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❖ Introduction 
Proposed scenarios for the origin of large optical depth 
fluctuations 

❖ 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. 
⇨ Constraint on models

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

at the end of reionization

Aim



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.]

Fit to  z < 4.9

Gunn-Peterson test  
Reionization almost ended until z~6
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At z<5.5, almost completely ionized.  
At z<6, fHI increases,  
marking the end of reionization.

from the Ly! measurement (Table 4) in quasar J1030+0524 at
zabs ¼ 6:11 6:17, where "GP > 14:2 (2 #) is consistent with a
photoionizing rate !"12 < 0:012 in that region of the IGM,more
than an order of magnitude lower than the average background
at zabs ¼ 5:5. Also note the relatively flat evolution between
zabs ¼ 5 and 5.5. This lack of evolution in ! was first noted by
Cen & McDonald (2002) in a small sample of SDSS quasars.
The IGM ionizing background is expected to increase toward
lower redshift as the emissivity from star-forming galaxies and
AGNs increases and the photon mean free path increases. Cen &
McDonald (2002) suggested that the flattening might be due to
the change in the star formation rate as the temperature and Jeans
mass rises shortly after reionization.

Just as we saw in Figure 5, there is also a rapid increase in the
dispersion of the estimates of the ionizing background. At z # 5,
the relative dispersion #(!)/! is #30%. It increases to #50% at
z # 5:5. At z > 6, #(!)/! > 100% with !"12 measurements
ranging from <0.02 to #0.09, reflecting the fact that some lines
of sight have complete GP troughs while others still have de-
tectable transmission. In the photoionization model, the observed
fluctuation could be due to two effects: (1) large-scale fluctuations
in the underlying density field due to the finite length of the line of
sight used in the measurement, or (2) intrinsic fluctuations in the
UV background and/or temperature of the IGM.

Data at zabs > 4:8 in Figure 6 are derived from an effective
optical depth over "z ¼ 0:15 (x 4.1), corresponding to 44 h"1

comovingMpc at z # 6. The one-dimensional rms fluctuation of
the average mass density along a line of sight with length L is
given by

#2
m(L) ¼

1

2$

Z 1

0

dk F̃2
k

! "
W̃ 2(kR); ð12Þ

where W̃ (x) & sin x/x is the top-hat window function and hF̃2
k i is

the one-dimensional power spectrum, related to the normal three-
dimensional linear power spectrum as (Kaiser & Peacock 1991)

F̃2
k

! "
¼ 1

2$

Z 1

k

P( y)y dy: ð13Þ

Using the linear power spectrum determined from the Ly%
forest at z # 3 by McDonald et al. (2005) and assuming that it
grows linearly with scale factor at high redshift, we find that at
z # 6 the one-dimensional rms density fluctuation is #m(L) ¼
0:11 over "z ¼ 0:15.

From equation (7), ! / &2b for a given optical depth; a 10%
fluctuation in the average density leads to a fluctuation of#20%
in the resulting ! value. This value is somewhat smaller than the
dispersion of the ! measurements at z # 5 and is much smaller
than that at higher redshift. Over such a narrow redshift range,
the average IGM temperature is not likely to have changed by
more than a factor of 2 (Hui & Haiman 2003), resulting in a dif-
ference in estimated ! by <60%, since " / % (T )/! / T"0:7/!
(x 3.2). Therefore, we interpret the large dispersion of optical
depth and derived ionizing background at z > 5:7 as a result of
fluctuations in the UV background near the end of reionization:
even over the scale size of 44 h"1 comoving Mpc, the average
UV background fluctuates by a factor of k4. The dispersion of
estimated ! values at z < 4 is much smaller and is mostly due to
sample variance of the average density along the line of sight.

Large fluctuations in the UV background also imply that the
transmission is correlated over large scales. We calculate the line-
of-sight dispersion of transmitted flux by comparing the average
transmitted flux over neighboring bins along the same line of sight

and subtracting from it the difference due to redshift evolution
(eq. [5]).We find that at zk 5:5, when averaging over the redshift
interval "z < 0:1, the dispersion of the line of sight of the GP
optical depth is #20% smaller than the dispersion when com-
paring different lines of sight. Thus, the GP optical depth is cor-
related over scales of tens of comoving megaparsecs. At "z >
0:15, this difference is <10%. At larger "z, the test becomes
difficult due to the limited line of sight toward any particular
quasar. Because of the limited sample size, nonuniform S/N of
the sample spectra, and strong redshift evolution, we do not at-
tempt to calculate the transmission two-point correlation func-
tion in this paper (e.g., McDonald et al. 2000). By observing
high-redshift quasar pairs that have projected separations of tens
of comoving megaparsecs, one could check this correlation in
the transverse direction (e.g., Mahabal et al. 2005).
Large fluctuations in the UV background are a generic feature

