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❖ Introduction 
Observations of the HI optical depth and models 

❖ Testing the models — our observations  
LBG surveys with HSC in the field of bright z>6 quasars 

❖ First result 
Evidence that an exceptional Lyα trough (i.e., highly opaque 
region) is associated to a galaxy underdensity. 
→ Constraints on the models

Aim of our research

Constraining the reionization scenario from galaxy survey at the end of EoR                                               Daichi Kashino | ETH Zürich | kashinod@phys.ethz.ch

Reveal the origin of highly inhomogeneous reionization? 
➡Large sightline variations in the HI optical depth   

at the end of reionization



TABLE 2

Ly! Transmitted Flux Ratio

Quasar zem zabs T

J0002+2550......................... 5.80 5.58 0.0170 ! 0.0062

5.43 0.0573 ! 0.0066

5.28 0.0205 ! 0.0045

5.13 0.1243 ! 0.0050

4.98 0.1002 ! 0.0050

J0005"0006........................ 5.85 5.64 0.0823 ! 0.0069

5.49 0.0718 ! 0.0070

5.34 0.0961 ! 0.0066

5.19 0.0578 ! 0.0063

5.04 0.1567 ! 0.0073

J0818+1722......................... 6.00 5.81 0.0216 ! 0.0053

5.66 0.0440 ! 0.0040

5.51 0.0984 ! 0.0043

5.36 0.1192 ! 0.0039

5.21 0.0884 ! 0.0039

5.06 0.1285 ! 0.0042

J0836+0054......................... 5.82 5.52 0.0907 ! 0.0011

5.37 0.0348 ! 0.0009

5.22 0.0606 ! 0.0009

5.07 0.0751 ! 0.0011

4.92 0.1276 ! 0.0011

J0840+5624......................... 5.85 5.66 0.0883 ! 0.0176

5.51 0.1127 ! 0.0260

5.36 0.1661 ! 0.0202

5.21 0.1191 ! 0.0167

5.06 0.1765 ! 0.0190

J0927+2001......................... 5.79 5.61 0.0884 ! 0.0136

5.46 0.1041 ! 0.0163

5.31 0.0596 ! 0.0104

5.16 0.1165 ! 0.0105

5.01 0.1268 ! 0.0117

J1030+0524......................... 6.28 6.10 0.0012 ! 0.0010

5.95 0.0060 ! 0.0010

5.80 0.0260 ! 0.0012

5.65 0.0462 ! 0.0009

5.50 0.0661 ! 0.0009

5.35 0.1147 ! 0.0008

J1044"0125........................ 5.74 5.55 0.0686 ! 0.0022

5.40 0.0520 ! 0.0020

5.25 0.0427 ! 0.0019

5.10 0.0898 ! 0.0020

4.95 0.1139 ! 0.0022

J1048+4637......................... 6.20 5.68 0.0117 ! 0.0011

5.53 0.0519 ! 0.0012

5.38 0.0736 ! 0.0011

J1137+3549......................... 6.01 5.83 0.0116 ! 0.0029

5.68 0.1010 ! 0.0024

5.53 0.0742 ! 0.0026

5.38 0.1341 ! 0.0022

5.23 0.1323 ! 0.0023

5.08 0.0530 ! 0.0025

J1148+5251......................... 6.42 6.25 0.0015 ! 0.0005

6.10 0.0051 ! 0.0005

5.95 0.0038 ! 0.0005

5.80 0.0186 ! 0.0006

5.65 0.0433 ! 0.0005

5.50 0.0278 ! 0.0005

J1250+3130......................... 6.13 5.90 0.0108 ! 0.0033

5.75 0.0055 ! 0.0030

5.60 0.0248 ! 0.0026

5.45 0.0077 ! 0.0026

5.30 0.0776 ! 0.0024

J1306+0356......................... 5.99 5.77 0.0645 ! 0.0020

5.62 0.0690 ! 0.0016

5.47 0.0991 ! 0.0015

5.32 0.0864 ! 0.0014

5.17 0.1156 ! 0.0013

TABLE 2—Continued

Quasar zem zabs T

J1335+3533......................... 5.94 5.73 0.0224 ! 0.0059

5.58 0.0445 ! 0.0074

