcid.org/0000-0003-2871-127X
http://orcid.org/0000-0003-3997-5705
http://orcid.org/0000-0003-0736-7879
http://orcid.org/0000-0003-2491-060X
http://orcid.org/0000-0001-8587-218X
http://orcid.org/0000-0001-5758-1000
http://orcid.org/0000-0002-8224-4505
http://orcid.org/0000-0002-0943-0694
http://orcid.org/0000-0003-1354-4296
mailto:mattheej@phys.ethz.ch


XLS-z2: (Re)Solving reionization with Ly α 5961 

(  

T
f
e

 

i
r
C  

s
s  

F
p  

a

l  

f  

s
(  

g
a  

o  

O  

c
p
〈  

d
e  

t  

q  

6  

o  

a  

e  

G  

f
 

b
T
r  

f  

S  

L
a
a  

a  

2  

o
(  

t  

2

p

1

f
d
p
i
2

r
7

y
s  

e  

c
i
t  

O  

r  

z  

2  

d  

2  

&
o  

a  

o  

L  

p  

l
 

t  

e  

e  

s  

L  

l  

p
i
p  

d  

f  

a  

p
s  

z

 

f  

r  

f  

t
a  

T  

S  

d  

r  

L  

d  

o  

A  

a

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5960/6553844 by U
lsan N

atl Inst of Science & Technology user on 16 M
ay
 f esc ; 1 e.g. Marchi et al. 2017 ; Naidu et al. 2018 ; Steidel et al. 2018 ).
he pre-eminence of this formalism is because UV luminosity 

unctions (LFs) represent the most complete, homogeneously gath- 
red samples of star-forming galaxies known at z = 3–10. 

Ho we ver, the UV luminosity is only tenuously linked to escaping
onizing photon luminosity. This is because the UV luminosity is 
elated to variations in star formation on 100 Myr time-scales (e.g. 
aplar & Tacchella 2019 ), while ionizing photon escape is likely a

tochastic, bursty, feedback-driven process varying on shorter time- 
cales (Rosdahl et al. 2018 ; Kimm et al. 2019 ; Ma et al. 2020 ).
urthermore, the UV luminosity is only mildly sensitive to the 
rocesses that plausibly influence f esc (such as the H I column density
nd dust; e.g. Chisholm et al. 2018 ). 

In fact, the majority of UV-selected galaxies may contribute very 
ittle to the ionizing background at z < 6. This follows directly
rom these premises: (i) the fraction of Ly α photons that escape is
trictly greater than or equal to the Lyman Continuum (LyC) f esc 

e.g. Dijkstra, Gronke & Venkatesan 2016 ; Izotov et al. 2020 ) so
alaxies without escaping Ly α emission likely have LyC f esc ≈ 0, 
nd (ii) the majority of galaxies are not Ly α emitters (LAEs; at least
ut to z ≈ 6 and M UV < −19; Stark 2016 ; Kusakabe et al. 2020 ;
uchi, Ono & Shibuya 2020 ; Santos et al. 2021 ). Ho we ver, in the

anonical UV-anchored formalism these details are all buried in the 
opulation-averaged escape fraction and its redshift dependence, i.e. 
 f esc 〉 ( z), which is extremely challenging to measure at high-redshift
ue to IGM absorption and foreground projections (e.g. Vanzella 
t al. 2010 ; Siana et al. 2015 ; Jones et al. 2018 ). In order to reconcile
he evolution of ṅ ion ( z) with measurements of the emissivity from
uasar absorption line statistics at z < 6, neutral fractions at z >
, and the Planck Collaboration VI ( 2020 ) Thomson optical depth,
ne needs to assume strong redshift evolution in the average f esc ,
pproximately ∝ (1 + z) 3 (e.g. Haardt & Madau 2012 ; Robertson
t al. 2015 ; Puchwein et al. 2019 ; Mason et al. 2019a ; Faucher-
igu ̀ere 2020 ). Explaining the origin of this strongly evolving escape

raction is a key challenge. 
In this paper, we aim to explain the relative flatness of the ionizing

ackground by exploring a galaxy emissivity dominated by LAEs. 
he driving motivation is that both empirical and theoretical work 

eveal the escape of Ly α emission to be intimately linked with LyC
 esc (e.g. Verhamme et al. 2015 ; Dijkstra et al. 2016 ; Gronke 2017 ;
teidel et al. 2018 ; Izotov et al. 2018 ; Marchi et al. 2018 ). Thus,
AEs naturally represent the subset of star-forming galaxies that 
ctively contribute to the ionizing background. Indeed, practically 
ll known galaxies with significant (e.g. > 5 per cent) LyC leakage
re strong LAEs (e.g. Rivera-Thorsen et al. 2017 ; Vanzella et al.
018 ; Izotov et al. 2021 , but see the discussion in Ji et al. 2020 for
ne possible counter example). 2 This implies that the shape of the 
escaping) LyC LF is much more tightly connected to the shape of
he Ly α LF (e.g.Konno et al. 2018 ; Sobral et al. 2018 ; Herenz et al.
019 ), than it is to the shape of the UV LF. 
At z ≈ 2–3, where detailed rest-frame optical spectroscopy is 

ossible, studies have shown that LAEs are typically relatively 
 The escape fraction that enters this equation is the ‘globally averaged’ escape 
raction (see e.g. Haardt & Madau 2012 ), which av erages o v er the number 
ensities and ionizing luminosity of the galaxy population. Throughout the 
aper, we refer to population-averaged escape fractions as 〈 f esc 〉 in case this 
s particularly emphasized. 
 There is so far no evidence that extreme leakers that emit negligible nebular 
ecombination lines exist (for a more detailed discussion, we refer to section 
 of Naidu & Matthee et al. 2022 ). 

L  

(  

a  

c  

s

2
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 2022
oung galaxies with low dust content, high-ionization states and high 
pecific SFRs (Nakajima et al. 2016 ; Trainor et al. 2016 ; Matthee
t al. 2021 ; Reddy et al. 2022 ). These properties are expected to be
ommon among galaxies in the Epoch of Reionization (EoR) and 
ndeed, the fraction of UV-selected Lyman Break Galaxies (LBGs) 
hat are LAEs increases steadily with redshift (e.g. Stark, Ellis &
uchi 2011 ; Kusakabe et al. 2020 ; Ouchi et al. 2020 ). This is also

eflected by the relative flatness of the Ly α luminosity density during
 = 3–6 (e.g. Dawson et al. 2007 ; Ouchi et al. 2008 ; Sobral et al.
018 ; Herenz et al. 2019 ), an epoch o v er which the UV luminosity
ensity significantly increases (Hayes et al. 2011 ; Sobral et al.
018 ). The falling cosmic star formation rate density (e.g. Madau
 Dickinson 2014 ) is counterbalanced by the increasing incidence 

f LAEs towards higher redshift (e.g. Stark et al. 2011 ), by about
 factor 10. A consequence is that the average Ly α escape fraction
f the full galaxy population at z � 6 is comparable to the average
y α escape fraction of LAEs at z = 2 (Matthee et al. 2021 ). The
rocesses that determine the Ly α escape in these LAEs at z = 2 are
ikely present in the average galaxy in the EoR. 

Resolved Ly α line profiles allow us to select the specific galaxies
hat are in the LyC leaking phase (e.g. Verhamme et al. 2015 ; Dijkstra
t al. 2016 ), and to infer their f esc (e.g. Izotov et al. 2018 ; Gazagnes
t al. 2020 ). In a companion paper (Naidu & Matthee et al. 2022 ), we
howed that half of the bright LAEs selected from the X-SHOOTER
yman- α surv e y at z ≈ 2 (XLS- z2; Matthee et al. 2021 ; LAEs with a

uminosity > 0.2 L 

� ) have Ly α line-profiles suggestive of being in a
hase where they are leaking ionizing photons with an escape fraction 
n the range 20–50 per cent. The other half of the LAEs have Ly α
hotons that only escape after scattering to the edge of the line profile
ue to a high H I column density and they therefore have negligible
 esc of ionizing photons. The galaxies that have LyC leakage are
lso the ones that simultaneously have a very high ionizing photon
roduction efficiency. Here, we place these measurements in a 
tatistical framework and infer the cosmic emissivity due to LAEs at
 ≈ 2 and extrapolate these findings out to z = 8. 

In Section 2 , we present the deri v ation of a Ly α-based emissivity
ormalism. We then discuss the knowns and unknowns of the pa-
ameters that are invoked in the formalism to compute the emissivity
rom LAEs o v er z = 2–8 in Section 3 . In Section 3 , we also moti v ate
he choices of our simple fiducial model parameters such as the f esc 

nd the luminosity limit of the faintest contributor to the emissivity.
he main results based on this fiducial model are demonstrated in
ection 4 , which first shows the total ionizing emissivity at z ≈ 2–8
ue to LAEs and quasars and then focuses on the role of LAEs in
eionizing the Universe at z > 6. We connect the results from the
AE-formalism to the general galaxy population in Section 5 . We
iscuss the implications of our results in Section 6 , addressing the
pen questions raised at the beginning of this section. In Appendix
 , we show which results and aspects of the LAE-emissivity model

re sensitive to choices in the key parameters. 
Throughout this work we reference L 

∗, the characteristic luminos- 
ty in Schechter function parametrizations of LFs. In the context of
y α LFs, L 

∗ is as per the Sobral et al. ( 2018 ) z ≈ 2–6 consensus LFs
 log L Ly α/ erg s −1 ≈ 43) and in the context of LBGs, it is M 

� 
UV ≈ −21

s per the Bouwens et al. ( 2021 ) LFs. We assume a flat � CDM
oncordance cosmology with �M 

= 0.3, �� 

= 0.7, and H 0 = 70 km
 

−1 Mpc −1 . 

 A  LY  α BA SED  EMISSIVITY  FORMALIS M  

ere, we derive the emissivity from LyC leaking LAEs, i.e. the
verage H I ionizing luminosity density that escapes from LAEs per
MNRAS 512, 5960–5977 (2022) 
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nit comoving volume. The emissivity at a given redshift depends
n the number density of LAEs and their ionizing output. In analogy
o the UV-continuum approach (e.g. Robertson et al. 2013 ), we
ormulate the emissivity due to LAEs, ṅ ion , LAE ( z), as follows 

˙ ion , LAE ( z) = ρLy α( z) ξLy α
ion f LyC 

esc . (2) 

The Ly α luminosity density, ρLy α( z), replaces ρUV ( z) from equa-
ion ( 1 ). f LyC 

esc represents the LyC escape fraction of LAEs. This
eaves us with ξLy α

ion , which converts the observed Ly α luminosity
nto a number of ionizing photons produced per second 

Ly α
ion = 

Q ion 

L Ly α, obs 
, (3) 

here Q ion expresses the total number of ionizing photons being
roduced per second. The observed Ly α luminosity can be related to
he intrinsic H α luminosity produced in an H II region, and thus Q ion if
e know the Ly α escape fraction, f Ly α

esc (e.g. Sobral & Matthee 2019 ).
ere, we ignore collisionally excited emission. Under standard
ase B recombination assumptions ( T = 10 4 K, n e = 350 cm 

−3 ),
 Ly α, int / L H α, int = 8.7, with typical values for Green Peas and LAEs
xpected to range from ≈8–9 (e.g. Henry et al. 2015 ). Therefore 

 

Ly α
esc = 

L Ly α, obs 

L Ly α, int 
= 

L Ly α, obs 

8 . 7 L H α, int 
. (4) 

Having obtained the intrinsic H α luminosity from measurements
f f Ly α

esc , we can calculate the number of produced ionizing photons
s follows 

 H α, int = Q ion 

(
1 − f LyC 

esc − f dust 

)
c H α, (5) 

here we note that some fraction of the produced ionizing photons es-
ape the galaxy ( f LyC 

esc ) and some fraction are absorbed by dust ( f dust ).
he remaining fraction of photons (1 − f LyC 

esc − f dust ) is available
o produce nebular emission. Since we are interested in the intrinsic
uminosity of H α ( L H α, int ), i.e. the luminosity before attenuation, we

ultiply this remaining fraction of photons with the H α line emission
oefficient c H α whose value is ≈1.25–1.35 × 10 −12 erg for typical
ase B recombination assumptions ( T = 10 4 K, n e = 350 cm 

