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The Epoch of Reionisation (EoR)

Credits: NRAO
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Constraints on reionisation from CMB
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The first sources: galaxies in the EoR

Example of galaxies in the 
Hubble Ultra Deep Field:

• very faint (mag⨠26)
• difficult to confirm their 
distance 
• nearly impossible to 
measure properties
 
� JWST (launch 2019) 

Bouwens+ 2016

z=8.6     8.6       8.8        8.8        9.5        9.5      11.9   
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High luminosity objects: quasars
- powered by accreting black holes
- brightest sources in universe
- UV/optical spectrum: 
  • power-law cont. by accretion disk +
          broad emission lines
- line width+continuum ≈ black hole mass
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Quasars: beacons in the early Universe

•  Luminous quasar are found up to ! > 7:
   � >109 M� black holes exist within first Gyr

•  Hosted by starburst galaxies (SFR > 100 M� /yr)
   � Study the formation of massive galaxies

•   Excellent probes of the Epoch of Reionisation
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Quasars: sources of UV photons 

Wavelength (Å)

Lyα

+ luminous
+ very blue
+ high escape 
fraction

Lusso+ 2015
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High-! quasar luminosity function
6 Onoue et al.

Figure 2. z ∼ 6 QLF. The binned QLF from K15 and this study is shown in brown (case 1) and red (case 2) open symbols,
respectively, with the re-binned QLFs with the faintest bin of the CFHQS (Willott et al. 2010, magenta) shown in filled symbols.
The SDSS data points (Main, Overlap, Stripe82) from Jiang et al. (2016) are shown in green (squares, diamonds, and triangles).
AGN luminosity functions from Parsa et al. (2017, cyan) and Giallongo et al. (2015, blue) are scaled to z = 6.0 using k = −0.47.
The best-fit double power-laws (using all the filled symbols) are shown in solid lines, while those fitted without the Parsa et al.
(2017) bin are shown in dashed lines. The shaded grey line shows the UV luminosity function of i-dropout galaxies from
Ono et al. (2017, lensed Schechter function), which intersects with the QLFs at M1450 ≃ −23.

each frequency to derive the monochromatic emissivity.
Based on our best-fit QLFs, we find Ṅion = 1.63× 1049

s−1 Mpc−3 (case 1) and Ṅion = 1.34× 1049 s−1 Mpc−3

(case 2). The required emission rate to balance with the
hydrogen recombination at z = 6 is Ṅion = 1050.48 (3/C)
s−1 Mpc−3 (Madau et al. 1999), where C is the IGM
clumping factor. Therefore, the contribution of z ∼ 6
quasars to the ionizing photons is 5.4% in case 1 and
4.4% in case 2, if we assume the fiducial value of C = 3
(e.g., Shull et al. 2012). In Figure 3, the ionizing pho-
ton emissivity at each α – M∗

1450 plane is indicated with
solid lines assuming case 1. The shades show the cor-
responding photon budget, which indicates that the 2σ
confidence range falls at ∼ 1−12% contribution in either
case. The error estimate is based on the two-dimensional
confidence range of α and M∗

1450 (Fig. 3). Meanwhile,
if the QLF is integrated further down to M1450 = −13,
where the recent studies of z > 6 UV luminosity function
of galaxies exploiting gravitational lensing have reached
(Livermore et al. 2017; Bouwens et al. 2017), the pho-

ton budget is still small (9.8% and 7.0% for case 1 and
2, respectively). Taking systematic uncertainties due to
the choice of the clumping factor (C ∼ 2−5, Jiang et al.
2016), the escape fraction, and the minimum magnitude
of the QLF into account, we place a stringent upper
limit of ! 20%; thus, our result supports the scenario
that quasars are likely the minor contributors of the ion-
izing background at z ∼ 6.
As a final remark, more accurate measurements of

the QLF faint-end and its redshift evolution can be ad-
dressed with the much wider low-luminosity quasar sur-
vey with the HSC-SSP.

MO would like to express gratitude to Linhua Jiang
for kindly providing his z ∼ 6 QLF data based on the
SDSS.
The Hyper Suprime-Cam (HSC) collaboration in-

cludes the astronomical communities of Japan and Tai-
wan, and Princeton University. The HSC instrumen-

! = 6

Willott+ 2010
Onoue+ 2017
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Ionising photon production of quasars
914 WILLOTT ET AL. Vol. 139

adopted by Richards et al. (2006) comes from the luminosity
function derived by Siana et al. (2008) using SDSS and SWIRE.
In fact, the break magnitude and slope found by Siana et al.
(2008) for z = 3.2 (pink triangle in Figure 6) are very close
to the minimum χ2 best fit at z = 6. This would suggest little
evolution in these parameters from z = 3 to z = 6, however,
there is a considerable range at 95% confidence for z = 6.

The studies at lower redshift have shown that at all redshifts
in the range 1 < z < 4, the break magnitude lies between
−26 < M1450 < −24. Therefore, we assume that this also holds
true at z = 6 in order to provide tighter constraints on β. Under
this assumption we find the 95% confidence ranges for β to be
−2.9 < β < −2.3 for M∗

1450 = −24 and −3.8 < β < −2.7 at
M∗

1450 = −26.
Throughout all the above analysis, the faint end slope was

fixed at α = −1.5 based on evidence for α at lower redshift
(Croom et al. 2004, 2009; Hunt et al. 2004). We have checked
to see how our results would change if instead we adopted
a different value for α. We re-ran the maximum likelihood
fitting assuming α = −1.8 and determined best-fit parameters
of Φ(M∗

1450) = 2.55 × 10−9 Mpc−3 mag−1, M∗
1450 = −26.39,

and β = −3.26. Although these best-fit parameters appear
substantially different to those for α = −1.5, the two luminosity
functions are very similar over the luminosity range covered by
the SDSS and CFHQS quasars. The steeper bright end slope and
higher break luminosity are shifted along the same direction as
the correlation in Figure 6. The best-fit break at M∗

1450 = −26.39
is more luminous than as measured at lower redshifts and as
noted above we find it unlikely that the break would be this
luminous at z = 6. Future large area, deep z ∼ 6 quasar surveys
are necessary to determine the faint end slope.

5.3. Consistency of Luminosity Function with
Redshift Distributions

These color-selected quasar samples can only find quasars
within a certain redshift range as shown in Figures 3 and 4.
The successful derivation of a luminosity function from these
data depends upon accurately determining how the complete-
ness depends upon redshift and luminosity. In order to check
the consistency of the observed redshift distributions with the
selection function, we have used the selection functions and the
best-fit luminosity function to generate expected redshift distri-
butions for three samples: SDSS main, SDSS deep stripe (com-
bined z′ < 21 and z′ > 21), and CFHQS RCS-2/VW. These
expected redshift distributions were then compared to the ob-
served redshift distributions. A Kolmogorov–Smirnov test was
applied to determine the probability that the redshift distribu-
tions were consistent. The results showed that all samples are
consistent with their expected redshift distributions (at proba-
bilities 0.48, 0.78, 0.27, respectively). Jiang et al. (2009) noted
that their SDSS deep z′ > 21 sample had no quasars at z > 6.1
and showed that this lack of high-redshift quasars was not sta-
tistically significant. Our findings agree and show that all the
samples have redshift distributions as expected from the color
selection criteria.

6. APPLICATIONS OF THE LUMINOSITY FUNCTION

6.1. The Quasar Intergalactic Ionizing Flux at z = 6

The constraints placed on the low-luminosity end of the z = 6
quasar luminosity function here are considerably tighter than
in previous works (Willott et al. 2005a; Shankar & Mathur
2007; Jiang et al. 2009). Therefore, it is useful to consider the

Figure 7. Probability distribution for the ionizing photon emission rate density
from quasars at z = 6. The distribution comes from the range of possible
luminosity functions consistent with the data determined by the bootstrap
method. The dashed line shows the required photon emission rate density to
balance combinations and keep the universe ionized.

ionizing photon output of the quasar population at z = 6. We
use the 100 bootstrap trial luminosity functions to determine
the plausible statistical range of the photon output. Since the
luminosity function is not constrained at M∗

1450 > −22, we set
all the bootstrap models with break magnitudes fainter than this
to have a break to α = −1.5 at M∗

1450 = −22. Note however
that we do not include ranges on other important parameters,
such as the faint end slope α (assumed −1.5 here), the quasar
UV spectral slope (assumed that of Telfer et al. 2002), or the
photon escape fraction (assumed 100%).

The resulting probability distribution in ionizing photon rate
density is shown in Figure 7. The peak of the distribution
is at 4 × 1048 photons s−1 Mpc−3 and the median is at
5 × 1048 photons s−1 Mpc−3. The probability distribution is
bimodal because the group of bootstrap luminosity functions
with M∗

1450 > −22 have a large number of faint quasars and
total emission rate density of > 1049 photons s−1 Mpc−3. Our
results are significantly lower than that previously assumed of
2×1049 photons s−1 Mpc−3 (Meiksin 2005; Bolton & Haehnelt
2007). Because low-luminosity quasars could dominate the
ionizing flux, the bootstrap resampling was also run for a steeper
faint end slope of α = −1.8, and in this case the probability
distribution is only shifted 0.1 dex higher than for α = −1.5.