of the IGM close to the end of reionization, when the individual
H ii regions start to percolate and most of the UV photons come
from the earliest highly clustered star-forming galaxies. Note
that in our photoionizationmodel we assumed a uniformUVback-
ground. Here we show that at the end of reionization there is a
large background fluctuation. The derived UV background fluc-
tuations will provide a sensitive test of models of the reionization
history when compared directly with simulations.

4.2. Neutral Fraction and Mean Free Path of the IGM

We use the GP optical depth measured in x 3 and the IGM
density distribution, equation (9), to calculate both the volume-
and mass-averaged neutral hydrogen fraction. Figure 7 shows
the estimated volume-averaged neutral fraction using our sample
of 19 quasars. It is compared with a recent simulation by Gnedin
(2004), which has a sharp transition in the ionization state at
z # 5:5 6:5 and a small total Thompson scattering optical depth
to CMB "e ¼ 0:06 (compare to the WMAP 3 yr value of "e ¼
0:09 ' 0:03; Spergel et al. 2006; see x 4.3 for more discussion

Fig. 7.—Evolution of volume-averaged neutral hydrogen fraction of the IGM.
The small circles are measurements based on the 19 high-redshift quasars, while
the large circles with error bars are the means in bins of redshift. The dashed and
dot-dashed lines are the volume-averaged results from the simulation of Gnedin
(2004) with box sizes of 4 and 8 h"1Mpc, respectively. [See the electronic edition
of the Journal for a color version of this figure.]
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Effective optical depth 
(averaged over ~70 cMpc, or Δz=0.15)



The scatter appears to rapidly grow up at z~5−5.5,  
much beyond the range predicted with a uniform UV background. 
➡ need additional inhomogeneity in the neutral fraction

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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Quasar zem zabs T
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5.31 0.0596 ! 0.0104
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J1030+0524......................... 6.28 6.10 0.0012 ! 0.0010

5.95 0.0060 ! 0.0010

5.80 0.0260 ! 0.0012
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5.50 0.0661 ! 0.0009
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5.40 0.0520 ! 0.0020

5.25 0.0427 ! 0.0019

5.10 0.0898 ! 0.0020

4.95 0.1139 ! 0.0022
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5.38 0.1341 ! 0.0022
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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
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5.50 0.0278 ! 0.0005
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5.45 0.0077 ! 0.0026

5.30 0.0776 ! 0.0024
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TABLE 2—Continued
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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.]

Evidence of patchy reionization 3409

mean linear interparticle separation. Star formation was modelled
using an approach designed to optimize Lyα forest simulations,
where all gas particles with overdensity " = ρ/⟨ρ⟩ > 103 and tem-
perature T < 105 K are converted into collisionless star particles.
The photoionization and heating of the IGM were included using
a spatially uniform UVB, applied assuming the gas in the simula-
tions is optically thin (Haardt & Madau 2001). The fiducial thermal
history in this work corresponds to model C15 described in Becker
et al. (2011a); see also Appendix A1.

A total of nine simulations were performed to test the impact of
box size and resolution on our results (although the two models we
use most extensively in this work are the 100–1024 and 25–1024
simulations listed in Table 4). These span a range of box sizes and
gas particles masses, from 25 to 100 Mpc h− 1 and 1.79 × 105 to
7.34 × 108 M⊙ h− 1. Note, however, that these models (particularly
100–1024) employ a rather low mass resolution relative to that
required for fully resolving the low-density Lyα forest at z > 5
(cf. Bolton & Becker 2009, who recommend L ≥ 40 Mpc h− 1 and
Mgas ≤ 2 × 105 M⊙ h− 1).

In this work, however, our goal is to examine spatial fluctuations
in the Lyα forest opacity and UVB on large scales. The typical scales
are difficult to capture correctly in smaller (∼10 Mpc h− 1) boxes
with high mass resolution; the mean free path to Lyman limit pho-
tons at z = 5 is ∼60 Mpc h− 1 (comoving; e.g. Prochaska, Worseck
& O’Meara 2009; Songaila & Cowie 2010; Worseck et al. 2014).
Since computational constraints mean we are unable to perform
simulations in boxes with L ∼ 100 Mpc h− 1 at the mass resolution
needed to fully resolve the low-density IGM, a compromise must
then be made on this numerical requirement. We have, however,
verified that this choice will not alter the main conclusions of this
study. This is examined in further detail in Appendix A1, where
we present a series of convergence tests with box size and mass
resolution.