5.43 0.1215 ! 0.0083

5.28 0.1217 ! 0.0058

5.13 0.1293 ! 0.0064

J1411+1217......................... 5.93 5.71 0.0322 ! 0.0033

5.56 0.0665 ! 0.0031

5.41 0.0858 ! 0.0029

5.26 0.0690 ! 0.0028

5.11 0.1650 ! 0.0030

J1436+5007......................... 5.83 5.66 0.0714 ! 0.0217

5.51 0.0775 ! 0.0315

5.36 0.0895 ! 0.0239

5.21 0.1292 ! 0.0199

5.06 0.1509 ! 0.0224

J1602+4228......................... 6.07 5.85 0.0687 ! 0.0057

5.70 0.0729 ! 0.0044

5.55 0.0795 ! 0.0058

5.40 0.0802 ! 0.0055

5.25 0.0934 ! 0.0036

J1623+3112......................... 6.22 6.08 "0.0071 ! 0.0020

5.93 0.0125 ! 0.0022

5.78 0.0071 ! 0.0024

5.63 0.0402 ! 0.0018

5.48 0.0407 ! 0.0017

5.33 0.0546 ! 0.0016

J1630+4012......................... 6.05 5.77 "0.0165 ! 0.0342

5.62 0.0495 ! 0.0323

5.47 0.1015 ! 0.0353

5.32 0.1376 ! 0.0296

5.17 0.0869 ! 0.0219

Fig. 2.—Evolution of the Ly! GP optical depth with redshift averaged over
intervals !z ¼ 0:15 along each line of sight. At zabs ¼ 4:8 6:3 the sample of
19 quasars in this paper yields a total of 97 independent measurements covering a
total redshift interval of !z ¼ 14:6 (large symbols). In complete GP troughs in
which no flux is detected, the 2 " lower limit on optical depth is indicated with an
arrow. We also include the measurements at lower redshift from Songaila (2004;
small symbols). The dashed curve shows the best-fit power law for zabs < 5:5:
# eAGP ¼ (0:85 ! 0:06) 1þ zð Þ/5½ (4:3!0:3. At zabs k5:7, the evolution accelerates,
with increased dispersion and a rapid deviation from the power-law relation. [See
the electronic edition of the Journal for a color version of this figure.]
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The scatter appears to rapidly grow up at z~5−5.5,  
much beyond the range predicted with a uniform UV background. 

Gunn-Peterson test — increasing scatter of τeff 
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Gunn-Peterson test — increasing scatter of τeff 

Expected τeff variation from density 
fluctuations alone (illuminated by a 
uniform UVB) (95th %tiles)

The scatter appears to rapidly grow up at z~5−5.5,  
much beyond the range predicted with a uniform UV background. 
➡ what do the large optical depth variations mean?
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The large τeff fluctuations require additional fluctuations  
either in Γ (UV background) or T (IGM temperature). 

The density field Δ (density) is well established by the theory of 
structure formation, thus no room to more fluctuate it.

In photoionization-recombination equilibrium,  
the optical depth τeff scales as

τeff = − ln⟨Fobs
λ /Fint

λ ⟩ ∝ ⟨NHI⟩ ∝ Δ2 Γ−1 T−0.72

UV background IGM temperatureUnderlying density

What do the large τeff variations mean?

coming from the T-dependence of 
the recombination coefficient αHIobservationally
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τeff = − ln⟨Fobs
λ /Fint