−3 ,
ennicutt 1998 ; Schaerer 2003 ). For the galaxies of interest (galaxies
ith f esc > 0), we assume f dust ≈ 0 given that their nebular attenuation

eems to be negligible (Naidu & Matthee et al. 2022 ). We refer to
akiichi & Gronke ( 2021 ) for a more detailed discussion on the role
f dust within H II regions in the context of Ly α and LyC escape. 
We can then express ξLy α

ion in terms of these various escape fractions 

Ly α
ion = 

Q ion 

L Ly α, obs 

= 

1 

8 . 7 f Ly α
esc 

(
1 − f 

LyC 
esc − f dust 

)
c H α

. (6) 

ombining equation ( 6 ) with equation ( 2 ) finally yields 

˙ ion , LAE ( z ) = 

ρLy α( z ) f LyC 
esc 

8 . 7 f Ly α
esc 

(
1 − f 

LyC 
esc 

)
c H α

. (7) 

In our implementation of the formalism based on our observational
esults described in Naidu & Matthee et al. ( 2022 ), we split the sample
f LAEs in those that have LyC leakage and those that have not. This
eans that we specifically calculate the emissivity as 

˙ ion , LAE ( z ) = 

ρLy α( z ) f LyC , LAEs f 
LyC 
esc 

8 . 7 f Ly α
esc 

(
1 − f 

LyC 
esc 

)
c H α

, (8) 
NRAS 512, 5960–5977 (2022) 
here f LyC, LAEs is the fraction of LyC leaking LAEs with the
espective LyC and Ly α escape fractions f LyC 

esc and f Ly α
esc . Because of

he non-linear correction ∝ 

1 

1 −f 
LyC 
esc 

, we note that this implementation

s not exactly the same as when we would use the population-
veraged Ly α and LyC escape fractions for all LAEs in equation ( 7 ),
ut the differences are very minor (within 0.05 dex). 

For comparison with z < 6 constraints, it is convenient to work
ith ε912 – the emissivity at 912 Å – which is more directly inferred

rom the Ly α forest (e.g. Becker & Bolton 2013 , equation 7). 

912 ( z) = ṅ ion , LAE ( z) hα, (9) 

here h is Planck’s constant, and α is the spectral slope such
hat the total number of ionizing photons is given by the integral
 ∞ 

ν912 

d ν
hν

ε912 

(
ν

ν912 

)−α

. For the spectral template adopted in Naidu &

atthee et al. ( 2022 ) to describe the stellar ionizing spectrum of
yC leakers, α = 1.25. The Ly α forest studies typically convert their

nferred ε912 to an ṅ ion by assuming some α, but the appropriate α
hat must be adopted is unclear at z < 6 where both AGN and LAEs
ontribute, and their relative contributions as well as spectral shapes
re uncertain. We note that we do not explicitly investigate the impact
f LAEs on the HeII-ionizing emissivity because the HeII-ionizing
uminosity from star-forming galaxies is small, even for the strongly
onizing stellar spectra that power the LAEs. 

 C O M P U T I N G  T H E  L A E  EMISSIVITY:  
N OW N S  A N D  U N K N OW N S  

n this section, we discuss the knowns and unknowns in the Ly α-
nchored emissivity framework (i.e. equation 7 ) for LAEs o v er z =
–8 (summarized in Table 1 ). Throughout this paper, we use a simple
ducial calculation that demonstrates the applicability of the LAE-
ramework. As a fiducial choice of parameters, we explicitly explore
he contribution of the currently observed population of bright LAEs
 L Ly α > 10 42.2 erg s −1 , ≈0.2 L 

� , the luminosity limit of our XLS- z2
urv e y; Matthee et al. 2021 ) for which the Ly α LF is determined
 v er z ≈ 2–7 and for which we have constrained the fraction of LyC
eakers and their escape fraction in Naidu & Matthee et al. ( 2022 ).

e assume that the contribution of fainter LAEs to ṅ ion , LAE ( z) is
egligible (i.e. their f esc = 0), which is equi v alent to introducing a
ut-off in the LF . W e present the implications of a scenario in which
he cut-off luminosity is a factor 10 lower in Appendix A and include
his in our Discussion. Our aim is to explore whether we can explain
he evolution of the neutral fraction in the EoR, and the following
volution of the cosmic ionizing background with these bright LAEs
hen combined with the quasar contribution (Kulkarni et al. 2019a ).
he rele v ant parameters chosen in our fiducial model are empirically
onstrained and summarized in Table 1 . The results of this calculation
re presented in Section 4 . 

We emphasize that our fiducial calculation does not extrapolate
umber densities or ionizing properties beyond the luminosity range
or which these ionizing properties have been constrained at z ≈ 2
i.e. L Ly α > 0.2 L 

∗, i.e. the selection function of our spectroscopic
ollow-up surv e y of LAEs). Contrast this with the UV-anchored
pproach where f esc and ξ ion are extrapolated ≈100 times fainter than
he faintest galaxies for which these quantities have been inferred
typified by Model I in Naidu et al. 2020 ). 

.1 Ly α luminosity density 

y α LFs are constrained from ≈0.1–10 L 

∗ o v er various redshift
lices from z ≈ 2–7 (e.g. Ouchi et al. 2018 ; Sobral et al. 2018 ;
e La Vieuville et al. 2019 ; Hu et al. 2019 ; Taylor et al. 2020 ). In
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Table 1. Summary of the key input parameters for equation ( 7 ) used in our fiducial calculation of the emissivity from LAEs. 

Ly α luminosity density: ρLy α( z) 
Ly α LF Well-determined for > 0.1 L 

� o v er z = 2–6 (Sobral et al. 2018 ; Herenz et al. 2019 ; Ouchi et al. 
2020 ), but possibly affected by neutral IGM at z > 6 (Santos et al. 2016 ; Konno et al. 2018 ; Wold 
et al. 2022 ). 

IGM correction We assume empirical corrections that are shown to yield consistent Ly α line profiles o v er z = 3–6 
by Hayes et al. ( 2021 ). Corrections are particularly uncertain at z � 6. 

Integration limit We integrate LFs down to a limiting luminosity of L Ly α > 10 42.2 erg s −1 which is the limit of the 
XLS- z2 sample for which we determined 〈 f esc 〉 . We assume the contribution of fainter LAEs to 
ṅ ion , LAE ( z) to be negligible (i.e. their f esc = 0). 

Escape fractions: f esc = 50 % for half the LAEs with L Ly α > 10 42.2 erg s −1 , independent of redshift 
Fraction of LyC-leaking LAEs, f LyC, LAEs Estimated to be 50 ± 10 per cent based on Ly α line-profile statistics (Naidu & Matthee et al. 2022 ). 
f esc for LyC-leaking LAEs Assumed to be 50 per cent for all leaking LAEs, the fiducial f esc for this sample as discussed in 

Naidu & Matthee et al. ( 2022 ). 
Redshift evolution These two quantities are assumed to be redshift invariant based on the observed invariance of 

average Ly α line-profiles (Hayes et al. 2021 ). We assume luminosity independence. 
f esc, Ly α for LyC-leaking LAEs Assumed to be ≈ 50 per cent based on measurement of 47 + 3 −8 per cent for LyC-leaking LAEs (Naidu 

& Matthee et al. 2022 ). 

Extrapolation into the EoR at z> 6 (Section 4.2 ) 

Evolution of IGM-unaffected Ly α LF At z > 6, ṅ ion ( z) = ṅ ion ( z = 5 . 7) × 
 

� 
LBG ( z ) X LAE ( z ) 


 

� 
LBG ( z = 5 . 7) X LAE ( z = 5 . 7) where 
 

� 
LBG corresponds to the 

Bouwens et al. ( 2021 ) UVLFs and X LAE is the fraction of LBGs with L Ly α > 10 42.2 erg s −1 

extrapolated from the observed trend at z = 3–6 (Santos et al. 2021 ), and capped to X LAE = 1. 

Table 2. Comoving emissivity (log 10 εν, 912 ) in units of erg s −1 Hz −1 Mpc −3 . 

z Reference > 0.2 L 

∗ LAEs > 0.2 L 

∗ LAEs UVB 

+ M UV < −21 AGN 

2.2 1 24 . 15 + 0 . 19 
−0 . 21 24 . 95 + 0 . 19 

−0 . 21 24.92 

2.5 1 24 . 41 + 0 . 15 
−0 . 15 24 . 99 + 0 . 15 

−0 . 15 24.89 

3.1 2 24 . 55 + 0 . 19 
−0 . 22 24 . 93 + 0 . 19 

−0 . 22 24.81 

3.1 1 24 . 53 + 0 . 19 
−0 . 20 24 . 93 + 0 . 19 

−0 . 20 24.81 

3.7 2 24 . 47 + 0 . 17 
−0 . 22 24 . 77 + 0 . 17 

−0 . 22 24.73 

3.9 1 24 . 39 + 0 . 21 
−0 . 23 24 . 68 + 0 . 21 

−0 . 23 24.70 

4.8 1 24 . 45 + 0 . 24 
−0 . 22 24 . 57 + 0 . 24 

−0 . 22 24.61 

5.4 1 24 . 68 + 0 . 20 
−0 . 19 24 . 71 + 0 . 20 

−0 . 19 24.56 

5.7 3 24 . 63 + 0 . 26 
−0 . 30 24 . 66 + 0 . 26 

−0 . 30 24.54 

5.7 4 24 . 85 + 0 . 17 
−0 . 17 24 . 86 + 0 . 17 

−0 . 17 24.54 

6.6 3 > 24 . 37 + 0 . 21 
−0 . 25 > 24 . 38 + 0 . 21 

−0 . 25 24.46 

6.6 4 > 24 . 42 + 0 . 16 
−0 . 17 > 24 . 43 + 0 . 16 

−0 . 17 24.46 

6.9 5 > 24 . 38 + 0 . 12 
−0 . 14 > 24 . 39 + 0 . 12 

−0 . 14 24.44 

Note. References for Ly α LFs: (1) Sobral et al. ( 2018 ), (2) Ouchi et al. ( 2020 ), 
(3) Konno et al. ( 2018 ), (4) Santos et al. ( 2016 ), (5) Wold et al. ( 2022 ). M UV 

< −21 AGN LF from Kulkarni et al. ( 2019a ). UV background (UVB) values 
from Faucher-Gigu ̀ere ( 2020 ). 
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ur estimate, we compute ρLy α by integrating LFs based on large 
arrow-band surv e ys (Ouchi et al. 2020 ), recent data from integral
eld spectroscopy (IFU; e.g. Herenz et al. 2017 ), and the ‘S-SC4K’
onsensus LFs (Sobral et al. 2018 ) that combine IFU and narrow-
and data. The benefit of the narrow-band surv e ys is that they probe
arger volumes and narrow specific redshift slices, while the benefit 
f IFU surv e ys (e.g. Bina et al. 2016 ; Drake et al. 2017 ) is that
he y hav e full spectroscopically confirmed samples and probe fainter 
uminosities. As can be seen from the LAE emissivities listed in 
able 2 , the integrated Ly α luminosity densities of various published 
Fs at similar redshifts agree within the uncertainties despite that 

heir shapes are somewhat different (cf. Santos, Sobral & Matthee 
016 ; Konno et al. 2018 ). Note that a very minor AGN contribution
o ρLy α is not excluded at z � 5, as AGN can plausibly not be fully
emo v ed from the Ly α LFs as the currently available X-Ray data is
ot sensitive enough (e.g. Calhau et al. 2020 ). The AGN fractions
mong LAEs at z ≈ 2–3 are, ho we ver, only significant for �L 