Also, plotted in Figure 7 is a dashed line to denote the photon
rate density required in order to balance recombinations and
keep the universe ionized. We follow Meiksin (2005) to calculate
this number and assume that the clumpiness factor C = 5.
It is evident from this plot that the quasar population, even
including the possibility of a large number of faint quasars, is
insufficient to get even close to the required photon emission
rate density. Our estimate of the photon rate density is between
20 and 100 times lower than the required rate. This is consistent
with the constraints placed on this rate by the unresolved X-ray
background (Dijkstra et al. 2004). In comparison, the known
galaxy luminosity function at z = 6 shows that galaxies provide
between 1050 and 4 × 1050 photons s−1 Mpc−3 (Ouchi et al.
2009).

6.2. Search Strategies for Quasars at Even Higher Redshifts

Now that ∼ 50 quasars are known at redshifts 5.7 < z < 6.5,
the next challenge is to identify quasars at even higher redshifts.

Log ionising photon emission density
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ob
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y

Needed to keep 
Universe reionised 
at ! ~ 6 factor ~20

Willott+ 2010
Onoue+ 2017
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Probes of the Intergalactic Medium (IGM)
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Quasars: probes of the EoR

•  Use quasars to “X-ray” the early Universe
•  Investigate redshift evolution of 
   � absorption in the Lyα forest
   � ionised region around quasars (near zone)
   � damping wing
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Quasar absorption due to Lyα forest

Credits: B. Keel, N. Wright

Fan+ 2006

Strong absorption 
at ! > 6
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Probing the neutral IGM
ANRV284-AA44-10 ARI 15 May 2006 18:56
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Figure 4
Close-up of the Lyα and Lyβ troughs in the two highest redshift quasars currently known.
SDSS J1030 + 0524 (z= 6.28) shows complete GP absorption in both Lyα and Lyβ, where
SDSS J1148 + 5251 (z= 6.42) has clear transmission, suggesting a large line-of-sight variance
at the end of reionization. Adapted from White et al. (2003).

the basic formalism to use the IGM optical depth to measure the cosmic baryon
density. McDonald et al. (2000) and McDonald & Miralda-Escudè (2001) expanded
this work to study the evolution of the ionizing background at z< 5.2 by comparing
the observed transmitted flux to that of artificial Lyα forest spectra created from
cosmological simulations. Although slightly different in technical details, a number
of works (Cen & McDonald 2002, Fan et al. 2002, Lidz et al. 2002, Songaila & Cowie
2002, Songaila 2004) followed the same formalism to calculate the evolution of the
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Evolution of the optical depth

redshifts, derived from their simulation, which assumed a cos-
mology consistent with that of WMAP. We linearly interpolate
these constants as a function of redshift. Equation (7) is appro-
priate for all Lyman series lines, with different values of the pro-
portionality constant. Equation (7) also shows that if the ionizing
background and the clumpiness of the IGM do not evolve with
redshift, then ! / (1þ z)4:5. At zabs < 5:5, this is the leading
term in the observed scaling relation (eqs. [5] and [6]), and the in-
creasing clumpiness and decreasing ionizing background as one
moves to lower redshift roughly cancel each other out. A sig-
nificant deviation from this relation (x 3.3) indicates an accel-
erated evolution in the ionizing background.

We calculate the GP optical depth in different Lyman tran-
sitions as a function of IGM photoionization rate at z ¼ 6. Figure 4
shows the conversion factors ! eA" /! eA# and ! eA" /!eA$ as a function of
the photoionization rate !#12 in units of 10#12 s#1. The conver-
sion factor shows a mild dependence on the ionizing background.
For parameters of interest (see x 4.1), !#12 ¼ 0:01 0:25, the
Ly" –Ly# conversion factor !eA" /! eA# ¼ 2:5 2:9, and the Ly" –
Ly$ conversion factor ! eA" /!eA$ ¼ 4:4 5:7. These values are fac-
tors of 2–4 smaller than those in the case of a uniform IGM,
consistent with those found by Oh & Furlanetto (2005).

The calculation above is subject to the assumptions we made
about the clumpiness of the IGM, its equation of state, and the
uniformity of the ionizing background. We also calibrate the
Ly" –Ly# conversion factor empirically: we calculate the av-
erage transmitted flux ratios (not the average optical depth) in
Ly" and Ly# over the same redshift range, T " and T # , the latter
corrected for foreground Ly" absorption, and define the con-
version factor as !eA" /! eA# ¼ ln (T #/T " ).

This method simply requires that the Ly" and Ly# measure-
ments yield consistent results on the optical depth and neutral
fraction.We find that for zabs ¼ 5:4 5:8, ! eA" /!eA# ¼ 2:25, and for
zabs > 5:9, ! eA" /!eA# ¼ 2:19. This conversion factor is somewhat
smaller than that found using the photoionization model. Oh &
Furlanetto (2005) show that a more clumpy IGM, or a UV
background in which ! is correlated with density, results in a
smaller conversion factor. For the remainder of this paper, we
adopt the conversion factors !eA" /! eA# ¼ 2:25 and ! eA" /!eA$ ¼ 4:4.
We use the notation ! eAGP as the effective optical depth converted
to the Ly" transition unless otherwise noted.

The measurement of Ly$ optical depth is severely restricted
by the presence of Ly% absorption at the low-redshift end and the
quasar proximity effect at the high-redshift end. Only the three
lines of sight toward the three highest redshift quasars at z > 6:2
provide a redshift range "z > 0:06 for this measurement. As
before, the Ly$ optical depth has been corrected for foreground
absorption in Ly" and Ly#, using equations (5) and (6) and con-
verted to the Ly" values. The results are summarized in Table 4.
In all three cases, the Ly# regions probed correspond to redshift
ranges with deep Ly" GP troughs.

3.3. Accelerated Evolution of the Average
and Scatter of GP Optical Depth

Figure 5 shows the combined measurements of optical depth
evolution using the Ly", Ly#, and Ly$ transitions, with Ly# and
Ly$ measurements converted to their Ly" equivalent assuming
conversion factors of 2.25 and 4.4, respectively. For zabs ¼
4:9 6:3, we have also calculated the mean and standard devia-
tions of ! eAGP among different lines of sight at a redshift interval of
0.2 based on Ly" and Ly# measurements.
When calculating the average and standard deviation for

points for which both Ly" and Ly# measurements are available,
we use the Ly" measurements in the cases for which there is
detected Ly" transmitted flux and use the Ly# measurements or

Fig. 4.—Optical depth conversion factors between Lyman series transitions
as a function of the UV background at z ¼ 6. For a clumpy, isothermal IGM and a
uniform background, the Ly" –Ly# conversion factor lies in the range 2.5–2.9,
while the Ly" –Ly$ conversion factor lies between 4.4 and 5.7.

TABLE 4

Ly$ GP Optical Depth Measurements

Object zem Redshift Range !GP Using Ly$

J1030+0524............. 6.28 6.11–6.17 >14.2a

J1148+5251............. 6.42 6.25–6.32 14.7 $ 1.1

J1623+3112............. 6.22 6.05–6.15 >12.2

a 2 & lower limit.

Fig. 5.—Evolution of optical depth combined with the Ly", Ly#, and Ly$
results. The Ly# measurements are converted to Ly" GP optical depth using a
conversion factor of 2.25. The values in the two highest redshift bins are lower
limits, since they both contain complete GP troughs. The dashed line shows a
redshift evolution of ! eAGP / (1þ z)4:3. At z > 5:5, the best-fit evolution has
! eAGP / (1þ z)>10:9, indicating an accelerated evolution. The large filled symbols
with error bars are the average and standard deviation of optical depth at each
redshift. The sample variance also increases rapidlywith redshift.We also include
the Ly$ measurements (square, Table 4); they cover only the high-redshift end of
the Ly" and Ly# bins due to contamination from Ly% absorption along the line of
sight at lower redshift.
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Evolution of the optical depth

redshifts, derived from their simulation, which assumed a cos-
mology consistent with that of WMAP. We linearly interpolate
these constants as a function of redshift. Equation (7) is appro-
priate for all Lyman series lines, with different values of the pro-
portionality constant. Equation (7) also shows that if the ionizing
background and the clumpiness of the IGM do not evolve with
redshift, then ! / (1þ z)4:5. At zabs < 5:5, this is the leading
term in the observed scaling relation (eqs. [5] and [6]), and the in-
creasing clumpiness and decreasing ionizing background as one
moves to lower redshift roughly cancel each other out. A sig-
nificant deviation from this relation (x 3.3) indicates an accel-
erated evolution in the ionizing background.

We calculate the GP optical depth in different Lyman tran-
sitions as a function of IGM photoionization rate at z ¼ 6. Figure 4
shows the conversion factors ! eA" /! eA# and ! eA" /!eA$ as a function of
the photoionization rate !#12 in units of 10#12 s#1. The conver-
sion factor shows a mild dependence on the ionizing background.
For parameters of interest (see x 4.1), !#12 ¼ 0:01 0:25, the
Ly" –Ly# conversion factor !eA" /! eA# ¼ 2:5 2:9, and the Ly" –
Ly$ conversion factor ! eA" /!eA$ ¼ 4:4 5:7. These values are fac-
tors of 2–4 smaller than those in the case of a uniform IGM,
consistent with those found by Oh & Furlanetto (2005).

