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Aim of our Subaru/HSC project

How was the Universe reionized? 
Reveal the origin of highly inhomogeneous spatial structuresHI optical 
depth of the IGM at the end of reionization, which must telling us about 
processes at earlier times.
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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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Gunn-Peterson test

The rapid increase of optical depth marks the end of reionization at z~6.
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The sighline-to-sightline 
variations in the optical 
depth also increases at z>5.5. 

This suggests a highly 
inhomogeneous “patchy-
reionization“. 

Gunn-Peterson test — increasing scatter of τeff 
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τeff = − ln⟨Fobs
λ /Fint

λ ⟩ ∝ NHI ∝ Δ2 Γ−1 T−0.72

UV background IGM temperature

Competing 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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expect different correlations between DM (or galaxy) density and optical depth τHI.

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

Fluct-Γ: underdensities are protected from ionization → high-τHI 

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

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.
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Fluctuating ΓHI (UVB) vs. Fluctuating TIGM

Competing scenarios



2 Becker et al.

z

Figure 1. A high signal-to-noise spectrum of the quasar ULAS J1319+0959 at z = 6.13 from
Becker et al. (2015), obtained with the X-Shooter spectrograph on the Very Large Telescope (VLT).
The spectrum has been rebinned to 1.5 Å per pixel for presentation purposes. This illustrates many
of the features reviewed here—see the text in Section 1 for a description.

discovered—quasars. The absence of strong absorption re-
vealed that there was very little intervening neutral hydro-
gen in intergalactic space, all the way out to the highest-
redshift object observed at the time, quasar 3C 9 at z = 2.01
(Schmidt 1965). In the intervening 50 years, there has been
tremendous progress in the study of the IGM using quasar
absorption lines, and we now have detailed constraints on
many of properties of the IGM and the EoR which extend
to the current highest-redshift quasar, ULAS J1120+0641
at z = 7.085 (Mortlock et al. 2011). The aim of the present
article is to review these constraints, examine their implica-
tions, and consider the prospects for improving them in the
future.

In Section 2, we review the properties of the ultraviolet
background (UVB) inferred from the post-reionisation Ly α

forest at z ≤ 6. We compare these measurements to the num-
ber of ionising photons expected from star-forming galaxies
and quasars, and assess what these data imply for the sources
likely responsible for reionising the IGM. In Section 3, we
review current observations of IGM metal line abundances
at z > 5, address whether the known galaxy population ap-
proaching and during the EoR can account for the observed
metal enrichment, and consider the implications of metal line
populations for high-redshift galaxy formation. Direct con-
straints on the reionisation history using quasar absorption
line data are then described in Section 4. We also briefly
compare these data with other, complementary probes of
reionisation. Finally, in Section 5 we conclude with a discus-
sion of future prospects for exploring the EoR with quasar
absorption lines.

For further orientation, Figure 1 provides an example of
a z ! 6 quasar spectrum in the observed-frame; this illus-
trates key spectral features used to infer IGM properties ap-
proaching the EoR. Redward of the Ly α emission from the
quasar (red-dashed line), one can identify a series of metal
absorption lines (Section 3). Close to the quasar redshift
lies the Ly α proximity or near-zone, where the quasar con-
tributes significantly to ionising the hydrogen in its vicinity
(Section 4.5). Next, moving to shorter wavelengths, is the

Ly α absorption forest from intervening neutral hydrogen in
the cosmic web (Section 2). This z ! 6 spectrum also shows
a complete Gunn–Peterson absorption trough (Section 2.1)
above 8 400 Å (from hydrogen at z ! 5.9 absorbing in the
Ly α line) that continues until the near-zone region. Between
the green- and orange-dashed lines, which mark the wave-
lengths of the Ly β and Ly γ transitions at the quasar sys-
temic redshift, lies the Ly β forest. In this region of the
spectrum, high-redshift gas absorbs in the Ly β line and at
lower redshift, foreground gas absorbs in Ly α (Section 4.3).
At even shorter wavelengths, overlapping higher-order Ly-
man series transitions occur. Finally, below the line marked
‘LyC’ there is continuum absorption from neutral hydrogen:
photons at these wavelengths—with rest frame wavelength
λ ≤ 912 Å—are energetic enough to photoionise hydrogen
atoms. In lower-redshift quasar spectra where there is less
overall absorption, Lyman-limit systems (LLSs)—absorbers
that have an optical depth of unity to photons at the hydrogen
photoionisation edge—can be identified here. LLSs, along
with cumulative absorption from lower-column density ab-
sorbers, set the mean free path to ionising photons in the IGM
(Section 2.4).

