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Observe imprint of neutral IGM 
on galaxies (+quasars, GRBs) 
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Lyα observations to IGM state
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Lyα  p h o t o n s  a r e  a b s o r b e d  b y  n e u t r a l  h y d r o g e n ,   
a  p o t e n t i a l  t r a c e r  o f  t h e  e v o l v i n g  I G M

⌧↵(�obs) =

Z 1

0

ds xHI(s)nH(s)�↵(�obs[s])
<latexit sha1_base64="UdCEbqn7rGjBBVnAV8c0GuXyvWA="></latexit><latexit sha1_base64="UdCEbqn7rGjBBVnAV8c0GuXyvWA="></latexit><latexit sha1_base64="UdCEbqn7rGjBBVnAV8c0GuXyvWA="></latexit><latexit sha1_base64="UdCEbqn7rGjBBVnAV8c0GuXyvWA="></latexit>

see e.g. Miralda-Escudé 98; Madau & Rees 00; Dijkstra+11; Bolton & Haehnelt 13; Jensen+13, Choudhury+15

resonance

damping wing

Gunn-Peterson troughs 
xHI > ~10-4
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S. De Barros et al.: Lyman-↵ emitter fraction and galaxy physical properties at the edge of the epoch of cosmic reionization

Fig. 5. Fraction of LAEs (with EW(Ly↵) > 25Å, X25
Ly↵) at 4  z  8 for the brightest (MUV < �20.25, left panel) and faintest

(MUV > �20.25, right panel) galaxies. We show the results from Stark et al. (2011), Schenker et al. (2014), Ono et al. (2012),
Pentericci et al. (2011), Tilvi et al. (2014), Cassata et al. (2015), and Curtis-Lake et al. (2012). We introduce slight o↵sets in redshift
to increase clarity when necessary.

Fig. 6. 2D signal-to-noise and sky spectra for two faint LAEs at
z = 5.92 (top) and z = 6.09 (bottom) with EW(Ly↵) = 101Å and
EW(Ly↵) = 330Å, respectively (see text).

we estimate that our sample is complete at > 95% for Ly↵ equiv-
alent width of EW(Ly↵) � 25Å.

Due to the importance of the Spitzer/IRAC detections to con-
strain the stellar mass, the age (Balmer break), and emission line
contribution (e.g., Jiang et al. 2016), we show in Fig. 4 the num-
ber of flux measurements in Spitzer/IRAC bands.

3. A lower Ly↵ emitter fraction at z ⇠ 6

Thanks to our large spectroscopic sample we can derive the LAE
fraction (defined as the fraction of LAE with rest frame equiv-
alent width EW(Ly↵)> 25Å) at z ⇠ 6 which allows us to put
constraints on the ionization state of the IGM. This fraction has
already been described as rising from z ⇠ 4 to z ⇠ 6 (Stark
et al. 2011, S11 hereafter) and rapidly declining at z > 6 (e.g.,
Pentericci et al. 2011). This evolution of the LAE fraction be-
tween z ⇠ 6 and z > 6 has been interpreted as the e↵ect of
partially neutral IGM on the Ly↵ photons emitted from high-z
galaxies (e.g., Schenker et al. 2012) and so as our witnessing of
the cosmic reionization end.

We show in Figure 5 the LAE fractions for our bright
(MUV < �20.25) and faint (MUV > �20.25) subsamples. The
absolute UV magnitude MUV refers to the absolute magnitude
at 1500Å. To determine it for each galaxy, we use the inte-
grated SED flux in an artificial filter of 200Å width centered
on 1500Å. Our data covers 5 fields which should mitigate the
cosmic variance e↵ect on our results (e.g., Ouchi et al. 2008).
Comparing our results with previous studies (e.g., Stark et al.
2011; Pentericci et al. 2011), the LAE fractions that we derived
at z ⇠ 6 are consistent with a trend of increasing and then de-
creasing LAE fraction with redshift, the main uncertainty being
at which redshift is the peak of the LAE fraction. However, the
LAE fraction found by Curtis-Lake et al. (2012, hereafter CL12)
at z ⇠ 6 is significantly higher compared to our result or S11.
We check that the color selection criterion i � z is not the cause
of this discrepancy by applying the same criterion as S11 to our
sample (i � z > 1.3), as well as the criterion (i � z > 1.7) used
in CL12, in both cases to the bright sample (MUV < �20.25).
While the fraction of LAE (X25

