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Star-forming galaxies trace cosmic history. Recent observational progress with the NASA Hubble Space Telescope has
led to the discovery and study of the earliest known galaxies, which correspond to a period when the Universe was only

800 million years old. Intense ultraviolet radiation from these early galaxies probably induced a major event in cosmic
history: the reionization of intergalactic hydrogen.

T he frontier in completing the physical story of cosmic history is to
understand cosmic reionization—the transformation of neutral
hydrogen, mostly located outside galaxies in the intergalactic

medium (IGM), into an ionized state. Neutral hydrogen first formed
370,000 years after the Big Bang and released the radiation presently
observed as the cosmic microwave background (CMB)1. Initially devoid
of sources of light, the Universe then entered a period termed the ‘Dark
Ages’2, which lasted until the first stars formed from overdense clouds of
hydrogen gas that cooled and collapsed within early cosmic structures.
Observations of distant quasars3 demonstrate that the IGM has been
highly ionized since the Universe was ,1 billion years (Gyr) old, and the
transition from a neutral medium is popularly interpreted as being
caused by ionizing photons with energies greater than 13.6 eV (wave-
length, l , 91.2 nm), generated by primitive stars and galaxies4 (Fig. 1).

Astronomers wish to confirm the connection between early galaxies
and reionization because detailed studies of this period of cosmic history
will reveal the physical processes that originally shaped the galaxies of
various luminosities and masses we see around us today. Alternative
sources of reionizing photons include material collapsing into early
black holes that power active galactic nuclei, and decaying elementary
particles. Verifying that star-forming galaxies were responsible for cosmic
reionization requires understanding how many energetic ultraviolet
photons were produced by young stars at early times and what fraction
of photons capable of ionizing hydrogen outside galaxies escaped without

being intercepted by clouds of dust and hydrogen within galaxies.
Astronomers desire accurate measurements of the abundance of early
galaxies and the distribution of their luminosities to quantify the number
of sources producing energetic photons, as well as a determination of the
mixture of stars, gas and dust in galaxies, to determine the likelihood that
the ultraviolet radiation can escape to ionize the IGM5,6. The Lyman-a
(Lya) emission line, which is detectable using spectrographs on large
ground-based telescopes, is a valuable additional diagnostic given that it
is easily erased by neutral gas outside galaxies7–12. Its observed strength in
distant galaxies is therefore a sensitive gauge of the latest time when
reionization was completed.

In this primarily observational Review, we discuss substantial pro-
gress that now points towards a fundamental connection between early
galaxies and reionization. Recent observations with the Hubble Space
Telescope (HST) have provided the first detailed constraints on the
abundance and properties of galaxies in the first 1 Gyr of cosmic history.
With some uncertainties, these data indicate that sufficient ultraviolet
radiation was produced to establish and maintain an ionized Universe
by redshift z < 7, corresponding to ,800 million years (Myr) after the
Big Bang. Further observations of these early systems using current
facilities will produce a more robust census and clarify what fraction
of the ionizing radiation escaped primitive galaxies. The rapid progress
now being made will pave the way for ambitious observations of the
earliest known galaxies using future facilities.
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Figure 1 | Cosmic reionization. The transition from the neutral IGM left after
the Universe recombined, at z < 1,100, to the fully ionized IGM observed today
is termed cosmic reionization. After recombination, when the CMB radiation
was released, hydrogen in the IGM remained neutral until the first stars and
galaxies2,4 formed, at z < 15–30. These primordial systems released energetic
ultraviolet photons capable of ionizing local bubbles of hydrogen gas. As the

abundance of these early galaxies increased, the bubbles increasingly
overlapped and progressively larger volumes became ionized. This reionization
process ended at z < 6–8, ,1 Gyr after the Big Bang. At lower redshifts, the
IGM remains highly ionized by radiation provided by star-forming galaxies and
the gas accretion onto supermassive black holes that powers quasars.
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Figure 2. Redshift evolution of the IGM. Left: Lyα effective optical depth, τeff
GP

(Lyα), computed in bins of width ∆z ≈ 0.15 in both Lyα
and Lyβ, with arrows representing lower limits. The triangles and diamonds are the measurements from the sightline to GRB 130606A
(Chornock et al. 2013). The comparison points were measured from Lyα absorption of quasars by Fan et al. (2006b) and Becker et al.
(2013). Right: Neutral fraction of the IGM, x̄HI, showing the 2σ limit from the hybrid IGM+host+bubble model for GRB 140515A in red
and the other GRB constraints in blue (Chornock et al. 2013; Totani et al. 2006, 2014; Patel et al. 2010). The lower limit from observations
of a z = 7.085 quasar is in green (Mortlock et al. 2011; Bolton et al. 2011), along with measurements from quasar absorption (Fan et al.
2006b) and a step-function reionization fit to the microwave background polarization (Hinshaw et al. 2013). The dashed line is a fiducial
late reionization model from Gnedin & Kaurov (2014).
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Figure 3. H I column density measurements for z>4 GRBs. Data
from the literature were compiled by Thöne et al. (2013) and sup-
plemented with a few more recent results (111008A: Sparre et al.
2014; 130606A: Chornock et al. 2013; Castro-Tirado et al. 2013;
Totani et al. 2014; 140518A: Chornock et al. 2014b). GRBs at
z ! 5.5 appear to have lower hydrogen columns than those at
lower redshift.

dashed line in Figure 1 and has zGRB=6.3282+0.0010
−0.0004 and

x̄HI=0.056+0.011
−0.027. At the 3σ level, the maximum value

allowed for x̄HI is 0.09.

4.3. Hybrid Model

The two models above represent possible extremes
of absorption from only the host or IGM. If both are
present, the situation is more complex. If we sim-
ply combine the models, the limits will relax and favor
somewhat smaller values for x̄HI and log(NHI) as the

two sources of opacity are both allowed to contribute.
However, more properly treating the inhomogeneity of
the IGM during of the end of reionization will con-
siderably relax these constraints (Mesinger & Furlanetto
2008; McQuinn et al. 2008).
We address this issue by fitting a hybrid model with

absorption from both the host and the IGM. This model
has three free parameters (log(NHI), x̄HI, and zGRB). We
place the GRB in an ionized bubble and fix the radius
of the bubble along our sightline to Rb=10 comoving
Mpc. This choice is motivated by the simulations of
McQuinn et al. (2008), who found H II regions of approx-
imately this scale when x̄HI was globally equal to 0.5.
The best-fit values are zGRB=6.3273, log(NHI)=18.43,
and x̄HI=0.12. The marginalized contours from our fit
are shown in Figure 4. As expected, this significantly re-
laxes the constraint on x̄HI. Even with the favorable
assumption about the existence of an ionized bubble,
x̄HI<0.21 at the 2σ level. We do not take into account
the effect of inhomogeneity on the expected shape of
the damping wing from the IGM (Mesinger & Furlanetto
2008). A larger bubble size would formally allow for even
higher x̄HI, but such bubbles are rare unless x̄HI is low
(McQuinn et al. 2008). Smaller ionized bubbles would
only tighten this constraint.
The three fiducial models sample the range of variation

of plausible reionization scenarios. All three models pro-
vide acceptable fits to the data, with reduced-χ2 values
near 1.0, although the IGM-only model appears to be less
adequate at the sharp edge of Lyα. The patchiness of the
end of reionization will result in significant stochasticity
along different sightlines (Mesinger & Furlanetto 2008;
McQuinn et al. 2008) and a statistical ensemble of GRB

Preliminary 2014 results from Planck

Chornock+2014

τls coming down + 
evidence from Lyα emitters: 

Late reionization? 



Constraints from QSO spectra at z=6
8 Becker et al.

4.0 4.5 5.0 5.5 6.0 6.5
z

0

2

4

6

8

τ e
ff

Figure 6. Lyα τeff measurements. Black circles and arrows (lower
limits) are from Fan et al. (2006). Blue squares, error bars, and
arrows are from this work. The points at z ≃ 5.63 and 5.80 with
τeff ! 7 are from the line of sight towards ULAS J0148+0600.

were all started at redshift z = 99, with initial conditions
generated using the Eisenstein & Hu (1999) transfer func-
tion. The gravitational softening length was set to 1/25th
the mean linear interparticle separation. Star formation was
modelled using an approach designed to optimise Lyα for-
est simulations, where all gas particles with overdensity
∆ = ρ/⟨ρ⟩ > 103 and temperature T < 105 K are converted
into collisionless star particles. The photo-ionization and
heating of the IGM were included using a spatially uniform
UV background, 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 9 simulations were performed to test the im-
pact 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 Mpc h−1 to 100 Mpch−1 and 1.79× 105 M⊙h−1 to
7.34 × 108 M⊙h−1. Note, however, that these models (par-
ticularly 100–1024) employ a rather low mass resolution rel-
ative to that required for fully resolving the low density Lyα
forest at z > 5 (cf. Bolton & Becker 2009, who recommend
L " 40 Mpch−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 UV background
on large scales. The typical scales are difficult to capture
correctly in smaller (∼10 Mpch−1) boxes with high mass
resolution; the mean free path to Lyman limit photons at
z = 5 is ∼60 Mpch−1 (comoving) (e.g., Prochaska et al.
2009; Songaila & Cowie 2010; Worseck et al. 2014). Since
computational constraints mean we are unable to perform
simulations in boxes with L ∼ 100 Mpch−1 at the mass
resolution needed to fully resolve the low density IGM, a
compromise must then be made on this numerical require-
ment. 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

Table 4. Hydrodynamical simulations used in this work. The
columns list the model name, the box size in comoving h−1 Mpc,
the number of gas and dark matter particles, and the gas parti-
cle mass for each simulation. The fiducial cosmological parame-
ters adopted in the simulations are (Ωm,ΩΛ,Ωbh

2, h,σ8, ns) =
(0.26, 0.74, 0.023, 0.72, 0.80, 0.96), and the fiducial UV back-
ground is from Haardt & Madau (2001). The two exceptions are
the Planck model, which adopts an alternative set of cosmological
parameters, and the Dz12 g1.0 model, which assumes an alterna-
tive thermal history (see text for further details).

Model L [Mpch−1] Particles Mgas [M⊙ h−1]

100–1024 100 2× 10243 1.15× 107

100–512 100 2× 5123 9.18× 107

100–256 100 2× 2563 7.34× 108

50–1024 50 2× 10243 1.43× 106

50–512 50 2× 5123 1.15× 107

50–256 50 2× 2563 9.18× 107

25–1024 25 2× 10243 1.79× 105

25–512 25 2× 5123 1.43× 106

25–256 25 2× 2563 1.15× 107

Planck 100 2× 10243 1.25× 107

Dz12 g1.0 100 2× 10243 1.15× 107

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 (Ωm,ΩΛ,Ωbh

2, h, σ8, ns) =
(0.308, 0.692, 0.0222, 0.678, 0.829, 0.961), consistent with the
recent results from Planck (Planck Collaboration XVI
2013). 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 stan-
dard approach (e.g. Theuns et al. 1998) under the assump-
tion of a spatially uniform H i photo-ionization rate, ΓHI. As
we now discuss in the next section, these spectra will also
be generated using a model for spatial fluctuations in the
ionization rate which is applied in post-processing.

4 UV BACKGROUND MODELS

4.1 Uniform UVB

We begin by considering models with a uniform ionizing
background, where the scatter in τeff between lines of sight
is driven entirely by variations in the density field. Lidz et al.
(2006) found that such a model could potentially accommo-
date much of the observed scatter in τeff without invoking
additional factors such as fluctuations in the UVB related
to the end of reionization. Our first task is therefore to re-
assess this conclusion in light of the additional data pre-
sented herein.