The calculation above is subject to the assumptions we made
about the clumpiness of the IGM, its equation of state, and the
uniformity of the ionizing background. We also calibrate the
Ly" –Ly# conversion factor empirically: we calculate the av-
erage transmitted flux ratios (not the average optical depth) in
Ly" and Ly# over the same redshift range, T " and T # , the latter
corrected for foreground Ly" absorption, and define the con-
version factor as !eA" /! eA# ¼ ln (T #/T " ).

This method simply requires that the Ly" and Ly# measure-
ments yield consistent results on the optical depth and neutral
fraction.We find that for zabs ¼ 5:4 5:8, ! eA" /!eA# ¼ 2:25, and for
zabs > 5:9, ! eA" /!eA# ¼ 2:19. This conversion factor is somewhat
smaller than that found using the photoionization model. Oh &
Furlanetto (2005) show that a more clumpy IGM, or a UV
background in which ! is correlated with density, results in a
smaller conversion factor. For the remainder of this paper, we
adopt the conversion factors !eA" /! eA# ¼ 2:25 and ! eA" /!eA$ ¼ 4:4.
We use the notation ! eAGP as the effective optical depth converted
to the Ly" transition unless otherwise noted.

The measurement of Ly$ optical depth is severely restricted
by the presence of Ly% absorption at the low-redshift end and the
quasar proximity effect at the high-redshift end. Only the three
lines of sight toward the three highest redshift quasars at z > 6:2
provide a redshift range "z > 0:06 for this measurement. As
before, the Ly$ optical depth has been corrected for foreground
absorption in Ly" and Ly#, using equations (5) and (6) and con-
verted to the Ly" values. The results are summarized in Table 4.
In all three cases, the Ly# regions probed correspond to redshift
ranges with deep Ly" GP troughs.

3.3. Accelerated Evolution of the Average
and Scatter of GP Optical Depth

Figure 5 shows the combined measurements of optical depth
evolution using the Ly", Ly#, and Ly$ transitions, with Ly# and
Ly$ measurements converted to their Ly" equivalent assuming
conversion factors of 2.25 and 4.4, respectively. For zabs ¼
4:9 6:3, we have also calculated the mean and standard devia-
tions of ! eAGP among different lines of sight at a redshift interval of
0.2 based on Ly" and Ly# measurements.
When calculating the average and standard deviation for

points for which both Ly" and Ly# measurements are available,
we use the Ly" measurements in the cases for which there is
detected Ly" transmitted flux and use the Ly# measurements or

Fig. 4.—Optical depth conversion factors between Lyman series transitions
as a function of the UV background at z ¼ 6. For a clumpy, isothermal IGM and a
uniform background, the Ly" –Ly# conversion factor lies in the range 2.5–2.9,
while the Ly" –Ly$ conversion factor lies between 4.4 and 5.7.

TABLE 4

Ly$ GP Optical Depth Measurements

Object zem Redshift Range !GP Using Ly$

J1030+0524............. 6.28 6.11–6.17 >14.2a

J1148+5251............. 6.42 6.25–6.32 14.7 $ 1.1

J1623+3112............. 6.22 6.05–6.15 >12.2

a 2 & lower limit.

Fig. 5.—Evolution of optical depth combined with the Ly", Ly#, and Ly$
results. The Ly# measurements are converted to Ly" GP optical depth using a
conversion factor of 2.25. The values in the two highest redshift bins are lower
limits, since they both contain complete GP troughs. The dashed line shows a
redshift evolution of ! eAGP / (1þ z)4:3. At z > 5:5, the best-fit evolution has
! eAGP / (1þ z)>10:9, indicating an accelerated evolution. The large filled symbols
with error bars are the average and standard deviation of optical depth at each
redshift. The sample variance also increases rapidlywith redshift.We also include
the Ly$ measurements (square, Table 4); they cover only the high-redshift end of
the Ly" and Ly# bins due to contamination from Ly% absorption along the line of
sight at lower redshift.
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average GP optical depth in the Ly!, Ly", and Ly# transitions
and discuss the variation of the optical depth along different lines
of sight.

3.1. Ly!

The GP (Gunn & Peterson 1965) optical depth to Ly! pho-
tons is

$GP ¼ %e2

mec
f! k!H"1(z)nH i; ð1Þ

where f! is the oscillator strength of the Ly! transition, k! ¼
1216 8, H(z) is the Hubble constant at redshift z, and nH i is the
density of neutral hydrogen in the IGM. At high redshifts, using
H(z) / h!1/2

m (1þ z)3/2 and converting hydrogen density to the
present-day baryon density parameter !b, the GP optical depth
for a uniformly distributed IGM can be rewritten as

$GP(z) ¼ 1:8 ; 105h"1!"1=2
m

!bh
2

0:02

! "
1þ z

7

! "3=2
nH i

nH

# $
:

ð2Þ

We define the transmitted flux ratio as the average ratio of ob-
served flux to that in the absence of absorption:

T (zabs) & f obs
& =f int&

% &
; ð3Þ

where the average is over a certain wavelength or redshift range
along the line of sight. We also define the effective GP optical
depth

$ eAGP & " ln (T ): ð4Þ

Note that for a clumpy IGM, most of the flux is transmitted
through regions with low nH i, while high-density regions simply
saturate, resulting in a much smaller effective optical depth than
the average of the pixel-to-pixel optical depth, $ eA < h$i (for
further discussion, see Paper I, Oh & Furlanetto [2005], and x 4
of this paper).

We measure the transmitted flux ratio in the Ly! transition as a
function of redshift for the sample of 19 quasars as follows: (1)We
define the maximum redshift z!max as the maximum Ly! absorp-
tion redshift that is not affected by the proximity effect from the
quasar itself (x 6). For the two known BAL quasars, regions af-
fected by the BAL are excluded based on their Si iv and C iv ab-
sorption redshifts. For non-BAL quasars, we find zem " z!max ¼
0:07 0:23, with the difference increasing toward lower redshift
and higher luminosity (x 6). (2) The minimum absorption red-
shift considered is chosen as 1þ z!min ¼ (1þ zem) 1040 8/k!

' (
,

where 10408 is the shortest wavelength that is not affected by the
Ly" + O vi emission line. The redshift interval covered by each
line of sight ranges from 0.76 to 0.98. (3) We choose a redshift
interval "z ¼ 0:15 for the calculation of the average in equa-
tion (3). This interval corresponds to '60 Mpc in comoving
distance at z ' 6, larger than any large-scale structure at that red-
shift (see x 4.1). It is also sufficiently wide that the measurement
error due to photon noise is always small in the absence of com-
plete GP troughs. (4) We assume an underlying intrinsic spec-
trumwith a power-law continuum f& / &"0:5 (Vanden Berk et al.
2001) and a double Gaussian Ly! +N v emission line. The trans-
mitted flux is measured by extrapolating this intrinsic spectrum
f int& to shorter wavelength. When T approaches zero at high red-
shift, the optical depthmeasurement depends only logarithmically

on the exact shape of the power-law continuum. As discussed in
detail in Paper I, the dominant error of the optical depth measure-
ment is sample variance in different regions of the IGM.

The Ly! + N v emission line is only important for the region
closest to the Ly! emission line in the quasar proximity zone (x 6).
For the whole sample, the Ly! transmitted flux measurements
cover a redshift range of 4:9 < zabs < 6:3, with a total length of
14.6 in redshift ('6000 comovingMpc) when adding up all lines
of sight.

Table 2 presents themeasurements of the Ly! transmitted flux
ratio. Figure 2 presents the effective optical depth for the Ly!
transition as a function of redshift. When flux is detected at less
than the 2 ' level, a 2 ' lower limit on the optical depth is used.
At zabs < 4:9, we plot the data from Songaila (2004), where 95%
variation due to sample variance is shown for each redshift. The
dashed curve shows the best-fit power law for zabs < 5:5:

$ eAGP ¼ (0:85 ( 0:06)
1þ z

5

! "4:3( 0:3

: ð5Þ

The results here are consistent with those in previous papers,
now using a significantly larger sample at zabs > 5:7. While at
zabs < 5:7 the evolution of optical depth closely follows the
(1þ z)4:3 power law, there appears to be an accelerated evolution
at zabsk5:7, where the optical depth rapidly exceeds a simple
extrapolation from lower redshift.

In addition to the increase in the average Ly! optical depth,
there is also an increase in the dispersion of this measurement.
Dark regions with $eAGP > 5:5 occur as early as zabs ' 5:7. Deep,
complete GP absorption troughs are detected in three different
lines of sight with various redshifts and lengths (x 4.2). For ex-
ample, at zabs > 5:9 we have eight independent measurements,
resulting in two upper limits ($eAGP > 6 7) and six detections
($ eAGP ¼ 3:9 6:5). The smallest optical depth measured at z > 6
does not deviate significantly from the low-redshift extrapolation
(see, e.g., Songaila 2004). We discuss the increasing dispersion
of optical depth in x 3.3.