λ ⟩ ∝ NHI ∝ Δ2 Γ−1 T−0.72

UV background IGM temperature

Possible scenarios

Model What 
fluctuate? Source of fluctuation Predicted τeff -ρ relation  

and/or observation

fluctuating-λmfp 
Davies & Furlanetto ‘16

Γ Galaxy distribution and  
spatially-varying λmfp

Negative correlation: 
high-τeff ⟺ low-ρ 
low-τeff ⟺ high-ρ

rare-source 
Chardin+15, 17

Γ Significant contribution of rare  
bright sources, i.e., quasars

Not clear, but we should always find 
>1 quasars in high-τeff region, 
but no in low-τeff regions

fluctuating-TIGM 
D’Aloisio+15

T Time-lags of reionization b/w 
over- and underdensities

Positive correlation: 
high-τeff ⟺ high-ρ 
low-τeff ⟺ low-ρ

Late-reionization 
Kulkurni+19 
Keating+19

Γ (and T)
Residual neutral islands (xHI~1) 
in reionization that ended at 
z~5.2

high-τeff ⟹ low-ρ 
low-τeff ⟹ wide variation in ρ
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Testing the models



Testing the models
Correlate galaxy distribution with the HI optical depth across 5.5<z<6.0.

R~100 cM
pcPresence or absence of 

quasars z~5.5—6.0 within 
~100 cMpc?

Galaxy surface density at 
z~5.5—6.0:  
Over- or under-dense?

zQSO ≥ 6.0

5.5 ≲ zabs ≲ 6.0

“Background” z>6 quasar:  
Those with extreley high- 
(opaque) or low-τeff (transparent) 
Lyα forest are good.

Subaru/HSC matches perfectly to carry out this experiment!
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What drives the large scatter in Lyα opacity z > 5?

160 Mpc!

GB+2015

Unusually opaque (τeff�7) and long (~160 cMpc) Lyα trough at z=5.5−5.9 
➡ Good target field for distinguishing the models

Becker et al. (2015) (Figure taken from G. Becker’s slide, 2016)

A surprisingly opaque and long trough

J0148+0600 (zQSO=5.98)

τeff�7 across 160 cMpc (z=5.5−5.9)
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✓ Good density tracers which are not impacted by local HI optical depth. 

✓ Color (i-z) is sensitive to redshift ( , FWHM). δz ≃ 0.25

LBG surveys with HSC in multiple quasar fields

EW(Lyα) = 0, 10, 20, 40Å
βUV = − 2

z = 5.35.5
5.7

5.9
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First result — QSO J0148+0600



Result: LBG candidates

z A
B m

ag
ni

tu
de

Predicted N(z) 
covers the full length of  
the trough

Blue: J0148+0600 spectrum  
 (zQSO=5.98)

The spatial distribution of 185 LBG candidates (zAB<25.3) within 40 arcmin 
➡ “deficit” at the quasar position
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ΣLBG is the lowest at the center among the independent r=8’ apertures 
across the field.

Result: LBG surface density map

Smoothed over r=8’ (19cMpc)
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➡ consistent with the rare-source model (no quasars in high-τeff region) 

Test for the rare-source model: 
No“obvious” bright quasars in the field

point-like sources
 zPSF ≤ 23

☆ Galactic M stars →

Background QSO 
J0148+0600

No “obvious” quasar 
candidates whose 
color clearly differs 
from that of stars. 

But, it is challenging to distinguish quasars which are fainter and/or similar to 
stars in colors because of their similar light profile.. 
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Summary

Model What 
fluctuate?

Source of 
fluctuation

Predicted τeff -ρ relation  
and/or observation

fluctuating-λmfp Γ Galaxy distribution and  
spatially-varying λmfp

Negative correlation: 
high-τeff ⟺ low-ρ 
low-τeff ⟺ high-ρ

rare-source Γ
Significant contribution of 
rare  bright sources, i.e., 
quasars

Not clear, but we should always find 
>1 quasars in low-τeff region, 
but no in high-τeff regions

fluctuating-TIGM T Time-lags of reionization b/
w over- and underdensities

Positive correlation: 
high-τeff ⟺ high-ρ 
low-τeff ⟺ low-ρ

Late-
reionization Γ (and T)

Residual neutral islands 
(xHI~1) in reionization that 
ended at z~5.2

high-τeff ⟹ low-ρ 
low-τeff ⟹ wide variation in ρ

An LBG underdensity is associated to an extremely opaque Lyα trough. 
This is a complementary confirmation of a pre-indication via an LAE survey.