Ly↵) increases (up to 0.16 using the
CL12 criterion), the fraction of unconfirmed sources (defined as
sources for which we cannot assign a spectroscopic redshift) re-
mains constant ⇠ 0.35 for all i � z cut, showing that interlopers
are unlikely to be the cause of the di↵erence between the re-
sults of CL12 and our own (and those of S11). Ly↵ equivalent
widths are derived using a narrow-band filter in CL12, instead of
a broad-band filter in S11/this work, but it is also unlikely that
this di↵erence can introduce such a large discrepancy because
the maximum 3� EW(Ly↵) upper limit for unconfirmed object
is < 16Å and there is only one object with a measured EW(Ly↵)
near the EW threshold used (25Å). Therefore, it would require
a di↵erence in the UV continuum flux estimation by a large fac-
tor (> 2) to explain the di↵erence between our work and CL12.

5

UV bright                              UV faint

De Barros+17

A  s u d d e n  r e d u c t i o n  i n  Lyα  e m i s s i o n   
f r o m  g a l a x i e s  a t  z > 6  ( o r  z > 5 . 5 )
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H o w  d o  w e  c o n n e c t  Lyα  o b s e r v a t i o n s   
t o  t h e  n e u t r a l  f r a c t i o n ?

EWemitted EWobs = T x EWemitted

EW ~ fline/fcont

p(T | xHI, Mh, MUV, Δv)

see e.g. Dijkstra+11; Bolton & Haehnelt 13; Jensen+13, Choudhury+15; Weinberger+19
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imprint on the Lyα line. A strong evolution in the Lyα fraction
would therefore require a very substantial change in the filling
factor of ionized regions, QH II, over the same brief interval: z ≈ 6
→ 7 (e.g. McQuinn et al. 2007; Mesinger & Furlanetto 2008b;
Dijkstra, Mesinger & Wyithe 2011; Jensen et al. 2013). Alternately,
if the photoionizing background drops rapidly beyond z ! 6, the
increasing abundance of self-shielded systems inside the ionized
IGM can imprint a similar signature (Bolton & Haehnelt 2013).
Yet another possibility to explain a drop in the Lyα fraction is
an evolution of the intrinsic galaxy properties themselves, such as
wind characteristics and the escape fraction of ionizing photons,
fesc (Dijkstra et al. 2014). Alternately, a joint evolution in the IGM
and/or galaxy properties could ease tension with observations.

Here, we develop the most comprehensive model of IGM absorp-
tion to date, including the impact of both (i) the large-scale (hun-
dreds of cMpc; e.g. Iliev et al. 2014) reionization morphology; and
(ii) ∼kpc scale (e.g. Schaye 2001) self-shielded systems. We make
use of well-tested seminumerical simulations to model reionization
morphology. Our reionization simulations include sub-grid mod-
elling of UV photoheating feedback and recombinations, shown to
significantly decrease the size of cosmic H II regions (Sobacchi &
Mesinger 2014). We complement these with moderate-scale (tens
of cMpc) hydrodynamic simulations of the ionized IGM, resolv-
ing the relevant self-shielded systems. With this tiered approach,
we show how the redshift evolution in the z ! 6 Lyα fraction can

constrain both the filling factor of ionized regions as well as the
photoionizing background.