We calculate the expected scatter in τeff at each simula-
tion redshift by fixing the volume-averaged neutral fraction,
⟨fH I⟩, assuming a uniform UVB, and measuring the mean
flux along randomly drawn 50 Mpch−1 sections of Lyα for-
est. We use 100–1024 simulation for our fiducial estimates in

c⃝ 0000 RAS, MNRAS 000, 000–000

2004; and SDSS J1044!0125, z ¼ 5:74, Djorgovski et al. [2001]
and Goodrich et al. [2001]) are broad absorption line (BAL)
quasars. In analyzing their spectra, we have excluded regions
that are affected by the Ly! and Ly" BAL features. Our optical
spectroscopy is usually adequate to detect Si iv BAL troughs.
However, at z # 6 the strongest C iv BAL troughs are redshifted
to kk 1 #m. Fewer than half of the objects in the sample have
adequate IR spectroscopic observations to detect the C iv BAL

feature. Note that the fraction of BAL quasars at z < 4 is #15%
in color-selected samples (e.g., Reichard et al. 2003).
Figure 1 shows strong redshift evolution of the transmission

of the IGM: transmitted flux is clearly detected in the spectra of
quasars at z < 6 and blueward of the Ly! emission line; the
absorption troughs deepen for the high-redshift quasars, and
complete GP absorption begins to appear along lines of sight at
z > 6:1. In this section we present detailed measurements of the

Fig. 1.—Spectra of our sample of 19 SDSS quasars at 5:74 < z < 6:42. Twelve of the spectra were takenwith Keck ESI, while the others were observed with theMMT
Red Channel and Kitt Peak 4 m MARS spectrographs. See Table 1 for detailed information.
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but complete absorption in Lyα 
for fHI > 0.001 



Current surveys now finding z > 6.5 
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Figure 4. Redshift distribution of the z ! 5.7 quasars published to date. Pan-
STARRS1 includes the quasars in Morganson et al. (2012) and this work.
UKIDSS includes the quasars in Venemans et al. (2007) and Mortlock et al.
(2009, 2011). FIRST/radio includes the quasars in McGreer et al. (2006),
Cool et al. (2006), and Zeimann et al. (2011). SDSS Main includes the quasars
in Fan et al. (2001, 2003, 2004, 2006c). SDSS Deep includes the quasars in
Mahabal et al. (2005), Goto (2006), Jiang et al. (2008), Wang et al. (2008),
Jiang et al. (2009), De Rosa et al. (2011), and Wang et al. (2013). CFHQS
includes the quasars in Willott et al. (2007, 2009, 2010b, 2010a). VIKING
includes the quasars in Venemans et al. (2013).

5. HOW COMMON ARE WEAK
EMISSION LINE QUASARS?

Weak-line quasars are rare objects characterized by a flat con-
tinuum and the lack of strong emission lines. Meusinger et al.
(2012) selected a sample of ∼1000 quasars (0.6 < z < 4.3)
with unusual spectra from the SDSS DR7. From these pe-
culiar objects, they found that 18% were weak-line quasars.
Diamond-Stanic et al. (2009) studied the SDSS DR5 quasar
catalog and defined weak-line quasars as the ones that have a
rest-frame equivalent width (EW) of the Lyα+N v line (deter-
mined between λ rest = 1160 Å and λ rest = 1290 Å) lower
than 15.4 Å. They showed that the fraction of weak-line quasars
increased from 1.3% at z < 4.2 to 6.2% at z > 4.2. From
Figure 2, we noticed that half of the quasars discovered in this
paper (PSO J007.0273+04.9571, PSO J183.2991–12.7676, PSO
J210.8722–12.0094, PSO J045.1840–22.5408) show a weak or
absorbed Lyα line. However, following the Diamond-Stanic
et al. (2009) hard-cut definition, only PSO J183.2991–12.7676
and PSO J210.8722–12.0094 belong to their weak-line quasar
classification with Lyα+N v EWs of 11.8 and 10.7 Å respec-
tively. We noted that the EW is very dependent on the continuum
fit estimate and since most of our spectra do not cover the region
with λ rest > 1500 Å, a good fit to the continuum is challenging.
Thus, the uncertainties in our EW estimates are of the order of
25%. Future NIR spectra of these quasars will improve these
measurements.

Even though these are low number statistics, 25% of the
quasars presented in this paper are weak-line quasars, which
is a higher fraction than found in lower redshift studies and is
consistent with the ∼20% of weak-line quasars found in the
SDSS main z ∼ 6 quasar sample (X. Fan et al., in preparation).

In principle, this kind of object should be easier to select
at higher redshifts due to the strong Lyα forest and Lyman
limit systems that produce a characteristic break in the colors
of high-redshift quasars, independent of their emission lines.
Thus, while high redshift searches based on colors—like this
work—should be equally sensitive to both weak-line emission
quasars and normal quasars, some weak-line quasars could have

been missed at lower redshift due to the color-based selection
criteria.

Several scenarios have been proposed to explain the existence
of such weak-line objects, including that they could be strongly
lensed galaxies, BL Lac objects, objects where the quasar
activity has just started, or invoking unusual broad-line region
properties in comparison to normal quasars (e.g., Hryniewicz
et al. 2010; Shemmer et al. 2010; Lane et al. 2011). Nevertheless,
no consensus has yet been reached. Recently, Laor & Davis
(2011) proposed that weak-line or lineless quasars may be
produced by cold accretion discs that imply non-ionizing
continuum for some combinations of black hole masses and
quasar luminosities. They claimed that very high masses in
luminous active galactic nuclei are required in order to have
a cold accretion disc (M ! 3 × 109 M⊙, L ≈ 1046 erg s−1,
especially for non-rotating black holes). These numbers are
similar to the masses and luminosities found in z ∼ 6 quasars
(e.g., Kurk et al. 2007; De Rosa et al. 2011), so this mechanism
could be a simple explanation of the high fraction of weak-line
quasars in our sample. A more extensive sample of quasars is
urgently needed to shed light on the nature of these objects.

6. SUMMARY

We have presented the discovery of eight new quasars at
z ∼ 6. With this work, PS1 has now discovered a total of nine
quasars at 5.7 " z " 6.0. We estimated that using the selection
strategy of this paper, we recover ∼81% of the known quasars in
our target redshift range (excluding the PS1 quasars). The others
are missed because their PS1 colors are hard to distinguish from
brown dwarfs. Follow-up observations are still ongoing and the
discovery of more quasars is expected, therefore conclusions on
the luminosity function and the space density of z ∼ 6 quasars
are not possible at this time. The variety of spectral features
among these quasars is remarkable, including four quasars with
very bright emission lines and another four quasars with almost
no detectable emission lines. The fraction of weak-line emission
quasars found in this work (25%) is much larger than fractions
found by other studies at lower redshifts (e.g., Diamond-Stanic
et al. 2009) but consistent with the fraction in the SDSS main
z ∼ 6 quasar sample (X. Fan et al., in preparation). Our new
discoveries show that weak-line emission quasars could be more
common at the highest redshifts than previously thought.

E.B. thanks B. Goldmann for providing the PS1 colors of
brown dwarfs, E. Schlafly for helpful discussions about PS1
data, N. Crighton and K. Rubin for their help with MODS data
reduction, C.-H. Lee and L. Johnsen for useful comments on the
paper, and the IMPRS for Astronomy & Cosmic Physics at the
University of Heidelberg. X.F. and I.M. acknowledge support
from NSF grant AST 08-06861 and AST 11-07682.
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Extraterrestrial Physics, Garching, The Johns Hopkins Univer-
sity, Durham University, the University of Edinburgh, Queen’s
University Belfast, the Harvard-Smithsonian Center for Astro-
physics, the Las Cumbres Observatory Global Telescope Net-
work Incorporated, the National Central University of Taiwan,
the Space Telescope Science Institute, the National Aeronau-
tics and Space Administration under grant No. NNX08AR22G
issued through the Planetary Science Division of the NASA
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Figure 4. VLT/FORS2 spectra of four-high redshift quasar candidates that
remained undetected in the IN images. Below the four objects a sky spectrum
is plotted. The spectra are boxcar averaged over five pixels. The spectra were
not corrected for slit losses. Three of the targets (J2348−3054, J0109−3047,
and J0305−3150) show a continuum decrement above ∼9200 Å, which is
characteristic for quasars at z ! 6.5. The fourth target (J2218−3154) does not
show a break in the continuum and is probably an L dwarf. Identifying the peak
of the quasar spectra as Lyα (1216 Å), the estimated redshifts for the quasars
are z ∼ 6.9 (J2348−3054), z ∼ 6.8 (J0109−3047), and z ∼ 6.6 (J0305−3150).

On July 29 the seeing was 1.′′1–1.′′3 while there were some thin
clouds. Candidate VIKING J010953.13−304726.3 (hereafter
J0109−3040) was observed for 2280 s on 2011 July 22. Condi-
tions were clear with a seeing around 1.′′2. Six exposures totaling
4500 s were taken of candidate VIKING J030516.92−315056.0
(hereafter J0305−3150) on 2011 August 13 and 20. The seeing
was around 0.′′7, and there were some thin clouds. Finally, can-
didate VIKING J221857.36−315430.0 (hereafter J2218−3153)
was observed on 2011 August 20 for 1350 s through thin clouds
and with a seeing of 0.′′6.

The data reduction, which included bias subtraction, flat field-
ing using lamp flats, and sky subtraction, was done using cus-
tom written routines in IDL. For the wavelength calibration,
exposures of He, HgCd, and Ne arc lamps were obtained.
The wavelength calibration was checked using sky emission
lines. The typical rms of the wavelength calibration was better
than 0.6 Å. The spectra cover roughly the wavelength range
7100 Å–10300 Å. Observations with a 5′′ slit of the spectropho-
tometric standard star LTT1020 (Hamuy et al. 1992, 1994) were
used for the flux calibration. The flux calibration was found to
be highly uncertain above 10100 Å due to a lack of flux den-
sity values for LTT1020 in the literature above this value. We
therefore ignore the spectra above this wavelength. The FORS2
spectra are shown in Figure 4.

4.3. VLT/X-Shooter Observations

To increase the wavelength coverage of our spectroscopy to
the near-infrared, we observed two of our spectroscopic targets,

Table 3
Photometric Properties and Derived Parameters of the Three z > 6.5 Quasars

J2348−3054 J0109−3047 J0305−3150

R.A. (J2000) 23h48m33.s34 01h09m53.s13 03h05m16.s92
Decl. (J2000) −30◦54′10.′′0 −30◦47′26.′′3 −31◦50′56.′′0
ZN,AB 22.97 ± 0.13 22.93 ± 0.16 22.12 ± 0.07
ZAB >23.42 >22.98 23.10 ± 0.35
YAB 21.11 ± 0.08 21.22 ± 0.14 20.89 ± 0.07
JAB 21.14 ± 0.08 21.27 ± 0.16 20.68 ± 0.07
HAB 20.80 ± 0.13 21.03 ± 0.17 20.72 ± 0.11
Ks,AB 20.51 ± 0.10 · · · 20.27 ± 0.09
zMg ii 6.886+0.009

−0.008 6.745+0.010
−0.009 6.604 ± 0.008

M1450 −25.72 ± 0.14 −25.52 ± 0.15 −25.96 ± 0.06
MBH (M⊙) (2.1 ± 0.5) × 109 (1.5 ± 0.4) × 109 (1.0 ± 0.1) × 109

Note. Magnitude limits are 3σ .

J2348−3054 and J0109−3040, with the medium resolution
spectrograph X-Shooter (Vernet et al. 2011) on the Cassegrain
focus of the 8.2 m VLT Kueyen (UT2) on 2011 August
19–21 and on 2011 November 24. X-Shooter consists of three
spectrographs, each covering a different wavelength region.
The three arms and wavelength coverage of the instrument are
as follows: UVB (3000 Å–5595 Å), VIS (5595 Å–10240 Å),
and NIR (10240 Å–24800 Å). Given the extreme red colors
of our targets, we ignored the UVB arm. The slit length
in the VIS and NIR arm was 11′′, and the pixel scales are
0.′′16 pixel−1 and 0.′′21 pixel−1, respectively. The slit width
used for the observations ranged between 0.′′9–1.′′5 in the VIS
arm and between 0.′′9–1.′′2, with the width adjusted to counter
periods of bad seeing. The resulting resolution varied between
R = 5400–8800 in the VIS arm and between R = 4000–5000
partly in the NIR arm. Observing conditions on 2011 August 19
were variable with the seeing in the optical ranging from 0.′′9 to
∼1.′′3 and some thin clouds. For flux calibration, observations
of the spectrophotometric standard stars LTT7987 and Feige110
were obtained (Hamuy et al. 1994; Vernet et al. 2010).

We observed J0109−3040 for 14,400 s in August and for
7200 s in November. J2348−3054 was observed in August only
for 8783 s. We made use of the X-Shooter pipeline version 1.3.7
(Modigliani et al. 2010) to reduce the data to two-dimensional
rectified wavelength-calibrated spectra. The extraction of the
spectra and the flux calibration were performed with custom-
made programs in IDL. We scaled the one-dimensional spectra
to match the observed infrared colors from VIKING (listed in
Table 3). We do note that the Y − J color of the quasars derived
from the X-Shooter spectra is 0.2 mag redder as compared to
the catalog colors (Table 3). A possible reason is that the light
that the Y band is measuring ends up partly in the VIS arm and
in the NIR arm. This causes additional uncertainties in the flux
calibration around 1 µm. In the top two panels of Figure 5 we
show the reduced X-Shooter spectra.