Stay tuned for further results!
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Backup slides



Past result with HSC LAE survey
An LAE survey with HSC/NB816 (z=5.7) in the QSO J0148+0600 field 
➡ the extremely high-τeff trough is associated  with an LAE underdensity.

Evidence for UVB Fluctuations 7

Figure 6. Surface density map of LAE candidates. The surface density at a given position is calculated from the distance to

the tenth nearest source as ⌃LAE / d�2

10
. Surface densities are displayed as a fraction of the mean value over the field according

to the color bar at the right. The quasar position is marked with a cross. North is up and East is to the left. The small circle

at lower left shows the FWHM of the smoothing kernel applied to the map.

LAEs in the J0148 Gunn-Peterson trough. We also
consider a model in which strong UVB fluctuations are
driven by rare, bright sources (QSOs), as in Chardin
et al. (2015, 2017).

The UVB and temperature fluctuations were com-
puted in a volume 546 h�1 Mpc on a side, using the semi-
numerical reionization code 21cmFAST (Mesinger et al.
2011) to compute the density field and dark matter halo
distributions (minimum halo mass of 2 ⇥ 109 M�). For
the galaxy UVB model, ionizing luminosities were as-
signed to dark matter halos via abundance matching to
the Bouwens et al. (2015) (non-ionizing) UV luminosity
function, allowing the ratio of ionizing to non-ionizing
luminosities to be a free (but uniform) parameter that
is later chosen to produce a predetermined mean H I
photoionization rate. The UVB was then computed on
a coarse 1563 grid with a spatially-fluctuating mean free
path of ionizing photons following the method of Davies
& Furlanetto (2016), assuming an average mean free
path of 10.5 h�1 Mpc. As noted above, this is roughly
a factor of three smaller than would be expected from
a naive extrapolation of lower-redshift values (Worseck
et al. 2014), although it is possible that some of the

highest redshift (z ⇠ 5) direct measurements are biased
high (D’Aloisio et al. 2018).

Motivated by the possibility of a QSO dominated
UVB (Giallongo et al. 2015; Chardin et al. 2017, but
see McGreer et al. 2018; Parsa et al. 2018), here we ex-
tend the modeling framework of Davies et al. (2017a) to
include a simple QSO model of UVB fluctuations. In
this model we abundance matched 3 dark matter ha-
los to QSOs from the Giallongo et al. (2015) luminosity
function and assumed the Lusso et al. (2015) QSO spec-
trum to compute their ionizing luminosities, with zero
contribution to the UVB from galaxies. We note that
this is in some sense a more extreme QSO model than
the one used by Chardin et al. (2017), who included a
minor contribution from galaxies. We choose an aver-
age mean free path of 42 h�1 Mpc, which is much longer
than the one in our galaxy model, to reproduce the mea-
sured UVB strength at z ⇠ 5.7 (D’Aloisio et al. 2018).
As in the galaxy UVB and Chardin et al. (2017) QSO

3
An alternative would be to randomly assign QSOs to mas-

sive halos. This would presumably further weaken the correlation

between density and Ly↵ opacity seen in Figure 9.

Surface density map of ~800 LAEs

Becker et al. (2018)

LAEs identified with NB816 fall 
into the center of the trough
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What drives the large scatter in Ly  opacity z > 5?

160 Mpc!

GB+2015
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Caveats…
Is this really the evidence of a negative Σgal-τeff correlation? 