� 

uminosities (Matthee et al. 2017b ; Calhau et al. 2020 ), and appear
o decrease at z > 3 at fixed Ly α luminosity (e.g. fig. 9 in Sobral
t al. 2018 ) suggesting that the AGN contribution to ρLy α is low at z
 5 as well. This is discussed further in connection to the shape of

he Ly α LF in Appendix B . 
An important caveat for the Ly α framework is the impact of IGM

ransmission on the observed Ly α line luminosity. The increasing 
ensity of neutral absorbers with redshift likely reduces the observed 
y α transmission from galaxies (e.g. Laursen, Sommer-Larsen & 

azoumov 2011 ; Smith et al. 2022 ). The magnitude of the IGM
ransmission is uncertain as the transmission depends on large-scale 
otions of gas around galaxies, the neutral fraction of the IGM and

he proximity zones around galaxies (e.g. Gronke et al. 2021 ; Park
t al. 2021 ). The presence of large opacity fluctuations in quasar
pectra at z ∼ 6 suggests that significant neutral patches may have
urvi ved do wn to e ven z ≈ 5.5 (e.g. Kulkarni et al. 2019b ; Keating
t al. 2020 ), impacting Ly α observability from galaxies (Christenson 
t al. 2021 ). Moreo v er, the ef fecti ve IGM correction is strongly
ensitive to the Ly α line-profile as it escapes the galaxy (typically
eaking at a velocity offset of ≈+ 200 km s −1 at z > 3, e.g. Cassata
t al. 2020 ), and the ef fecti ve correction that should be applied is the
ne applicable to ‘fa v ourable sight-lines’ due to the Ly α pre-selection
f the sources that are used to measure the LF. 
Considering these complexities, in our fiducial model, we adopt 

mpirical transmission corrections based on the results from Hayes 
t al. ( 2021 ), who show that the evolution in the blue parts of average
y α line-profiles can be explained with corrections assuming average 
GM sightlines (Inoue et al. 2014 ), without requiring corrections for
he red part of the line. The corrections for the total Ly α luminosities
re a factor 1.0 at z = 2 to 1.2 at z = 6 and we assume that they are the
ame for all LAEs at a fixed redshift. At z > 6, when multiple probes
gree reionization has not yet been completed, these IGM corrections 
re likely too low partially due to absorption of the damping wing
n the presence of extended neutral regions, and even the red side of
y α can be damped (e.g. Jung et al. 2020 ). Therefore, we are able
MNRAS 512, 5960–5977 (2022) 
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Figure 1. Left-hand panel: The relative flatness of the integrated Ly α luminosity density (blue; interpolating Ly α LFs listed in Table 1 integrated down to a 
luminosity 10 42.2 erg s −1 ) is in stark contrast to the strong decline in the UV luminosity density with redshift (red; from Bouwens et al. 2021 , integrated down 
to M UV = −17). Shaded regions show the propagated uncertainties. We extrapolate the evolution of the Ly α luminosity density abo v e z > 6 due to the possible 
significant impact of the IGM on published measurements at z > 6 (see 4.2). The luminosity densities are scaled to their densities at z = 8. The difference 
between the Ly α and the UV luminosity density highlights the evolution in the cosmic averaged Ly α escape fraction (e.g. Hayes et al. 2011 ). Right-hand panel: 
The Ly α profiles of LAEs at z ≈ 2 for LAEs with high (blue) and low (red) f esc (see Naidu & Matthee et al. 2022 ), respectively. The line-profiles are normalized 
to the intrinsic Ly α emission estimated from their specific dust-corrected H α luminosity. For leaking LAEs, a higher fraction of Ly α flux escapes and photons 
do this much nearer to line-centre. 
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3 We note that the escape of Ly α and LyC photons is likely anisotropic, and 
therefore the escape fractions along the line of sight are impacted by the 
viewing angle (e.g. Gnedin, Kravtsov & Chen 2008 ; Wise & Cen 2009 ; 
Paardek ooper, Khochf ar & Dalla Vecchia 2015 ; Smith et al. 2019 ). In our 
frame work, stochastic vie wing angle ef fects that impact the Ly α escape 
fraction along the line of sight are naturally accounted for in the difference 
between the Ly α and UV LFs (i.e. the LAE fraction). Ho we ver, it is unclear 
whether Ly α and LyC escape are subject to the same systematics. In case 
the Ly α line-profile is not only sensitive to f esc along our line of sight, but 
also to escaping ionizing photons in another direction, we could possibly 
o v erestimate the population (or viewing-angle)-averaged f esc using Ly α line- 
profile statistics. The similar 〈 f esc 〉 ≈ 25 ± 5 per cent implied by our Ly α line- 
profile studies and direct LyC stacking in LAEs (Pahl et al. 2021 ) suggests 
that such differential viewing angle effects are not very strong. 
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o report only lower limits on the emissivity, as our IGM corrections
ay significantly underestimate the Ly α luminosity density emitted

rom galaxies at these redshifts. We make a finer extrapolation of the
GM-corrected emissivity into the EoR in Section 4.2 . 

After applying these small IGM corrections, we integrate the Ly α
Fs (parametrized by Schechter functions) down to a luminosity limit
f L Ly α > 10 42.2 erg s −1 ( ≈0.2 L 

� ; Sobral et al. 2018 ). The evolution
f the integrated luminosity density down to this limit is shown in
he left-hand panel of Fig. 1 . Unlike the UV luminosity density, there
s little evolution in the Ly α luminosity density o v er the z ≈ 3–6
nterval. 

.2 Escape fractions 

he escape fraction of ionizing photons in LyC leaking LAEs is
he most uncertain quantity determining ṅ ion , LAE ( z), and it is also
ery important because of its ∝ 

f esc 
1 −f esc 

dependence. Empirically, it is
bserved that the LyC f esc is very similar to the Ly α f esc in LyC leakers
ith a high escape fraction (e.g. Izotov et al. 2020 ). Recently, the
nique combination of high-resolution Ly α spectra with available
ystemic redshifts and the well-characterized selection function of
he XLS- z2 surv e y allowed us to use the Ly α line profile to identify
hich galaxies are strong leakers and to indirectly infer the escape

raction of these LAEs. Half the LAEs ( f LyC, LAEs = 50 ± 10 per cent)
t z ≈ 2 show Ly α profiles that are comparable to confirmed LyC
eakers with f esc > 20 per cent (Naidu & Matthee et al. 2022 ). The
y α photons in these LAEs escape particularly close to the systemic
edshift, and they have narrow peak separations (right-hand panel of
ig. 1). The average f esc of this half of LAEs is estimated to be in

he range 20–50 per cent from the Ly α line profiles and the average
y α escape fraction of the LyC leakers is measured from the dust-
orrected H α to Ly α ratio to be 47 + 3 

−8 per cent. This value is used in
he fiducial model. The other LAEs in the XLS- z2 sample very likely
as a negligible f esc as their wide Ly α profiles shown in Fig. 1 imply
elatively large column densities of neutral hydrogen (see Naidu &

atthee et al. 2022 for details). The Ly α escape fraction for the non-
eaking LAEs is 9 + 2 

−2 per cent which implies that the average Ly α es-
NRAS 512, 5960–5977 (2022) 
ape of all LAEs in the parent sample is ≈30 per cent, consistent with
rainor et al. ( 2016 ), Sobral et al. ( 2017 ), and Matthee et al. ( 2021 ).
For our fiducial model, we adopt LyC f esc = Ly α f esc = 50 per cent

or half the LAEs with L Ly α > 10 42.2 erg s −1 , and zero for all other
AEs. The fiducial choice of this high escape fraction is moti v ated

n detail in section 6 of Naidu & Matthee et al. ( 2022 ) based on three
rguments. First, in known LyC leakers at low-redshift, the LyC f esc 

pproaches the Ly α f esc , in particular, for leakers with a comparably
arrow Ly α profile as the leakers in the XLS- z2 sample. Secondly,
he shape of the Ly α line profile of the leakers suggests such a
igh escape fraction when comparing to the known LyC leakers, in
articular, due to significant fraction of Ly α photons escaping at the
ystemic redshift (e.g. Gazagnes et al. 2020 ). Thirdly, the fiducial
yC f esc implies a population-averaged 〈 f esc 〉 ≈ 25 ± 5 per cent for
AEs, which is comparable to the averaged f esc measured in stacks of
AEs at z = 3 with similar brightness (Pahl et al. 2021 ), who report
5 ± 3 per cent (see Appendix C for more comparisons to the results
rom Pahl et al. 2021 including the population averaged f esc of the
ull galaxy population). 3 We discuss the consequence of including a
ossible contribution of fainter LAEs combined with a lower 〈 f esc 〉
or LAEs in Section 6.3 . 
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Figure 2. Ionizing emissivity as a function of redshift. The orange points show the total emissivity from LAEs (based on equation 7 , Table 1 ) and quasars for 
which we assume f esc = 1 (dashed blue line, Kulkarni et al. 2019a ). The points at z = 3.1 and 5.7 have been offset by �z = 0.05 for clarity. At z > 6, we use 
upward pointing triangles to highlight that these measurements are possibly lower limits since the Ly α LFs in the EoR may be attenuated by H I beyond what we 
assume (Table 1 ). The orange points are in excellent agreement ( < 1 σ ) with the inferred emissivity at z > 3 (grey) from the synthesis model of Faucher-Gigu ̀ere 
2020 (dashed grey line), the Ly α forest constraints of Becker & Bolton 2013 ( z ≈ 2.5–5) and D’Aloisio et al. 2018 ( z ≈ 4.5–6), and the synthesis model of Mason 
et al. 2019b ( z > 4). Bright LAEs dominate the z > 3 emissivity, and reproduce the gentle evolution of the ionizing background which is at stark odds with 
the rapidly evolving ρSFR across these redshifts ( ≈2 dex from z ≈ 2–8, e.g. Oesch et al. 2018b ). In the top right-hand corner, we indicate that the contribution 
from LAEs would mo v e upwards by ≈0.4 de x if we assumed the same L y α f esc and L yC f esc hold for ≈10 times fainter LAEs than we have studied. Due to the 
dominant quasar contribution at z < 3, this arrow is mostly relevant for z ≈ 6 where LAEs dominate the total emissivity. 
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4 ṅ ion ( z) is allowed to vary by + /- 1 dex in intervals of �z = 1 from z = 

4 −14. The starting point is the Becker & Bolton ( 2013 ) emissivity at z 
≈ 5 that is incorporated with + / −2 dex errors. The constraints informing 
the inference include: the Planck Collaboration VI ( 2020 ) Thomson optical 
depth, the McGreer et al. ( 2015 ) Ly α forest dark fraction, the clustering of 
LAEs (Sobacchi & Mesinger 2014 ), the Ly α damping wing of z > 7 quasars 
(Davies et al. 2018 ; Greig, Mesinger & Ba ̃ nados 2019 ) and z > 6 Ly α EW 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5960/6553844 by U
lsan N

atl Inst of Science & Technology user on 16 M
ay 2022
.3 Redshift invariance of the ionizing properties of LAEs 

n order to calculate the LAE-emissivity at z > 2, we assume that
ur estimated Ly α escape fraction, the LyC escape fraction, and 
he fraction of LyC leakers among LAEs at z ≈ 2 are redshift-
nvariant for LAE populations. The invariance of f esc, LyC and f LyC, LAEs 

s moti v ated by the lack of e v olution in the a verage Ly α profile of
 0.1 L 

∗ LAEs o v er z ≈ 2–6 (Hayes et al. 2021 ) and the strong
onnection between the shape of the Ly α line and f esc (Verhamme 
t al. 2015 ; Izotov et al. 2018 ). Furthermore, observations show
hat several fundamental properties of LAEs, such as the UV slopes
Santos et al. 2020 ) and UV sizes (Malhotra et al. 2012 ; Paulino-
fonso et al. 2018 ) evolve negligibly over z = 3–6. This is in line
ith little evolution in their ionizing properties as the UV slope and
V size are linked to the dust attenuation and SFR surface density

e.g. Reddy et al. 2022 ) – properties that likely correlate with f esc (e.g.
hisholm et al. 2018 ). All this is according to Harikane et al. ( 2018 )
nding Ly α escape fractions in LAEs at z ∼ 5 comparable with those
f LAEs at z = 2 using a stacking analysis and H α emission-line
easurements inferred from Spitzer /IRAC colours. 
A possible point of confusion is the literature arguing for a strongly

volving Ly α f esc (e.g. Hayes et al. 2011 ; Sobral et al. 2018 ). The Ly α
 esc referenced in these works is the ‘global’ Ly α f esc averaged over
he entire galaxy population. This global Ly α f esc is computed by 
ividing the integrated Ly α luminosity density by the integrated UV 

uminosity density. This quantity indeed grows rapidly with redshift 
s expected from Fig 1 . In our framework, the proportion of LAEs
mong the o v erall galaxy population increases with redshift, but the
verage Ly α f esc of these LAEs is kept fixed to the value measured
t z ≈ 2. That is, the rising global Ly α f esc is a consequence of the
ncreasing LAE fraction. 
d
 RESULTS  