In addition to the nine simulations used to test box size and mass
resolution convergence, we also perform two further simulations
in which the cosmological parameters and IGM thermal history are
varied. These models are used to test the impact of these assumptions
on our results. The Planck simulation adopts ($m, $%, $b h2, h, σ 8,
ns) = (0.308, 0.692, 0.0222, 0.678, 0.829, 0.961), consistent with the
recent results from Planck (Planck Collaboration XVI 2014). The
Dz12_g1.0 model adopts an alternative IGM heating history which
reionizes earlier (zr = 12, cf. zr = 9 for our fiducial model), and
heats the gas in the low-density IGM to higher temperatures. Further
details and tests using these models maybe found in Appendices A2
and A3.

Finally, we extract synthetic Lyα forest spectra from the output
of the hydrodynamical simulations using a standard approach (e.g.
Theuns et al. 1998) under the assumption of a spatially uniform H I

photoionization rate, 'H I. As we now discuss in the next section,
these spectra will also be generated using a model for spatial fluc-
tuations in the ionization rate which is applied in post-processing.

4 U V BAC K G RO U N D M O D E L S

4.1 Uniform UVB

We begin by considering models with a uniform ionizing back-
ground, where the scatter in τ eff between lines of sight is driven
entirely by variations in the density field. Lidz et al. (2006) found
that such a model could potentially accommodate much of the ob-
served scatter in τ eff without invoking additional factors such as
fluctuations in the UVB related to the end of reionization. Our first

task is therefore to reassess this conclusion in light of the additional
data presented herein.

We calculate the expected scatter in τ eff at each simulation red-
shift by fixing the volume-averaged neutral fraction, ⟨fH I⟩, assum-
ing a uniform UVB, and measuring the mean flux along randomly
drawn 50 Mpc h− 1 sections of Lyα forest. We use 100–1024 sim-
ulation for our fiducial estimates in order to include the maximum
amount of large-scale structure. Trials with the other simulations in
Table 4 show relatively little dependence on box size, but decreased
scatter in τ eff towards higher mass resolution (see Appendix A1).
This trend is driven by the fact that the low-density regions, which
dominate the transmission at these redshifts, become better resolved
with decreasing particle mass (see Bolton & Becker 2009). Our
choice of the 100 Mpc h− 1 box is therefore conservative in determin-
ing whether the observed scatter can be reproduced with a uniform
UVB.

Our nominal ⟨fH I⟩ evolution is given by

⟨fH I⟩(z) = (1.3 × 10− 5)
!

1 + z

5.6

"η

, (1)

with η = 2.9 (5.0) for z ≤ 4.6 (z > 4.6). The evolution at z ≤ 4.6
is chosen to reproduce the mean opacity measurements of Becker
et al. (2013) (although we note that the precise neutral fraction will
depend on the simulation parameters, primarily mass resolution).
The evolution in ⟨fH I⟩ at z > 4.6 is chosen such that the lower bound
in τ eff roughly traces the lower envelope of the observed values over
4.6 < z < 5.8. At these redshifts, the majority of τ eff measurements
tend to cluster along a relatively narrow locus bounded by this en-
velope, while outlying points tend to scatter towards higher values.
While our choice of ⟨fH I⟩ evolution at z > 4.6 is not a fit, anchoring
the τ eff distribution near this lower boundary provides one way of
determining whether all of the data, at least up to z ≃ 5.8, can be
reproduced using a uniform UVB.

Our uniform UVB model is compared to the τ eff measurements in
Fig. 7. As noted above, we do not include continuum uncertainties
in the τ eff values measured from the data, but instead incorporate
these effects directly into our models. The dark shaded region in

Figure 7. Predicted distribution of Lyα τ eff for our uniform UVB model.
Data points are as in Fig. 6. The dark shaded region spans the two-sided
95 per cent range in τ eff for the evolution of the hydrogen neutral fraction
given by equation (1). The light shaded bands on either side of this region
show the additional scatter due to random continuum errors (see text). The
dashed lines give the one-sided 95 per cent upper limit in τ eff for 50 Mpc h− 1

regions when the neutral fraction is increased by 0.15, 0.3, 0.45, and 0.6 dex
(bottom to top). The dotted lines give the two-sided 95 per cent interval in
τ eff for a separate evolution in the neutral fraction (see text).
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Increasing scatter of τeff 
The scatter appears to rapidly grow up at z~5−5.5,  
much beyond the range predicted with a uniform UV background. 
➡ need additional inhomogeneity in the neutral fraction