This paper is organized as follows. In Section 2, we present our
model for IGM absorption, sourced by both patchy reionization
(Section 2.1) and self-shielded systems (Section 2.2). In Section 3,
we present our results on the evolution of the IGM transmission and
the Lyα fraction from z ≈ 6 → 7. Finally, we conclude in Section 4.

Unless stated otherwise, we quote all quantities in comoving
units. We adopt the background cosmological parameters: ("#, "M,
"b, n, σ 8, H0) = (0.68, 0.32, 0.049, 0.96, 0.83, 67 km s−1 Mpc−1),
consistent with recent results from the Planck mission (Planck Col-
laboration XVI 2013).

2 MO D EL

Because of the difficulties mentioned above, we model the total
Lyα opacity using a tiered approach, illustrated in Fig. 1. We sim-
ulate the morphology of reionization on large scales (hundreds of
Mpc), using a seminumeric simulation. The reionization simulation
is used to compute the damping wing opacities from the large-scale
distribution of cosmic neutral patches, for a given value of the H II

volume filling factor, QH II. We complement the reionization simula-
tion with a moderate-scale (tens of Mpc) hydrodynamic simulation,
capable of resolving self-shielding gas clumps in the cosmic ionized
patches of the IGM surrounding high-z galaxies. The hydrodynamic

Figure 1. Schematic showing the various components of our model. From left to right we show: (i) a 0.75 Mpc thick slice through our large-scale reionization
simulation at QH II ∼0.5, with cosmic H II (H I) patches shown in white (black) (Sobacchi & Mesinger 2014); (ii) a 21 kpc slice through our hydro simulation
of the residual H I inside the cosmic H II patches surrounding high-z galaxies; (iii) the Lyα line emerging from a galaxy including RT through local outflows.
(i) and (ii) are used in this work, while (iii) is taken from Dijkstra et al. (2011). Relative scales are approximate.
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increasing abundance of self-shielded systems inside the ionized
IGM can imprint a similar signature (Bolton & Haehnelt 2013).
Yet another possibility to explain a drop in the Lyα fraction is
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and/or galaxy properties could ease tension with observations.

Here, we develop the most comprehensive model of IGM absorp-
tion to date, including the impact of both (i) the large-scale (hun-
dreds of cMpc; e.g. Iliev et al. 2014) reionization morphology; and
(ii) ∼kpc scale (e.g. Schaye 2001) self-shielded systems. We make
use of well-tested seminumerical simulations to model reionization
morphology. Our reionization simulations include sub-grid mod-
elling of UV photoheating feedback and recombinations, shown to
significantly decrease the size of cosmic H II regions (Sobacchi &
Mesinger 2014). We complement these with moderate-scale (tens
of cMpc) hydrodynamic simulations of the ionized IGM, resolv-
ing the relevant self-shielded systems. With this tiered approach,
we show how the redshift evolution in the z ! 6 Lyα fraction can

constrain both the filling factor of ionized regions as well as the
photoionizing background.

This paper is organized as follows. In Section 2, we present our
model for IGM absorption, sourced by both patchy reionization
(Section 2.1) and self-shielded systems (Section 2.2). In Section 3,
we present our results on the evolution of the IGM transmission and
the Lyα fraction from z ≈ 6 → 7. Finally, we conclude in Section 4.

Unless stated otherwise, we quote all quantities in comoving
units. We adopt the background cosmological parameters: ("#, "M,
"b, n, σ 8, H0) = (0.68, 0.32, 0.049, 0.96, 0.83, 67 km s−1 Mpc−1),
consistent with recent results from the Planck mission (Planck Col-
laboration XVI 2013).

