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IMPLICATIONS OF Z ~ 6 QUASAR PROXIMITY ZONES FOR THE EPOCH OF REIONIZATION AND
QUASAR LIFETIMES

ANNA-CHRISTINA EILERs"?", FREDERICK B. DAVIES', JosEPH F. HENNAWI"®, J. XAVIER PROCHASKA®*, ZARIJA LUKIE,

CHIARA MAZzUCCHELLIY?
Draft Version of May 11, 2017

ABSTRACT

We study quasar proximity zones in the redshift range 5.77 < z < 6.54 by homogeneously analyzing
34 medium resolution spectra, encompassing both archival and newly obtained data, and exploiting
recently updated systemic redshift and magnitude measurements. Whereas previous studies found
strong evolution of proximity zone sizes with redshift, and argued that this provides evidence for a
rapidly evolving intergalactic medium (IGM) neutral fraction during reionization, we measure a much
shallower trend oc (1 + 2z)~144. We compare our measured proximity zone sizes to predictions from
hydrodynamical simulations post-processed with one-dimensional radiative transfer, and find good
agreement between observations and theory irrespective of the ionization state of the ambient IGM.
This insensitivity to IGM ionization state has been previously noted, and results from the fact that
the definition of proximity zone size as the first drop of the smoothed quasar spectrum below the 10%
flux transmission level probes locations where the ionizing radiation from the quasar is an order of
magnitude larger than the expected ultraviolet ionizing background that sets the neutral fraction of
the IGM. Our analysis also uncovered three objects with exceptionally small proximity zones (two
have R, < 1 proper Mpc), which constitute outliers from the observed distribution and are challenging
to explain with our radiative transfer simulations. We consider various explanations for their origin,
such as strong absorption line systems associated with the quasar or patchy reionization, but find that
the most compelling scenario is that these quasars have been shining for < 10° yr.

Subject headings: intergalactic medium — epoch of reionization, dark ages — methods: data analysis

— quasars: absorption lines

1. INTRODUCTION

A major goal of observational cosmology is to under-
stand the epoch of reionization, when the universe tran-
sitioned from the cosmic “dark ages” following recombi-
nation, into the ionized universe we observe today. De-
spite much progress in the last decade, there are still
many open questions regarding the exact timing and the
morphology of the reionization process. Studies of the
evolution of the (Lyman-a) Lya absorption features in
the spectra of distant quasars are one of the key obser-
vational probes of this epoch. Both the steep rise in the
Lya optical depth of the intergalactic medium (IGM)
with redshift for z 2 5.5, as well as the increased scatter
in the measurements, suggest a qualitative change in the
state of the intergalactic medium (IGM), likely resulting
from a rapid rise in the volume averaged neutral fraction
which is expected to occur during the end stages of reion-
ization (Fan et al.|2006b; [Becker et al.[2015)). Indeed, the
absence of large Gunn-Peterson (GP) troughs (Gunn &
in spectra at z < 5.5 indicates the epoch
o

hydrogen reionization must be completed at that time
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(McGreer et al.[2015). However, constraining the neutral
hydrogen fraction of the IGM at z 2 6 with quasar ab-
sorption spectroscopy has proven extremely difficult, be-
cause Lyman series transitions are overly sensitive, and
saturate already for volume averaged neutral hydrogen
fractions (fur) = 1074

In this paper we focus on a different technique that
has been applied in previous work to constrain the neu-
tral gas fraction at z ~ 6. Near the end of the cosmic
reionization epoch, luminous quasars exhibit a region of
enhanced transmission immediately blueward of the Ly«
emission line in the so-called quasar proximity zone, be-
fore the onset of near complete Gunn-Peterson absorp-
tion. This enhanced transmission is caused by the radi-
ation from the quasar itself, which ionizes the surround-
ing IGM (see e.g. Madau & Rees|2000; (Cen & Haiman
2000; [Haiman & Cen|[2001; [Wyithe et al.[2005; [Bolton
& Haehnelt|2007bla); [Lidz et al.|2007; Bolton et al.|2011}
Keating et al||2015)). It has been argued that the evo-
lution of the proximity zone sizes with redshift can con-
strain the late stages of the reionization epoch (Fan et al.
12006bf, |Carilli et al.||2010; [Venemans et al.|2015).