.1 LAEs explain the evolution of the ionizing background 

rom z ≈ 2–6 

n Fig. 2 , we present the evolution of the combined quasar and
AE emissivity from our fiducial model at z ≈ 2–8. The quasar
missivity is taken from the fiducial LF of Kulkarni et al. ( 2019a )
hile assuming an f esc = 1 and a limiting M UV < −21. The quasar and
AE emissivities are comparable at z ≈ 2–3, but at higher redshifts,

he LAE emissivity dominates the sum (by a factor ≈100 at z �
), see Table 2 . We note that the estimated LAE emissivities at z
 6 in Fig. 2 are depicted as lower limits since the Ly α LFs in the
oR may be significantly attenuated even on the red-side beyond 

he blue-side corrections we assume (Table 1 ). We compare this
uasar + LAE emissivity to the total ionizing emissivity at z ≈ 2–8
rom Faucher-Gigu ̀ere ( 2020 ), Becker & Bolton ( 2013 ), D’Aloisio
t al. ( 2018 ) ( z < 6) and Mason et al. ( 2019b ) ( z > 6). The z � 6
missivity is inferred from the opacity of the Ly α forest, while the
 > 6 Mason et al. ( 2019b ) emissivity is a non-parametric fit that
epresents as a summary of recent reionization constraints. 4 We also 
how the relative contribution of quasars for comparison. 
MNRAS 512, 5960–5977 (2022) 

istributions (Mason et al. 2018 , 2019a ; Hoag et al. 2019 ). 
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Figure 3. Left-hand panel: Three possibilities for the evolution of the LAE fraction ( X LAE ; fraction of > 0.2 L ∗ LAEs among M UV < −17 LBGs) past z > 6: (i) 
fixed to the value at z = 5.7 (lightest orange), (ii) linearly increasing (orange), (iii) non-linearly increasing following Santos et al. 2021 (darkest orange). X LAE 

values inferred from the Ly α LFs listed in Table 1 and the framework in Section 5 are shown as purple points. The z = 6.6 and 6.9 points based on Ouchi et al. 
( 2020 ) and Wold et al. ( 2022 ) are shown with statistical errors, but note that these are likely lower limits due to the expected damping of the Ly α LF during the 
EoR. Right-hand panel: Evolution of the IGM neutral fraction ( X H I ). The z > 6 emissivity used to derive X H I is obtained by extrapolating the z = 5.7 emissivity 
assuming a declining LBG φ� (Bouwens et al. 2021 ) and an evolving X LAE as per the curves in the left-hand panel. The evolution based on Santos et al. ( 2021 ) 
produces late and rapid reionization (90 to 10 per cent between z ≈ 8 and 6), and is in excellent agreement ( ≈1 σ ) with literature constraints shown in purple: 
the dark fraction (circles; McGreer et al. 2015 ), LAE clustering (square; Sobacchi & Mesinger 2014 ), Ly α damping in LBGs (stars; Mason et al. 2018 , 2019a ; 
Hoag et al. 2019 ; Jung et al. 2020 ), and quasars (diamonds; Davies et al. 2018 ; Wang et al. 2020 ; Yang et al. 2020 ). 
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Combined with the known population of quasars, bright LAEs
emarkably match ( < 1 σ ) the normalization and fairly gentle evo-
ution of εν, 912 ( z) between z ≈ 3 and 6, without requiring any
dditional ionizing sources. Matching this evolution is non-trivial.
hen the emissivity is anchored to ρUV , the εν, 912 increases sharply
ith cosmic time – so models that produce reionization by z = 6
ften o v ershoot the emissivity at z ≈ 2–6 when extrapolated under
he same assumptions. A strongly evolving f esc for unknown or as yet
ntested reasons is commonly invoked to reproduce the flattening
e.g. Finkelstein et al. 2019 ; Puchwein et al. 2019 ; Dayal et al. 2020 ;
aidu et al. 2020 ; Ocvirk et al. 2021 ). The redshift invariance of LAE
Fs o v er z = 2–6 thus pro vides a simple, empirical description of the
henomena plausibly related to the evolution of f esc . The underlying
hysics is probably that the correlated set of conditions leading to Ly α
LyC) production and escape become more common with increasing
edshift – i.e. hot stellar populations that blow ionized channels
nd shine through a dust-free high ionization state ISM (Naidu &
atthee et al. 2022 ) occur in an increasingly large fraction of the

alaxy population. We discuss this in more detail in Section 6.1 . 
In Fig. 2, we illustrate that the LAE emissivity would increase by
+ 0.4 dex if we would assume that the same L y α f esc and L yC f esc 

re extrapolated to LAEs with luminosities that are 10 times fainter
han the LAEs we studied (Naidu & Matthee et al. 2022 ). Due to the
arge uncertainties in the emissivity constraints, a contribution from
uch fainter galaxies is therefore not strictly ruled out. We discuss
ays to test whether such faint LAEs contribute to the emissivity or
ot in Section 6.3 . For now, we focus on the results and implications
f our fiducial model. 

.2 LAEs produce late, rapid reionization 

hile the ionizing background at z < 6 can be directly calculated
rom Ly α LFs with small IGM corrections, during the EoR these LFs
NRAS 512, 5960–5977 (2022) 
ikely only provide lower limits on the emissivity (Fig. 2 ). This is
ecause the neutral IGM damps Ly α, extinguishing the line entirely
n neutral regions of the Universe (e.g. Laursen et al. 2011 ; Pentericci
t al. 2014 ). The blue-side damping correction we applied at z < 6
oes not sufficiently compensate for this. Further, the LAEs that
ctually are accounted for in the LFs may be ionizing their own
roximity zones (e.g. the z = 6.6 COLA1 with LyC f esc ≈ 30 per cent ,
atthee et al. 2018 ), so the LyC emitter fraction among the observed

 > 6 LAEs is possibly higher than our adopted 0.5 ± 0.1. Given
hese effects, we require a model for the evolution of the intrinsic ,
.e. pre-IGM transmission Ly α LF at these redshifts. 

We model the evolution of the Ly α LF into the EoR as an interplay
etween a sharply falling LBG φ∗ and a flat/rising > 0.2 L 

∗ LAE
raction among these LBGs ( X LAE ). This implicitly assumes no
volution in the UV luminosity dependence of the LAE fraction
eyond z > 6. The LBG φ∗ is very well constrained over z = 2–10
Bouwens et al. 2021 ). The evolution of the intrinsic X LAE is, ho we ver,
nknown at z > 6. We illustrate three possible trajectories for X LAE in
he left-hand panel of Fig. 3 : (i) fixed to the z = 5.7 value, (ii) a linear
xtrapolation of the z ≈ 2–6 X LAE , (iii) an exponential extrapolation
ased on Santos et al. ( 2021 ) who compared the integrals of the
V and Ly α LFs. Of these, the third trajectory is most fa v oured by

he z = 6.6 −6.9 X LAE lower limits derived from the Santos et al.
 2016 ), Ouchi et al. ( 2020 ), and Wold et al. ( 2022 ) LFs using the
imulations described in Section 5 . This trajectory ef fecti vely implies
 slight increase in L 

� of the intrinsic Ly α LF. The LAE fraction
f LAEs is 25 + 4 

−3 per cent at z ≈ 6 (consistent with spectroscopic
ollow-up studies summarized in Ouchi et al. 2020 ), having increased
rom ≈5(15) per cent at z = 3.0(4.5). We cap the LAE fraction to
00 per cent, which is reached at z ≈ 8. 
For our three X LAE trajectories, we present the evolution of the IGM

eutral fraction ( x H I ) in the right-hand panel of Fig. 3 . The emissivity
s computed via the framework in Section 2 , and the neutral fraction
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Table 3. Comoving emissivity of ionizing photons, log ( ̇n ion / s −1 Mpc −3 ) 
arising from L > 0.2 L ∗ LAEs under the three assumptions for X LAE adopted 
in Section 4.2 and Fig. 3 . 

z Fixed to z = 5.7 Linear extrapol. Santos et al. ( 2021 ) extrapol. 

5.7 50.93 50.93 50.93 
6.0 50.84 50.88 50.94 
7.0 50.49 50.64 50.91 
8.0 50.09 50.32 50.70 
9.0 49.64 49.94 50.25 
10.0 49.14 49.51 49.75 
11.0 48.59 49.02 49.20 
12.0 48.00 48.47 48.61 
13.0 47.36 47.87 47.97 
14.0 46.67 47.22 47.28 
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ollows from the standard set of reionization equations that balance 
onization against recombination (e.g. Madau et al. 1999 ; Robertson 
t al. 2013 ). For parameters like the clumping factor, we assume
alues adopted in Naidu et al. ( 2020 ). The emissivities of the three
odels are listed in Table 3 . The exponentially rising X LAE model

xtrapolated from Santos et al. ( 2021 ) agrees best ( � 1 σ ) with the
 H I literature constraints shown in purple. Note that this was also the
nly model fa v oured by the z > 6 X LAE lower limits, and hence we
esignate this our fiducial model. We have also investigated models 
here X LAE ∝ (1 + z) α with α = 2–7, and found that these yield

imilar behaviour as the exponential model, with a preferred α = 5. 
In our fiducial model, the reionization history driven by bright 

AEs is late and rapid, with the Universe going from ≈ 90 to
0 per cent neutral between z ≈ 6 and 8, in good agreement with 
iterature constraints that increasingly point to such a rapid timeline 
purple points, Fig. 3 ). As we will show in subsequent sections, the
right ( > 0.2 L 

∗) LAEs occur preferentially in M UV � −17 galaxies
hat are relatively rare and build up sufficient numbers to o v erpower
ecombination only at z � 8. 

 C O N N E C T I O N  TO  T H E  FULL  G A L A X Y  

OPULATION  

t is of interest to directly compare the results from the LAE
missitivity to the UV luminosity formalism. For example, in the 
BG-frame work, the rele v ant f esc is 〈 f esc, LBG 〉 , i.e. f esc averaged over

he population of UV-selected galaxies. In Section 4 , we showed that
e can match the emissivity evolution using LAEs when 〈 f esc, LAE 〉
 25 per cent for LAEs with luminosity L Ly α > 10 42.2 erg s −1 and
 per cent for fainter LAEs, independent of redshift. Ho we ver, in
rder to relate this averaged f esc to an average for the full UV-selected
opulation, we need to take the evolving LAE fraction (and the UV
uminosity distribution of LAEs) into account. 