2 MO D EL

Because of the difficulties mentioned above, we model the total
Lyα opacity using a tiered approach, illustrated in Fig. 1. We sim-
ulate the morphology of reionization on large scales (hundreds of
Mpc), using a seminumeric simulation. The reionization simulation
is used to compute the damping wing opacities from the large-scale
distribution of cosmic neutral patches, for a given value of the H II

volume filling factor, QH II. We complement the reionization simula-
tion with a moderate-scale (tens of Mpc) hydrodynamic simulation,
capable of resolving self-shielding gas clumps in the cosmic ionized
patches of the IGM surrounding high-z galaxies. The hydrodynamic

Figure 1. Schematic showing the various components of our model. From left to right we show: (i) a 0.75 Mpc thick slice through our large-scale reionization
simulation at QH II ∼0.5, with cosmic H II (H I) patches shown in white (black) (Sobacchi & Mesinger 2014); (ii) a 21 kpc slice through our hydro simulation
of the residual H I inside the cosmic H II patches surrounding high-z galaxies; (iii) the Lyα line emerging from a galaxy including RT through local outflows.
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MUV, EWintrinsic, Δv

forward model p(EWobs | xHI, MUV)
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Evolution of Structure 
simulations 1.6Gpc  

(Mesinger+)

ISM IGM

C o m b i n e  g a l a x y  m o d e l s  +  I G M  s i m u l a t i o n s   
t o  f o r w a r d - m o d e l  o b s e r v e d  Lyα  a n d  i n f e r  n e u t r a l  f r a c t i o n

Mason+18a,b,+19a, see also Greig+17,18, Davies+18 for quasars

6 Stark et al.
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Figure 3. Keck/MOSFIRE Y-band spectrum of COS-zs7-1, a bright

(H=25.1) dropout presented in Roberts-Borsani et al. (2016). We identify

an emission feature at the spatial position of the dropout at 9913 Å which

is likely to be Lyα at z = 7.154. The top panel shows the two dimensional

SNR map (black is positive), clearly showing the characteristic negative-

positive-negative signature expected from the subtraction of dithered data.

The bottom panel shows the flux calibrated one-dimensional extraction.

ward of the OH line, we find a total flux of 2.5 ± 0.4×10−17 erg
cm−2 s−1 and a rest-frame Lyα equivalent width of 28± 4 Å.

Table 2 summarizes the various emission line measures and
the related physical properties for all three sources in the context of
earlier work.

4 PHOTOIONIZATION MODELING

The broadband SEDs of the RB16 galaxies suggest the presence
of extremely large equivalent width [OIII]+Hβ emission. Here we
investigate whether the available data require an intense radiation
field that may favor the escape of Lyα. In the case, of EGS-zs8-
1 and EGS-zs8-2, we fold in the new constraints on [CIII], CIII]
emission. We focus our analysis on the three galaxies from RB16
for which we have obtained new spectral constraints (COS-zs7-
1, EGS-zs8-1, EGS-zs8-2). We fit the available emission-line and
broadband fluxes using the Bayesian spectral interpretation tool
BEAGLE (Chevallard & Charlot 2016), which incorporates in a
flexible and consistent way the production of radiation in galax-
ies and its transfer through the interstellar and intergalactic media.
The version of BEAGLE used here relies on the models of Gutkin
et al. (in preparation), who follow the prescription of Charlot &
Longhetti (2001) to describe the emission from stars and the in-
terstellar gas, based on a combination of the latest version of the
Bruzual & Charlot (2003) stellar population synthesis model with
the standard photoionization code CLOUDY (Ferland et al. 2013).
The main adjustable parameters of the photoionized gas are the in-
terstellar metallicity, ZISM, the typical ionization parameter of newly
ionized H II regions, US (which characterizes the ratio of ionizing-
photon to gas densities at the edge of the Stroemgren sphere), and
the dust-to-metal mass ratio, ξd (which characterizes the depletion

of metals on to dust grains). We consider here models with hydro-
gen density nH = 100 cm−3, and two values of C/O abundance ra-
tios, equal to 1.0 and 0.5 times the standard value in nearby galax-
ies [(C/O)⊙ ≈ 0.44. Attenuation by dust is described using the
2-component model of Charlot & Fall (2000), combined with the
Chevallard et al. (2013) ‘quasi-universal’ prescription to account
for the effects linked to dust/star geometry (including ISM clumpi-
ness) and galaxy inclination. Finally, we adopt the prescription of
Inoue et al. (2014) to include absorption by the IGM.