4.4. Magellan/FIRE Observations

We observed J0305−3150 using the Folded-Port Infrared
Echellette (FIRE; Simcoe et al. 2008, 2010) on the Magellan
Baade telescope on four separate observing runs between 2011
November and 2012 January. FIRE produces spectra with
R = 6000 (∆v = 50 km s−1) over the full 0.82–2.51 µm
wavelength range. The data were taken in generally clear
conditions with a seeing of 0.′′8 FWHM or better, with a total
integration time of 26,400 s.
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Figure 4. VLT/FORS2 spectra of four-high redshift quasar candidates that
remained undetected in the IN images. Below the four objects a sky spectrum
is plotted. The spectra are boxcar averaged over five pixels. The spectra were
not corrected for slit losses. Three of the targets (J2348−3054, J0109−3047,
and J0305−3150) show a continuum decrement above ∼9200 Å, which is
characteristic for quasars at z ! 6.5. The fourth target (J2218−3154) does not
show a break in the continuum and is probably an L dwarf. Identifying the peak
of the quasar spectra as Lyα (1216 Å), the estimated redshifts for the quasars
are z ∼ 6.9 (J2348−3054), z ∼ 6.8 (J0109−3047), and z ∼ 6.6 (J0305−3150).

On July 29 the seeing was 1.′′1–1.′′3 while there were some thin
clouds. Candidate VIKING J010953.13−304726.3 (hereafter
J0109−3040) was observed for 2280 s on 2011 July 22. Condi-
tions were clear with a seeing around 1.′′2. Six exposures totaling
4500 s were taken of candidate VIKING J030516.92−315056.0
(hereafter J0305−3150) on 2011 August 13 and 20. The seeing
was around 0.′′7, and there were some thin clouds. Finally, can-
didate VIKING J221857.36−315430.0 (hereafter J2218−3153)
was observed on 2011 August 20 for 1350 s through thin clouds
and with a seeing of 0.′′6.

The data reduction, which included bias subtraction, flat field-
ing using lamp flats, and sky subtraction, was done using cus-
tom written routines in IDL. For the wavelength calibration,
exposures of He, HgCd, and Ne arc lamps were obtained.
The wavelength calibration was checked using sky emission
lines. The typical rms of the wavelength calibration was better
than 0.6 Å. The spectra cover roughly the wavelength range
7100 Å–10300 Å. Observations with a 5′′ slit of the spectropho-
tometric standard star LTT1020 (Hamuy et al. 1992, 1994) were
used for the flux calibration. The flux calibration was found to
be highly uncertain above 10100 Å due to a lack of flux den-
sity values for LTT1020 in the literature above this value. We
therefore ignore the spectra above this wavelength. The FORS2
spectra are shown in Figure 4.

4.3. VLT/X-Shooter Observations

To increase the wavelength coverage of our spectroscopy to
the near-infrared, we observed two of our spectroscopic targets,

Table 3
Photometric Properties and Derived Parameters of the Three z > 6.5 Quasars

J2348−3054 J0109−3047 J0305−3150

R.A. (J2000) 23h48m33.s34 01h09m53.s13 03h05m16.s92
Decl. (J2000) −30◦54′10.′′0 −30◦47′26.′′3 −31◦50′56.′′0
ZN,AB 22.97 ± 0.13 22.93 ± 0.16 22.12 ± 0.07
ZAB >23.42 >22.98 23.10 ± 0.35
YAB 21.11 ± 0.08 21.22 ± 0.14 20.89 ± 0.07
JAB 21.14 ± 0.08 21.27 ± 0.16 20.68 ± 0.07
HAB 20.80 ± 0.13 21.03 ± 0.17 20.72 ± 0.11
Ks,AB 20.51 ± 0.10 · · · 20.27 ± 0.09
zMg ii 6.886+0.009

−0.008 6.745+0.010
−0.009 6.604 ± 0.008

M1450 −25.72 ± 0.14 −25.52 ± 0.15 −25.96 ± 0.06
MBH (M⊙) (2.1 ± 0.5) × 109 (1.5 ± 0.4) × 109 (1.0 ± 0.1) × 109

Note. Magnitude limits are 3σ .

J2348−3054 and J0109−3040, with the medium resolution
spectrograph X-Shooter (Vernet et al. 2011) on the Cassegrain
focus of the 8.2 m VLT Kueyen (UT2) on 2011 August
19–21 and on 2011 November 24. X-Shooter consists of three
spectrographs, each covering a different wavelength region.
The three arms and wavelength coverage of the instrument are
as follows: UVB (3000 Å–5595 Å), VIS (5595 Å–10240 Å),
and NIR (10240 Å–24800 Å). Given the extreme red colors
of our targets, we ignored the UVB arm. The slit length
in the VIS and NIR arm was 11′′, and the pixel scales are
0.′′16 pixel−1 and 0.′′21 pixel−1, respectively. The slit width
used for the observations ranged between 0.′′9–1.′′5 in the VIS
arm and between 0.′′9–1.′′2, with the width adjusted to counter
periods of bad seeing. The resulting resolution varied between
R = 5400–8800 in the VIS arm and between R = 4000–5000
partly in the NIR arm. Observing conditions on 2011 August 19
were variable with the seeing in the optical ranging from 0.′′9 to
∼1.′′3 and some thin clouds. For flux calibration, observations
of the spectrophotometric standard stars LTT7987 and Feige110
were obtained (Hamuy et al. 1994; Vernet et al. 2010).

We observed J0109−3040 for 14,400 s in August and for
7200 s in November. J2348−3054 was observed in August only
for 8783 s. We made use of the X-Shooter pipeline version 1.3.7
(Modigliani et al. 2010) to reduce the data to two-dimensional
rectified wavelength-calibrated spectra. The extraction of the
spectra and the flux calibration were performed with custom-
made programs in IDL. We scaled the one-dimensional spectra
to match the observed infrared colors from VIKING (listed in
Table 3). We do note that the Y − J color of the quasars derived
from the X-Shooter spectra is 0.2 mag redder as compared to
the catalog colors (Table 3). A possible reason is that the light
that the Y band is measuring ends up partly in the VIS arm and
in the NIR arm. This causes additional uncertainties in the flux
calibration around 1 µm. In the top two panels of Figure 5 we
show the reduced X-Shooter spectra.

4.4. Magellan/FIRE Observations

We observed J0305−3150 using the Folded-Port Infrared
Echellette (FIRE; Simcoe et al. 2008, 2010) on the Magellan
Baade telescope on four separate observing runs between 2011
November and 2012 January. FIRE produces spectra with
R = 6000 (∆v = 50 km s−1) over the full 0.82–2.51 µm
wavelength range. The data were taken in generally clear
conditions with a seeing of 0.′′8 FWHM or better, with a total
integration time of 26,400 s.
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Figure 1. Summary of near zone size measurements in the current liter-
ature. Left: near zone sizes against the quasar absolute magnitude. Right:
near zone sizes against redshift. The sizes have been rescaled by a factor
100.4(27+M1450)/3 (Fan et al. 2006) to correspond to a common absolute mag-
nitude of M1450 = −27. Note this scaling assumes RNZ ∝ Ṅ1/3, where Ṅ is
the emission rate of ionizing photons from the quasar, appropriate if the near
zone traces the boundary of the quasar H II region. If the near zone extent is
instead set by resonant absorption, RNZ ∝ Ṅ1/2 (Bolton & Haehnelt 2007a).

Section 5 we discuss the implications of our results and con-
clude. We assume the cosmological parameters !m = 0.26, !" =
0.74, !b h2 = 0.023 and h = 0.72 throughout, and unless otherwise
stated all distances are given in proper units.

2 QUA SAR NEAR ZONE SIZES

At the luminosities typical of observed z ≃ 6 quasars, and assuming
an optically bright phase of tq ∼ 107 yr, the size of a quasar H II region
expanding into a partially neutral IGM and that of a proximity zone
embedded in an already highly ionized IGM are comparable (Bolton
& Haehnelt 2007a). Further, if the surrounding IGM is significantly
neutral, the red Gunn–Peterson (GP) damping wing will reduce
the observed size of the near zone and Lyα absorption may extend
redward of the quasar systemic redshift (Miralda-Escude & Rees
1998; Mesinger & Haiman 2004). Unfortunately, the possibility of
confusing this damping wing with a collapsed region with a high
H I column density in an otherwise highly ionized IGM complicates
matters further. These issues make the interpretation of the Lyα

near zones observed around these quasars with respect to the IGM
ionization state ambiguous (Bolton & Haehnelt 2007a; Lidz et al.
2007; Maselli et al. 2007).

A summary of the existing measurements of Lyα near zone sizes
around high-redshift quasars, compiled recently by Carilli et al.
(2010), is displayed in Fig. 1 . Interestingly, ULAS J1120+0641
has a small1 near zone size given its bright absolute AB magni-
tude, M1450 = −26.6. This is demonstrated by the evolution of
observed near zone sizes with redshift, rescaled to correspond to
a common magnitude of M1450 = −27, in the right-hand panel of
Fig. 1. M11 have noted that the small near zone size around ULAS
J1120+0641, coupled with Lyα absorption redward of the systemic
redshift from a putative red damping wing, may indicate the IGM
surrounding ULAS J1120+0641 is significantly more neutral than
around quasars at z ∼ 6. We now investigate this in more detail
using realistic synthetic absorption spectra which employ a variety
of evolutionary histories for the IGM ionization state.

1 The only quasar with a similarly small near zone is CFHQS J0210−0456
at z = 6.44 (Willott et al. 2010), but this object is considerably fainter
and is consistent with the other z ≃ 6 quasars on accounting for its fainter
luminosity.

3 NUMERICAL SIMULATIONS

We construct Lyα absorption spectra using a high-resolution hy-
drodynamical simulation combined with a line-of-sight radiative
transfer code (Bolton et al. 2010). The hydrodynamical simula-
tion was performed using the GADGET-3 code (Springel 2005) and
has a box size of 10 h−1 comoving Mpc and a gas particle mass
of 9.2 × 104 h−1 M⊙. A total of 100 sightlines of length 96.6 h−1

comoving Mpc were extracted around haloes identified in the sim-
ulation to construct skewers through the IGM density, temperature
and peculiar velocity field. The largest halo mass in the simulation
volume at z = 7.1 is 4.7 × 1010 h−1 M⊙, which likely underes-
timates the ULAS J1120+0641 host halo mass. However, resolv-
ing the low-density IGM is more important for modelling the Lyα

absorption, and a small, high-resolution simulation provides the
best compromise (Bolton et al. 2010). Following M11 and Bolton
et al. (2010), we assume the spectrum of the unobscured, radio quiet
quasar ULAS J1120+0641 is a broken power law where f ν ∝ ν−0.5

for 1050 < λ < 1450 Å and f ν ∝ ν−1.5 for λ < 1050 Å, yielding an
ionizing photon emission rate of Ṅ = 1.3 × 1057 s−1.

The ionization state of the IGM along the sightlines prior to the
quasar turning on was initialized using four different models for
the background H I photoionization rate, displayed in Fig. 2 . How-
ever, it is important to note that reionization is an inhomogeneous
process, and as a result each model may be realized at the same
time in different regions of the IGM (Mesinger & Furlanetto 2008).
Furthermore, the ionization state of the IGM in the vicinity of a mas-
sive host halo will be biased due the clustering of lower luminosity

Figure 2. Top: four simple models for the redshift evolution of the back-
ground H I photoionization rate along a quasar sightline. The grey shading
represents the range covered by the Lyα forest to rest frame Lyβ for a quasar
at z = 7.085. The measurements were obtained by Wyithe & Bolton (2011)
from the Lyα forest opacity and by Calverley et al. (2011) using the proxim-
ity effect. Note that for UVB4 we set 'H I = 0 at z > 6.9. Bottom: the neutral
hydrogen fraction averaged over 100 simulated sightlines produced by the
UVB models including (left) and excluding the quasar (right). The averaging
is performed for display purposes only, and results in neutral regions being
displayed as spikes with ⟨fH I⟩ ∼ 10−2. The crosses mark the position of
all DLAs in the sightlines constructed using UVB4, and the grey curve in
the right-hand panel shows the logarithm of ⟨fH I⟩ for UVB1 excluding the
self-shielding approximation, multiplied by a factor of 0.01 for clarity.
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near zones of other comparably luminous high-redshift quasars, which
have been measured23 to have RNZ, corr 5 (7.4 – 8.0(z 2 6)) Mpc, on
average. The considerable scatter about this trend notwithstanding,
these observations of ULAS J112010641 confirm that the observed
decrease in RNZ, corr with redshift continues at least to z^7:1.