.1 Statistically connecting LAEs and LBGs using simulations 

e obtain the connection of our LAE-based emissivity model to 
 LBG-based formalism using a simple set of simulations. We 
enerate separate populations of LAEs and LBGs in an average 
egion of the universe with a volume of 5 × 10 8 cMpc 3 at the
edshifts z = 3.2, 4.5, 5.7, 6.9 following the LAE LFs by Konno
t al. ( 2018 ), Sobral et al. ( 2018 ), Herenz et al. ( 2019 ), Wold et al.
 2022 ) and UV LFs by Bouwens et al. ( 2021 ) – both parametrized
ith Schechter functions – down to a limiting Ly α luminosity of 
0 41 erg s −1 and a UV luminosity of −15, respectively. The Ly α
uminosities are increased by factors 1, 1.07, 1.17, and 1.17 at these
edshifts which correct for the average impact of the IGM on the
lue side of the Ly α line of LAEs (Hayes et al. 2021 ), ignoring any
otential additional impact from reionization at z = 6.9 (e.g. Wold
t al. 2022 ). We obtain the distribution of UV luminosities for the
imulated LAEs based on a Ly α EW distribution and a UV slope.
he EW distribution of LAEs is assumed to be invariant of redshift
r luminosity and follows n (EW) ∝ exp ( −EW/EW 0 ), where EW 0 

 90 ± 30 Å (e.g. Hashimoto et al. 2017 ; Santos et al. 2020 ; Kerutt
t al. 2022 ). By selection, the minimum possible EW for each LAEs
s 25 Å. The UV slope is fixed to β = −2.1 ± 0.2. This step allows
s to statistically derive the LAE fraction for LBGs as a function
f UV luminosity by simply counting the number of LAEs of a
iven UV luminosity in the simulated universe and comparing this 
o the number of LBGs with this luminosity. The LAE fractions
erived here are internally consistent with the population-averaged 
AE fraction ( X LAE ) discussed in Section 4.2 . Note that our simple
odel is agnostic of the Ly α EW distribution of LBGs for Ly α lines
ith EW < 25 Å: whether these have Ly α in absorption or how the

ower EWs are distributed simply does not impact the model. 
We then obtain the average f esc in each UV luminosity bin

y counting the fraction of LAEs with a luminosity abo v e L Ly α

 10 42.2 erg s −1 (the minimum output Ly α luminosity of leaking
alaxies within our fiducial model), and multiplying this fraction by 
he average escape fraction of LAEs with this luminosity, i.e. 〈 f esc 〉 =
5 ± 5 per cent in the fiducial model. We also calculate the average
onizing photon production efficiency, ξ ion , in a similar way, where 
e assign ξ ion = 10 25.74 Hz erg −1 to the fraction of LBGs that are
AEs (based on H α and UV luminosity measurements; Naidu & 

atthee et al. 2022 ) and ξ ion = 10 25.5 Hz erg −1 for the remaining
raction of LBGs based on detailed fits to the rest-frame UV
tellar spectra (Steidel et al. 2018 ). Similarly, we also calculate the
missivity-weighted 〈 f esc ξion 〉 for all LBGs with > 0.2 L 

� luminosity
nd the relative contribution to the emissivity from LAEs with various 
V luminosities. At each redshift, we perform 10 000 simulations 
hile perturbing the input parameters with their uncertainties. The 

esults from these simulations are shown in Fig. 4 . In Appendix A ,
e show and discuss the results from various model variations. 

.2 Results from simulations 

he top left-hand panel of Fig. 4 shows the LAE fractions among
BGs in our simulations compared to results from spectroscopic 

ollow-up studies of LBGs. The modelled LAE fractions are only 
ensitive to the EW distribution and the relative shapes of the UV
nd LAE LFs. While our model is very simple (i.e. it does not
ssume variations in EWs or UV slopes for LAEs with luminosity or
edshift), it quantitatively reproduces the observed redshift evolution 
f the LAE fraction and the UV-luminosity dependence of the LAE
raction at z ≈ 6, which provides a useful model-validation. 

Our model suggests that, on average, f esc is highest at a UV
uminosity of M UV ≈ −19.5, or ≈0.25 L 

� (Fig. 4 , top right-hand).
he increase from M UV = −17 to −19.5 arises due to the minimum
y α luminosity floor of the galaxies that have f esc > 0. Galaxies with
 UV ≈ −17 require extremely rare Ly α EW in order to reach the Ly α

uminosity floor, while more common EWs are sufficient for brighter 
alaxies. The decrease at higher luminosities is a consequence of 
he decreasing fraction of LAEs (and therefore LyC leakers) with 
ncreasing UV luminosity. The low escape fractions at z ≈ 3 are
n good agreement with upper limits obtained in e.g. Grazian et al.
 2017 ). The ionizing output from galaxies is proportional to the LF,
alaxies’ line-luminosity and their escape fraction. In the bottom 

eft-hand panel of Fig. 4 , we show that this results in a roughly
MNRAS 512, 5960–5977 (2022) 
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Figure 4. Results from the simulations connecting the LAE-based framework to the LBG-framework (Section 5 ). In this simulation, 〈 f esc, LAE 〉 = 25 per cent 
for LAEs with luminosity L Ly α > 10 42.2 erg s −1 and 0 per cent for fainter LAEs. Shaded regions show the 68 per cent confidence interval derived from the 
uncertainties in the parameters used in the simulations. Top left-hand: the fraction of LAEs (i.e. galaxies with Ly α EW > 25 Å) as a function of UV luminosity 
at redshifts z = 3.2, 4.5, 5.7 (shaded regions) compared to measurements from Caruana et al. ( 2018 ), Kusakabe et al. ( 2020 ), and Ouchi et al. ( 2020 ). Top 
right-hand: the average escape fraction as a function of UV luminosity from our simulations at redshifts z = 3.2, 4.5, 5.7 and 6.9. Bottom left-hand: the relative 
contribution to the total galaxy emissivity as a function of UV luminosity at the different redshifts. Bottom right-hand: the average 〈 ξ ion × f esc 〉 for simulated 
galaxies with M UV < −19.5 (open circles) and M UV < −17 (black crosses) as a function of redshift. For clarity, the points are slightly shifted along the horizontal 
axis. Data-points at z > 6 are plotted as lower limits as the Ly α LFs at these redshifts are likely affected by IGM absorption. Our simulations naturally lead to 
a strong evolution with redshift of 〈 ξ ion × f esc 〉∝ (1 + z) 3.5 . For comparison, we show the measurement from Pahl et al. ( 2021 ) based on a stack of LBGs with 
M UV < −19.5 at z ≈ 3 (green pentagon). The lowered green pentagon shows the results of correcting the average f esc by a factor 3 due to a bias in galaxies with 
high Ly α EWs in their parent sample (see Appendix C ). 
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ognormal distribution of the luminosity dependence of the relative
ontributions to the total emissivity with a clear peak around M UV 

−19.5. Compared to the UV luminosity dependence of the escape
raction (top right-hand panel of Fig. 4 ), the higher importance of
ainter galaxies in the distribution of the budget is due to their higher
umber densities. The emissivity distribution depends mostly on
he luminosity floor and is, thus, almost redshift-invariant in our

odel. The slight shift of the distribution towards a relatively higher
ontribution from faint galaxies at higher redshifts is primarily due
o the steepening of the faint-end slope of the UV LF with redshift
e.g. Bouwens et al. 2021 ). 

Finally, in the bottom right-hand panel of Fig. 4 , we show the
verage 〈 ξ ion × f esc 〉 for LBGs with UV luminosities brighter than
 UV = −19.5 and −17 as a function of redshift. These averages

re weighted by the UV luminosity dependent contribution to the
missivity (i.e. the bottom left-hand panel). The average for M UV 

 −19.5 allows a direct comparison to the results from Pahl et al.
 2021 ; see also Steidel et al. 2018 ) that we discuss in Appendix C .
NRAS 512, 5960–5977 (2022) 
e find a clear increase of the produced ionizing photons that escape
ith redshift, roughly following 〈 ξ ion × f esc 〉 ∝ (1 + z) 3.5 . This is
ery similar to the required evolution in the escape fraction in order
o reconcile the UV background with the cosmic star formation rate
ensity (e.g. Haardt & Madau 2012 ). The majority of this evolution
an be attributed to evolution in the average escape fraction (i.e. ∝ (1
 z) α where α ≈ 3) with only a modest increase in the average ξ ion 

 v er z = 3–7. This is similar to what is seen for the LBG population-
vera g ed Ly α escape fraction (Hayes et al. 2011 ; Sobral et al. 2018 ).
he average LyC escape fraction 〈 f esc 〉 among M UV < −17 galaxies

ncreases from 1.1 ± 0.3 per cent at z = 3.2 to 7.1 ± 1.8 per cent at z ≈
. This population-averaged escape fraction is likely underestimated
t z > 6 due to the increased impact of the IGM on the Ly α observ-
bility. In case the z ≈ 7 Ly α LF is underestimated due to incomplete
eionization, we find that 〈 f esc 〉 could increase to 13.8 ± 3.0 per cent,
hen we would use the fiducial extrapolation of the X LAE discussed

n Section 4.2 . An 〈 f esc 〉 of 13.8 ± 3.0 per cent may seem low
ompared to the literature consensus of ∼20 per cent for M UV <

art/stac801_f4.eps
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13 galaxies to complete reionization (e.g. Robertson et al. 2015 ), 
nd particularly also because our fiducial model considers relatively 
righter galaxies. Ho we v er, note that the population av eraged ξ ion in
ur fiducial model at z ≈ 7 is 10 25.75 Hz erg −1 , which is significantly
igher than canonical assumptions of 10 25.2 Hz erg −1 , mitigating a 
ower escape fraction. 

 DISCUSSION  

.1 The LAE-emissivity model and f esc (z) of LBGs 

he need for an evolving galaxy population-averaged LyC f esc 

mong LBGs has long been realized due to the low average 
 esc ≈ 0 − 5 per cent inferred at z ≈ 1 −3 (e.g. Siana et al. 2010 ;
razian et al. 2016 , 2017 ; Rutkowski et al. 2016 ; Steidel et al. 2018 )

nd the requirement for a population-averaged f esc ≈ 20 per cent at 
 > 6 under the canonical ionizing photon production efficiency 
og 10 ( ξ ion /Hz erg −1 ) = 25.2 (e.g. Haardt & Madau 2012 ; Robertson
t al. 2015 ; Bouwens et al. 2015b ; Faucher-Gigu ̀ere 2020 ; Naidu
t al. 2020 ;). Qualitati vely, strong redshift e volution of 〈 f esc 〉 o v er
his redshift interval may not be unexpected due to significant 
hanges in the dust content (Bouwens et al. 2016 ), galaxy sizes (and
tar formation rate surface density; e.g. Shibuya, Ouchi & Harikane 
015 ; Naidu et al. 2020 ), the burstiness of star formation (Faisst
t al. 2016 , 2019 ; Tacchella, Forbes & Caplar 2020 ) and ionization
arameter (Sanders et al. 2020 ). All these properties, to some extent,
ay correlate with f esc (e.g. Heckman et al. 2011 ; Faisst 2016 ; Vasei

t al. 2016 ; Chisholm et al. 2018 , 2020 ; Izotov et al. 2018 , 2021 ),
ut so far, it has been challenging to identify clear relations between
uch properties and f esc . Strong evolution in 〈 f esc 〉 is also expected
n case f esc would be significantly higher in very low-mass galaxies 
e.g. Katz et al. 2018 ; Hutter et al. 2021 ; Ocvirk et al. 2021 ) as their
elative share of the integrated UV luminosity increases towards 
igher redshifts due to the steepening of the faint-end slope of the
V LF. Ho we ver, in order to reconcile the high escape fractions

equired to reionize the Universe with the evolution of the UVB 

fter reionization, one requires reionization to be self-inhibiting, i.e. 
he main sources of reionization to shut down directly due to the
ompletion of reionization itself (e.g. Finkelstein et al. 2019 ; Ocvirk 
t al. 2021 ) or indirectly due to a side-effect such as dust production.

With our LAE-based framework, we argue that the relative 
volution of the Ly α luminosity density and the UV luminosity 
ensity (e.g. Fig. 1) is an outcome of the same underlying phenomena
hat regulate the evolution of the population averaged f esc . This
ollows from the intimate connection between escaping Ly α and LyC 

uminosities. As there are indications that the population averaged 
 esc for LAEs does not evolve (as indicated by the redshift-invariance 
f average Ly α line-profiles; Hayes et al. 2021 ), the strong observed
ncrease in the LAE fraction (e.g. Stark et al. 2011 ; Kusakabe et al.
020 ) with redshift therefore directly implies a strong evolution in 
he average f esc of the full LBG population. 