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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mean linear interparticle separation. Star formation was modelled
using an approach designed to optimize Lyα forest simulations,
where all gas particles with overdensity " = ρ/⟨ρ⟩ > 103 and tem-
perature T < 105 K are converted into collisionless star particles.
The photoionization and heating of the IGM were included using
a spatially uniform UVB, applied assuming the gas in the simula-
tions is optically thin (Haardt & Madau 2001). The fiducial thermal
history in this work corresponds to model C15 described in Becker
et al. (2011a); see also Appendix A1.

A total of nine simulations were performed to test the impact of
box size and resolution on our results (although the two models we
use most extensively in this work are the 100–1024 and 25–1024
simulations listed in Table 4). These span a range of box sizes and
gas particles masses, from 25 to 100 Mpc h− 1 and 1.79 × 105 to
7.34 × 108 M⊙ h− 1. Note, however, that these models (particularly
100–1024) employ a rather low mass resolution relative to that
required for fully resolving the low-density Lyα forest at z > 5
(cf. Bolton & Becker 2009, who recommend L ≥ 40 Mpc h− 1 and
Mgas ≤ 2 × 105 M⊙ h− 1).

In this work, however, our goal is to examine spatial fluctuations
in the Lyα forest opacity and UVB on large scales. The typical scales
are difficult to capture correctly in smaller (∼10 Mpc h− 1) boxes
with high mass resolution; the mean free path to Lyman limit pho-
tons at z = 5 is ∼60 Mpc h− 1 (comoving; e.g. Prochaska, Worseck
& O’Meara 2009; Songaila & Cowie 2010; Worseck et al. 2014).
Since computational constraints mean we are unable to perform
simulations in boxes with L ∼ 100 Mpc h− 1 at the mass resolution
needed to fully resolve the low-density IGM, a compromise must
then be made on this numerical requirement. We have, however,
verified that this choice will not alter the main conclusions of this
study. This is examined in further detail in Appendix A1, where
we present a series of convergence tests with box size and mass
resolution.

In addition to the nine simulations used to test box size and mass
resolution convergence, we also perform two further simulations
in which the cosmological parameters and IGM thermal history are
varied. These models are used to test the impact of these assumptions
on our results. The Planck simulation adopts ($m, $%, $b h2, h, σ 8,
ns) = (0.308, 0.692, 0.0222, 0.678, 0.829, 0.961), consistent with the
recent results from Planck (Planck Collaboration XVI 2014). The
Dz12_g1.0 model adopts an alternative IGM heating history which
reionizes earlier (zr = 12, cf. zr = 9 for our fiducial model), and
heats the gas in the low-density IGM to higher temperatures. Further
details and tests using these models maybe found in Appendices A2
and A3.

Finally, we extract synthetic Lyα forest spectra from the output
of the hydrodynamical simulations using a standard approach (e.g.
Theuns et al. 1998) under the assumption of a spatially uniform H I

photoionization rate, 'H I. As we now discuss in the next section,
these spectra will also be generated using a model for spatial fluc-
tuations in the ionization rate which is applied in post-processing.

4 U V BAC K G RO U N D M O D E L S

4.1 Uniform UVB

We begin by considering models with a uniform ionizing back-
ground, where the scatter in τ eff between lines of sight is driven
entirely by variations in the density field. Lidz et al. (2006) found
that such a model could potentially accommodate much of the ob-
served scatter in τ eff without invoking additional factors such as
fluctuations in the UVB related to the end of reionization. Our first

task is therefore to reassess this conclusion in light of the additional
data presented herein.

We calculate the expected scatter in τ eff at each simulation red-
shift by fixing the volume-averaged neutral fraction, ⟨fH I⟩, assum-
ing a uniform UVB, and measuring the mean flux along randomly
drawn 50 Mpc h− 1 sections of Lyα forest. We use 100–1024 sim-
ulation for our fiducial estimates in order to include the maximum
amount of large-scale structure. Trials with the other simulations in
Table 4 show relatively little dependence on box size, but decreased
scatter in τ eff towards higher mass resolution (see Appendix A1).
This trend is driven by the fact that the low-density regions, which
dominate the transmission at these redshifts, become better resolved
with decreasing particle mass (see Bolton & Becker 2009). Our
choice of the 100 Mpc h− 1 box is therefore conservative in determin-
ing whether the observed scatter can be reproduced with a uniform
UVB.