|[Haiman & Cen)| (2001)) showed that in a very simplis-
tic picture of reionization in which isolated ionized H II
regions expand into a neutral uniform ambient IGM, the
(proper) size Rjop of the ionized region around the quasar
depends on the neutral hydrogen fraction fyp, the rate at

which ionizing photons are emitted Nw and the quasar
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age tQ:

3Nt )
~ 7'Q
Rlon ~ (47TanHI> ’ (1)
where ny is the hydrogen number density. In eqn. re-
combinations of the ionized gas inside the H II region are
neglected, which should be unimportant on the timescale
that the quasar turned on, because the recombination
timescale of hydrogen is comparable to the Hubble time.
However, there are a number of other effects that are
not taken into consideration in this relation, such as
overlapping ionized H II regions, large-scale structure ef-
fects, and pre-ionization by local galaxies or the clumpi-
ness of the IGM (see also [Fan et al.|2006b; Bolton &
Haehnelt| [2007bla; [Lidz et al.[[2007; [Maselli et al.|[2007],
2009} [Khrykin et al[/2016]).

While eqn. (1) provides a reasonable description of
the expansion rate of an H II ionization front embed-
ded in a neutral IGM, it does not predict the distribu-
tion of residual neutral hydrogen within the ionized bub-
ble. However, the observed size of the proximity zone R,
will depend sensitively on the fraction and distribution
of the residual neutral hydrogen, because this can cause
saturated absorption well before the ionization front is
reached (Bolton & Haehnelt|2007b). Thus the extent of
the ionized H II bubble around the quasar can be signif-
icantly larger than the observed proximity zone, which
is defined to end where the transmitted flux drops be-
low the 10% level (see e.g. Fan et al.2006b; Carilli et al.|
and hence does not necessarily probe the location
of the ionization front.

Furthermore Bolton & Haehnelt| (2007b)) showed that a
quasar embedded in a highly ionized IGM can produce a
proximity zone that appears qualitatively similar to that
of one in a neutral ambient IGM. They show that the
observed size of the proximity zone of a quasar within
an already ionized surrounding IGM is independent of
the neutral gas fraction of the ambient IGM and as such,
may not provide insights into the evolution of the neutral
hydrogen fraction during the epoch of reionization at all.

However, previous observational studies of the sizes of
quasar proximity zones found evidence for a steep de-
crease in proximity zone size with increasing redshift
within the redshift range of 5.7 < z < 6.4 (Fan et al.
[2006b} (Willott et al.[2007] 2010; |Carilli et al|2010). Al-
though there is large scatter in the observations, this has
been interpreted as a strong evolution of the neutral gas
fraction of the IGM assuming that the observed prox-
imity zones trace the extent of the ionized H II region
presented in eqn. , i.e. R, = Rion. With the discovery
of the current highest redshift quasar ULASJ1120+ 0641
(Mortlock et al.|[2011) and the analysis of its proxim-
ity zone (Bolton et al|[2011} [Simcoe et al.|[2012} [Ven-|
lemans et al.[[2015; [Bosman & Becker||2015), this steep
decrease has become somewhat shallower, but still in-
dicates a strong evolution in proximity zone size with
redshift. However, the measurements of the proximity
zone sizes contain a number of uncertainties, most impor-
tantly the large uncertainties in the systemic redshifts of
the quasars and the resulting ambiguity in the beginning
of the proximity zone.