Are LAEs really suited to this kind of study? 
Detection of LAEs may be suppressed in such high τeff regions  
due to absorption of Lyα.  
Complimentary surveys of other types of galaxies are required. 

For J0148,  
NB816 does not cover the full length of the trough.  
Does the galaxy underdensity holds across the entire 
range of the Lyα trough? 

More (Σgal, τeff) for establishing the correlation. 
Need to observe more fields of quasars across a wide range of τeff to 
establish the relation between Σgal and τeff. 

Need further and complementary observations!
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160 Mpc!

GB+2015
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Data and LBG selection
Filter Exposure time 

(hr)
Seeing 
(arcsec)

Typical 5σ-lim. mag 
(2”.0 aperture)

r2 1.5 0.61 26.82
i2 2.4 0.63 26.34
z 1.33 0.78 25.40

S/N(z) ≥ 5 & 24.0 ≤ zAB ≤ 25.3
& 1.0 ≤ (i2 − z)AB ≤ 2.3
& r2AB ≥ 27.8 & S/N(r2) < 2.0

Blue: J0148+0600 spectrum  
 (zQSO=5.98)

Criteria of LBGs at 5.5<z<5.9:

Completeness & Predicted N(z) ▶
Expected N(z) has the peak at z~5.7 and 
covers the whole length of the Lyα trough.
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Results: LBG candidates
The zAB magnitude distribution is in good agreement with that expected from 
completeness calculations and luminosity function.

              observed zAB  mags 
disturbed by photometric 
errors (to be compared 
with the result) 

              the same, but for 
true zAB magnitude.



LBG candidates on the color-color diagram

Stacks of 
nominal fluxes

All objects 
(50,90,97%)

bright point-
like sources

low-z galaxies 
(Ell, S0, Sb)



Radial profiles



Comparisons to models
LBG surface density map (rfix = 8’, limited within Rmax=38’): 
A clear underdensity near the center of the field (quasar position).

Fluctuating- λmfp

Fluctuating-T
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Figure 6. 50 Mpc/h-projected Ly↵ forest ⌧e↵ for the fluctuating ionizing background (left) and residual temperature fluctuations (right)
models, centered on the slice shown in Figure 2. The regions corresponding to low and high ⌧e↵ correspond to high and low density regions,
respectively, for the fluctuating ionizing background model, but the opposite is true for the residual temperature fluctuations model.

Figure 7. Zoomed-in portion (100 Mpc/h on a side) of the 50 Mpc/h-projected Ly↵ forest ⌧e↵ for the fluctuating ionizing background
(left) and residual temperature fluctuations (right) models with overlaid MUV < �20 galaxies (dots) color- and size-coded by absolute
magnitude. The corresponding region in Figure 6 is centered on (500, 370) Mpc/h. The dashed circles correspond to 10 arcmin radius
patches of sky centered on a high ⌧e↵ sightline in each model.
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Figure 6. 50 Mpc/h-projected Ly↵ forest ⌧e↵ for the fluctuating ionizing background (left) and residual temperature fluctuations (right)
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magnitude. The corresponding region in Figure 6 is centered on (500, 370) Mpc/h. The dashed circles correspond to 10 arcmin radius
patches of sky centered on a high ⌧e↵ sightline in each model.
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Distance [arcmin] from τ>7 troughs  
found in the simulation box

Simulations by Davies et al. (2018)



How rare is the underdensity  
as observed at the field center?

w/ Poisson statistics

Probability of measuring lower or equal ΣLBG is <1%.    
In terms of Poisson statistics, 2σ at the quasar position and 2.5σ at the center of 
the “hole” which is slightly off from the quasar position.



Upcoming observations

~(2–3) x NQSO points of (τeff, Σ) in total
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J0148 (this work)

At low-τeff,  
high-Σ or scattered?

Does this hold true 
in other fields?
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Latest constraints of the variations in τeff 
1068 S. E. I. Bosman et al.