The observed transmission cut-offs of z^6 quasars have been iden-
tified with their advancing ionization fronts, which grow as24,25

RNZ, corr!T1=3
q 1zzð Þ{1D{1=3f {1=3

H I , where Tq is the quasar age and
D is the local baryon density relative to the cosmic mean. Assuming a
fiducial age of Tq^0:01 Gyr has led to the claim26 that fH I>0.6
around several 6.0=z=6.4 quasars. Given that the above RNZ, corr–z
fit gives an average value of RNZ, corr 5 5.8 Mpc at z 5 6.2, the mea-
sured near-zone radius of ULAS J112010641 then implies that the
neutral fraction was a factor of ,15 higher at z^7:1 than it was at
z^6:2. The fundamental limit of fH I # 1 makes it difficult to reconcile
the small observed near zone of ULAS J112010641 with a significantly
neutral Universe at z^6. It is possible that ULAS J112010641 is seen
very early in its luminous phase or that it formed in an unusually dense
region, but the most straightforward conclusion is that observed near-
zone sizes of z^6 quasars do not correspond to their ionization
fronts25.

An alternative explanation for the near zones of the z^6 quasars is
that their transmission profiles are determined primarily by the residual
H I inside their ionized zones25,27. If the H I and H II are in equilibrium
with the ionizing radiation from the quasar then the neutral frac-
tion would increase with radius as fH I / R2 out to the ionization front.
The resultant transmission profile would have an approximately

Gaussian envelope, with RNZ being the radius at which25 fH I^10{4,
and not the ionization front itself. The envelopes of the measured
profiles of the two z^6:3 quasars shown in Fig. 3 are consistent with
this Gaussian model, although both have sharp cut-offs as well, which
could be due to Lyman limit systems along the line of sight28.

In contrast, the measured transmission profile of ULAS J112010641,
shown in Fig. 3, is qualitatively different from those of the lower red-
shift quasars, exhibiting a smooth envelope and significant absorption
redward of the Lya wavelength. The profile has the character of a Lya
damping wing, which would indicate that the intergalactic medium in
front of ULAS J112010641 was substantially neutral. It is also possible
that the absorption is the result of an intervening high-column-density
(NH I >1020cm{2) damped Lya system5, although absorbers of such
strength are rare. Both models are compared to the observed transmis-
sion profile of ULAS J112010641 in Fig. 4. Assuming the absorption is
the result of the intergalactic medium damping wing, the shape and
width of the transmission profile require fH I . 0.1, but are inconsistent
with fH I^1, at z^7:1. These limits will be improved by more detailed
modelling, in particular accounting for the distribution of H I within
the near zone25,27, and deeper spectroscopic observations of
ULAS J112010641. Given the likely variation in the ionization history
between different lines of sight, it will be important to find more
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Figure 3 | The inferred Lya near-zone transmission profile of
ULAS J112010641 compared to those of two lower-redshift quasars. The
near-zone transmission profile of ULAS J112010641 was estimated by
dividing the observed spectrum by the composite spectrum shown in Fig. 1 and
the conversion from wavelength to proper distance was calculated for a fiducial
flat cosmological model9. The transmission profiles towards the two SDSS
quasars were estimated by dividing their measured29 spectra by parameterized
fits based on the unabsorbed spectra of lower-redshift quasars. The
transmission profile of ULAS J112010641 is strikingly different from those of
the two SDSS quasars, with a much smaller observed near-zone radius RNZ, as
well as a distinct shape: whereas the profiles of SDSS J114815251 and
SDSS J103010524 have approximately Gaussian envelopes out to a sharp cut-
off, the profile of ULAS J112010641 is much smoother and also shows
absorption redward of Lya. The 1s error spectrum for ULAS J112010641 is
shown below the data. Fr
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Figure 4 | Rest-frame transmission profile of ULAS J112010641 in the
region of the Lya emission line, compared to several damping profiles. The
transmission profile of ULAS J112010641, obtained by dividing the spectrum
by the SDSS composite shown in Fig. 1, is shown in black. The random error
spectrum is plotted below the data, also in black. The positive residuals near
0.1230mm in the transmission profile suggest that the Lya emission line of
ULAS J112010641 is actually stronger than average, in which case the
absorption would be greater than illustrated. The dispersion in the Lya
equivalent width at a fixed C IV equivalent width of 13% quantifies the
uncertainty in the Lya strength; this systematic uncertainty in the transmission
profile is shown in red. The blue curves show the Lya damping wing of the
intergalactic medium for neutral fractions of (from top to bottom) fH I 5 0.1,
fH I 5 0.5 and fH I 5 1.0, assuming a sharp ionization front 2.2 Mpc in front of
the quasar. The green curve shows the absorption profile of a damped Lya
absorber of column density NH I 5 4 3 1020 cm22 located 2.6 Mpc in front of
the quasar. These curves assume that the ionized zone itself is completely
transparent; a more realistic model of the H I distribution around the quasar
might be sufficient to discriminate between these two models25,27. The
wavelength of the Lya transition is shown as a dashed line; also marked is the
N V doublet of the associated absorber referred to in the text.
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Figure 1. Radii of the luminosity-normalized cosmological Strömgren spheres
(RNZ,corrected) around the z ∼ 6 quasars vs. their redshifts. Data are from
Table 1, and again, we omit the three BAL sources and the lineless quasar
from this plot and analysis for reasons given in Section 2. The red squares
represent the sources which have CO redshifts. The blue diamonds represent
sources with redshifts determined with Mg ii λ 2798 Å line emission, and the
black triangles denote sources with redshifts determined with other UV lines
from the discovery papers, such as Lyα + NV (see Fan et al. 2006b, 2006c, and
references therein; Jiang et al. 2007). The errors for the different data points
are ∆RNZ,corrected = 1.34 Mpc, 0.72 Mpc, and 0.60 Mpc, for the UV, Mg ii, and
CO-determined zQ uncertainties, respectively, including the error in zGP added
in quadrature. The long-dashed line shows a weighted linear fit to the data with
RNZ,corrected = (7.4 ± 0.3) − (8.0 ± 1.1) × (z − 6). The dotted line shows an
unweighted fit. The two quasars from Willott et al. (2010) are shown in green,
with the RNZ,corrected taken directly from that paper.

for sources with Mg ii redshifts, and (3)∆RNZ = 0.60 Mpc for
sources with CO redshifts.

4. ANALYSIS

We plot the RNZ,corrected values versus quasar redshift in
Figure 1. Again, we omit the three BAL sources and the
lineless quasar from this analysis for reasons given in Section 2.
The figure shows a decrease in RNZ with increasing redshift.
A weighted linear fit to the data points gives RNZ,corrected =
(7.4 ± 0.3) − (8.0 ± 1.1) × (z − 6), while an unweighted
fit yields a similar result of RNZ,corrected = (7.7 ± 0.4) −
(6.8 ± 2.1) × (z − 6). The errors were computed both from the
formal fitting process and by computing the scatter in the fitted
parameters after fitting realizations removing one data point at
time. To be conservative, we adopt the larger errors from the
latter process in the analysis below, and we use the weighted-fit
results in subsequent analysis.

For the weighted fit, the mean NZ radius changes from
9.8 ± 0.9 Mpc at z = 5.7, to 4.2 ± 0.4 Mpc at z = 6.4.
The Spearman rank correlation coefficient for the distribution
is ρ = −0.51, implying that the probability that there is
no correlation between redshift and RNZ,corrected is just 1%.
Further, a Student’s t-test gives a probability of 1% for the
hypothesis that the slope is zero (i.e., no change in mean NZ
size over this redshift range). In the simplest physical picture,
RNZ ∝ f(H i)−1/3(1+zQ)−1, implying an increase in the volume-

Figure 2. Average absorption profiles in the quasar NZ for quasars in three
different redshift bins: z = 5.75 − 5.95, z = 5.95 − 6.15, and z > 6.15. The
Lyα+NV emission profile has been fitted with a Gaussian and removed. Note
that the two Willott et al. quasars are not included in this plot.

averaged neutral fraction by a factor ∼9.4 from z = 5.7
to 6.4.

After removing the linear slope in redshift, we calculate an
rms for the scatter in the normalized NZ sizes of σNZ = 2 Mpc.
Fan et al. (2006b) see a similar scatter, but could not say whether
this was due to errors in zQ or physical differences between
quasars. In our sample, the measurement errors are all below this
rms value, and hence, there must be intrinsic physical differences
between quasars, either in terms of their environments, or AGN
properties (e.g., quasar age, spectral energy distribution or SED).

Figure 2 shows the mean absorption profiles in the quasar
NZ for three different redshift bins. This is the updated version
of Figure 13 in Fan et al. (2006b), and as with Fan et al., we
do not scale the profile according to the quasar luminosity in
this case. There is a clear evolution in profiles. The lowest
redshift bin first drops below 10% transmission by a statistically
significant amount at 8.5 Mpc radius, while this occurs for the
highest redshift bin at 3.5 Mpc. Fan et al. (2006b) point out that
this marked difference in absorption profiles from z ∼ 5.85 to
z > 6.15 is a graphic illustration of the change in the mean
neutral state of the IGM at z ∼ 6.

Figure 3 shows the relationship between Rp,NZ and M1450.
Figure 3(a) shows Rp,NZ values taken directly from Table 1,
and Figure 3(b) shows the values after normalizing out the
linear regression relationship between NZ size and redshift
derived from Figure 1, which we designate as Rp,NZ,norm. A
clear correlation is found between NZ sizes and M1450. The
Spearman rank correlation coefficient for the distribution in
Figure 3(b) is ρ = −0.57, implying that the probability that
there is no correlation between M1450 and Rp,NZ,norm is just
0.4%. Included in Figure 3 is a dotted line that follows the
relationship Rp,NZ ∝ Ṅ

1/3
Q , as naively expected for photo-

ionization dominated by quasar radiation. This line has not been
fit to the data, but is shown for reference. The overall trend of
increasing Rp,NZ with the quasar luminosity is consistent with

L72 J. S. Bolton et al.

Table 1. Average H I fractions and the incidence of optically thick absorbers within 0.05 < R < 5 Mpc of the quasar host halo in all 100 simulated sightlines
including the self-shielding prescription. The absorber columns are estimated by integrating the H I densities over a scale of 20 kpc. From left to right, the
columns list the volume and mass averaged H I fraction, the number of LLSs (1017.2 < NH I < 1020.3 cm−2) and DLAs (NH I > 1020.3 cm−2) per unit redshift
and the fraction of sightlines where there is at least one LLS or DLA, all prior to the quasar turning on. In the final four columns the latter are also given
after a quasar with age 106 and 107 yr has ionized the surrounding IGM. Note that for models UVB3 and UVB4, where the IGM has a large neutral fraction,
identifying LLSs becomes ambiguous. At z = 7.085, !z = 1 corresponds to ∼43.8 Mpc.

Model ⟨fH I⟩V ⟨fH I⟩M
dnLLS

dz
dnDLA

dz f LLS
los f DLA

los f LLS
los (106yr) f DLA

los (106yr) f LLS
los (107yr) f DLA

los (107yr)

UVB1 5.0 × 10−4 2.7 × 10−2 3.7 0.3 0.33 0.03 0.16 0.03 0.05 0.03
UVB2 6.2 × 10−3 8.3 × 10−2 55.4 0.7 0.99 0.08 0.75 0.07 0.10 0.04
UVB3 1.1 × 10−1 3.4 × 10−1 – 0.8 – 0.09 – 0.07 – 0.06
UVB4 1.0 1.0 – 1.0 – 0.11 – 0.08 – 0.07

sources (Lidz et al. 2007; Wyithe, Bolton & Haehnelt 2008). These
models are thus designed to explore a range of different initial H I

fractions in the IGM close to the quasar, but are not representative
of global reionization histories.