The extent of the H II region around the quasar ad-

ditionally depends on the age of the quasar (eqn. (1f)).
Even if the IGM is highly ionized prior to the quasar
turning on, the gas in the ionized region responds on a
finite timescale (Khrykin et al|[2016)) and therefore also
the observed proximity zone sizes depend on the quasar
ages. Thus, assumptions about the quasar ages are re-
quired to interpret quasar proximity zones, but the age
remains uncertain by several orders of magnitude
find 2009).

To be more precise, we will distinguish between several
different timescales that govern the duration of quasar
activity. The duty cycle tq. refers to the total time that
galaxies shine as active quasars integrated over the age of
the universe. However, quasar activity could be episodic,
and we refer to the duration fepisodic of a single emis-
sion episode as the episodic lifetime. The sizes of quasar
proximity zones actually depend on the quasar age. If
we denote by ¢t = 0 the time at which light emitted by
a quasar just reaches our telescopes on Earth, then the
quasar age, which we will henceforth refer to as tq, is de-
fined such that the quasar actually turned on at a time
—tq in the past. Strictly speaking the age tq is a lower
limit on the quasar episodic lifetime ¢cpisodic, because the
quasar episode might indeed continue, which we can only
record on Earth if we could conduct observations in the
future.

The quasar duty cycle can be constrained by compar-
ing the number density of quasars to their host dark
matter halo abundance inferred from their clustering
strength (Haiman & Huil2001; [Martini & Weinberg)|2001
Martini|2004; |White et al.[2008; Furlanetto & Lidz[2011]).
But to date this method has yielded only weak con-
straints on tq. ~ 10% — 10° yr owing to uncertainties
in how quasars populate dark matter halos (Shen et al.
2009 [White et al.|[2012} [Conroy & White] 2013} [Cen &
Safarzadeh|2015). An upper limit on the duty cycle of
quasars, tq. < 107 yr, is set by the observed evolution of
the quasar luminosity function, since the whole quasar
population rises and falls over roughly this timescale (e.g.
Osmer]1995).

Moreover, these constraints on the duty cycle of
quasars do not give insights into the duration of the indi-
vidual accretion episodes of the quasar activity. A pop-
ulation of quasars emitting 1000 individual bursts each
with a lifetime of tepisodic ~ 10° yr, would be indistin-
guishable from quasars with steady continuous emission
for tepisodic ~ 10® yr. A lower limit on the individual
quasar bursts of tepisodic ~ 3 X 10* yr is based on the ar-
gument that quasars need to maintain their ionizing lu-
minosity long enough to explain the observed proximity
zones in the Lyc forest (e.g. Bajtlik et al.|[1988; [Khrykin
et al.||[2016)).

It has been argued, that in order to grow the ob-
served sizes of SMBHs, i.e. Mgy ~ 10° — 10'°M,
at z ~ 6 — 7 (Mortlock et al|[2011; [Venemans et al]
[2013} [De Rosa et al[[2014; [Wu et al][2015]), the quasars
require very massive initial seeds and need to accrete
matter over timescales comparable to the age of the Uni-
verse at these high redshifts (Hopkins & Hernquist|[2009;
[Volonteri| 2010], [2012). It follows that the duty cycle of
these quasars needs to be of the order of the Hubble
time. If quasar activity is episodic, the episodic bursts
need to be very long or the quiescent time in between




the bursts needs to be short for the SMBHs to grow to
their observed sizes.

The dozens of z ~ 6 quasars that have been uncovered
over the past decade (see Banados et al.|[2016, for a re-
cent compilation) from wide field surveys results in many
new quasars for proximity zone measurements. The sta-
tistical power of these data alone motivates revisiting
this type of analysis to further understand the result-
ing constraints on reionization and the quasar emission
timescales. In this paper we re-investigate the evolution
of the quasar proximity zone sizes at z > 5.77 with a ho-
mogeneous analysis of a significantly enlarged sample of
31 quasar spectra with higher quality data, including up-
dated and more precise redshift measurements from CO
and [C II] line observations, and consistently measured
absolute magnitudes. We then compare our analysis with
state-of-the-art radiative transfer simulations in order to
better understand and interpret our measurements.