Figure 13. Same as Fig. 12 for lines of sight drawn from the Sherwood simulation (Bolton et al. 2017).

Figure 14. Comparison of the measured Lyman-α PDFs at 4.9 < z < 6.1 with outputs from a range of numerical simulations. This plots shows only the solid
lines from Figs 12 and 13, and the errors have been omitted for the sake of comparison.

ous models, Keating et al.’s simulations use an extended and self-
consistent reionization history to boost the IGM temperature. The
injected energy and history are chosen to match the temperature
and photo-ionization rates of the IGM at z ! 5.0 measured using
the Lyman-α forest.

This difference to previous models turns out to be important, as
Keating et al. (2017) find their more realistic choices of reionization

heating do not reproduce the large Lyman-α opacity fluctuations
previously reported. Choosing a higher ionization energy to match
the IGM heating in D’Aloisio et al. (2015), they find the fluctuations
are still not large enough, and moreover the produced lines of sight
are in tension with low-redshift Lyman-α forest data as well as
transmission peak statistics at high redshift.

MNRAS 479, 1055–1076 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/479/1/1055/5000183 by U
niversity of Tokyo Library user on 07 Septem

ber 2018

Blue: random realization from simulations with a uniform UV background

Bosman et al. 2018



Fluctuating λmfp UVB  and Fluctuating TIGM

expect different correlations between Δ (or galaxy density) and τ.

Semi-numerical simulations by Davies et al. (2018)

Fluct.- λmfp: underdensities are protected from ionization → high-τeff 

Fluct.-T: overdensities are ionized earlier then have enough time to cool  → high-τeff

7

Figure 6. 50 Mpc/h-projected Ly↵ forest ⌧e↵ for the fluctuating ionizing background (left) and residual temperature fluctuations (right)
models, centered on the slice shown in Figure 2. The regions corresponding to low and high ⌧e↵ correspond to high and low density regions,
respectively, for the fluctuating ionizing background model, but the opposite is true for the residual temperature fluctuations model.

Figure 7. Zoomed-in portion (100 Mpc/h on a side) of the 50 Mpc/h-projected Ly↵ forest ⌧e↵ for the fluctuating ionizing background
(left) and residual temperature fluctuations (right) models with overlaid MUV < �20 galaxies (dots) color- and size-coded by absolute
magnitude. The corresponding region in Figure 6 is centered on (500, 370) Mpc/h. The dashed circles correspond to 10 arcmin radius
patches of sky centered on a high ⌧e↵ sightline in each model.

In practice, counting z∼ 5.7 galaxies in a large area of the
sky presents an observational challenge. While surveys
searching for bright high-redshift galaxies using broadband
color selection are relatively inexpensive, the precision of
photometric redshifts is limited to scales comparable to the
window over which efft is measured. In Figure 11 we show
the effect of a photometric redshift uncertainty σz= 0.25 on the
correlation between galaxies and efft . Even for this relatively
modest photometric redshift uncertainty ( z1 4%zs + ~( ) ),
the difference between the two models as compared with

Figure 8 is greatly reduced due to galaxies scattering into (and
out of) the target redshift range where efft was measured. Thus,
expensive spectroscopic followup would be required to
accurately count galaxies associated with the target region of
the Lyα forest.

4. Predictions for Lyα Emitters in the ULASJ0148+0600
GP Trough Environment

A relatively cheap alternative to spectroscopic galaxy
surveys is narrowband color selection of Lyα-emitting galaxies
(also known as Lyα emitters, or LAEs). Fortuitously, Lyα

Figure 7. Zoomed-in portion (100 Mpc/hon a side) of the 50 Mpc/h-projected Lyα forest efft for the fluctuating ionizing background (left) and residual temperature
fluctuations (right) models with overlaid MUV<−20 galaxies (dots) color and size coded by absolute magnitude. The corresponding region in Figure 6 is centered on
(500, 370) Mpc/h. The dashed circles correspond to 10 arcmin radius patches of sky centered on a high efft sightline in each model.