As we only compute the radiative transfer for the quasar ion-
izing radiation, we also add a simple prescription for regions
which are self-shielded from the ionizing background. Assum-
ing that the typical size of an H I absorber is the Jeans scale
(Schaye 2001), the hydrogen number density where an H I ab-
sorber begins to self-shield can be approximated as nH ≃ 3.6 ×
10−3 cm−3 ("H I/10−12 s−1)2/3(T /104 K)2/15. We use this expression
to compute the density threshold at which hydrogen is self-shielded
prior to being ionized by the quasar, and set the background pho-
toionization rate to zero in these regions. The weak temperature
dependence is computed self-consistently using the gas tempera-
ture in our simulations. The lower panel of Fig. 2 displays the
resulting neutral hydrogen fraction averaged over all 100 sightlines
assuming tq = 107 yr and including (left-hand panel) and exclud-
ing (right-hand panel) ionizing radiation from the quasar. The grey
curve in the right-hand panel also shows the H I fraction for UVB1
excluding the self-shielding model. Self-shielded regions become

rapidly more common for ultraviolet background (UVB) models
with decreasing H I photoionization rates, increasing the volume
averaged neutral fraction and producing a patchy ionization struc-
ture along each sightline. A summary of the average H I fractions
and incidence of optically thick absorbers in all models which in-
clude the self-shielding prescription is given in Table 1. Note that
the quasar photoionizes optically thick absorbers in its vicinity, sig-
nificantly reducing the incidence of these systems. However, the
impact of this process is reduced for shorter quasar ages or the
smaller ionizing photon mean free path associated with a larger
IGM neutral fraction.

4 RESULTS

We compare the measured transmission profile around ULAS
J1120+0641, described in detail by M11, to two of our simu-
lated sightlines in Fig. 3. For each sightline we consider quasar
ages of 106 and 107 yr, and for each quasar age the effect of opti-
cally thick absorbers is illustrated by models which include and ex-
clude the self-shielding approximation. This qualitative comparison
highlights an important point: for an initially neutral IGM (UVB4,

Figure 3. Simulated quasar spectra constructed using the four different UVB models displayed in Fig. 2. The spectra are processed to mimic the M11 spectrum
by convolving with a Gaussian instrument profile with FWHM=240 km s−1, rebinning on to pixels of width 0.4 Å (rest frame) and adding Gaussian distributed
noise using the observed noise array. The observed transmission of ULAS J1120+0641 is shown by the light-grey curve in each panel. Left: sightline 1. Note
the impact of the red GP damping wing on the spectrum for models with a fully neutral IGM (orange curves). Right: sightline 2. In this sightline a prominent
red damping wing is seen for all UVB models when the self-shielding prescription is included. A DLA with NH I ≃ 1020.5 cm−2 is present at the position
marked by the arrow.
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Figure 1. Maps of the projected overdensity for the three simulated regions: average (left), intermediate (middle) and overdense (right).
The average region contains some thin filaments as well as large voids, while the intermediate region contains more pronounced filaments
and also smaller voids. The overdense region contains several prominent filaments surrounding the central massive halo.

2.2 Modelling QSO Ionization Fronts

To calculate the neutral fraction of the gas after it is ionized
by the QSO, we post-processed the simulations with the
3D radiative transfer code radamesh (Cantalupo & Por-
ciani 2011). Fully coupling simulations of radiative transfer
to the hydrodynamical simulations is a computationally ex-
pensive problem, but fortunately for the problem considered
here, this is of little relevance. For the expansion of a H ii

region around a luminous QSO, the relevant time scale for
the motion of the ionization front is much shorter than the
hydrodynamical time scales for the gas. We have also inves-
tigated the timescale for photoevaporation of gas in haloes
with masses equivalent to the minimum mass our simulation
resolves using the method outlined in Iliev, Shapiro & Raga
(2005), and find that the time for evaporation is on the or-
der of 100 Myr for a halo only one comoving Mpc from the
source. As the time interval over which we evolve the ra-
diative transfer is much shorter than this, we do not expect
photoevaporation to be an issue.

To perform the radiative transfer, outputs from the hy-
drodynamical simulations at z = 7 were divided into oc-
tants and mapped onto multi-mesh grids, each with base
grid size 5123. The grid was refined wherever 16 or more
gas particles were present in a cell, resulting in four levels
of refinement. Optically thick absorbers were added to our
simulation in post-processing using the self-shielding pre-

scription described in Rahmati et al. (2013). Collisional ion-
izations are also taken into account using the photo-heating
rate at z = 7, taken from Haardt & Madau (2012). Taking
the same values for the properties of the QSO as Bolton
et al. (2011), we placed a source with ionizing photon rate
Ṅγ = 1.3× 1057 s−1 and spectral index α = 1.5 in the dens-
est cell of the central halo. By keeping the properties of the
QSO fixed and varying the mass of the host halo, we were
able to estimate the effect that the local IGM has on the
extent of the near-zones.

We consider a range of initial ionization states for the
gas, giving initial neutral fractions ranging from fH i ∼ 10−4

to 1.0. Note that we do not imply that these initial neutral
fractions represent the global ionization state of the z =
7 IGM, but rather the neutral fraction in the vicinity of
the quasar. The photo-ionization rates and corresponding
volume-weighted neutral fractions are summarised in Table
2. Photo-ionization rates for He i and He ii were calculated
by rescaling the ΓH i to match the ratios between the photo-
ionization rates in Haardt & Madau (2012).

Ionizing UV radiation was sampled from twenty loga-
rithmically spaced energy bins, ranging from 1 to 8 Ryd. A
time-dependent, non-equilibrium chemistry solver computes
the number density of six species (H i, H ii, He i, He ii,
He iii, e−) as well as the temperature of the gas. Recombi-
nation radiation was treated using an “on-the-spot” approx-
imation, whereby ionizing photons are absorbed in the same
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Ṅγ = 1.3× 1057 s−1 and spectral index α = 1.5 in the dens-
est cell of the central halo. By keeping the properties of the
QSO fixed and varying the mass of the host halo, we were
able to estimate the effect that the local IGM has on the
extent of the near-zones.
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by rescaling the ΓH i to match the ratios between the photo-
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2.2 Modelling QSO Ionization Fronts

To calculate the neutral fraction of the gas after it is ionized
by the QSO, we post-processed the simulations with the
3D radiative transfer code radamesh (Cantalupo & Por-
ciani 2011). Fully coupling simulations of radiative transfer
to the hydrodynamical simulations is a computationally ex-
pensive problem, but fortunately for the problem considered
here, this is of little relevance. For the expansion of a H ii

region around a luminous QSO, the relevant time scale for
the motion of the ionization front is much shorter than the
hydrodynamical time scales for the gas. We have also inves-
tigated the timescale for photoevaporation of gas in haloes
with masses equivalent to the minimum mass our simulation
resolves using the method outlined in Iliev, Shapiro & Raga
(2005), and find that the time for evaporation is on the or-
der of 100 Myr for a halo only one comoving Mpc from the
source. As the time interval over which we evolve the ra-
diative transfer is much shorter than this, we do not expect
photoevaporation to be an issue.

To perform the radiative transfer, outputs from the hy-
drodynamical simulations at z = 7 were divided into oc-
tants and mapped onto multi-mesh grids, each with base
grid size 5123. The grid was refined wherever 16 or more
gas particles were present in a cell, resulting in four levels
of refinement. Optically thick absorbers were added to our
simulation in post-processing using the self-shielding pre-

scription described in Rahmati et al. (2013). Collisional ion-
izations are also taken into account using the photo-heating
rate at z = 7, taken from Haardt & Madau (2012). Taking
the same values for the properties of the QSO as Bolton
et al. (2011), we placed a source with ionizing photon rate
Ṅγ = 1.3× 1057 s−1 and spectral index α = 1.5 in the dens-
est cell of the central halo. By keeping the properties of the
QSO fixed and varying the mass of the host halo, we were
able to estimate the effect that the local IGM has on the
extent of the near-zones.

We consider a range of initial ionization states for the
gas, giving initial neutral fractions ranging from fH i ∼ 10−4

to 1.0. Note that we do not imply that these initial neutral
fractions represent the global ionization state of the z =
7 IGM, but rather the neutral fraction in the vicinity of
the quasar. The photo-ionization rates and corresponding
volume-weighted neutral fractions are summarised in Table
2. Photo-ionization rates for He i and He ii were calculated
by rescaling the ΓH i to match the ratios between the photo-
ionization rates in Haardt & Madau (2012).

Ionizing UV radiation was sampled from twenty loga-
rithmically spaced energy bins, ranging from 1 to 8 Ryd. A
time-dependent, non-equilibrium chemistry solver computes
the number density of six species (H i, H ii, He i, He ii,
He iii, e−) as well as the temperature of the gas. Recombi-
nation radiation was treated using an “on-the-spot” approx-
imation, whereby ionizing photons are absorbed in the same
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2.2 Modelling QSO Ionization Fronts

To calculate the neutral fraction of the gas after it is ionized
by the QSO, we post-processed the simulations with the
3D radiative transfer code radamesh (Cantalupo & Por-
ciani 2011). Fully coupling simulations of radiative transfer
to the hydrodynamical simulations is a computationally ex-
pensive problem, but fortunately for the problem considered
here, this is of little relevance. For the expansion of a H ii

region around a luminous QSO, the relevant time scale for
the motion of the ionization front is much shorter than the
hydrodynamical time scales for the gas. We have also inves-
tigated the timescale for photoevaporation of gas in haloes
with masses equivalent to the minimum mass our simulation
resolves using the method outlined in Iliev, Shapiro & Raga
(2005), and find that the time for evaporation is on the or-
der of 100 Myr for a halo only one comoving Mpc from the
source. As the time interval over which we evolve the ra-
diative transfer is much shorter than this, we do not expect
photoevaporation to be an issue.

To perform the radiative transfer, outputs from the hy-
drodynamical simulations at z = 7 were divided into oc-
tants and mapped onto multi-mesh grids, each with base
grid size 5123. The grid was refined wherever 16 or more
gas particles were present in a cell, resulting in four levels
of refinement. Optically thick absorbers were added to our
simulation in post-processing using the self-shielding pre-

scription described in Rahmati et al. (2013). Collisional ion-
izations are also taken into account using the photo-heating
rate at z = 7, taken from Haardt & Madau (2012). Taking
the same values for the properties of the QSO as Bolton
et al. (2011), we placed a source with ionizing photon rate
Ṅγ = 1.3× 1057 s−1 and spectral index α = 1.5 in the dens-
est cell of the central halo. By keeping the properties of the
QSO fixed and varying the mass of the host halo, we were
able to estimate the effect that the local IGM has on the
extent of the near-zones.

We consider a range of initial ionization states for the
gas, giving initial neutral fractions ranging from fH i ∼ 10−4

to 1.0. Note that we do not imply that these initial neutral
fractions represent the global ionization state of the z =
7 IGM, but rather the neutral fraction in the vicinity of
the quasar. The photo-ionization rates and corresponding
volume-weighted neutral fractions are summarised in Table
2. Photo-ionization rates for He i and He ii were calculated
by rescaling the ΓH i to match the ratios between the photo-
ionization rates in Haardt & Madau (2012).

Ionizing UV radiation was sampled from twenty loga-
rithmically spaced energy bins, ranging from 1 to 8 Ryd. A
time-dependent, non-equilibrium chemistry solver computes
the number density of six species (H i, H ii, He i, He ii,
He iii, e−) as well as the temperature of the gas. Recombi-
nation radiation was treated using an “on-the-spot” approx-
imation, whereby ionizing photons are absorbed in the same
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Figure 3. Maps of the projected neutral fraction for average (left), intermediate (middle) and overdense (right) regions over a 0.03
pMpc slice. The top row shows simulations after tQ = 1 Myr with initial volume-weighted neutral fraction ⟨fH i⟩ = 0.002, second row
has ⟨fH i⟩ = 0.02 and third row has ⟨fH i⟩ = 1.0. The fourth row has ⟨fH i⟩ = 1.0 and is shown at tQ = 5 Myr. Note that this is not an
instantaneous picture, but rather shows the size of the H ii region that would be measured by an observer along each sightline.

c⃝ 2014 RAS, MNRAS 000, 1–13

z ∼ 7 QSO near-zones 5

Figure 3. Maps of the projected neutral fraction for average (left), intermediate (middle) and overdense (right) regions over a 0.03
pMpc slice. The top row shows simulations after tQ = 1 Myr with initial volume-weighted neutral fraction ⟨fH i⟩ = 0.002, second row
has ⟨fH i⟩ = 0.02 and third row has ⟨fH i⟩ = 1.0. The fourth row has ⟨fH i⟩ = 1.0 and is shown at tQ = 5 Myr. Note that this is not an
instantaneous picture, but rather shows the size of the H ii region that would be measured by an observer along each sightline.

c⃝ 2014 RAS, MNRAS 000, 1–13

Size and shape of the ionization front 
depends on initial neutral fraction
z ∼ 7 QSO near-zones 5

Figure 3. Maps of the projected neutral fraction for average (left), intermediate (middle) and overdense (right) regions over a 0.03
pMpc slice. The top row shows simulations after tQ = 1 Myr with initial volume-weighted neutral fraction ⟨fH i⟩ = 0.002, second row
has ⟨fH i⟩ = 0.02 and third row has ⟨fH i⟩ = 1.0. The fourth row has ⟨fH i⟩ = 1.0 and is shown at tQ = 5 Myr. Note that this is not an
instantaneous picture, but rather shows the size of the H ii region that would be measured by an observer along each sightline.
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6 L.C. Keating et al

Figure 4. The projected neutral fraction over a slice with thick-
ness 0.03 pMpc for the overdense region with initial neutral frac-
tion ⟨fH i⟩ = 0.02. Subhaloes in a slice of the same thickness found
using subfind are overplotted.

there is little difference between the three regions but be-
yond this point, we find that the extent of the H ii region
increases as the density of the environment decreases.