This paper is structured as follows: we describe our
data set and the reduction pipeline in § In § [3] we
specify the methods we use for the continuum normaliza-
tion and the measurement of the proximity zone size of
each quasar. In §[4 we describe a suite of radiative trans-
fer simulations that we compare to our observations. We
show our measurements of the proximity zone sizes in §
and discuss their evolution with redshift. We highlight
three exceptionally small proximity zones in our sample
in §[6] and discuss possible explanations for their origin.
We summarize and conclude in §[7]

2. HIGH REDSHIFT QUASAR SAMPLE

3

Our initial data set consists of 34 quasar spectra at
5.77 < Zem < 6.54, observed at optical wavelengths
(4000 A - 10000 A) with the Echellette Spectrograph
and Imager (ESI;[Sheinis et al.[2002) at the Keck IT Tele-
scope in the years 2001 to 2016. We collected data from
the Keck Observatory Archiveﬂ and supplemented it with
our own observations. The slit widths used range from
0.75” —1.0”, giving a resolution of R ~ 4000 — 5400. The
exposure times vary from 0.3 h < texp S 25 h resulting
in median signal-to-noise ratios in the quasar continuum
at rest-frame wavelength of 1250A -1280A in the range
of 2 < S/N < 108 per pixel.

We obtained spectra of the four quasars PS0J0226 +
0302F] PSOJ0402 + 2452° SDSSJ0100 + 2802, and
SDSSJ1137 + 3549 with ESI on on January 11th and
12th, 2016. We used a 1”7 slit and exposure times varied
between 1 — 3.25 hours.

For one object CFHQSJ0227 — 0605 of interest because
of its small proximity zone (see §|§[), we obtained an addi-
tional spectrum with the Low Resolution Imaging Spec-
trometer (LRIS;|Oke et al.|1995) on the Keck I Telescope
with an exposure time of 3600 s. The observations were
conducted on September 16th, 2016 using the 600/7500
grating and a slit width of 1”7, resulting in a resolution
of R = 1800. Note that we only use this LRIS spectrum
for follow-up analysis, i.e. searching for metal absorp-
tion lines. For the main analysis of the proximity zone
of this quasar we use the ESI spectrum, in order to be
consistent with the remaining data sample.

The details of all of the observations can be found in
Table [1I

TABLE 1
OVERVIEW OF THE OBSERVATIONS OF THE 34 QUASARS IN OUR DATA SAMPLE.

object RA (J2000) DEC (J2000) PI observation date exposure time
SDSS J0002+2550 00202™ 39539 +25°50/34/96 Kakazu Nov. 2004 5400 s
Cowie Aug. 2005 16300 s
SDSS J0005-0006 00P05™ 52534 —00°06'55"80 Becker Dec. 2002 1200 s
Sargent Oct. 2010 15000 s
CFHQS J0050+3445 00P55™02591 +34°45/21"765 Willott Sep. 2008 6250 s
Sargent Oct. 2010 6000 s
Sargent Oct. 2012 9000 s
SDSS J0100+2802 01200™ 13302 +28°02/25"792 White Jan. 2016 3600 s
ULAS J0148+0600 0148™ 37564 +06°00/20"06 Sargent Oct. 2010 11200 s
ULAS J0203+0012 02P03™32538 +00°12/29727 Sargent Oct. 2010 6600 s
CFHQS J0210-0456 0210™13519 —04°56'20790 Sargent Oct. 2010 6000 s
PSO J0226+0302 02h26™01587 +03°02/59"42 White Jan. 2016 11700 s
CFHQS J0227-0605 02h27™43%29 —06°05’30"20 Willott Sep. 2008 10540 s
SDSS J0303-0019 03h03™31540 —00°1912"790 Sargent Oct. 2010 6000 s
SDSS J0353+0104 03h53™49573 +01°04'04”766 Sargent Oct. 2010 13200 s
Becker Jan. 2006 3600 s
PSO J0402+2452 04h02m12569 +24°51/24"/43 White Jan. 2016 10800 s
SDSS J0818+1723 08h18m27340 +17°22/52"701 Becker Apr. 2005 2400 s
SDSS J0836+4-0054 08h36™43386 +00°54'5326 Becker Mar. 2001 1731 s
Madau Feb. 2002 18900 s
Cowie Feb. 2002 13540 s
Djorgovski Mar. 2002 8923 s
Kulkarni Jan. 2003 5400 s
Cowie Jan. 2003 3600 s
Cowie Jan. 2004 10800 s
Kakazu Nov. 2004 10200 s
Djorgovski Dec. 2004 7200 s
SDSS J0840+-5624 08240™35%30 +56°24/20"22 Djorgovski Dec. 2004 10800 s
Becker Mar. 2006 1200 s