Figure 8. Relationship between the number of MUV<−21 galaxies within a
transverse sky separation of 10 arcmin and 110 Mpc/hLyα forest effective
optical depth for the fluctuating ionizing background model (red) and residual
temperature fluctuations model (blue). The vertical dashed line corresponds to
the efft lower limit of the J0148+0600 GP trough. At high (and low) efft , the
distributions of galaxy counts are highly distinct.

Figure 9. Same as Figure 8, but for efft and galaxy counts measured on 50
Mpc/hscales.
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The Astrophysical Journal, 860:155 (12pp), 2018 June 20 Davies, Becker, & Furlanetto



Rare-source (quasar) model

Box size: 500 cMpc/h

The presence or absence of rare, bright sources enhance fluctuations in the UVB. 

➡ We expect to always find bright quasar(s) (MUV<-22) within ~100 cMpc of low-τeff 
regions, but not around high-τeff regions. 

➡ HSC’s wide field is very much to test this model.

But this model is getting more unlikely… 
The model needs a number of bright quasars as measured by Giallongo et al. 
(2015), which was highly overestimated compared to recent measures.  
The quasar-dominated UVB may also cause too-early HeII reionization.
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Chardin et al. 2015, 2017



Late-reionization model: Residual neutral “islands” for late-reionization

Given reionization ended relatively later, residual islands of neutral hydrogen 
could exist until  .  
➡ A very high-τeff Lyα trough could be reproduced in underdense regions. 
➡ But, underdense regions are not necessarily always high-τeff. 

z ≲ 5.5

Kulkarni et al. 2019, Keating et al. 2019



Troughs in the Ly α forest and H I islands 1741

Figure 5. Properties of a sightline containing a long (98.2 cMpc h−1) trough. The left-hand panel shows a 1D sightline and the right-hand panel shows 2D
maps. The white dashed line on the right column corresponds to the redshift range where we measure the Ly α absorption trough. From top to bottom: the neutral
hydrogen fraction, gas density, H I photoionization rate, gas temperature, Ly α flux (left) and Ly α effective optical depth (right) and Ly β flux (left) and Ly β

effective optical depth (right) measured over 50 cMpc h−1 segments. The grey shaded region on the left-hand panels shows the redshift range corresponding
to the full width at half-maximum of the narrow-band filter used to search for LAEs.

many more longer than 110 cMpc h−1. However, we note that we
were not successful in finding a model where reionization ended
later while still matching the observed mean flux.

Another point worth making is that the size of our simulation
volume is still small in the context of reionization studies (e.g. Iliev
et al. 2014). We therefore do not have a large sample of neutral
islands at low redshift in our simulation. This is shown in the right-
hand panel of Fig. 4 – all of the long troughs are clustered in one
section of the box. This means that the deficit of long troughs in
our simulations could be caused by an unfavourable geometry in

these remaining neutral islands, i.e. they may just happen to not be
very extended in the direction in which we extract our light-cone.
A stronger statement about the incidence rate of long troughs for a
given ionization history will therefore require larger volumes while
still maintaining resolution comparable to the simulation presented
here. We therefore leave a more detailed study of the incidence rate
of these long troughs for future work.

An example of a long (98.2 cMpc h−1) trough is shown in Fig. 5,
as well as the associated physical quantities of the gas along the
trough. We find that the region spanned by the trough is coincident

MNRAS 491, 1736–1745 (2020)
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Neutral fraction

Matter density

Late-reionization scenario (as an example)

Void

Neutral island

Late-reionization model in which the scatter is driven by residual neutral 
islands from ongoing reionization that ends as late as z<~5.5

Neutral islands may persist 
down to z~5.5 in 
underdense regions which 
are far from the regions 
where the space density of 
ionizing sources are high.

Keating+19
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