We parametrize the star formation histories of model galax-
ies in BEAGLE as exponentially delayed functions ψ(t) ∝

t exp(−t/τSFR), for star formation timescale in the range 7 ≤

log(τSFR/yr) ≤ 10.5 and formation redshift in the range zobs ≤

zform ≤ 50 (where zobs is the observed galaxy redshift). We adopt
a standard Chabrier (2003) initial mass function and assume that
all stars in a given galaxy have the same metallicity, in the range
−2.2 ≤ log(Z/Z⊙) ≤ 0.25. We superpose on this smooth ex-
ponential function a current burst with a fixed duration 10 Myr,
whose strength is parametrized in terms of the specific star for-
mation rate, in the range −14 ≤ log(ψS/yr

−1) ≤ −7. We adopt
the same interstellar and stellar metallicity (ZISM = Z) and let the
dust-to-metal mass ratio and ionization parameter freely vary in
the range ξd = 0.1 − 0.5 and −4 ≤ logUS ≤ −1, respectively.
We consider V -band dust attenuation optical depths in the range
−3 ≤ log τ̂V ≤ 0.7 and fix the fraction of this arising from dust
in the diffuse ISM rather than in giant molecular clouds to µ = 0.4
(Wild et al. 2011).

With this parametrization, we use BEAGLE to fit the avail-
able constraints on the Lyα equivalent width (taken as a lower limit
owing to resonant scattering), [C III]λ1907+C III]λ1909 equiva-
lent width (for EGS-zs8-1 and EGS-zs8-2), and broadband F125W,
F140W, F160W and IRAC 3.6µm and 4.5µm fluxes. We obtain
as output the posterior probability distributions of the above free
model parameters, as well as those of a large collection of derived
parameters, such as for example the production rate of hydrogen
ionizing photons per 1500 Å luminosity, ξ∗ion (Table 3). The ξ∗ion val-
ues correspond to the intrinsic UV emission from the stellar popu-
lation model that reproduces the data, computed before reprocess-
ing by gas and before attenuation by dust. Below we also present
ξion, which is computed considering the UV emission after it has
been reprocessed by gas and attenuated by dust. This latter quan-
tity provides the total Lyman continuum production rate given the
observed far-UV emission.

The modeling procedure is able to successfully reproduce
the broadband SEDs of the Roberts-Borsani et al. (2016) galax-
ies (i.e., Figure 4). Matching the large flux excess in the IRAC
[4.5] filter requires models with very large specific star formation
rates (7-24 Gyr−1), indicating a population undergoing rapid stellar
mass growth. The implied interstellar metallicities are in the range
Z=0.0016-0.0026, which is equivalent to 0.10-0.17 Z⊙ using the
solar metallicity value (Z⊙=0.01524) from Bressan et al. (2012).
The strong [CIII], CIII] emission in EGS-zs8-1 forces the models
to low metallicity (0.11 Z⊙) and significantly reduces the allow-
able metallicity range. Because of the depletion of metals onto dust
grains (parameterized by the ξd parameter) the gas-phase metal-
licity will be lower than the total interstellar metallicity that is fit
by the models and reported in Table 3. After accounting for the de-
rived ξd values using the method described in Gutkin et al. (2016, in
prep), the gas-phase oxygen abundance is found to range between
12+log O/H = 7.76, 7.77, 7.97 for COS-zs7-1, EGS-zs8-1, EGS-
zs8-2, respectively. The detection of [CIII], CIII] in the spectrum of
EGS-zs8-1 allows us to consider variations in the C/O abundance

c⃝ 2016 RAS, MNRAS 000, 1–13

Stark+17



M a r g i n a l i s i n g  o v e r  m a n y  u n c e r t a i n t i e s …

Observations 
Upper limits, noise 

Photometric redshifts  
for non-detections 

Wavelength dependent sensitivity  

Incomplete wavelength coverage 

Unknown line width  
for non-detections 

Astrophysics 
Ly⍺ offsets from systemic velocity 

Gravitational lensing magnification 

Galaxy luminosity - halo scatter 
Whitler, CM+in prep 

… 

Evolving CGM? 
(Weinberger+18, Becker+19) 