7 https://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAlogin
8 also known as PSO J036.5078+03.0498 (Venemans et al.[2015).
9 also known as PSO J060.5529+24.8567 (Banados et al.|[2016).
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TABLE 1 — Continued

object RA (J2000) DEC (J2000) PI observation date exposure time
SDSS J0842+1218 08h42m29543 +12°18'50"58 Becker Mar. 2006 2400 s
SDSS J0927+2001 09h27m21582 +20°0123"64 Becker Mar. 2006 1200 s
SDSS J1030+4-0524 10P30™27311 +05°24'55"06 Becker May 2001 1800 s
Becker Jan. 2002 12000 s
Madau Feb. 2002 7339 s
Cowie Feb. 2002 16200 s
Djorgovski Mar. 2002 16200 s
Cowie Jan. 2003 5400 s
SDSS J1048+-4637 10R48™45307 +46°37'1855 Becker Dec. 2002 3600 s
Cowie Jan. 2003 18000 s
Cowie Mar. 2003 5400 s
Sanchez Jun. 2003 5400 s
Djorgovski Dec. 2004 6600 s
SDSS J1137+3549 113717373 +35°49/56"/85 White Jan. 2016 7800 s
Becker Jan. 2005 2400 s
SDSS J1148+5251 11P48™16365 +52°51/50"39 Becker May 2002 8100 s
Becker Dec. 2002 22800 s
Djorgovski Dec. 2002 11400 s
Kulkarni Jan. 2003 3600 s
Cowie Jan. 2003 16200 s
Becker Feb. 2003 16800 s
Cowie Jan. 2004 11700 s
SDSS J12504-3130 12B50™51593 +31°30/21790 Becker Jan. 2005 3600 s
SDSS J1306+0359 13h06™ 08327 +03°5926"/36 Becker May 2001 900 s
Cowie Feb. 2002 15300 s
Djorgovski Mar. 2002 12600 s
Cowie Mar. 2003 9000 s
Cowie Mar. 2004 12600 s
ULAS J1319+0950 13Rh19™m11530 +09°50/51"/52 Steidel Mar. 2008 2400 s
SDSS J1335+3533 13P35™50381 +35°33/15"/82 Becker Mar. 2006 1200 s
SDSS J1411+1217 14h11™m11829 +12°17/37"28 Djorgovski Apr. 2004 10200 s
Becker Jan. 2005 3600 s
Cowie May 2005 10800 s
Cowie Mar. 2008 12600 s
SDSS J1602+4228 1610253398 +42°28/24"/94 Cowie May. 2005 10620 s
Cowie Aug. 2005 3600 s
SDSS J1623+4-3112 16M23™31581 +31°12/00"53 Becker Jan. 2004 3600 s
SDSS J1630+4012 16130™33390 +40°12/09"69 Sanchez Jun. 2003 17700 s
Sargent Oct. 2010 2000 s
CFHQS J1641+3755 16h41m21573 +37°55'20715 Willott Oct. 2007 2400 s
SDSS J2054-0005 201 54™06549 —00°05"14/80 Sargent Oct. 2010 12000 s
CFHQS J2229+1457 22h29m(1565 +14°57/09700 Willott Sep. 2008 3600 s
Prochaska® Sep. 2016 3600 s
SDSS J2315-0023 23h15m46557 —00°23’5810 Becker Jan. 2006 1200 s
Sargent Oct. 2010 27000 s
CFHQS J2329-0301 23h29mgs28 —03°01’58"80 Willott Oct. 2007 10800 s
Willott Sep. 2008 14400 s
NOTE. — Columns show the object name, its coordinates, the B-spline fits (Kelson|2003; |Bernstein et al. [2015) to ob-