However, the size of the H ii region is not necessarily
the size of the near-zone that will be observed. Bolton &
Haehnelt (2007a) summarise the analytical solution for the
radius of an ionization front moving into the IGM (Rion).
For an source emitting Ṅ ionizing photons per unit time,
the rate of expansion of the H ii region is given by

dRion

dt
=

Ṅ − 4
3πRionαH iin

2
H

4πR2
ionfH inH

, (1)

where fH i is the neutral hydrogen fraction, nH is the to-
tal hydrogen number density and αH ii is the recombination
coefficient for ionized hydrogen. Note that we use here re-
combination rates taken from Hui & Gnedin (1997), rather
than Abel et al. (1997) as in Bolton & Haehnelt (2007a).
When evaluated at 2 × 104 K, the discrepancy between the
two values is only 3.6 × 10−14 cm3 s−1 and therefore we do
not expect it to change the result. Solving for Rion, and as-
suming that the lifetime of the source tQ is much smaller
than the timescale for recombination trec = (nH αH ii)

−1,
leads to the solution

Rion =
1.48

(∆fH i)1/3

„

Ṅ
1.3 × 1057 s−1

«1/3„

tQ
106 yr

«1/3

×

„

1 + z
8

«−1

Mpc.

(2)

Due to residual neutral hydrogen inside the H ii region,
the absorption can become saturated closer to the source.
By choosing the fH i that corresponds to the limiting opti-
cal depth and assuming that the hydrogen gas beyond the
ionization front is in ionization equilibrium, the largest ob-

servable near-zone size, Rmax
α , can be defined by

Rmax
α ≃

1.86
∆lim

„

Ṅ
1.3 × 1057 s−1

«1/2„

T
2 × 104K

«0.35

×

„

τlim

2.3

«1/2„

α−1
s [αs + 3]

3

«−1/2„

1 + z
8

«−9/4

Mpc,

(3)

where ∆lim is the overdensity corresponding to the limiting
neutral fraction of hydrogen, T is the temperature, τlim is
the optical depth detection limit and αs is the spectral index
of the QSO. Note that this scales as Ṅ1/2 rather than Ṅ1/3

as before and that there is no dependence on fH i or tQ.
In the left hand panel of Figure 5, we plot the near zone

sizes we measure after tQ = 1 Myr as a function of the mass
of the host halo. A range of initial average neutral fractions
are plotted. We find no strong change in near-zone size for
the intermediate and overdense regions and a slight increase
for the average region. This can be easily interpreted by
looking at the middle panel of Figure 5 which shows the
mean overdensity contained in a sphere of a given radius
centred around the host halo. When the size of the observed
near-zones are small enough, the matter overdensity around
the host halo has not yet returned to the cosmic mean and
the effect of the structure associated with the dark matter
halo can be seen in the observed distribution of near-zone
sizes. However, due to the large scatter in near-zone sizes
found in all three cases, we find that it would be difficult to
use near-zone sizes to constrain the mass of the host halo
of the QSO. We also find that, in the majority of our sight-
lines, the near-zone is found around absorbers with column
densities typical of the Lyα forest.

For our overdense halo, we also investigate how our
choice of self-shielding model effects the sizes of the near-
zones we measure. We compare our fiducial model, taken
from Rahmati et al. (2013), with a simple threshold self-
shielding model where all gas with overdensity above some
threshold ∆ss (Schaye 2001) is assumed to be neutral (see
also Miralda-Escudé, Haehnelt & Rees 2000; Furlanetto &
Oh 2005; Bolton & Haehnelt 2013). We find that in this
simple model, the Lyman limit systems become more effec-
tive at slowing the progression of the ionization front. This
results in a smaller H ii region and near-zone sizes. We also
note that in this case, our measured near-zone sizes agree
well with those of Bolton et al. (2011).

We further investigate the mass dependence by follow-
ing the evolution of the median near-zone size with time in
our three different environments (Figure 6). Note that from
this point on, due to the computational costs running the ra-
diative transfer simulations to 10 Myr, we only perform the
radiative transfer on one octant of our box. We find that the
extent of the near-zone is initially inversely proportional to
the mass of the host halo, but once the ionization front has
moved beyond the point where the clustering around host
halo boosts the density of the IGM this trend is no longer
visible. The other point of interest is the manner in which
the near-zone sizes grow. There is a period of initial rapid
growth, followed by a levelling-off in which there is little
evolution in the median near-zone size of the system. This
period of rapid growth is the time for which Rion < Rmax

α .
After this point, we find that the median near-zone size and
1σ scatter are independent of the initial neutral fraction. To
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Edge of HII 
region tends to 
coincide with 

position of dark 
matter haloes

t = 1 Myr, fHI=0.02



Ionization front has similar size/scatter 
in the three regions

z ∼ 7 QSO near-zones 5

Figure 3. Maps of the projected neutral fraction for average (left), intermediate (middle) and overdense (right) regions over a 0.03
pMpc slice. The top row shows simulations after tQ = 1 Myr with initial volume-weighted neutral fraction ⟨fH i⟩ = 0.002, second row
has ⟨fH i⟩ = 0.02 and third row has ⟨fH i⟩ = 1.0. The fourth row has ⟨fH i⟩ = 1.0 and is shown at tQ = 5 Myr. Note that this is not an
instantaneous picture, but rather shows the size of the H ii region that would be measured by an observer along each sightline.
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Figure 5. Left: Median near-zone size as a function of mass of the underlying FoF group. The shift in the points around the masses
the three haloes is for display purposes only. The error bars represent the 1σ scatter in the near-zone sizes. No strong trend of near-zone
size with the mass of the FoF group is visible. The shaded region shows the estimate for the near-zone size of the z = 7 QSO ULAS
J1120+0641. Middle: Overdensity within a sphere with radius specified on the horizontal axis, centred on the host halo, for the three
regions. Outside the central 2 Mpc, the intermediate and overdense regions show similar densities that are still slightly above the average
cosmic density, while the density of the average region lies much closer to the cosmic density at z = 7. Beyond a radius of 5 Mpc, all
three regions display similar overdensities. Right: The median neutral fraction over all sightlines for our three regions with initial neutral
fraction fH i = 0.02.

Figure 6. Evolution of QSO near-zone size with time for the three different density fields. Left: overdense, middle: intermediate, right:
average. In each panel we plot a range of different initial neutral fractions. The solid line in each case is the median near-zone size
we measure for the system. The dashed lines show the 1σ scatter in the measured near-zone sizes. For short QSO lifetimes, there is a
clear trend in the near-zone size with the mass of the FoF group. However, this information is lost as the distance the ionization front
has travelled becomes comparable to the radius where the density returns to the average cosmic density. The shaded region shows the
estimate for the near-zone size of the z = 7 QSO ULAS J1120+0641.

illustrate this, we plot the near-zone size as a function of
initial average neutral fraction for fixed tQ in Figure 10. We
find that for tQ = 1 Myr, the near-zone sizes track the edge
of the ionization front for fH i ! 0.01 and level off for lower
neutral fractions. The analytic predictions are plotted for
comparsion.

Another observable of interest in the spectra of QSOs
is the transmission at the rest-frame wavelength of Lyα. In
the presence of high densities of neutral hydrogen, even flux
redward of Lyα can be attenuated producing a red damp-
ing wing. The strength of this damping wing can be used
to place constraints on the neutral fraction of the IGM
(Mesinger & Furlanetto 2008; Bolton et al. 2011). In Fig-

ure 7, we plot the transmission at Lyα as a function of time
for our three regions. We find that, as expected, the regions
with higher average initial neutral fractions display stronger
red damping wings. Perhaps more interestingly, we also find
that the transmission at Lyα is consistantly lower in the
overdense regions, for all the initial average neutral fractions
that we consider due to the increased number of dense, self-
shielded systems. However, note here that we neglect the
ionizing radiation from Lyman-α emitters that may reside
in these systems and weaken the Lyα damping wing (Bolton
& Haehnelt 2013).

We have also investigated how the helium ionization
fronts progress and the effect that this as on the temperature
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N = 12

N = 8

N = 3

N = 1

Figure 10. Left: Median near-zone size as a function of initial neutral fractions, −4 < log⟨fH i⟩ < 0 in the overdense region with
tQ = 1 Myr. The error bars represent the 1σ scatter in the near-zone sizes. Also plotted in red are the analytical solutions for Rion

with ∆lim = 2.0 (dotted blue line) and Rmax
α with ∆lim = 0.5 (solid red line) with ∆lim = 1.0. Middle: Observed near-zone sizes

taken from Carilli et al. (2010) and Mortlock et al. (2011). The data are corrected for differences in luminosity using the relation

RNZ,corr = 100.4(27+M1450,AB)/3RNZ and separated into redshift bins of width ∆z = 0.13. N is the number of QSOs in each bin. The
blue circles represent the mean near-zone size in a bin and the error bars show the maximum (minimum) near-zone size. Left: Here we
try to estimate the number of sightlines it would take to constrain the neutral fraction at z = 7. We randomly select sightlines from our
simulation and measure the scatter. The results of ten iterations are shown here.

sured near-zone sizes as a function of initial neutral hydrogen
fraction in the most massive halo we simulate at tQ = 1 Myr.
We find that there is a turning-point around log fH i = −2,
when the median near-zone size begins to decrease with in-
creasing neutral fraction since the near-zone sizes have not
saturated yet. We also find that the scatter in near-zone
sizes decreases as well. Therefore, given a sample of high-z
QSOs, the scatter in near-zone sizes in a given redshift bin
could be used to put lower limits on the neutral fraction of
the IGM at z ! 6.5. However, as shown in Figure 6, this will
be degenerate with the age of the quasar.

We have attempted to estimate the number of QSO
spectra it would take to estimate this scatter in near-zone
sizes. Our method was to randomly select sightlines from
one of our simulations. Every time we selected a sightline,
we computed the scatter we measure from our random sight-
lines and compared this to the true scatter (the 1σ scatter
measured from our full sample of 1024 sightlines). We re-
peated this process ten times and our results are shown in
the right panel of Figure 10. We find that, with a sample of
just over ten sightlines, we know the 1σ scatter ± 1 Mpc.
As there are several ongoing and future surveys that will
have the capability to detect z ! 7 quasars (Willott et al.
2010), we believe that this would be an interesting method
to constrain the neutral fraction of gas in the IGM.

4.3 Caveats

There are a number of uncertainties in our modelling that
should be taken into account when considering these results.
First, the resolution of our hydrodynamical simulations is
below the level required to properly resolve the Lyα forest
(Bolton & Becker 2009) at z > 5. As a large radius was re-
quired to follow the evolution of the ionization front over a
realistic quasar lifetime, and to contain observed near-zone
sizes, it was necessary to choose a resolution that was com-

putationally feasible to run. We have investigated the effects
of changing the resolution and the results are presented in
Appendix A.

As stated in Section 2.2, our radiative transfer post-
processing only evolves the temperature and ionization state
of the gas, not the density. However, the timescales that we
are considering here are short compared to the timescales
over which the density field evolves. The speed of the ion-
ization front in our case is close to the speed of light, and
therefore many orders of magnitude larger than the sound
speed in the IGM. Another possible effect is the heating
provided by the passage of the ionization front. But, once
again, adiabatic expansion of the gas is negligible over the
timescales that we are considering.

Finally, we only model the initial ionization state of the
IGM using a homogeneous UV background. This certainly
oversimplifies the previous evolution of the IGM before the
QSO turns on as reionization is a highly inhomogeneous
process, with individual galactic sources pre-ionizing inho-
mogenously the surrounding IGM to different levels. This
additional contribution to the photoionization rate may be
responsible for the larger near-zone sizes at z = 6 (Bolton
& Haehnelt 2007a; Maselli, Ferrara & Gallerani 2009).