3.2. Ly" and Ly#

At a given absorption redshift, the GP optical depth $GP / f k,
where f and k are the oscillator strength and rest-frame wave-
length of the transition. For the same neutral hydrogen density,
the GP optical depths of Ly" and Ly# are factors of 6.2 and 17.9
smaller than that of Ly!, respectively. When Ly! absorption
saturates at z > 6, Ly" and Ly# can in principle provide more
stringent constraints on the IGM ionization state. However, just
as we have seen that the average and effective GP optical depths
are different, in a clumpy IGM the ratio of effective optical depths
between Ly! and Ly"/Ly# transition are smaller than the factors
above. The Ly"/Ly# absorptions in the quasar spectra are further
affected by the lower order transitions in the foreground (at lower
zabs), which have to be removed when measuring optical depth.
In this subsection we first present direct measurements of Ly"
absorption then discuss the ratio of optical depths among dif-
ferent transitions. Ly# measurements are discussed at the end of
this subsection.

Wemeasure the Ly" transmission using the same procedure as
for Ly!. The minimum redshifts for the Ly" measurements are
chosen as 1þ z"min ¼ (1þ zem) 970 8 /k"

' (
to avoid contami-

nation from Ly# absorption. Because of this, 15 of the 19 lines of
sight have only one independent measurement at " z ¼ 0:15.
Two lines of sight have two independent data points, while two
others have an uncontaminated Ly" redshift interval narrower

EVOLUTION OF IONIZING BACKGROUND. II. 121No. 1, 2006

(Gunn & Peterson 1965) 
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XHI from Lyα forest

ANRV284-AA44-10 ARI 15 May 2006 18:56

z
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10–4

Figure 6
Evolution of volume-averaged neutral hydrogen fraction of the IGM. The solid points with
error bars are measurements based on the 19 high-redshift quasars. The dashed and
dashed-dotted-dashed lines are volume-averaged results from the A4 and A8 simulations of
Gnedin (2004). The neutral fraction inferred from the observations is comparable to the
transition from overlap stage to postoverlap stage of reionization in simulations (Gnedin
2000). Adapted from Fan et al. (2006b).

Further, the presence of transmitting pixels and the finite length of dark gaps in the
quasar spectrum can also be used to place an independent upper limit of <10–30% on
the neutral fraction (Furlanetto, Hernquist & Zaldarriaga 2004; Fan et al. 2006b). At
higher neutral fraction, the GP damping wing from the average IGM (see Section 4.4)
could wipe out any isolated HII region transmissions.

In summary, the latest work on GP absorption toward the highest redshift QSOs
implies a qualitative change in the nature of Lyα absorption at z∼ 6, including: (a) a
sharp rise in the power-law index for the evolution of GP optical depth with redshift,
(b) a large variation of optical depth between different lines of sight, and (c) a dramatic
increase in the number of dark gaps in the spectra. The GP results indicate that the
IGM is likely between 10− 3.5 and 10− 0.5 neutral at z∼ 6. Although saturation in
the GP part of the spectrum remains a challenge, the current results are consistent
with conditions expected at the end of reionization, during the transition from the

www.annualreviews.org • Cosmic Reionization 425
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Lyα absorption saturates
A&A proofs: manuscript no. .20170202.tex

Fig. 1: VLT X-shooter spectrum of ULAS J1120+0641 (black), covering restframe wavelengths between 850 and 1400Å. The
spectrum has been binned to a pixel size of 150 km s�1 using inverse variance weighting. The observed wavelengths of Ly↵, Ly� and
the Lyman limit are marked. The only transmission detected in the spectrum is confined to spikes over the wavelength range marked
by ↵, in the pure Ly↵ forest, corresponding to the redshift range 5.858 < z < 6.122 (Sect. 3.2). The corresponding wavelength range
for Ly� absorption is marked � and lies blueward of the restframe Lyman limit. Plotted as the blue dotted line is the (scaled) total
system throughput curve for the ACS F814W filter.

Measurements of dark pixels in the Ly↵ and Ly� forests
have also been used to place the first model independent con-
straints on reionization. Rather than attempting to measure op-
tical depths based on a continuum model, Mesinger (2010) pro-
posed a novel approach, where the fraction of pixels that have
zero measured flux in both Ly↵ and Ly� is used to directly mea-
sure an upper limit to the volume-weighted mean neutral hydro-
gen fraction. Applying the idea to observed spectra, McGreer
et al. (2011, 2014) conclude that reionization must be (almost)
complete by z ⇠ 6.

The most recent optical depth measurements from
Planck, integrated to the last scattering surface (z ⇠ 1100),
yield ⌧ = 0.055 ± 0.009, suggesting a model-dependent red-
shift of reionization between z = 7.8 - 8.8 (Planck Collaboration
XLVI; Planck Collaboration XLVII 2016).

These various results both from spectroscopic analyses and
Planck motivate extending observations of Ly↵ absorption to
higher redshifts. ULAS J1120+0641 (Mortlock et al. 2011) re-
mains the only known quasar with z > 7 (z = 7.084; Vene-
mans et al. 2012). In this paper we analyse the Ly↵ forest to-
wards ULAS J1120+0641 by combining Hubble Space Tele-
scope (HST) imaging from the Advanced Camera for Surveys
(ACS), first presented by Simpson et al. (2014), with new spec-
troscopy from the Very Large Telescope (VLT)/X-shooter instru-
ment (Vernet et al. 2011). The spectrum of ULAS J1120+0641
is shown in Fig. 1. In Sect. 2 we present the data, paying close at-
tention to the e↵ects of charge transfer e�ciency (CTE) losses in
the case of HST. We remeasure the ACS F814W (i-band) image
of the quasar. In Sect. 3 we analyse the X-shooter spectrum. We
discuss the limitations of spectroscopy for determining optical
depth measurements towards the source, and search for signif-
icant transmission in the spectrum. In Sect. 4 we combine our

photometric and spectroscopic measurements in order to con-
strain the evolution of e↵ective optical depth towards the quasar,
and use simulations to set limits on xH i. We summarise in Sect. 5.

All magnitudes are on the AB system (Oke & Gunn 1983).
We have adopted a concordance cosmology with h = 0.7, ⌦M =
0.3, and ⌦⇤ = 0.7.

2. Observations and data reduction

2.1. VLT X-shooter spectroscopy

The source was observed with the X-shooter spectrograph over
several nights spanning 2011 March to 2014 April, providing a
total of 30 h integration on source1. The Visual-red (VIS) arm
of X-shooter, with MIT/LL CCD detectors, spans the wave-
length range 5500 - 10000 Å, and the Near-IR arm (NIR), with a
Hawaii 2RG array detector, spans the wavelength range 10000 -
25000 Å, or 1.0 - 2.5 µm. The quasar’s Ly↵ emission line lies at
9827 Å, close to the boundary between the two arms. In the cur-
rent paper we analyse the Lyman series absorption in the spec-
trum, i.e., the wavelength range from the quasar Lyman limit at
7371 Å up to the Ly↵ emission line. This wavelength range lies
entirely within the VIS arm.

The data reduction, including flux calibration, is described
more fully in Bosman et al. (2017), who provide the spectrum
redward of Ly↵, and present the results of a search for metal lines
in that region. Briefly, sky subtraction was performed using a
custom idl implementation of the optimum sky subtraction
routines outlined in Kelson (2003). This approach involves
1 ESO programmes 286.A-5025(A), 089.A-0814(A), and 093.A-
0707(A)

Article number, page 2 of 11page.11

30 hour spectrum with the VLT of a quasar at !=7.1

Barnett+ 2017
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Weak constraints on XHI from Lyα forest

A&A proofs: manuscript no. .20170202.tex

transmission measurements, and assuming ⌧↵/⌧� ⇠ 2.25, leads
to the constraint 4.0 < ⌧↵(z = 6.9) < 7.2 for this spike.

3.3. Measurement of ⌧e↵
GP

Narrow features are essentially una↵ected by the application of
the long median filter, and so we use the filtered spectrum to
measure the e↵ective optical depth in the Lyman series forest. To
normalise the spectrum and hence estimate the transmitted flux
ratio T , we divide the X-shooter spectrum by the model intrinsic
spectrum described in Mortlock et al. (2011). Here the blue wing
of the Ly↵ emission line comes from a composite spectrum cre-
ated from sources with similar CIV blueshifts, and the spectrum
is extended bluewards as a power law F� / ��0.5.

In Table 4 we present measurements of T and e↵ective GP
optical depth ⌧e↵

GP over the redshift range 5.07 � 7.02, covering
practically the entire Lyman series forest. We follow the pre-
scription of Fan et al. (2006a), making measurements in fixed-
size bins of �z = 0.15. The redshift bin 6.87�7.02 was excluded
as the median filtered spectrum is a↵ected by the quasar Ly↵
emission line in this region. To estimateT we calculate the trans-
mission fraction in each pixel before taking the inverse-variance
weighted average for each bin, i.e., T = hF/Fconti. If we detect
transmission below a level of 2�, we adopt a lower limit for ⌧e↵

GP
based on a value of T equal to twice the uncertainty3.