principal investigator of the different observing runs, the observa-
tion date and total exposure time of the object in this run.

* spectrum taken with LRIS

2.1. Data Reduction

We reduce all spectra uniformly using the ESTRedux
pipelinﬂ developed as part of the XIDIE suite of as-
tronomical routines in the Interactive Data Language
(IDL). This pipeline employs standard data reduction
techniques which can be summarized as follows: Im-
ages are overscan subtracted, flat fielded using a nor-
malized flat field image, and then wavelength calibrated
using a wavelength image constructed from afternoon arc
lamp calibration images. Objects are identified in the
science frames, and then background subtracted using

10 http://wuw2.keck.hawaii.edu/inst/esi/ESIRedux/
1 http://www.ucolick.org/~xavier/IDL/

ject free regions of the slit. Object profiles are also fit
with B-splines, and optimal extraction is performed on
the sky-subtracted frames. One-dimensional spectra of
overlapping echelle orders are combined to produce a fi-
nal spectrum for each exposure, and individual exposures
are co-added into our final one-dimensional spectra. See
(Bochanski et al[2009) for a more detailed description
of the algorithms used.

We further optimized the XIDL ESI pipeline to im-
prove the data reduction for high redshift quasars. The
main improvement was to remove the fringing pattern
from reddest orders by differencing two images (ideally
taken during the same run) with similar exposure times,
analogous to the standard difference imaging techniques
performed for near-infrared observations. However, this
procedure only works on dithered exposures for which
the trace of the science object lands at different spatial
locations on the slit. Since not every observer dithered
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their object along the slit it was not possible for us to
apply this procedure to = 10% of the exposures that we
took from the archive.

We also co-added exposures from different observing
runs taken by different PIs, resulting in higher S/N data
for some quasars than previous analyses of these objects.
We weight each one-dimensional spectrum by its squared
signal-to-noise ratio (S/N?) that was determined in the
quasar continuum region of each spectrum, i.e. at wave-
lengths longer than the Lya emission line. In this way
spectral regions with low or no transmitted flux, which
are common in high redshift quasar spectra, are weighted
by the same S/N ratio of regions with more transmitted
flux.

2.2. Quasar Properties

Determining precise redshifts for quasars is very chal-
lenging due to the broad widths of emission lines, Gunn-
Peterson absorption, and offsets between different ioniza-
tion lines (Gaskell|1982; [Tytler & Fanl1992; [Vanden Berk|
let al.||2001; Richards et al.[2002} |[Shen et al.[2016]). Most
quasars show strong internal motions and winds, which
displace many of the emission lines, such as the Lya line
or far-ultraviolet (far-UV) lines, far from the systemic
redshift of the host galaxy. Thus the most precise deter-
mination of the location of the quasar are low ionization
lines such as Mg II lines or, even better, emission lines
from the molecular gas reservoir of the host galaxy itself,
such as CO or [C II] lines.