Our nominal ⟨fH I⟩ evolution is given by

⟨fH I⟩(z) = (1.3 × 10− 5)
!

1 + z

5.6

"η

, (1)

with η = 2.9 (5.0) for z ≤ 4.6 (z > 4.6). The evolution at z ≤ 4.6
is chosen to reproduce the mean opacity measurements of Becker
et al. (2013) (although we note that the precise neutral fraction will
depend on the simulation parameters, primarily mass resolution).
The evolution in ⟨fH I⟩ at z > 4.6 is chosen such that the lower bound
in τ eff roughly traces the lower envelope of the observed values over
4.6 < z < 5.8. At these redshifts, the majority of τ eff measurements
tend to cluster along a relatively narrow locus bounded by this en-
velope, while outlying points tend to scatter towards higher values.
While our choice of ⟨fH I⟩ evolution at z > 4.6 is not a fit, anchoring
the τ eff distribution near this lower boundary provides one way of
determining whether all of the data, at least up to z ≃ 5.8, can be
reproduced using a uniform UVB.

Our uniform UVB model is compared to the τ eff measurements in
Fig. 7. As noted above, we do not include continuum uncertainties
in the τ eff values measured from the data, but instead incorporate
these effects directly into our models. The dark shaded region in

Figure 7. Predicted distribution of Lyα τ eff for our uniform UVB model.
Data points are as in Fig. 6. The dark shaded region spans the two-sided
95 per cent range in τ eff for the evolution of the hydrogen neutral fraction
given by equation (1). The light shaded bands on either side of this region
show the additional scatter due to random continuum errors (see text). The
dashed lines give the one-sided 95 per cent upper limit in τ eff for 50 Mpc h− 1

regions when the neutral fraction is increased by 0.15, 0.3, 0.45, and 0.6 dex
(bottom to top). The dotted lines give the two-sided 95 per cent interval in
τ eff for a separate evolution in the neutral fraction (see text).
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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?



The large τeff fluctuations require additional fluctuations  
either in Γ (UV background) or T (IGM temperature).

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



τeff = − ln⟨Fobs
λ /Fint

λ ⟩ ∝ NHI ∝ Δ2 Γ−1 T−0.72

UV background IGM temperature

Possible scenarios

Model Fluctuation 
in what? Source of fluctuation References

fluctuating-λmfp Γ Galaxy distribution and  
spatially-varying λmfp

Davies & 
Furlanetto ‘16

rare-source Γ Significant contribution of rare  
bright sources, i.e., quasars Chardin+15, 17

fluctuating-TIGM T Time-lags of reionization b/w 
over- and underdensities D’Aloisio+15

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

Kulkurni+19 
Keating+19



τeff = − ln⟨Fobs
λ /Fint

λ ⟩ ∝ NHI ∝ Δ2 Γ−1 T−0.72

UV background IGM temperature

Possible scenarios

Model Fluct… 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 high-τeff region, 
but no in low-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



Testing the models



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

HSC FoV matches perfectly to carry out this experiment.

R~100 cMpc

z>6 quasar: 
Where we know τeff

Presence or absence of 
quasars within ~100 cMpc?

LAE/LBG surface density:  
Over- or under-dense?

Those with extreley 
high- (opaque) or 
low-τeff (transparent) 
Lyα forest ar egood,



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
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τeff�7 across 160 cMpc (z=5.5−5.9)



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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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

Caveats… 
✓ Lyα may be suppressed in neutral/high-τeff regions. 
✓ The full length of the trough is not covered. 
✓ Only a single measurement. 

Need complementary observations in more quasar fields.
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What drives the large scatter in Ly  opacity z > 5?

160 Mpc!

GB+2015



✓ 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



First result — QSO J0148+0600



Result: LBG candidates
The spatial distribution of 185 LBG candidates within 40 arcmin 
➡ “deficit” at the quasar position

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)



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)



There is no obvious luminous ( ) quasars near the Lyα trough. 
➡ consistent with the rare-source model (no quasars in high-τeff region) 

zPSF ≤ 23

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.. 



Summary

Model Fluct… 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

Stay tuned for further results!  
Congratulations on the 20th anniversary of Subaru!

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