5 SUMMARY AND CONCLUSIONS

In this paper we have presented results from our modelling
of z = 7 near-zones. We have run zoom simulations of three
dark matter haloes from the Millennium simulation, which
differ in mass by a factor of 100, and post-processed these
with the 3D radiative transfer code radamesh. We placed
a source of the same luminosity in each halo to investigate
whether quasar spectra could be used to infer something
about the environment these quasars are found in. To com-
pare our simulations with existing and potential observa-
tions of high-z QSOs, we constructed synthetic Lyα spectra
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Figure 5. Left: Median near-zone size as a function of mass of the underlying FoF group. The shift in the points around the masses
the three haloes is for display purposes only. The error bars represent the 1σ scatter in the near-zone sizes. No strong trend of near-zone
size with the mass of the FoF group is visible. The shaded region shows the estimate for the near-zone size of the z = 7 QSO ULAS
J1120+0641. Middle: Overdensity within a sphere with radius specified on the horizontal axis, centred on the host halo, for the three
regions. Outside the central 2 Mpc, the intermediate and overdense regions show similar densities that are still slightly above the average
cosmic density, while the density of the average region lies much closer to the cosmic density at z = 7. Beyond a radius of 5 Mpc, all
three regions display similar overdensities. Right: The median neutral fraction over all sightlines for our three regions with initial neutral
fraction fH i = 0.02.

Figure 6. Evolution of QSO near-zone size with time for the three different density fields. Left: overdense, middle: intermediate, right:
average. In each panel we plot a range of different initial neutral fractions. The solid line in each case is the median near-zone size
we measure for the system. The dashed lines show the 1σ scatter in the measured near-zone sizes. For short QSO lifetimes, there is a
clear trend in the near-zone size with the mass of the FoF group. However, this information is lost as the distance the ionization front
has travelled becomes comparable to the radius where the density returns to the average cosmic density. The shaded region shows the
estimate for the near-zone size of the z = 7 QSO ULAS J1120+0641.

illustrate this, we plot the near-zone size as a function of
initial average neutral fraction for fixed tQ in Figure 10. We
find that for tQ = 1 Myr, the near-zone sizes track the edge
of the ionization front for fH i ! 0.01 and level off for lower
neutral fractions. The analytic predictions are plotted for
comparsion.

Another observable of interest in the spectra of QSOs
is the transmission at the rest-frame wavelength of Lyα. In
the presence of high densities of neutral hydrogen, even flux
redward of Lyα can be attenuated producing a red damp-
ing wing. The strength of this damping wing can be used
to place constraints on the neutral fraction of the IGM
(Mesinger & Furlanetto 2008; Bolton et al. 2011). In Fig-

ure 7, we plot the transmission at Lyα as a function of time
for our three regions. We find that, as expected, the regions
with higher average initial neutral fractions display stronger
red damping wings. Perhaps more interestingly, we also find
that the transmission at Lyα is consistantly lower in the
overdense regions, for all the initial average neutral fractions
that we consider due to the increased number of dense, self-
shielded systems. However, note here that we neglect the
ionizing radiation from Lyman-α emitters that may reside
in these systems and weaken the Lyα damping wing (Bolton
& Haehnelt 2013).

We have also investigated how the helium ionization
fronts progress and the effect that this as on the temperature
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Figure 5. Left: Median near-zone size as a function of mass of the underlying FoF group. The shift in the points around the masses
the three haloes is for display purposes only. The error bars represent the 1σ scatter in the near-zone sizes. No strong trend of near-zone
size with the mass of the FoF group is visible. The shaded region shows the estimate for the near-zone size of the z = 7 QSO ULAS
J1120+0641. Middle: Overdensity within a sphere with radius specified on the horizontal axis, centred on the host halo, for the three
regions. Outside the central 2 Mpc, the intermediate and overdense regions show similar densities that are still slightly above the average
cosmic density, while the density of the average region lies much closer to the cosmic density at z = 7. Beyond a radius of 5 Mpc, all
three regions display similar overdensities. Right: The median neutral fraction over all sightlines for our three regions with initial neutral
fraction fH i = 0.02.

Figure 6. Evolution of QSO near-zone size with time for the three different density fields. Left: overdense, middle: intermediate, right:
average. In each panel we plot a range of different initial neutral fractions. The solid line in each case is the median near-zone size
we measure for the system. The dashed lines show the 1σ scatter in the measured near-zone sizes. For short QSO lifetimes, there is a
clear trend in the near-zone size with the mass of the FoF group. However, this information is lost as the distance the ionization front
has travelled becomes comparable to the radius where the density returns to the average cosmic density. The shaded region shows the
estimate for the near-zone size of the z = 7 QSO ULAS J1120+0641.

illustrate this, we plot the near-zone size as a function of
initial average neutral fraction for fixed tQ in Figure 10. We
find that for tQ = 1 Myr, the near-zone sizes track the edge
of the ionization front for fH i ! 0.01 and level off for lower
neutral fractions. The analytic predictions are plotted for
comparsion.

Another observable of interest in the spectra of QSOs
is the transmission at the rest-frame wavelength of Lyα. In
the presence of high densities of neutral hydrogen, even flux
redward of Lyα can be attenuated producing a red damp-
ing wing. The strength of this damping wing can be used
to place constraints on the neutral fraction of the IGM
(Mesinger & Furlanetto 2008; Bolton et al. 2011). In Fig-

ure 7, we plot the transmission at Lyα as a function of time
for our three regions. We find that, as expected, the regions
with higher average initial neutral fractions display stronger
red damping wings. Perhaps more interestingly, we also find
that the transmission at Lyα is consistantly lower in the
overdense regions, for all the initial average neutral fractions
that we consider due to the increased number of dense, self-
shielded systems. However, note here that we neglect the
ionizing radiation from Lyman-α emitters that may reside
in these systems and weaken the Lyα damping wing (Bolton
& Haehnelt 2013).

We have also investigated how the helium ionization
fronts progress and the effect that this as on the temperature
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Is the red damping wing evidence for 
a neutral IGM?

near zones of other comparably luminous high-redshift quasars, which
have been measured23 to have RNZ, corr 5 (7.4 – 8.0(z 2 6)) Mpc, on
average. The considerable scatter about this trend notwithstanding,
these observations of ULAS J112010641 confirm that the observed
decrease in RNZ, corr with redshift continues at least to z^7:1.

The observed transmission cut-offs of z^6 quasars have been iden-
tified with their advancing ionization fronts, which grow as24,25

RNZ, corr!T1=3
q 1zzð Þ{1D{1=3f {1=3

H I , where Tq is the quasar age and
D is the local baryon density relative to the cosmic mean. Assuming a
fiducial age of Tq^0:01 Gyr has led to the claim26 that fH I>0.6
around several 6.0=z=6.4 quasars. Given that the above RNZ, corr–z
fit gives an average value of RNZ, corr 5 5.8 Mpc at z 5 6.2, the mea-
sured near-zone radius of ULAS J112010641 then implies that the
neutral fraction was a factor of ,15 higher at z^7:1 than it was at
z^6:2. The fundamental limit of fH I # 1 makes it difficult to reconcile
the small observed near zone of ULAS J112010641 with a significantly
neutral Universe at z^6. It is possible that ULAS J112010641 is seen
very early in its luminous phase or that it formed in an unusually dense
region, but the most straightforward conclusion is that observed near-
zone sizes of z^6 quasars do not correspond to their ionization
fronts25.

An alternative explanation for the near zones of the z^6 quasars is
that their transmission profiles are determined primarily by the residual
H I inside their ionized zones25,27. If the H I and H II are in equilibrium
with the ionizing radiation from the quasar then the neutral frac-
tion would increase with radius as fH I / R2 out to the ionization front.
The resultant transmission profile would have an approximately

Gaussian envelope, with RNZ being the radius at which25 fH I^10{4,
and not the ionization front itself. The envelopes of the measured
profiles of the two z^6:3 quasars shown in Fig. 3 are consistent with
this Gaussian model, although both have sharp cut-offs as well, which
could be due to Lyman limit systems along the line of sight28.

In contrast, the measured transmission profile of ULAS J112010641,
shown in Fig. 3, is qualitatively different from those of the lower red-
shift quasars, exhibiting a smooth envelope and significant absorption
redward of the Lya wavelength. The profile has the character of a Lya
damping wing, which would indicate that the intergalactic medium in
front of ULAS J112010641 was substantially neutral. It is also possible
that the absorption is the result of an intervening high-column-density
(NH I >1020cm{2) damped Lya system5, although absorbers of such
strength are rare. Both models are compared to the observed transmis-
sion profile of ULAS J112010641 in Fig. 4. Assuming the absorption is
the result of the intergalactic medium damping wing, the shape and
width of the transmission profile require fH I . 0.1, but are inconsistent
with fH I^1, at z^7:1. These limits will be improved by more detailed
modelling, in particular accounting for the distribution of H I within
the near zone25,27, and deeper spectroscopic observations of
ULAS J112010641. Given the likely variation in the ionization history
between different lines of sight, it will be important to find more
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Figure 3 | The inferred Lya near-zone transmission profile of
ULAS J112010641 compared to those of two lower-redshift quasars. The
near-zone transmission profile of ULAS J112010641 was estimated by
dividing the observed spectrum by the composite spectrum shown in Fig. 1 and
the conversion from wavelength to proper distance was calculated for a fiducial
flat cosmological model9. The transmission profiles towards the two SDSS
quasars were estimated by dividing their measured29 spectra by parameterized
fits based on the unabsorbed spectra of lower-redshift quasars. The
transmission profile of ULAS J112010641 is strikingly different from those of
the two SDSS quasars, with a much smaller observed near-zone radius RNZ, as
well as a distinct shape: whereas the profiles of SDSS J114815251 and
SDSS J103010524 have approximately Gaussian envelopes out to a sharp cut-
off, the profile of ULAS J112010641 is much smoother and also shows
absorption redward of Lya. The 1s error spectrum for ULAS J112010641 is
shown below the data. Fr
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Figure 4 | Rest-frame transmission profile of ULAS J112010641 in the
region of the Lya emission line, compared to several damping profiles. The
transmission profile of ULAS J112010641, obtained by dividing the spectrum
by the SDSS composite shown in Fig. 1, is shown in black. The random error
spectrum is plotted below the data, also in black. The positive residuals near
0.1230mm in the transmission profile suggest that the Lya emission line of
ULAS J112010641 is actually stronger than average, in which case the
absorption would be greater than illustrated. The dispersion in the Lya
equivalent width at a fixed C IV equivalent width of 13% quantifies the
uncertainty in the Lya strength; this systematic uncertainty in the transmission
profile is shown in red. The blue curves show the Lya damping wing of the
intergalactic medium for neutral fractions of (from top to bottom) fH I 5 0.1,
fH I 5 0.5 and fH I 5 1.0, assuming a sharp ionization front 2.2 Mpc in front of
the quasar. The green curve shows the absorption profile of a damped Lya
absorber of column density NH I 5 4 3 1020 cm22 located 2.6 Mpc in front of
the quasar. These curves assume that the ionized zone itself is completely
transparent; a more realistic model of the H I distribution around the quasar
might be sufficient to discriminate between these two models25,27. The
wavelength of the Lya transition is shown as a dashed line; also marked is the
N V doublet of the associated absorber referred to in the text.
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Figure 7. Evolution of transmission at Lyα with time for the three different density fields. Left: overdense, middle: intermediate, right:
average. In each panel we plot a range of different initial neutral fractions. The solid line in each case is the median transmission at 1216
Åwe measure. The dashed lines show the 1σ scatter in the measured transmission. More sightlines display a red damping wing in the
overdense region than in the less dense regions. The shaded region shows the estimate for the transmission at Lyα of the z = 7 QSO
ULAS J1120+0641.

log f He II

Figure 8. Left: the He ii fraction after tQ = 2.5 Myr in the simulation with an average intitial neutral fraction of fH i = 0.02. Middle:
the median temperature along our sightlines for the simulation with fH i = 0.02 shown at tQ = 1 Myr (black) and tQ = 2.5 Myr (red).
Right: the total neutral hydrogen column density along our sightlines, integrated over the distance between the source and where the
near-zone is found.

of the IGM surrounding he QSO (the left and middle panels
of Figure 8). For a simulation with a large Γ, we find that
most of the helium is in H ii. The ionization front proceeds
slowly in this case and the gradient of the front is much
shallower, as it is the hard photons travelling further and
doubly ionizing the helium. We find that although there is
a temperature boost associated with the passage of the H ii

front, it provides an increase of about 20 per cent only. This
will not have much of an effect on the recombination rate
and hence the near-zone sizes we measure.