Ly⍺ becoming more diffuse?

Mason+2018a,+2019a

To-do



U s i n g  t h e  f u l l  d i s t r i b u t i o n  o f  Lyα  E W  ( +  n o n - d e t e c t i o n s )  
p l a c e s  t i g h t  c o n s t r a i n t s  o n  t h e  n e u t r a l  f r a c t i o n  a t  z ~ 7 *

Mason+2018a
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Fig. 9.— The fraction of Lyman break galaxies that display Lyα in emission at an EW ≥ 25 Å, plotted as a function of redshift. The
values at z = 7 and 8 reflect differential measurements with the data at z = 6, as described in the text. Thus, these data points and errors
are simply the convolution of the xLyα PDF at z = 6 and the transmission fraction PDF at z = 7 and 8.
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Fig. 10.— Posterior probability distribution for our full model, p(EWLyα—β). Shaded plots represent the posterior PDF marginalized
over all but the two variables labeling the axes, while line plots are marginalized over all but one variable. Thus, the one dimensional PDFs
for each variable, from which we quote our error bars, can be read off along the diagonal.

fLyα

redshift, z

Schenker+14

inferred from sample of  
68 Lyman break galaxies  

(Pentericci+14)

*different evolutional from z~6



K M O S  s u r v e y  s e a r c h i n g  f o r  z > 7 . 5  Ly⍺  

PI: Adriano Fontana 
ESO 120 hr Large Program, P96 - 99 
Fields of 6 massive clusters (incl. 4 Frontier Fields) 

Search for Ly⍺ to measure timeline of reionization 
53 faint z > 7 photometric candidates (Mason+19a) 
– 3 confirmed with ALMA 

Kinematics of low mass star-forming galaxies  
~70 z=1-2 targets (Mason+17, Girard, Mason+ in prep) 

7 - 15 hr exposures, PSF ~ 0.6”, YJ: 1 - 1.35μm, R~3400

glass.astro.ucla.edu

Following-up HST  
photometric + grism targets

JWST ERS spectroscopy  
(PI Treu)

No S/N > 5  
Ly⍺ detected 😢  

Median EWlim < 58Å



The universe was st i l l  pretty neutral  at  z>7…

Mason+19 (KLASS, VLT/KMOS large programme) 
Mason+18a 
Hoag+19a

Models from Mason+15, constraints from Ouchi+10,  
McGreer+2014, Mesinger+15, Sobacchi+15, Davies+18, Greig+18Mason+2019a
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Figure 10. Comparison with reionization by faint galaxies. Left: In turquoise we plot x̄HI(z) from Finkelstein et al. (2019)
who explore reionization dominated by MUV> �15 galaxies with steep faint-end slopes (↵ < �2) and the highest fesc occurring
in the least massive galaxies by integrating down to MUV = �10. In gold we plot x̄HI(z) from Ishigaki et al. (2018) who assume
a constant fesc and ↵UV < �2 to find fesc= 17% and MUV(trunc) = �11 in order to complete reionization by z = 6. Both these
models ionize a large volume of the universe at early times, in tension with Ly↵ damping wing constraints (green stars and
pentagons). On the other hand, the shallower faint-end slopes (↵UV> �2) and fesc distributions highly skewed toward bright
galaxies in our models ensure rapid, late reionization (purple curves). Right: Assuming Schechter parameters from Finkelstein
et al. (2019), a constant fesc across all galaxies, and ⇠ion from this work, we show the likelihood of various combinations of
fesc and MUV-truncation arising from the constraints in §2.3. When the ionizing emissivity is dominated by faint galaxies
(MUV> �15), even with very low fesc, early reionization occurs, and such scenarios are disfavored compared to those starring
brighter galaxies.