We also consider the e↵ect of the adopted power-law slope at
wavelengths below Ly↵. We recalculate ⌧e↵

GP values using a bluer
continuum, F� / ��1.4 (Lusso et al. 2015). The e↵ect on ⌧e↵

GP is

3 A more elegant approach would be to deduce a posterior probability
density function for T and hence ⌧e↵

GP. The true value of T � 0, so
by assuming a uniform prior for T � 0 and a Gaussian likelihood, it
would be possible to determine posterior confidence intervals for ⌧e↵

GP.
By adopting a 2� upper limit for T , we have followed the method used
to measure existing limits on ⌧e↵

GP (e.g. Fan et al. 2006a; Becker et al.
2015). Given that absorption in the Ly↵ forest is saturated at z ⇠ 6.5,
our choice is ultimately not very important.

Fig. 7: Evolution of ⌧e↵
GP with redshift as predicted by Equa-

tion 1 (solid lines). The red curve is determined using ULAS
J1120+0641 data alone and assumes a fixed normalization at
z = 5.5. The uncertainty in ⇠ for z > 5.5 is indicated by the red
dashed lines. The black dashed curve indicates the expected op-
tical depth if the low-redshift case were to continue indefinitely.
Points indicate direct measurements of ⌧e↵

GP along di↵erent lines
of sight.

found to be small. In the lowest-redshift bin we find ⌧e↵
GP > 6.54,

while in the highest redshift bins the di↵erence is negligible. In
the bin beginning at z = 5.82 we measure ⌧e↵

GP = 5.15± 0.15, i.e.,
consistent with the value presented in Table 4.

In Fig. 7 we show our measurements of ⌧e↵
GP, as well as the

power law evolution of ⌧e↵
GP determined using HST photometry

(Sect. 4.1). We do not include the bins for which z↵ < 5.82 in
Fig. 7, since these have contributions from Ly� and higher order
transitions, as well as Ly↵. In principle, observations of Ly� in
the redshift range 6.61 < z < 7.08 might provide a more sensi-
tive measurement of the e↵ective optical depth, if corrected for
the coincident absorption by Ly↵ at 5.47 < z < 5.82. Although
a statistical correction for foreground Ly↵ is possible at lower
redshifts, the recent results of Becker et al. (2015) show that this
is not possible at z & 5.5, as some lines of sight are completely
absorbed in Ly↵.

The results for ULAS J1120+0641 lend support to the
steadily-growing body of evidence that ⌧e↵

GP climbs rapidly at
high redshift, and that therefore we are observing the tail-end
of the epoch of reionization. However, it is also clear from Fig. 7
that we are unable to make especially useful measurements of
⌧e↵

GP for z & 6.5. Absorption in the spectrum becomes saturated,
and so no further information can be gained by measuring up
to redshifts of seven since we can only determine lower lim-
its which are similar in value to the measurements of ⌧e↵

GP from
lower redshift sources. As expected, the most useful constraints
on ⌧e↵

GP come from z ⇠ 6.

4. Analysis & discussion

4.1. IGM opacity

Fan et al. (2006a) used the spectra of 19 z > 6 quasars to measure
⌧e↵

GP along di↵erent lines of sight. They found the best-fit power
law to be:

⌧e↵
GP(z) =

8>>>>>>>><
>>>>>>>>:

0.85
 

1 + z
5

!4.3

z  5.5

2.63
 

1 + z
6.5

!⇠
z > 5.5

, (1)

empirically determining a limit of ⇠ > 10.9. We now wish to
measure a value of ⇠ following a procedure similar to that used
by Simpson et al. (2014), using our revised photometry. We have
an additional constraint on ⇠, namely the transmission spikes de-
tected in the X-shooter spectrum.

The intrinsic quasar emission below Ly↵ is modelled using
the power law chosen by Mortlock et al. (2011), f intrinsic

� / ��0.5,
which is normalised to the observed spectrum at 1280 Å. Ab-
sorption in the IGM is modelled using Equation 1. The wave-
length of each pixel is converted to a Ly↵ redshift, which is used
to calculate ⌧e↵

GP for a particular value of ⇠. Measuring the ab-
sorbed spectrum with synphot produces a synthetic i814 magni-
tude that we can compare directly to the F814W result. We show
the fluxes measured for a range of ⇠ values in Fig. 8. Combin-
ing the synthetic photometry with spectroscopy, we determine a
posterior distribution for ⇠, shown in Fig. 9. We have assumed a
uniform prior for ⇠ > 0, and a Gaussian distribution for the i814
measurement which is equivalent to (1.047 ± 0.356) ⇥ 10�8 Jy.
The sharp cut-o↵ results from determining a lower limit to the
i814 flux from the transmission spectrum derived in Sect. 2.1,
measured as 0.914 ⇥ 10�8 Jy (AB 29.00, S/N ⇠ 30). Higher
values of ⇠ are excluded, as the resulting i814 measurements

Article number, page 8 of 11page.11

Barnett+ 2017

XHI � 10-4
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Dark pixel statistics
Count fraction of “zero flux” pixels � upper limit on XHI
+ Not dependent on model or quasar spectrum

McGreer+ 2015

Reionisation ending at !~6



08/03/2018 Luminous Quasars in the Epoch of Reionisation, Bielefeld University  ⎯  Bram Venemans

Quasar ionisation regions
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Quasar ionisation regions

HII

HI

RNZ

Quasar near zone:

RNZ ~ XHI
-1/3 (tQ ⨉ L)1/3

   

XHI neutral H fraction
tQ   quasar age
L    quasar luminosity

(e.g. Fan+ 2006)
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Quasar ionisation region

Christina Eilers Patzer Co!oquium — December 8th, 2017

Measuring Quasar Proximity Zones.
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Quasar ionisation region

Near zone sizes scaled 
to same luminosity
 

Fan+ 2006
Carilli+ 2010
BV+ 2015
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Quasar ionisation region

Decreasing near zone, 
increasing XHI at !=6�7
XHI � few % at "=7

Fan+ 2006
Carilli+ 2010
BV+ 2015

 factor 6.5�
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However: near zone ≠ ionisation front

•  New simulations show: RNZ ~ L1/2.35

M1450

R N
Z (

pr
op
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 M

pc
)

RNZ ~ L1/3

Simulations

Eilers+ 2017
see also Bolton & Haehnelt 2007 
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Shallower trend with redshift
Recent publications:
•  New observations
•  Higher S/N
•  Homogeneous 

analysis
•  Better systemic 

redshifts
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Shallower trend with redshift
Recent publications:
•  New observations
•  Higher S/N
•  Homogeneous 

analysis
•  Better systemic 

redshifts
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Near zone size as function of age 21

Fig. 14.— Distributions of proximity zone sizes shown as a function of the average quasar age tQ for quasars with magnitudes of
M1450 = �25.0 (left panel), magnitudes of M1450 = �27.0 (middle panel) and magnitudes of M1450 = �29.0 (right panel). The proximity
zone sizes of CFHQSJ2229 + 1457, SDSSJ1335 + 3533 and SDSSJ0100 + 2802 are shown as the dashed black line in the left, middle and
right panel, respectively.

of teq ⇠ 3⇥104 yr. Full ionization equilibrium is reached
after a few equilibration times, or for tQ ⇠ 105 yr. The
region in which ionization equilibrium is reached, and
hence also the size of the quasar’s proximity zone, will
grow with time until tQ ⇡ 3teq. Thus, even for a highly
ionized IGM, the sizes of the proximity zones are depen-
dent on the quasar age for tQ . 105 yr, whereas for ages
tQ & 105 yr the proximity zone sizes are largely indepen-
dent on the precise quasar age17.
In Fig. 14 we show the dependence of proximity zone

size on quasar age determined from radiative transfer
simulations in a highly ionized IGM. Quasars with mag-
nitudes M1450 = �25.0 (left) M1450 = �27.0 (middle)
and M1450 = �29.0 (right) are shown, where we have
simulated 900 proximity zones at each magnitude. The
black horizontal dashed lines show the measured sizes of
the proximity zones of CFHQSJ2229+ 1457 (left panel),
SDSSJ1335+3533 (middle panel) and SDSSJ0100+2802
(right panel).
The distribution of proximity zone sizes in the left and

middle panel encompasses values of Rp ⇡ 1 pMpc that
we have measured only when assuming a short quasar
age of tQ . 105 yr. Hence a plausible explanation for
the exceptionally small sizes of the proximity zones could
be young ages for these quasars. The proximity zone of
the very bright quasar SDSSJ0100+2802 (right panel) is
not as significant of an outlier as the other two objects,
but nevertheless the small size of its zone would be more
probable for tQ ⇠ 105 yr.
At lower redshifts z . 4, studies of quasar clus-

tering imply that the duty cycle of quasar activity is
tdc ⇠ 109 yr (Shen et al. 2007; White et al. 2008)18. How-
ever, whereas clustering constraints the duty cycle, prox-
imity zones actually probe a di↵erent timescale, which is
the duration of quasar emission episodes which could be
considerably shorter. Indeed, we actually obtain a lower

17 A mild increase in proximity zone sizes for long quasar ages,
i.e. tQ & 107 yr, can be attributed to heating e↵ects due to He II

reionization (Bolton et al. 2010, 2012; Davies et al. in prep.)
18 Whether this also applies at redshifts z ⇠ 6 still remains to

be determined.

limit on the episodic lifetime, because the quasar could
continue to emit for many years after we observe it on
Earth. Nevertheless, for a given episodic lifetime tepisodic
the probability of measuring an age of tQ is p = tQ/

tepisodic, assuming the simplest “light-bulb” lightcurve
for the quasars. If we assume an average episodic lifetime
of tepisodic ⇠ 108 yr, the probability of observing a quasar
that has only been shining for ⇠ 105 yr is p ⇠ 0.1%, or
p ⇠ 1% for tepisodic ⇠ 107 yr. We have discovered three
objects suggesting ages of tQ ⇠ 105 yr in a sample of 30
quasars, i.e. p ⇡ 10%. To be consistent with finding a
few of these small proximity zones, the quasar episodic
lifetimes would need to be tepisodic ⇠ 106 yr. This would
leave the sizes of the proximity zones of the vast majority
of quasars unchanged, which we typically observe much
later in their evolution, but could explain the very small
zones we find.