The fact that the LAE emissivity model matches the required 〈 f esc 〉
volution does not mean it explains why this happens. Rather, it
educes the problem to one that is more tractable: explaining the 
volution of the LAE fraction among galaxies. The Ly α output from
alaxies may vary due to differences in Ly α production and escape 
e.g. Sobral et al. 2018 ; Trainor et al. 2019 ; Runnholm et al. 2020 ).
t is plausible that both vary strongly with cosmic time: the build-
p of dust may increase the co v ering factor of dense and obscured
ightlines that prohibit the likelihood of observing a galaxy as a LAE
e.g. Atek et al. 2008 ; Henry et al. 2015 ; Rivera-Thorsen et al. 2015 ;

atthee et al. 2016 ; Yang et al. 2017 ; Trainor et al. 2019 ) and young
etal-poor stellar populations with high ionizing photon production 
fficiency become less common at lower redshift. In fact, in our
ompanion paper (Naidu & Matthee et al. 2022 ), we showed that the
arious conditions promoting a high Ly α (and LyC) output are corre-
ated. The galaxies with high inferred f esc show highly ionizing stellar
opulations capable of powering nebular C IV and He II emission that
hine through a dust-free, porous ISM. LAEs with a low inferred f esc 

n the other hand have somewhat older stars and a more dusty,
ess ionized and co v ered ISM. If the mechanisms controlling the
roduction and escape of Ly α and LyC photons occur in concordance, 
t is not unlikely that the evolution is as strong as ∝ (1 + z) 3 . 

A more quantitative assessment of whether we can explain the 
volution of the LAE fraction [and thus 〈 f esc ( z) 〉 ] requires us to
redict the Ly α luminosity output based on a suite of multi v ariate
orrelations with properties such as absorption line strengths, optical 
mission-line ratios, dust attenuation, and SFR surface density (e.g. 
rainor et al. 2019 ; Runnholm et al. 2020 ). It would be appealing

o use such multi v ariate correlations to match the Ly α LF and EW
istribution based on the UV LF and knowledge of the distributions
f the rele v ant properties among the galaxy populations at z > 3.
his is currently unfeasible given the poorly constrained properties 
f the ISM in high-redshift galaxy samples, but should be attempted
n the future. Once one is able to match the evolution of the Ly α LF,
ur framework suggests that such models also match the evolution 
f the globally averaged f esc in galaxies. 
A final caveat needs to be stated, which is that it is possible that

he ionizing properties of the population of LAEs themselves may 
volve. As we discussed, the invariance of average Ly α profiles 
 v er z = 2–6 (Hayes et al. 2021 ; Matthee et al. 2021 ) suggests
hat the H I column density does not vary significantly, such that
he average f esc in LAEs likely evolves little. Further, the inferred
y α escape fraction in LAEs at z ≈ 5 is comparable to the average
t z = 2 (Harikane et al. 2018 ). Ho we ver, it is possible that the
y α escape fraction varies (at fixed f esc ) in case there are significant
ifferences in the dust-to-gas ratio, possibly due to differences in 
as-phase metallicity. It is also possible that the relative distribution 
f leaking and non-leaking LAEs changes. Additionally, it is possible 
hat the intrinsic Ly α EW evolves with redshift, for example, due to a
arying stellar metallicity. If such changes are present, it is expected 
hat lower metallicities at higher redshifts yield higher Ly α escape 
ractions and EWs. As shown in Section 2 , a change in Ly α f esc 

ould lead to a lower emissivity than estimated in our fiducial model.
igher EWs do not impact the LAE-based emissivity, but they do

mpact the translation into the UV luminosities associated to the 
AEs (Section 5 and Appendix A ). Therefore, if intrinsic EWs are
igher at high-redshift, the UV luminosity of the optimal ionizers 
ay decrease slightly. 
Unlike the LyC f esc , the Ly α escape fraction can be directly
easured at z = 3–6 in the near future with plausibly only a modest

mpact of the IGM (as discussed in Section 3 ). Million galaxy Ly α
urv e ys in this redshift range are already underway (e.g. HETDEX;
ebhardt et al. 2021 ). Rest-frame optical observations of faint LAEs

hat combine JWST and VLT/MUSE spectroscopy could directly 
xtend the measurements of the (variation among) Ly α line-profiles 
with known systemic redshifts) and Ly α escape fraction into these 
ncharted regimes and test these model assumptions. 

.2 Equi v alence with canonical reionization budget 

ere, we compare the total ionizing budget in the EoR derived using
he Ly α-based framework to canonical UV-anchored calculations 
e.g. Duncan & Conselice 2015 ; Robertson et al. 2015 ; Ishigaki et al.
MNRAS 512, 5960–5977 (2022) 
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Figure 5. Comparison of the de generac y between the LyC f esc and integration depth in the UV formalism (left-hand panel) and Ly α formalism (right-hand 
panel). As an illustrativ e e xample, we evaluate the log likelihood, ln( L ), of various 〈 f esc 〉 and integration depth combinations against the z ≈ 6 ε912 from 

D’Aloisio et al. ( 2018 ). The colours in the plot correspond to the likelihood of combinations, with darker colours representing more likely combinations. We 
assume log 10 ( ξ ion /Hz erg −1 ) = 25.2 for the UV formalism (e.g. Robertson et al. 2015 ), and the values in Table 1 for the Ly α formalism. In the UV formalism, 
one may need to integrate the LF and assume ionizing properties for galaxies much fainter than those that are currently observed, while this is not the case for 
the Ly α formalism (see e.g. the sensitivities from Bacon et al. 2021 and de La Vieuville et al. 2019 ). 
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5 We note that, as shown in equation ( 7 ), changes in the Ly α escape fraction 
could also impact the LAE-emissi vity. Ho we ver, the Ly α escape fraction 
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018 ). The key difference is how this budget is distributed – while the
anonical approach assumes a fixed f esc and a ξ ion across all galaxies
hat contribute in proportion to their UV luminosity, the fiducial
mplementation of our bright LAE framework isolates a small subset
f highly efficient ionizers. 
Consider the emissivity at z ≈ 7, a redshift at which most models

nd the Planck Collaboration VI ( 2020 ) τ suggest reionization is
nderway. Integrating the Bouwens et al. ( 2021 ) UV LF down to
 UV = −13.5 as is typically done under standard assumptions

 f esc = 0.2, log ( ξion / Hz erg −1 ) ≈ 25 . 2, e.g. Mason, Trenti & Treu
015 ; Robertson et al. 2013 , 2015 ; ) produces an ionizing budget
pproximately equally split between M UV < −17 and M UV > −17
alaxies. 

We are interested in M UV = −17 since in our fiducial calculation,
here is almost no contribution from galaxies fainter than this limit
bottom left-hand, Fig. 4 ) – the faint galaxies’ integrated UV lumi-
osity comprising ≈ 50 per cent of the total is ‘unproductive’ and
mmaterial to the ionizing emissivity. Further, only a fraction (25 to
0 per cent ) of the brighter M UV < −17 galaxies are LAEs (Figs 3 and
 ), and of these only ≈ 50 per cent are LyC leakers. That is, galaxies
hat are contributing only ≈ 10 per cent of the integrated UV lumi-
osity (50 per cent × 25 to 50 per cent × 50 per cent ) likely produce
he entire ionizing budget in the fiducial model (resembling the
oligarchs’ in Naidu et al. 2020 ). Ho we v er, these galaxies hav e a high
roduction and escape of ionizing photons ( log ( ξion / Hz erg −1 ) ≈
5 . 9, f esc ≈ 50 per cent , Naidu & Matthee et al. 2022 ), and are thus
ble to produce the required emissivity with a combined f esc × ξ ion 

hat is > 10 times higher than canonical models. We note that despite
his being a back-of-the-envelope calculation, the presented numbers
gree well with the detailed simulations in Section 5 that account for
ubtleties such as e.g. the detailed luminosity-dependence of X LAE . 
NRAS 512, 5960–5977 (2022) 

S

To generalize the results of the LAE-emissivity model, we explore
he consequences of the de generac y between the luminosity limit and
he average escape fraction in order to achieve a similar total ionizing
missivity. 5 In Fig. 5 , we show this de generac y using both the UV and
AE formalisms at z ≈ 6. The key difference between the allowed
arameter range in the formalisms is that we can cap the range of
llowed escape fractions for LAEs based on our results in Naidu &
atthee et al. ( 2022 ), and that the escape fraction of LAEs is higher

han that of LBGs such that the regime with the strongest de generac y
s ruled out. Furthermore, the ionizing photon production efficiencies
f LAEs are higher than the canonically assumed value for LBGs (e.g.
obral et al. 2017 ). Because ṅ ion , LAE ( z) has a stronger dependency
n the escape fraction than ṅ ion , LBG ( z), the de generac y between the
scape fraction and the limiting luminosity is less important than it
s in the case for the UV formalism. When 10 times fainter LAEs are
llowed to contribute to the emissivity, the LAE emissivity model
ields quite a different distribution of the ionizing budget (see Fig. 6
nd Appendix A ). In such a scenario, ≈80 per cent of the galaxies
ith M UV > −17 are active ionizers and the faintest sources that

ontribute to the ionizing budget have M UV ≈ −14, which is more
omparable to ‘democratic’ reionization (e.g. Finkelstein et al. 2019 ).
e discuss how to possibly distinguish these scenarios in the LAE-
ection 3 . 

art/stac801_f5.eps
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Figure 6. Distribution of the ionizing budget as a function of the UV 

luminosity in the LAE-emissivity model with a fixed f esc for LAEs at z = 5.7 
(as described in Section 5 ). The orange curve shows the fiducial model where 
the limiting Ly α luminosity of the faintest ionizer is 10 42.2 erg s −1 . Green 
and blue curves show when fainter LAEs contribute to the emissivity. Except, 
for the cut-off luminosity, the Ly α and LyC f esc of LAEs are independent of 
luminosity in these models. 
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.3 Which galaxies dominate the emissivity and how to test the 
ey parameters? 

n the fiducial model, the galaxies that contribute to the emissivity
ave UV luminosities ≈0.025–2.5 × L 

� and the emissivity is 
ominated by relatively typical ( ≈0.25 L 

� ) galaxies (see Section 5 ).
hese UV luminosities correspond to stellar masses of ≈10 7 −
 × 10 9 M 
 (e.g. Song et al. 2016 ), with the highest escape fraction
ound for galaxies with a mass ≈2 × 10 8 M 
. Interestingly, the
pproximate mass for which we find that f esc peaks in the fiducial
odel is very similar to the mass with maximum f esc in the recent

imulations from Ma et al. ( 2020 ). These authors show that at lower
asses, inefficient star formation and feedback are unable to clear 

ow-column density channels through which ionizing photons can 
scape, while dust attenuation decreases f esc at higher masses (see 
lso Cen 2020 ). 