3.2 z ∼ 6 Near Zones

As a consistency check, we also used radamesh to post-
process a snapshot of our overdense region at z = 6. We
used a background photoionization rate log ΓH i = −12.8,
based on measurements of the UV background at z ∼ 6
by Calverley et al. (2011) and Bolton & Haehnelt (2007a)

and log ΓH i = −12.5 to mimic a late reionization scenario
(as in Choudhury et al. 2014). We consider two different
QSO luminosities, which bracket the values estimated by
Fan et al. (2006). Our results are presented in the left panel
of Figure 9.

For the same quasar luminosity and background pho-
toionization rate, there is an increase in the near-zone size
with decreasing redshift. This is due to the evolution of the
optical depth as well as to the change in the threshold den-
sity for self-shielding with redshift. With our fiducial quasar
luminosity and a UV background log ΓH i = −12.8, we match
the lower end of the observed z = 6 near-zone sizes remark-
ably well. This is in contrast with the simulations of Bolton
& Haehnelt (2007a) and the different result is most likely due
to our use of the Rahmati et al. (2013) self-shielding model.
When we increase the luminosity of our ionizing source by a
factor of three, as an upper limit to the luminosities of the
z = 6 quasar population, we find that we reach the limit
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Figure 9. Left: QSO near-zone sizes at z = 6 and z = 7 for background photoionization rates (log ΓH i (s−1) = -12.8, -12.5) and two
different QSO luminosities (log Ṅγ = 57.1, 57.6) in our overdense region. The shaded region represents the observed near-zone sizes at
z = 6 taken from Carilli et al. (2010). Middle: Column density at the position where the near-zone is found over a range ±200 km s−1

after tQ = 1 Myr in our overdense region with ⟨fH i⟩V = 0.02. The different colours represent the number density of points (pink is high,
dark green is low). Right: ratio of Lyα to Lyβ near-zone sizes for two different initial neutral fractions (solid line: fH i = 1.0, dashed line:
fH i = 0.002.)

of what near-zone sizes our box can contain. In the cases
where the near-zone size occurred at a distance larger than
the radius of our box, we took the radius of the box as a
lower limit.

3.3 Lyβ Near-Zones

We have also investigated the dependence of Lyβ near-zones
on the environment surrounding the host halo. Bolton &
Haehnelt (2007a,b) highlight the potential effectiveness of
Lyβ absorption spectra as a probe of the z ! 6 IGM, as
they are expected to reach Rmax

β for a lower neutral hydro-
gen fraction than Lyα. When constructing our Lyβ spectra,
we did not add a contribution from the lower redshift Lyα
forest, as in Bolton & Haehnelt (2007a,b). The Lyα absorp-
tion is will occur at z′ = [λβ(1 + z)/λα] − 1. For z = 7,
this corresponds to absorption at z′ = 5.75. Interpolating
the mean transmitted flux from Songaila (2004) to this red-
shift resulted in a value ⟨F ⟩ ≈ 0, so it seems reasonable to
neglect this added absorption. This also implies that iden-
tifying Lyβ emission in the spectra of z ∼ 7 quasars should
be easier than at lower redshifts.

4 THE NEUTRAL HYDROGEN FRACTION

AT Z ∼ 7

4.1 The z = 7 QSO ULAS J1120+0641

Using these simulations, we can try to infer something about
the ionization state of the IGM around the z = 7.085 QSO
ULAS J1120+0641. Modelling of this kind has previously
been undertaken in Bolton et al. (2011). However, the mass
of the host halo in that work was a factor of 100 times less
massive than the one considered here (although based on
section 3.1 we do not expect this to make a large difference)
and we use an updated self-shielding model that we find
reproduces well the z ∼ 6 QSO near-zone sizes.

Analytically, equation 3 predicts that Rmax
α =

1.86/∆lim proper Mpc (assuming our fiducial values for αs

and Ṅγ). Mortlock et al. (2011) measure the near-zone of
ULAS J1120+0641 to be 1.9 ± 0.1 proper Mpc. If the ab-
sorption is due to overdensities of ∆ ∼ 0.5 (which seems to
approximate the median near-zone size in Figure 10), then
we would expect Rmax

α ∼ 3.72 (but with a large scatter).
This implies that near-zone of ULAS J1120+0641 is unlikely
to be due to a proximity effect and should therefore provide a
useful probe of the neutral fraction of the IGM at z = 7.085.

In the right panel of Figure 6, we compare the mea-
sured near-zone size of ULAS J1120+0641 (shaded purple
region) to the simulations of the overdense region containing
a 1012 M⊙ halo. We find that for realistic QSO lifetimes of
tQ > 1 Myr, the simulations with an average initial neutral
fraction somewhere between fH i = 0.1−1.0 provides thebest
fit. When we compare the transmission at the Lyalpha rest
frame wavelength to the observed transmission seen in the
spectrum of ULAS J1120+0641, we find that due to the high
number of dense absorbers surrounding the host halo the ob-
served transmission is within 1/sigma of all of our models,
even the highly ionized ones.

Note also that modelling of this kind is further com-
plicated by the fact that, towards the end of reionization,
there are expected to be large variances in the neutral frac-
tion along different sightlines (e.g., Becker et al. 2014) and
that here we neglect completely that the quasar may have
been active at earlier redshifts and may have already ionized
its surroundings (Feng et al. 2013).

4.2 Constraining the Neutral Fraction at z ∼ 7
with a Sample of QSOs

It is also interesting to consider whether the neutral frac-
tion at z ∼ 7 could be constrained with a larger sample of
near-zone sizes. In the middle panel of Figure , we plot the
a selection of measured near-zone sizes split into different
redshift bins in the range 5.5 < z < 7.5. In the bins at
z = (5.7, 6.3), where there is a reasonable sample of QSOs,
significant scatter is seen in the sizes of the measured near-
zones.

In the left-hand panel of Figure 10, we plot our mea-

c⃝ 2014 RAS, MNRAS 000, 1–13

What about the z = 6 near zones? 

Main difference is  
the treatment  

of self-shielding gas

Limited by size of box

Sample of 8 from Carilli+2010 
5.9 < z < 6.1

z = 7

z = 6

z = 6, higher luminosity

z = 6, higher UV bkg

506 J. S. Bolton and M. G. Haehnelt

Figure 8. The sizes of Lyα near-zones as a function of redshift. The filled
black circles correspond to the individual Lyα near-zone sizes taken from
the synthetic spectra in the moderate evolution scenario. Here, the quasar is
assumed to have an ionizing luminosity of Ṅ = 2 × 1057 s−1. The observed
correlation between Lyα near-zone size and redshift, determined empirically
by F06b, is shown with the dashed line. This fit has been made with observed
Lyα near-zone sizes rescaled to a common quasar ionizing luminosity of
∼1.9 × 1057 s−1, which are shown by the open diamonds. The simulation
data lie slightly below this fit, although the evolutionary trend is roughly
similar. The filled grey circles correspond to the same synthetic sight-lines,
except now the quasar ionizing luminosity is increased to Ṅ = 5×1057 s−1.
These data are in somewhat better agreement with the fit to the observational
data. Note that the solid vertical lines are to guide the eye only. In addition,
only four data points are visible for the Ṅ = 2 × 1057 s−1 data at z = 6.25
and 5.75. In these instances, two near-zones have been measured to have the
same size.

numerical simulations and that the actual mean neutral fraction is
somewhat smaller than we have assumed for the simulated spectra.
Another obvious way of reconciling the synthetic near-zone sizes
of our moderate evolution scenario with the observational data is to
increase the ionizing flux in the near-zone. The filled grey circles in
Fig. 8 correspond to the same synthetic sight-lines, except now the
quasar ionizing luminosity is set to Ṅ = 5×1057s−1, a factor of 2.5
larger than before. The near-zone sizes are now in better agreement
with the observational data. However, it appears unlikely that the
observed quasar luminosities are underestimated by factors of 2–3.
If an enhanced ionizing luminosity really were required to reproduce
the absolute sizes of observed Lyα near-zones, this may instead be
attributed to star-forming galaxies which are likely to cluster in the
dense environment surrounding the quasar.

Recently, Yu & Lu (2005) suggested that the majority of the neu-
tral hydrogen surrounding a quasar may have already been ionized
by stellar sources before the quasar switches on. However, a factor
of 3 larger ionizing luminosity appears again too large, considering
quasars are already extremely luminous objects. There is, however,
an important effect that our simulations do not take into account
which can increase the combined ionizing flux from galaxies (and
faint quasars) in the near-zone without an enhanced ionizing lumi-
nosity from individual galaxies. The enhanced ionizing flux from
the quasar in the near-zone will ionize dense neutral regions which
otherwise block the ionizing radiation from other sources of ion-
izing photons. This leads to a significant increase of the ionizing
photon mean-free path within the near-zone compared to the mean-
free path in the surrounding IGM. This will lead to an increase in the

metagalactic UV background flux due to the galaxies and possibly
other, fainter quasars within the near-zone. An accurate estimate of
this effect is difficult, but a rough estimate can be obtained using our
SSC model (MHR00; Furlanetto & Oh 2005, and also see Appendix
D). An increase by a factor of 2 or 3 in the ionizing flux at the edge
of the near-zone appears plausible.

There is a range of other effects which may affect the estimated
near-zone sizes. However, they should be less important than the
effects discussed above. Spatial fluctuations in the UV background
expected around the end of reionization may influence the size of
observed near-zones. In addition, gas in highly overdense regions is
likely to be shocked, producing hot, highly ionized gas. This has not
been taken into account in our simulations. However, the volume
filling factor of this hot, ionized gas phase is expected to be small
at z = 6. The difficulty of the data reduction may also contribute
to the discrepancy. The continuum fitting of these highly absorbed
spectra in the region of the broad Lyα emission line is notoriously
difficult. Unidentified emission lines could easily lead to a quasar
continuum which is placed too low at the relevant distance from
the systemic redshift. This would result in an overestimate of the
transmission and could therefore result in an overestimate of the
observed near-zone sizes.

6 C O N C L U S I O N S A N D D I S C U S S I O N

We have presented a detailed investigation of the properties of near-
zones in the Lyman series absorption spectra of z ≃ 6 quasars, using
analytical estimates and an accurate radiative transfer scheme for
a hydrogen and helium IGM combined with density distributions
drawn from a large hydrodynamical simulation of a " cold dark
matter universe. From the radiative transfer simulations, we have
produced realistic mock spectra which we have analysed in a similar
manner to the current observational data. The main conclusions of
this study are as follows.

(i) For large IGM neutral hydrogen fractions, the size of the near-
zone increases as f

−1/3
H I , as expected for a H II IF expanding into a

significantly neutral medium. For typical luminosities of observed z
≃ 6 quasars and plausible lifetimes, the near-zone sizes saturate at a
neutral fraction f HI ≈ 0.1. For smaller neutral fractions, the spectro-
scopically identified near-zones are more akin to classical proximity
zones within a highly ionized IGM, and their size is largely inde-
pendent of the neutral hydrogen fraction of the surrounding IGM.

(ii) The density fluctuations in a cosmologically representative
matter distribution lead to considerable scatter in the size of the
near-zones, even for fixed assumptions about the ionization state
of the surrounding IGM. It is thus difficult to determine the IGM
neutral hydrogen fraction from a small number of observed spectra.

(iii) Observed sizes of spectroscopically identified near-zones in
the Lyα region alone are a rather poor indicator of the ionization state
of the surrounding IGM. Observed near-zone sizes can furthermore
substantially underestimate the size of the region impacted by the
ionizing radiation of the quasar.

(iv) For small neutral hydrogen fractions quasar He III IFs lag
considerably behind their H II counterparts if He II is still abundant.
This leads to a temperature jump behind the He III IF which can
be located within the observed near-zone for a suitable combina-
tion of IGM neutral fraction, quasar luminosity and quasar lifetime.
Detailed study of the width of the absorption features in the Lyα

near-zone may therefore reveal the position of the He III front. This
could then be used together with the Lyα near-zone size to constrain
the neutral hydrogen fraction.
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Conclusions

• Near-zone size is only weakly sensitive to the mass 
of the host halo 

• Still favour a neutral IGM around ULAS 
J1120+0641 (more evidence for late reionization?) 

• More near-zone sizes should provide interesting 
constraints on the neutral fraction at z > 6.5 