7. SUMMARY

In this paper we analyze a sample of 34 high redshift
quasar spectra taken with the ESI instrument on the
Keck II telescope. We reduce the spectra in a homoge-
neous way, and analyze the sizes of their proximity zones
for a subset of 30 quasars which do not exhibit BAL
features or have obvious signatures of nearby associated
absorption line systems that could prematurely truncate
their proximity zones. Our analysis uses updated redshift
measurements, fully consistent values for the quasar ab-
solute magnitudes M1450, and carefully fits to the quasar
continua based on principal component spectra.
Previous work found a strong evolution of proximity

zone sizes with redshift, and it was argued that this pro-
vided evidence for rapid evolution of the IGM neutral
fraction during the epoch of reionization. We instead
find a much shallower redshift evolution, which is how-
ever consistent with the evolution predicted by our ra-
diative transfer simulations, irrespective of assumptions
about the ionization state of the IGM. The size of the
proximity zone ends at a distance corresponding to a
flux transmission level of 10% according to the definition
of quasar proximity zones (Fan et al. 2006b) and, in a

Log tQ (years)
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No evidence for 
proximate DLAs

� Short quasar 
lifetime of tQ < 105 yr

Quasar lifetime 1 Myr?
Inconsistent with rapid 
growth of black holes
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Eilers+ 2017
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IGM damping wing

� sensitive to neutral fractions >0.1
 Damping wing of the IGM:

challenge: unknown intrinsic spectrum

see, e.g., Miralda-Escude 1998
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Tentative detection of damping wing
J1120+0641 at !=7.1 
shows a damping wing 
signature (Mortlock+ 11):

XHI = 0.4 +/- 0.2

However, claim disputed
Bosman & Becker 2015:
“no need for damping 
wing”

Mortlock+ 2011; see also Bolton+ 2011; Greig+ 2016 
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Principle Component Analysis

Wavelength Davies+ 2018

•  Model red side of spectrum to predict blue side
•  Use !≈2 quasars as training set
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Damping wing modeling 
•  Model IGM neutral fraction and quasar age 

simultaneously
lo

g 
t Q

 (y
ea

rs
)

XHI
Davies+ 2018; 
Bolton+ 2011
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Evolution of neutral Hydrogen fraction
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New quasar at record redshift: !=7.54!
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Å
�

1
)

Ly↵

C IV
C III]

Mg II

Z J1 J H Ks

Age of universe: 690 Myr à ~10% younger than at !=7.1

Bañados, BV+ 2018
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New quasar at record redshift: !=7.54!
Very accurate measurement of systemic redshift 

BV+ 2017

4 VENEMANS ET AL.

Figure 1. NOEMA spectrum of the redshifted [C II] emission line
and the underlying continuum in J1342+092, extracted from the
peak pixel in the datacube. The binsize is 40 MHz, which corre-
sponds to ∼54 km s−1. The dotted lines indicate +σ and −σ, with
σ being the noise in each bin. The red, solid line is a flat contin-
uum plus Gaussian fit to the spectrum (the fit values are reported in
Table 1).

and from scaling the Arp220 and M82 templates (Silva et al.

1998). We stress that due to the unknown shape of the dust

continuum, the FIR and TIR luminosities remain highly un-

certain, while the SFR and dust mass we derive crucially de-

pend on the applicability of local correlations to this high

redshift source.

Scaling the NOEMA continuum detection of S223.5GHz =
415 ± 73µJy to the three dust SED models results in lumi-

nosities of LFIR = (0.5− 1.4)× 1012 L⊙ and LTIR = (0.8−
2.0) × 1012 L⊙. The derived dust mass is Md = (0.6 −
4.3)× 108 M⊙. Applying the local scaling relation between

LTIR and SFR from Murphy et al. (2011) and assuming

the infrared luminosity is dominated by star-formation (e.g.,

Leipski et al. 2014) results in a SFR of 120 − 300M⊙ yr−1.

This is significantly lower than the SFR derived for some

of the quasar hosts at z ∼ 6 (e.g., Walter et al. 2009),

but very similar to the SFR in J1120+0641 at z = 7.1
(Venemans et al. 2017).

3.2. Tentative Radio Continuum Emission

We now look into the origin of the potential VLA con-

tinuum detection. The first possibility is that the source is

spurious. The S/N is only 2.6 and as shown in Figure 2, sev-

eral positive noise peaks are visible close to the location of

the quasar. It is therefore plausible that the 41 GHz detec-

tion will disappear when adding more data. On the other

hand, if the source is real, then the question is whether it is

due to dust emission, free–free emission, or non-thermal pro-

cesses, e.g., synchrotron radiation. The typical quasar dust

SED, the MBB with Td = 47K and β = 1.6 predicts flux

densities of 90, 28, and 1.5µJy at 135.5, 95, and 41.0 GHz,

respectively (Figure 3). The limits in the NOEMA 2 mm and

3 mm bands are consistent with these expected flux densi-

ties, but the flux density measured in the VLA image is sig-

nificantly (∼10×) higher than expected from the dust emis-

sion. A much shallower emissivity index (β ≪ 1.5) and/or

a lower dust temperature, that would result in a higher flux

density at 41 GHz, can be ruled out by the non-detections

at 135.5 and 95 GHz (Figure 3). Based on the derived SFR

in the host galaxy (SFR= 85 − 545M⊙ yr−1, Table 1),

the strength of free–free emission at 41.0 GHz is negligible

(Sff ≪ 1µJy, e.g., Yun & Carilli 2002). Alternatively, the

flux density could be due to synchrotron radiation. We can

estimate the radio-loudness of the quasar using the radio-to-

optical flux density ratio R = S5GHz,rest/S
4400 Å,rest

with

S5GHz,rest and S
4400 Å,rest

the flux densities at rest-frame

5 GHz and 4400 Å, respectively (Kellermann et al. 1989).

Assuming a radio continuum can be described by a power-

law (fν ∝ να) with α = −0.75 (e.g., Bañados et al. 2015),

we derive S5GHz,rest = 363µJy. Following Bañados et al.

(2015) we derive S
4400 Å,rest

= 29µJy from the WISE W1

magnitude (W1 = 20.17). We obtain R = 12.4, making

J1342+0928 a radio-loud quasar (where radio-loud is de-

fined as R > 10). Note that this is still consistent with

the non-detection in the FIRST survey, with a 3 σ upper

limit of S1.4GHz < 432µJy, as the expected flux density for

J1342+0928 is S1.4GHz ≈ 190µJy (Figure 3). Deeper imag-

ing at radio frequencies will provide a definitive answer.

3.3. [C II] luminosity

We detect the [C II] emission line in J1342+0928 in the

continuum-subtracted [C II] map (Figure 2) with a S/N∼10.

The spectrum, extracted from the peak pixel in the datacube,

is shown in Figure 1. From a Gaussian fit to the line, we

derive a redshift of z[CII] = 7.5413 ± 0.0007, a line flux

of F[CII] = 1.25 ± 0.17 Jy km s−1, and a dispersion of

σ[CII] = 163± 24 km s−1 (FWHM[CII] = 383± 56 km s−1),

see Table 1. This corresponds to a [C II] luminosity in this

quasar of L[CII] = (1.6 ± 0.2) × 109 L⊙, which is roughly

∼15% brighter than J1120+0641 at z = 7.1 (Venemans et al.

2017), and a factor 3–5 fainter than the most [C II] lumi-

nous quasar at z ∼ 6 (e.g., Maiolino et al. 2005; Wang et al.

2013).

The redshift derived from the [C II] line is higher than

that derived from the UV emission lines of the quasar. The

C IV and Mg II lines are blueshifted by 6580±270 km s−1

and 500±140 km s−1 with respect to the [C II] line. The

Mg II shift is close to the mean blueshift of the Mg II line

of 480 km s−1 found in a sample of z ∼ 6 − 7 quasars (e.g.,

Venemans et al. 2016). This could indicate the presence of

an outflow (e.g., Mazzucchelli et al. 2017).

We measure a rest-frame [C II] equivalent width of

EW[CII] = 1.73 ± 0.43µm, which is consistent with

the mean EW[CII] of local starburst galaxies (which have

⟨EW[CII]⟩ = 1.27 ± 0.53µm, see e.g., Dı́az-Santos et al.