As we show in Fig. 6 (discussed further in Appendix A ), the
imiting Ly α luminosity of the faintest ionizer has significant impact 
n the UV luminosity distribution of the ionizing budget. For 
xample, in case the limiting Ly α luminosity is 10 times fainter, 
ery faint ≈0.03 L 

� galaxies would dominate the emissivity. In that 
ase, the typical stellar mass of the dominant ionizers would decrease 
o ≈10 7 M 
. As discussed abo v e and shown in Fig. 5 , the escape
raction of LAEs is strongly related to the luminosity of the faintest
ource that contributes to the emissivity. For this reason, it is crucial
o further test whether the indirectly inferred population-averaged 
scape fraction of our representative sample of LAEs is indeed 〈 f esc 〉
 25 per cent (Naidu & Matthee et al. 2022 ) with direct (stacking) of
yC measurements (e.g. Pahl et al. 2021 ). This would require deep
V imaging data from HST /WFC3 at z ≈ 2 (e.g. Oesch et al. 2018a ).
nfortunately, this is in practice very challenging for our sample 
ecause the source-density of these LAEs is relatively low and their 
V continuum relatively faint, requiring very deep UV observations 
 v er sev eral HST pointings. 
The emissivity constraints have significant uncertainties (e.g. 

ecker & Bolton 2013 ; Gallego et al. 2021 ) and the exact value of the
 esc required to reionize the Universe is uncertain. For example, the
ean free path of ionizing photons could be shorter than previously

hought, which would mean the required ionizing emissivity should 
e higher (e.g. Cain et al. 2021 ; Davies et al. 2021 ). Therefore,
erhaps a more stressing question to address is whether the LyC
scape fraction of faint galaxies differs from that of brighter galaxies.
t is feasible to indirectly infer the luminosity dependence of f esc 

sing Ly α line-profile statistics as a function of Ly α luminosity. This
equires observations of gravitationally lensed, intrinsically faint 
AEs that extend to 10 times fainter luminosities than the XLS-
2 sample. In our fiducial model, we expect the Ly α line-profiles
f fainter LAEs to have larger peak separations and little to no Ly α
hotons emerging around the systemic redshift compared to brighter 
AEs. In addition to a potentially different f esc , it is also possible

hat fainter LAEs have a different Ly α escape fraction. This can also
e directly tested with joint measurements of the Ly α, H β, and H α

ines (e.g. Matthee et al. 2021 ). By establishing whether the Ly α and
inferred) LyC escape fractions vary between LAEs with different 
merging Ly α luminosity, we will be able to verify the fiducial model
resented in this paper, or warrant the inclusion of fainter LAEs to
he ionizing budget. 

.4 A ‘Disco’ UV background? 

 key feature of our fiducial model is that a minority of galaxies
roduce the emissivity (half the bright LAEs with M UV < −17).
urther, Naidu & Matthee et al. ( 2022 ) suggest that the time-scale
hen a galaxy leaks LyC is of the order of 10 Myrs, matched to

he lifetimes of the most ionizing stellar populations. This picture is
upported by latest hydrodynamical simulations that emphasize the 
tochastic, bursty nature of f esc (e.g. Trebitsch et al. 2017 ; Rosdahl
t al. 2018 ; Kimm et al. 2019 ; Barrow et al. 2020 ; Ma et al. 2020 ).
urthermore, the escape of ionizing (and Ly α) photons is likely
trongly directionally dependent (e.g. Behrens & Braun 2014 ; Zheng 
 Wallace 2014 ; Fletcher et al. 2019 ; Smith et al. 2019 ). The cocktail

f spatial rarity, temporal stochasticity, and directional bias results 
n an ionizing background comprised of rapid flashes arising from 

ore or less random locations in more or less random directions. 
At z � 5, when LAEs dominate the emissivity (Fig. 2 ), one
ight expect the ionizing background to, thus, be ‘disco-like’. We 

peculate that this could contribute to the Ly α opacity fluctuations 
bserved in high-redshift quasar spectra (e.g. Becker, Bolton & Lidz 
015 ; Bosman et al. 2018 , 2021 ; Eilers, Davies & Hennawi 2018 ;
ulkarni et al. 2019b ; Keating et al. 2020 ; Bosman et al. 2021 ), and
ossibly enhancements in the ionizing background in the vicinity 
f metal absorbers (e.g. Finlator et al. 2016 ). Dedicated simulations
hat incorporate such a stochastic background will help test this 
ypothesis. It would be interesting to explore local enhancements 
n the emissivity around LAEs using Ly α transmission statistics 
e.g. Kakiichi et al. 2018 ; Meyer et al. 2020 ) separating samples by
heir Ly α line-profile. Such a test should be performed in the post-
eionization era in order to mitigate the impact of a possibly reduced
y α damping wing transmission. 
The stochasticity may also pro v e a discriminator for whether

right or faint galaxies dominate the ionizing background. While 
n the fiducial model, ≈ 25 per cent of the M UV < −17 galaxies
ominate the emissivity (e.g. Section 6.2 ), in the faint model galaxies
xtending to far fainter M UV < −15 contribute (see bottom panel of
ig. A1 ). When multitudes of faint galaxies dominate the emissivity,

he ionizing background is likely steady because the temporal and 
patial stochasticity is smoothed out o v er an enormous number of
ources, i.e. a ‘floodlight’ ionizing background where numerous 
MNRAS 512, 5960–5977 (2022) 
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iny bulbs unite to shine in a stable manner, as opposed to a UV
ackground dominated by rare bright sources that can yield large-
cale opacity fluctuations (e.g. Chardin, Puchwein & Haehnelt 2017 ).

.5 Testing the IGM-unaffected Ly α Fraction ( X LAE ) at z > 6 

 key uncertainty in our framework is the integrated Ly α luminosity
ensity at z � 6 (Fig. 3 ) due to the possibly large IGM corrections.
his uncertainty impacts the timeline of reionization in the LAE-

ramework. It is possible to directly measure the fraction of bright
AEs among z > 6 galaxies during the EoR through Ly α spec-

roscopy or narrowband imaging of the largest ionized bubbles as
ore of them come into view (e.g. the one around EGSz8p7 at z ≈

.7; Leonova et al. 2021 , Naidu et al. 2021 ; Tilvi et al. 2020 ). The
y α photons escaping galaxies within large-scale ionized bubbles
ill be able to redshift out of resonance before encountering an IGM
amping wing, thus making the measurement of the IGM-unaffected
y α fraction feasible (e.g. Mason & Gronke 2020 ; Qin et al. 2022 ).
arge proximity zones around high- z quasars will allow for a similar
easurement – a prototype for this kind of observation is the z ≈ 5.7

uasar and three LAEs around it presented in Bosman et al. ( 2020 ).
he bright LAE ‘Aerith B’ in this study shows a Ly α line profile
uggestive of a very low f esc , which suggests that there is significant
catter in f esc among LAEs and calls for larger statistical samples. 

 SUMMARY  

n this paper, we present a model to account for the relatively
ild evolution of the cosmic ionizing emissivity from star-forming

alaxies o v er z = 2–8 based on LAEs ( Section 2 ). We argue
hat LAEs are the natural subset of the galaxy population that is
esponsible for the ionizing background in addition to quasars. This
ollows from the intuitive and empirically proven connection between
 y α f esc and L yC f esc , and the strong ionizing properties of LAE stellar
opulations. 
We base our fiducial calculation of the maximal LAE-emissivity

n the f esc and ξ ion of bright LAEs ( L Ly α > 0.2 L 

∗) at z ≈ 2 obtained
n the companion paper (Naidu & Matthee et al. 2022 ), where we
rgued half these LAEs have f esc ≈ 50 per cent , log ( ξ ion /Hz erg −1 )

25.9, while the other half do not significantly contribute to the
missivity. We assume fainter LAEs and non-LAE LBGs make no
ontrib utions either, b ut discuss the implications if fainter galaxies
ould contribute. We argue for redshift-invariance of the ionizing
roperties of such bright LAEs based on the observed invariance of
ev eral ke y properties (e.g. � SFR , sizes, βUV ), and particularly their
y α profiles. These properties are plausibly linked to the ionizing
utput of a galaxy. As indicated from the strong differences in the
volution of the Ly α and UV luminosity densities o v er z = 2–6,
he LAE-ionizing population is a rare fraction of the total galaxy
opulation at z ≈ 2–3, but forms a significant subset of galaxies at z
 6. (Section 2 –3 , Fig. 1 and Table 1 ). 
We show that: 

(i) The combined emissivity of bright LAEs and quasars can
eproduce the relatively flat observed emissivity at z ≈ 2–6. This
esult is non-trivial given that both the star formation density and
uasar number density increase from z ≈ 6 to ≈ 2 and because
e do not fine-tune the integration limit down to which luminosity
alaxies contribute. (Section 4.1 , Fig. 2 ) 

(ii) Also, the LAEs in the fiducial model produce late and rapid
eionization between z ≈ 6 and 9 with negligible contribution from
NRAS 512, 5960–5977 (2022) 
uasars and a plausible extrapolation of the relati ve e volution of the
y α and UV luminosity density into the EoR. (Section 4.2 , Fig. 3 ) 
(iii) Connecting the LAEs to the general galaxy population,

e show that the LAE emissivity model naturally yields a rise
n (population-averaged) LyC f esc from ≈ 1 per cent at z ≈ 3 to
 10 per cent at z > 7 and this is explained entirely by the growing
AE fraction with redshift that the model reproduces. The averaged

onizing efficiency increases in concert. (Section 5 , Fig. 4 ) 
(iv) The LAE emissivity model naturally produces a peak in the

elation between UV luminosity and f esc at ≈0.15 L 

� ( M UV ≈ −19),
uggesting that the majority of ionizing photons originate from
alaxies with M � ≈ 2 × 10 8 M 
. This is in agreement with recent
imulations that predict an optimum mass for f esc as massive galaxies
re dusty, while less massive galaxies have poor star formation
fficiencies. (Section 5 , Fig. 4 ) 

(v) In the fiducial model, a highly ionizing minority of M UV <

17 star-forming galaxies – contributing only ≈10 per cent of the
ntegrated UV luminosity at M UV < −13.5 – is responsible for the
ntirety of the reionization budget, with a combined f esc × ξ ion that is
10 times higher than canonical models. [Section 6.2 ] 
(vi) The fiducial model yields a UV background that is dominated

y rare galaxies with relatively bright stochastic flashes of LyC that
roduce a ‘disco’ ionizing background with significant temporal and
patial fluctuations, in particular at z ≈ 5–6 where galaxies dominate
ignificantly o v er quasars. We speculate that this may contribute to
he large observed opacity variations in high-redshift quasar spectra.
Section 6.4 ) 

Our simple fiducial model – only half the LAEs with a luminosity
 0.2 L 

� contribute to the emissivity and other star-forming galaxies
o not – works remarkably well in producing the right emissivity and,
on-tri vially, its e volution, an optimum in the f esc – M UV relation,
nd the redshift evolution of the population averaged f esc . The Ly α
uminosity range of the ionizing sources in our model has been fully
robed by current surv e ys, therefore the galaxies are known to exist,
heir properties have been constrained, and their number densities
re measured. 

We discuss various caveats and the impact of assumptions in
ection 6 . The most significant of these are the role of fainter LAEs
nd whether the ionizing properties of LAEs vary with luminosity or
edshift. Any Ly α-luminosity limited emissivity model will yield
 similar redshift evolution of the ionizing emissivity and thus
ccount for strong redshift evolution in the global f esc of the galaxy
opulation o v er z ≈ 2–8. The LAE emissivity model generally
ields a natural peak in the relation between the escape fraction
nd UV luminosity, and thus a roughly lognormal distribution of the
onizing budget with luminosity and plausibly mass. The position
f the peak depends mostly on the luminosity limit of the faintest
onizer. As we show in Appendix A , in case LAEs with 10 times
ainter luminosities would contribute, the population averaged f esc 

hould be a factor 2 lower in order to match the z ≈ 6 emissivity.
n such a model, the emissivity would be dominated by relatively
ommon faint galaxies with M 1500 ≈ −17 and the UV background
ill be more uniform. We propose that resolved Ly α line-profile
bservations extending the XLS- z2 survey (Matthee et al. 2021 )
o fainter luminosities can distinguish these models. In the fiducial
odel, the Ly α profiles of faint LAEs should be broader with larger

eak separations and less flux at the systemic velocity, compared to
righter LAEs, while the Ly α profiles of faint LAEs and bright LAEs
hould be comparable if faint galaxies had a dominant role. Redshift
volution of the various model parameters can likewise be tested
hen JWST enables the joint study of Ly α and rest-frame optical
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ines at z > 3. The LAE framework therefore opens up the prospects
f empirically testing whether the cosmic emissivity has been 
ominated by numerous low-mass galaxies or rarer, more massive 
alaxies. 
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Figure A1. The effect of model variations on the average f esc (top) and the 
fractional contribution to the ionizing budget (bottom) as a function of UV 

luminosity. We show results at z = 5.7 but note that the relati ve dif ferences to 
the fiducial model are not strongly sensitive to the specific redshift. The solid 
line shows our fiducial model ( 〈 f esc 〉 = 25 per cent for L Ly α > 10 42.2 erg s −1 , 
EW 0 = 90 Å and β = −2.1), while the dotted lines show the results for β = 