5.3. “Democratic” Reionization by Faint Galaxies and
the Faint-End Slope of the UVLF in a Rapidly

Reionizing Universe

Reionization by oligarchs stands in sharp contrast to
“democratic” reionization that is dominated by copi-
ous faint sources that lie at MUV> �18 and might po-
tentially have high escape fractions (e.g., Oesch et al.
2009; Bouwens et al. 2011; Wise et al. 2014; Atek
et al. 2015; Anderson et al. 2017; Livermore et al. 2017;
Finkelstein et al. 2019). Faint galaxies emerged as
the candidate-leaders of reionization because the steep
slopes (↵UV  �2 at z > 6) of the UVLF measured
after the installation of HST/WFC3 implied they dom-
inated the luminosity density (e.g., Bouwens et al. 2012).
The ⌧ measurements from WMAP-9 (0.089 ± 0.014,
z50 = 10.5± 1.1) and Planck Collaboration et al. (2016)
(0.066±0.013, z50 = 8.8±1.3) required significant reion-
ization at z > 8 and hence large contributions towards
the ionizing emissivity from faint galaxies (e.g., Robert-
son et al. 2013, 2015; Bouwens et al. 2015a). Concur-
rently, the very low fesc reported for bright star-forming
galaxies out to z ⇠ 4 (see §1) and the sharply dropping

AGN luminosity function (Kulkarni et al. 2019) further
shifted the spotlight onto faint star-forming galaxies.
However, the recent constraints on neutral fractions

detailed in §2.3 and the latest Planck ⌧ favor late, rapid
reionization between z = 6 � 8 (z50 = 6.83+0.24

�0.20) i.e.,
high emissivity from faint galaxies at z > 8 is no longer
required. This, and the high average fesc measured even
for more massive, MUV< �18 galaxies allow for reion-
ization by the oligarchs. At z > 8, ṅion must be low
enough for the universe to remain significantly neutral
(& 90%), and between z = 8� 6 it must rise sharply to
complete reionization. Since ⇠ion evolves modestly with
redshift and across MUV (see Figure 2), ṅion e↵ectively
depends on ⇢SFR (↵UV, MUV truncation) and fesc.
Latest studies report ↵UV . �2 at z � 6, albeit with

significant uncertainties, that grows steeper with red-
shift at a rate d↵/dz ⇠ �0.1 (e.g., Finkelstein et al. 2015;
Livermore et al. 2017; Bouwens et al. 2017; Atek et al.
2018; Ishigaki et al. 2018; Oesch et al. 2018). We com-
pare our reionization histories with models that assume
these steep slopes and model ⇢SFR based on Schechter
parameters extrapolated from z < 10 fits in Figure
10. Assuming ↵UV< �2 and setting fesc preferentially

The universe was st i l l  pretty neutral  at  z>7… consistent with ≲20% average  
ioniz ing photon escape fract ion, but rapid bui ld-up of photons

Naidu, Tacchella, CM+2019; Mason, Naidu +2019b

fesc ~ star formation rate  
         surface density, 
                  shallow LF

20% fesc, steep LF

fesc ~ 1/Mh, steep LF



Evolving Lyα transmission contains 
information about reionization 

• IGM and ISM effects forward-modelled  
to infer IGM neutral fraction from  
Lyα observations in Lyman-break galaxies 

Lack of Lyα from z>6 galaxies favours 
late, fairly rapid, reionization 

• Rapid build up of ionizing photons  
- don’t need “ultra-faint” galaxies?