2013; Sargsyan et al. 2014) and higher than those of

luminous (M1450 < −27) quasars at z ∼ 6 (e.g.,
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IGM damping wing at !=7.5
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Lyα at systemic redshift
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Reionisation occurred “late”?
Lyα at systemic redshift
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Conclusions
•  Luminous quasars are ideal objects to 

study the Epoch of Reionisation
•  Quasar do not contribute to ionising 

photon density
•  Analysis of Lyα forest suggests 

reionisation ended around !=6
•  Size of near zones insensitive to neutral 

fraction
•  Damping wing in two most distant 

quasars indicate a highly neutral 
Universe at !>7   
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adopted by Richards et al. (2006) comes from the luminosity
function derived by Siana et al. (2008) using SDSS and SWIRE.
In fact, the break magnitude and slope found by Siana et al.
(2008) for z = 3.2 (pink triangle in Figure 6) are very close
to the minimum χ2 best fit at z = 6. This would suggest little
evolution in these parameters from z = 3 to z = 6, however,
there is a considerable range at 95% confidence for z = 6.

The studies at lower redshift have shown that at all redshifts
in the range 1 < z < 4, the break magnitude lies between
−26 < M1450 < −24. Therefore, we assume that this also holds
true at z = 6 in order to provide tighter constraints on β. Under
this assumption we find the 95% confidence ranges for β to be
−2.9 < β < −2.3 for M∗

1450 = −24 and −3.8 < β < −2.7 at
M∗

1450 = −26.
Throughout all the above analysis, the faint end slope was

fixed at α = −1.5 based on evidence for α at lower redshift
(Croom et al. 2004, 2009; Hunt et al. 2004). We have checked
to see how our results would change if instead we adopted
a different value for α. We re-ran the maximum likelihood
fitting assuming α = −1.8 and determined best-fit parameters
of Φ(M∗

1450) = 2.55 × 10−9 Mpc−3 mag−1, M∗
1450 = −26.39,

and β = −3.26. Although these best-fit parameters appear
substantially different to those for α = −1.5, the two luminosity
functions are very similar over the luminosity range covered by
the SDSS and CFHQS quasars. The steeper bright end slope and
higher break luminosity are shifted along the same direction as
the correlation in Figure 6. The best-fit break at M∗

1450 = −26.39
is more luminous than as measured at lower redshifts and as
noted above we find it unlikely that the break would be this
luminous at z = 6. Future large area, deep z ∼ 6 quasar surveys
are necessary to determine the faint end slope.

5.3. Consistency of Luminosity Function with
Redshift Distributions

These color-selected quasar samples can only find quasars
within a certain redshift range as shown in Figures 3 and 4.
The successful derivation of a luminosity function from these
data depends upon accurately determining how the complete-
ness depends upon redshift and luminosity. In order to check
the consistency of the observed redshift distributions with the
selection function, we have used the selection functions and the
best-fit luminosity function to generate expected redshift distri-
butions for three samples: SDSS main, SDSS deep stripe (com-
bined z′ < 21 and z′ > 21), and CFHQS RCS-2/VW. These
expected redshift distributions were then compared to the ob-
served redshift distributions. A Kolmogorov–Smirnov test was
applied to determine the probability that the redshift distribu-
tions were consistent. The results showed that all samples are
consistent with their expected redshift distributions (at proba-
bilities 0.48, 0.78, 0.27, respectively). Jiang et al. (2009) noted
that their SDSS deep z′ > 21 sample had no quasars at z > 6.1
and showed that this lack of high-redshift quasars was not sta-
tistically significant. Our findings agree and show that all the
samples have redshift distributions as expected from the color
selection criteria.

6. APPLICATIONS OF THE LUMINOSITY FUNCTION

6.1. The Quasar Intergalactic Ionizing Flux at z = 6

The constraints placed on the low-luminosity end of the z = 6
quasar luminosity function here are considerably tighter than
in previous works (Willott et al. 2005a; Shankar & Mathur
2007; Jiang et al. 2009). Therefore, it is useful to consider the

Figure 7. Probability distribution for the ionizing photon emission rate density
from quasars at z = 6. The distribution comes from the range of possible
luminosity functions consistent with the data determined by the bootstrap
method. The dashed line shows the required photon emission rate density to
balance combinations and keep the universe ionized.

ionizing photon output of the quasar population at z = 6. We
use the 100 bootstrap trial luminosity functions to determine
the plausible statistical range of the photon output. Since the
luminosity function is not constrained at M∗

1450 > −22, we set
all the bootstrap models with break magnitudes fainter than this
to have a break to α = −1.5 at M∗

1450 = −22. Note however
that we do not include ranges on other important parameters,
such as the faint end slope α (assumed −1.5 here), the quasar
UV spectral slope (assumed that of Telfer et al. 2002), or the
photon escape fraction (assumed 100%).

The resulting probability distribution in ionizing photon rate
density is shown in Figure 7. The peak of the distribution
is at 4 × 1048 photons s−1 Mpc−3 and the median is at
5 × 1048 photons s−1 Mpc−3. The probability distribution is
bimodal because the group of bootstrap luminosity functions
with M∗

1450 > −22 have a large number of faint quasars and
total emission rate density of > 1049 photons s−1 Mpc−3. Our
results are significantly lower than that previously assumed of
2×1049 photons s−1 Mpc−3 (Meiksin 2005; Bolton & Haehnelt
2007). Because low-luminosity quasars could dominate the
ionizing flux, the bootstrap resampling was also run for a steeper
faint end slope of α = −1.8, and in this case the probability
distribution is only shifted 0.1 dex higher than for α = −1.5.

Also, plotted in Figure 7 is a dashed line to denote the photon
rate density required in order to balance recombinations and
keep the universe ionized. We follow Meiksin (2005) to calculate
this number and assume that the clumpiness factor C = 5.
It is evident from this plot that the quasar population, even
including the possibility of a large number of faint quasars, is
insufficient to get even close to the required photon emission
rate density. Our estimate of the photon rate density is between
20 and 100 times lower than the required rate. This is consistent
with the constraints placed on this rate by the unresolved X-ray
background (Dijkstra et al. 2004). In comparison, the known
galaxy luminosity function at z = 6 shows that galaxies provide
between 1050 and 4 × 1050 photons s−1 Mpc−3 (Ouchi et al.
2009).

6.2. Search Strategies for Quasars at Even Higher Redshifts

Now that ∼ 50 quasars are known at redshifts 5.7 < z < 6.5,
the next challenge is to identify quasars at even higher redshifts.

Log ionising photon emission density
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adopted by Richards et al. (2006) comes from the luminosity
function derived by Siana et al. (2008) using SDSS and SWIRE.
In fact, the break magnitude and slope found by Siana et al.
(2008) for z = 3.2 (pink triangle in Figure 6) are very close
to the minimum χ2 best fit at z = 6. This would suggest little
evolution in these parameters from z = 3 to z = 6, however,
there is a considerable range at 95% confidence for z = 6.

The studies at lower redshift have shown that at all redshifts
in the range 1 < z < 4, the break magnitude lies between
−26 < M1450 < −24. Therefore, we assume that this also holds
true at z = 6 in order to provide tighter constraints on β. Under
this assumption we find the 95% confidence ranges for β to be
−2.9 < β < −2.3 for M∗

1450 = −24 and −3.8 < β < −2.7 at
M∗

1450 = −26.
Throughout all the above analysis, the faint end slope was

fixed at α = −1.5 based on evidence for α at lower redshift
(Croom et al. 2004, 2009; Hunt et al. 2004). We have checked
to see how our results would change if instead we adopted
a different value for α. We re-ran the maximum likelihood
fitting assuming α = −1.8 and determined best-fit parameters
of Φ(M∗

1450) = 2.55 × 10−9 Mpc−3 mag−1, M∗
1450 = −26.39,

and β = −3.26. Although these best-fit parameters appear
substantially different to those for α = −1.5, the two luminosity
functions are very similar over the luminosity range covered by
the SDSS and CFHQS quasars. The steeper bright end slope and
higher break luminosity are shifted along the same direction as
the correlation in Figure 6. The best-fit break at M∗

1450 = −26.39
is more luminous than as measured at lower redshifts and as
noted above we find it unlikely that the break would be this
luminous at z = 6. Future large area, deep z ∼ 6 quasar surveys
are necessary to determine the faint end slope.

5.3. Consistency of Luminosity Function with
Redshift Distributions

These color-selected quasar samples can only find quasars
within a certain redshift range as shown in Figures 3 and 4.
The successful derivation of a luminosity function from these
data depends upon accurately determining how the complete-
ness depends upon redshift and luminosity. In order to check
the consistency of the observed redshift distributions with the
selection function, we have used the selection functions and the
best-fit luminosity function to generate expected redshift distri-
butions for three samples: SDSS main, SDSS deep stripe (com-
bined z′ < 21 and z′ > 21), and CFHQS RCS-2/VW. These
expected redshift distributions were then compared to the ob-
served redshift distributions. A Kolmogorov–Smirnov test was
applied to determine the probability that the redshift distribu-
tions were consistent. The results showed that all samples are
consistent with their expected redshift distributions (at proba-
bilities 0.48, 0.78, 0.27, respectively). Jiang et al. (2009) noted
that their SDSS deep z′ > 21 sample had no quasars at z > 6.1
and showed that this lack of high-redshift quasars was not sta-
tistically significant. Our findings agree and show that all the
samples have redshift distributions as expected from the color
selection criteria.