−2.3, the dot–dashed line for EW 0 = 135 Å, and the dashed line the results 
for a model, where 〈 f esc 〉 = 12.5 per cent for L Ly α > 10 41.2 erg s −1 . 
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PPEN D IX  A :  I M PAC T  O F  VA R I AT I O N S  O N  

O D E L  PA R A M E T E R S  

n the main text, we mainly focused on the results from our fiducial
AE-emissivity model in which only the contributions from LAEs 
ere included that are brighter than > 0.2 L 

� . This is because the
 y α and L yC escape fractions have been probed directly for these
AEs (Naidu & Matthee et al. 2022 ). The contribution from bright
AEs alone suffices in matching the emissivity level and its evolution 
 v er z = 2–6 (in particular, the emissivity level recently published
y Faucher-Gigu ̀ere 2020 , see fig. 2). Ho we ver, as discussed in
ection 4.1 , the inclusion of 10 times fainter LAEs (with fixed
scape fractions) is still (marginally) consistent with the uncertainty 
n various emissivity constraints at z = 2–8 (Fig. 2 ). Moreo v er, LAEs
an match the rapidness of the reionization of the Universe with a
ilder extrapolation of their relative abundances compared to LBGs 

t z > 6 (Section 4.2 ). 
In Fig. A1 , we illustrate how various choices in the LAE-emissivity 
odel and its connection to the LBG population impact the UV 

uminosity dependence of the escape fraction (top panel) and how the 
onizing budget is distributed (bottom panel). We focus on the redshift 
 = 5.7, but note that the relative changes between model-choices 
re not strongly dependent on the specific redshift. The following 
ariations are investigated: (1) changing the UV slope of LAEs ( β =
2.3 instead of −2.1), (2) changing the slope of the exponential EW

istribution of LAEs from 90 to 135 Å (this implies a similar increase
n the typical EW of LAEs and is within the range of published scale
engths; see e.g. Hashimoto et al. 2017 ), and (3) including the ionizing
ontribution of up to 10 times fainter LAEs (integrating LFs down 
o 10 41.2 erg s −1 with a population averaged 〈 f esc 〉 = 12.5 per cent in
rder to match the total emissivity). 
Fig. A1 shows that the translation between the LAE and LBG

ramework is only mildly sensitive to the specific scale length of
he EW distribution and the UV slope of LAEs. With a steeper EW
istribution, a lower fraction of LBGs is a LAE at fixed luminosity
nd therefore the average f esc is lower at fixed UV luminosity. If
he limiting Ly α EW of LAEs is 20 Å instead of 25 Å, the opposite
ffect happens – a higher fraction of LBGs is an LAE and the escape
raction of bright galaxies increases by a factor ≈ 1.2. A bluer UV
lope implies that a fainter UV luminosity is associated to a fixed
y α luminosity, leading to a similar effect. The most significant 
hanges are seen when we lower the limiting Ly α luminosity of LyC-
eaking LAEs (note that the average f esc for LAEs only impacts the
ormalization of the top panel in Fig. A1 , and not the bottom panel).
n such a faint model, the average escape fraction is highest for
V-faint galaxies with M UV ≈ −17 and the average escape fraction 

mong brighter galaxies is (by definition) a factor 2 lower compared 
o the fiducial model. This means that the majority of the ionizing
udget is due to significantly fainter galaxies, although a long tail 
xists towards brighter galaxies. Similar to the fiducial model (and 
ny LAE emissivity model), this model has a clear peak in the UV
uminosity dependence of the escape fraction. 

We also investigate the impact of using the Ly α LF from Konno
t al. ( 2018 ) at z = 5.7 (fiducial model), which shape is different from
he LF measured by Santos et al. ( 2016 ). The two LFs particularly
isagree on the bright-end of the LF. For other redshifts published
y α LFs are in closer agreement. There is general consensus on

he shape of the UV LFs o v er z ≈ 3–7. As can be seen in Table
 and Fig. 2 , the integrated Ly α luminosity density for these LFs
re similar. Ho we ver, the Santos et al. ( 2016 ) LF has a higher L 

� 

nd a slightly shallower faint-end slope, α. This yields a slightly
ifferent UV luminosity dependence of the LAE fraction (top panel 
n Fig. A2 ), which is slightly flatter flat for luminosities M UV > −20
nd increases towards the brightest luminosities. The difference in 
he slope at fainter luminosities is due to the shallower α and the
ormalization difference is due to the higher L 

� . Both LFs yield
 consistent LAE fraction for faitner galaxies, but the Santos et al.
 2016 ) LF results in a higher LAE fraction than is observed in studies
f LBGs as summarized in Ouchi et al. ( 2020 ). A consequence is
hat the average f esc in brighter galaxies increases (middle panel of
MNRAS 512, 5960–5977 (2022) 
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M

Figure A2. The effect of varying the Ly α LF at z = 5.7 (orange: Konno 
et al. 2018 ; hatched red: Santos et al. 2016 ) on the LAE fraction (top), the 
average f esc (middle), and the fractional contribution to the ionizing budget as 
a function of UV luminosity (bottom). 
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Figure B1. The cumulative fraction of the ionizing emissivity as a function 
of Ly α luminosity in the LAE framework for two different Ly α LFs at z = 

5.7 (solid Konno et al. 2018 ; dashed: Santos et al. 2016 ). 
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ig. A2 ) and therefore the relative contribution shifts to somewhat
righter galaxies (bottom panel). 
These model variations (EW scale lengths, UV slopes, the in-

lusion of fainter ionizers and different Ly α LFs) roughly span the
urrently allowed edges of parameter-space, and therefore illustrate
hich of the results from the fiducial model are more or less certain.

t is clear that the distribution of the ionizing budget – controlled by
he Ly α luminosity limit of the faintest ionizer – is the most uncertain
NRAS 512, 5960–5977 (2022) 
utcome of the LAE-emissivity model. Observations should, thus,
rioritize testing the limiting Ly α luminosity of LyC leakers (as
iscussed in Section 6.3 ). There are also qualitative trends that are
een in all model variations, such as the existence of a peak in the
elation between f esc and UV luminosity and the relative fraction
f the ionizing budget. These are therefore general outcomes of the
AE-emissivity formalism. 

PPENDI X  B:  O N  T H E  POSSIBLE  RO LE  O F  

G N  O N  T H E  B R I G H T- E N D  O F  T H E  LY  α LF  AT  

z ∼ 6  

he LAE emissivity framework presented in this paper does not a
riori distinguish whether ionizing photons are produced by AGN
r massive stars. As discussed in Section 3.1 , the AGN fractions
mong LAEs are challenging to determine at z > 5 due to limited
ensitivity of X-Ray and Radio data and inaccessibility to emission-
ine diagnostics (e.g. Calhau et al. 2020 ). At z ≈ 3, AGN fractions
re only high at �L 

� luminosities (Matthee et al. 2017b ; Calhau
t al. 2020 ). This suggests that the AGN contribution to ρLy α is
ow. Matsuoka et al. ( 2022 ) recently identified AGN with strong and
arrow Ly α emission, which confirms the existence of AGN among
right LAEs at z ≈ 6 −7. Ho we v er, out of the fiv e narrow-line type II
GN identified by these authors, only two have Ly α EW > 25 Å and
ould, thus, be picked up by traditional Ly α surv e ys that are used to

onstruct the LAE LF. These are rare sources among high-redshift
aint-AGN (2 out of 69) and their number densities are unclear. The
ost recent and largest spectroscopic surv e y of bright LAEs is the
y α surv e y in the HEROES field (Songaila et al. 2018 ; Taylor et al.
021 ). These authors report that 1/12 and 1/7 bright LAEs are AGN
t z = 5.7, 6.6, respectiv ely. Spectroscopic surv e ys of slightly fainter
AEs did not report any AGN at z ≈ 6 −7 (Hu et al. 2010 ; Matthee
t al. 2017c ; Shibuya et al. 2018 ). These results imply that LAE-AGN
ave number densities of about 10 −7 cMpc −3 , which is ∼1000 times
ower than ∼L 

� LAEs and suggestive of a weak AGN contribution
o the emissivity. 

In addition to the AGN fraction, the AGN contribution to the
missivity also depends on the shape of the bright end of the Ly α LF,
hich is contested (e.g. Santos et al. 2016 ; Konno et al. 2018 ). Fig. B1

llustrates the relative contributions of faint and bright LAEs to the
onizing emissivity at z = 5.7 in our fiducial framework. The LAE-
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et al. ( 2021 ) measurements in the direction of our averaged escape 
fraction, but there is still a factor ≈2 difference. Additionally, we 
can also compare to their stack of the quartile with highest Ly α EW 

and find that 85 per cent of the galaxies in that subset should be 
LAEs. In our model, where half the LAEs have an escape fraction 
of ≈50 per cent, this would imply that the average f esc of that subset 
would be 0.85 × 0.5 × 0.5 ≈ 0.21, which is in good agreement with 
their measurement of f esc = 0.23 ± 0.02. 
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GN identified by Taylor et al. ( 2021 ) and Matsuoka et al. ( 2022 )
ave Ly α luminosities above 10 43.5 erg s −1 . In the most optimistic
ase, where all LAEs that are brighter than this luminosity are AGN,
GN would still contribute � 10 per cent to the ionizing emissivity. 
Finally, we caution that both LFs shown in Fig. B1 are Schechter

unctions with an exponential drop-off at the bright-end. At z ≈ 2–3, 
arious groups have reported spectroscopically confirmed power-law 

omponents at the bright-end of the Ly α LF (e.g. Konno et al. 2016 ;
obral et al. 2018 ; Spinoso et al. 2020 ). If such a component is present
t z ≈ 6, the relative contribution of AGN could be underestimated. 
s shown by Sobral et al. ( 2018 ; their fig. 9), there are indications that

he number density of this power-law component rapidly decreases 
bo v e z > 3, ho we ver, it would be useful to further confirm this trend.

PPEN D IX  C :  DETA ILED  C O M PA R I S O N  TO  

OPULATION  AV ERAG ED  f E S C 

BY  PA H L  ET  A L .  
2 0 2 1 )  

n this section, we perform a detailed investigation of the significant 
ffset between the UV population-averaged f esc at z ≈ 3 measured 
y Pahl et al. ( 2021 ) and the one implied by the LAE framework. 
Specifically, in the bottom right-hand panel of Fig. 4 , we show

hat our value of 〈 ξ ion × f esc 〉 for galaxies with M UV < −19.5 is
lmost an order of magnitude lower than the measurement by Pahl 
t al. ( 2021 ), which is based on direct measurements from deep
tacks of UV-selected galaxies with these luminosity ranges. This 
ifference can be attributed fully to a lower average escape fraction 
of ≈1 per cent in our framework, versus 6 per cent measured by Pahl
t al. 2021 ) that we find in this luminosity regime. This difference
ay partly be due to an underestimated lower fraction of LAEs in

ur simulation, but also due to an o v errepresentation of LAEs in the
arent sample from the study of Pahl et al. ( 2021 ). The latter may be
ue to the photometric selection criteria used to select LBGs (see e.g.
usakabe et al. 2020 for a detailed discussion). Based on the Ly α
W distribution (with scale length 23.5 Å) and fraction of LBGs
ithout any Ly α in emission (40 per cent) listed by Steidel et al.

 2018 ), we simulate the expected EW distribution for their parent
ample. We reproduce the average Ly α EWs in the full sample and
hose in the four quartiles of Ly α EWs listed in Steidel et al. ( 2018 )
o within 10 per cent. In this simulated distribution, we find that
he fraction of LAEs among LBGs is 21 per cent, i.e. a factor ≈ 3
igher than it is in our framework based on the UV and LAE LFs
t z ≈ 3 (Section 5 ). Correcting for this difference mo v es the P ahl
MNRAS 512, 5960–5977 (2022) 
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