2 THE UV BACKGROUND

The UVB is a key probe of the sources of hydrogen ion-
ising photons (E ≥ 13.6 eV) in the post-reionisation era at
z < 6; its intensity and spectral shape provides a complete
census of ionising photon production and its evolution with
redshift (Haardt & Madau 1996, 2012; Faucher-Gigu et al.
2009). One of the primary observational techniques used to
probe the UVB is quasar absorption line spectroscopy. The
Ly α forest—the observable manifestation of the intergalac-
tic neutral hydrogen that traces the cosmic web of large-scale
structure (see e.g. Rauch 1998; Meiksin 2009)—is particu-
larly important in this regard. In this section, we discuss the
theoretical and observational framework on which UVB mea-
surements using the Ly α forest are based, and examine the

PASA, 32, e045 (2015)
doi:10.1017/pasa.2015.45
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Testing the models
Correlate galaxy distribution with the HI optical depth across 5.5<z<6.0.

R~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 bright quasar

Subaru/HSC matches perfectly to carry out this experiment!

HERE: we have the optical depth 
measurements from the quasar 
spectra (i.e., Lyα forest).
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J0148+0600
J0422–1927
J0842+1218
J1137+3549
J1602+4228
J1630+4012
J2054–0005

Target fields
z>6 bright quasars showing extremely high- or low-optical depth Lyα forest are good.

J0148+0600 with 
extreme high-τ  
Lyα forest

Colored: our targets



A remarkably opaque (τeff�7) and long (~160 cMpc) Lyα trough has 
been discovered at z=5.5−5.9 towards J0148+0600 (z=5.98) 
➡ Very 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

7800 8000 8200 8400
 (Å)

0.0

0.5

1.0

1.5

2.0

2.5

Fl
ux

 (a
rb

itr
ar

y u
nit

s)

5.4 5.5 5.6 5.7 5.8 5.9z

ULAS J0148+0600

What drives the large scatter in Ly  opacity z > 5?

160 Mpc!

GB+2015

τeff�7 across 160 cMpc (z=5.5−5.9)

J0148+0600 (zQSO=5.98)
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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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Observations

Field r2 i2 z

J0148+0600* 27.20 26.35 26.06

J0422–1927 27.35 26.60 25.79

J0842+1218 27.20 26.80 26.16

J1137+3549 26.81** 26.28** 25.85

J1602+4228 27.16 26.57 25.88

J1630+4012 27.30 26.65** 25.96**

J2054–0005 under analysis **

* combined with archival data 
** further observations are scheduled
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• Observations through S18B—S20A (additional times approved in S21A).  
• HSC r2, i2, and z images at SSP-deep-like depths (~2 hrs)  in seven fields. 
• Complementary z=5.7 LAE surveys (using NB0816) in some of our fields are carried out 

by R. Ishimoto and N. Kashikawa. 
• We have mostly obtained the requested images and are now performing scientific analysis. 
• All data are now reduced with hscpipe8.4 



Masking ghosts
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With a custom code based on “hscGhost" (Komiyama, Kawanomoto et al.)

This makes significant improvement of the final coadded images. 



First result in the J0148+0600 field
The spatial distribution of 185 LBG candidates (z~5.5—5.9; zAB<25.3)  
➡ “deficit” at the quasar position
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(with 0.6-mag shallower z-band image)



The extremely high-τeff region is found to be associated to an 
underdensity of LBGs! 

Smoothed over r=8’ (19cMpc)

First result in the J0148+0600 field
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(with 0.6-mag shallower z-band image)



Comparisons to models

Simulations by Davies et al. (2018)
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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.

Our result is consistent with the prediction of the fluctuating-Γ model, but 
appears to disfavor the fluctuating-TIGM model that predicts an overdensity in a 
high-τ region.

low galaxy density in  
a high optical depth region



Summary

• We are carrying out LBG surveys with HSC around 
seven quasar fields. 

• The first result: evidence of a highly opaque void, 
giving some constraints on the reionization models. 

• Almost all the required data are now under analysis.  
We will be able to achieve a conclusive statement 
soon. 


