
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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