6. APPLICATIONS OF THE LUMINOSITY FUNCTION

6.1. The Quasar Intergalactic Ionizing Flux at z = 6

The constraints placed on the low-luminosity end of the z = 6
quasar luminosity function here are considerably tighter than
in previous works (Willott et al. 2005a; Shankar & Mathur
2007; Jiang et al. 2009). Therefore, it is useful to consider the

Figure 7. Probability distribution for the ionizing photon emission rate density
from quasars at z = 6. The distribution comes from the range of possible
luminosity functions consistent with the data determined by the bootstrap
method. The dashed line shows the required photon emission rate density to
balance combinations and keep the universe ionized.

ionizing photon output of the quasar population at z = 6. We
use the 100 bootstrap trial luminosity functions to determine
the plausible statistical range of the photon output. Since the
luminosity function is not constrained at M∗

1450 > −22, we set
all the bootstrap models with break magnitudes fainter than this
to have a break to α = −1.5 at M∗

1450 = −22. Note however
that we do not include ranges on other important parameters,
such as the faint end slope α (assumed −1.5 here), the quasar
UV spectral slope (assumed that of Telfer et al. 2002), or the
photon escape fraction (assumed 100%).

The resulting probability distribution in ionizing photon rate
density is shown in Figure 7. The peak of the distribution
is at 4 × 1048 photons s−1 Mpc−3 and the median is at
5 × 1048 photons s−1 Mpc−3. The probability distribution is
bimodal because the group of bootstrap luminosity functions
with M∗

1450 > −22 have a large number of faint quasars and
total emission rate density of > 1049 photons s−1 Mpc−3. Our
results are significantly lower than that previously assumed of
2×1049 photons s−1 Mpc−3 (Meiksin 2005; Bolton & Haehnelt
2007). Because low-luminosity quasars could dominate the
ionizing flux, the bootstrap resampling was also run for a steeper
faint end slope of α = −1.8, and in this case the probability
distribution is only shifted 0.1 dex higher than for α = −1.5.

Also, plotted in Figure 7 is a dashed line to denote the photon
rate density required in order to balance recombinations and
keep the universe ionized. We follow Meiksin (2005) to calculate
this number and assume that the clumpiness factor C = 5.
It is evident from this plot that the quasar population, even
including the possibility of a large number of faint quasars, is
insufficient to get even close to the required photon emission
rate density. Our estimate of the photon rate density is between
20 and 100 times lower than the required rate. This is consistent
with the constraints placed on this rate by the unresolved X-ray
background (Dijkstra et al. 2004). In comparison, the known
galaxy luminosity function at z = 6 shows that galaxies provide
between 1050 and 4 × 1050 photons s−1 Mpc−3 (Ouchi et al.
2009).

6.2. Search Strategies for Quasars at Even Higher Redshifts

Now that ∼ 50 quasars are known at redshifts 5.7 < z < 6.5,
the next challenge is to identify quasars at even higher redshifts.
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adopted by Richards et al. (2006) comes from the luminosity
function derived by Siana et al. (2008) using SDSS and SWIRE.
In fact, the break magnitude and slope found by Siana et al.
(2008) for z = 3.2 (pink triangle in Figure 6) are very close
to the minimum χ2 best fit at z = 6. This would suggest little
evolution in these parameters from z = 3 to z = 6, however,
there is a considerable range at 95% confidence for z = 6.

The studies at lower redshift have shown that at all redshifts
in the range 1 < z < 4, the break magnitude lies between
−26 < M1450 < −24. Therefore, we assume that this also holds
true at z = 6 in order to provide tighter constraints on β. Under
this assumption we find the 95% confidence ranges for β to be
−2.9 < β < −2.3 for M∗

1450 = −24 and −3.8 < β < −2.7 at
M∗

1450 = −26.
Throughout all the above analysis, the faint end slope was

fixed at α = −1.5 based on evidence for α at lower redshift
(Croom et al. 2004, 2009; Hunt et al. 2004). We have checked
to see how our results would change if instead we adopted
a different value for α. We re-ran the maximum likelihood
fitting assuming α = −1.8 and determined best-fit parameters
of Φ(M∗

1450) = 2.55 × 10−9 Mpc−3 mag−1, M∗
1450 = −26.39,

and β = −3.26. Although these best-fit parameters appear
substantially different to those for α = −1.5, the two luminosity
functions are very similar over the luminosity range covered by
the SDSS and CFHQS quasars. The steeper bright end slope and
higher break luminosity are shifted along the same direction as
the correlation in Figure 6. The best-fit break at M∗

1450 = −26.39
is more luminous than as measured at lower redshifts and as
noted above we find it unlikely that the break would be this
luminous at z = 6. Future large area, deep z ∼ 6 quasar surveys
are necessary to determine the faint end slope.

5.3. Consistency of Luminosity Function with
Redshift Distributions

These color-selected quasar samples can only find quasars
within a certain redshift range as shown in Figures 3 and 4.
The successful derivation of a luminosity function from these
data depends upon accurately determining how the complete-
ness depends upon redshift and luminosity. In order to check
the consistency of the observed redshift distributions with the
selection function, we have used the selection functions and the
best-fit luminosity function to generate expected redshift distri-
butions for three samples: SDSS main, SDSS deep stripe (com-
bined z′ < 21 and z′ > 21), and CFHQS RCS-2/VW. These
expected redshift distributions were then compared to the ob-
served redshift distributions. A Kolmogorov–Smirnov test was
applied to determine the probability that the redshift distribu-
tions were consistent. The results showed that all samples are
consistent with their expected redshift distributions (at proba-
bilities 0.48, 0.78, 0.27, respectively). Jiang et al. (2009) noted
that their SDSS deep z′ > 21 sample had no quasars at z > 6.1
and showed that this lack of high-redshift quasars was not sta-
tistically significant. Our findings agree and show that all the
samples have redshift distributions as expected from the color
selection criteria.

6. APPLICATIONS OF THE LUMINOSITY FUNCTION

6.1. The Quasar Intergalactic Ionizing Flux at z = 6

The constraints placed on the low-luminosity end of the z = 6
quasar luminosity function here are considerably tighter than
in previous works (Willott et al. 2005a; Shankar & Mathur
2007; Jiang et al. 2009). Therefore, it is useful to consider the

Figure 7. Probability distribution for the ionizing photon emission rate density
from quasars at z = 6. The distribution comes from the range of possible
luminosity functions consistent with the data determined by the bootstrap
method. The dashed line shows the required photon emission rate density to
balance combinations and keep the universe ionized.

ionizing photon output of the quasar population at z = 6. We
use the 100 bootstrap trial luminosity functions to determine
the plausible statistical range of the photon output. Since the
luminosity function is not constrained at M∗

1450 > −22, we set
all the bootstrap models with break magnitudes fainter than this
to have a break to α = −1.5 at M∗

1450 = −22. Note however
that we do not include ranges on other important parameters,
such as the faint end slope α (assumed −1.5 here), the quasar
UV spectral slope (assumed that of Telfer et al. 2002), or the
photon escape fraction (assumed 100%).

The resulting probability distribution in ionizing photon rate
density is shown in Figure 7. The peak of the distribution
is at 4 × 1048 photons s−1 Mpc−3 and the median is at
5 × 1048 photons s−1 Mpc−3. The probability distribution is
bimodal because the group of bootstrap luminosity functions
with M∗

1450 > −22 have a large number of faint quasars and
total emission rate density of > 1049 photons s−1 Mpc−3. Our
results are significantly lower than that previously assumed of
2×1049 photons s−1 Mpc−3 (Meiksin 2005; Bolton & Haehnelt
2007). Because low-luminosity quasars could dominate the
ionizing flux, the bootstrap resampling was also run for a steeper
faint end slope of α = −1.8, and in this case the probability
distribution is only shifted 0.1 dex higher than for α = −1.5.

Also, plotted in Figure 7 is a dashed line to denote the photon
rate density required in order to balance recombinations and
keep the universe ionized. We follow Meiksin (2005) to calculate
this number and assume that the clumpiness factor C = 5.
It is evident from this plot that the quasar population, even
including the possibility of a large number of faint quasars, is
insufficient to get even close to the required photon emission
rate density. Our estimate of the photon rate density is between
20 and 100 times lower than the required rate. This is consistent
with the constraints placed on this rate by the unresolved X-ray
background (Dijkstra et al. 2004). In comparison, the known
galaxy luminosity function at z = 6 shows that galaxies provide
between 1050 and 4 × 1050 photons s−1 Mpc−3 (Ouchi et al.
2009).

6.2. Search Strategies for Quasars at Even Higher Redshifts

Now that ∼ 50 quasars are known at redshifts 5.7 < z < 6.5,
the next challenge is to identify quasars at even higher redshifts.
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