TABLE 2
OVERVIEW OF OUR DATA SAMPLE AND THE MEASUREMENTS OF THE PROXIMITY ZONE SIZES.

object z Az [km/s] redshift line Ref.? Mias0 S/NP R, [pMpc] Ryp,corr [PMpc]
PSO J0226+4-0302 6.5412 100 [C11] 13 —27.33 10 3.64+0.13 3.20+£0.11
CFHQS J0210-0456 6.4323 100 [C11] 12 —24.53 2 1.32+0.13 3.47+0.34
SDSS J1148+5251 6.4189 100 [C11] 15 —27.62 34 4.58 £0.13 3.59 +0.10
CFHQS J2329-0301 6.417 270 Mg II 9 —25.25 2 2.45+0.35 4.86 £0.70
SDSS J0100+2802 6.3258 100 [C11] 17 —29.14 41 7.12+0.13 3.09 + 0.06
SDSS J1030+0524 6.309 270 Mg II 3 —26.99 26 5.93 £0.36 5.95 + 0.36
SDSS J1623+3112 6.2572 100 [c11) 18 —26.55 9 5.05 +0.14 6.03 +0.16
CFHQS J0050+3445 6.253 270 Mg 11 9 —26.70 18 4.09 £0.37 4.60 £0.41
CFHQS J0227-0605 6.20 1000 Lya 6 —25.28 3 1.60 £+ 1.37 3.15 +2.69
PSO J0402+2452 6.18 1000 Lyo 16 —26.95 13 4.17+1.38 4.26 +1.40
CFHQS J2229+1457 6.1517 100 [oRs]] 15 —24.78 2¢ 0.45+0.14 1.07£0.33
SDSS J1250+3130 6.15 1000 Lya-O I-Si IV 2 —26.53 8 6.59 £ 1.38 7.93 £ 1.66
ULAS J1319+0950 6.1330 100 [C11] 11 —27.05 10 3.84+0.14 3.77+£0.14
SDSS J2315-0023 6.117 1000 Lyo 5 —25.66 15 3.70 £1.39 6.26 = 2.36
SDSS J1602+4228 6.09 1000 Lya-O1 1 —26.94 21 7.114+1.40 7.28 £1.43
SDSS J0303-0019 6.078 270 Mg II 7 —25.56 2 2.21+0.38 3.88+0.67
SDSS J0842+1218 6.069 270 Mg 11 10 —26.91 10 6.47 £ 0.38 6.71+0.39
SDSS J1630+4012 6.065 270 Mg 11 7 —26.19 15 4.80 £0.38 6.59 + 0.52
CFHQS J1641+3755 6.047 270 Mg II 9 —25.67 4 3.98+0.38 6.71 +0.64
SDSS J2054-0005 6.0391 100 [C11] 11 —26.21 17 3.17+0.14 4.32+£0.19
SDSS J1137+3549 6.03 1000 Lya-O I-8i IV 2 —27.36 24 6.98 +1.42 6.06 = 1.23
SDSS J0818+1723 6.02 1000 Lya 2 —27.52 8 5.89 4+ 1.42 4.80+1.16
SDSS J1306+0359 6.016 270 Mg 11 4 —26.81 41 5.39 £0.38 5.80 £0.41
ULAS J0148+0600 5.98 270 Mg I1 14 —27.39 30 6.03 £ 0.39 5.18 +0.33
SDSS J1411+1217 5.904 270 Mg 11 4 —26.69 32 4.60 £0.39 5.19+0.44
SDSS J1335+3533 5.9012 100 CcO 8 —26.67 7 0.78 £0.15 0.89 £ 0.17
SDSS J08404-56244 5.8441 100 cO 8 —27.24 28 0.88 +0.15 0.80 £0.13
SDSS J0005-0006 5.844 270 Mg II 10 —25.73 15 2.87+0.40 4.73 +0.66
SDSS J0002+2550 5.82 1000 Lya-O'1 1 —27.31 62 5.43 +£1.49 4.81+1.31
SDSS J0836+0054 5.810 270 Mg 11 4 —27.75 120 5.06 + 0.40 3.77+£0.30
SDSS J0927+4-2001 5.7722 100 CO 8 —26.76 7 4.68 £0.15 5.14 +0.16

NOTE. — The columns show the object name, the redshift of the
quasar and the redshift uncertainty, the lines measured to deter-
mine the redshift and the reference therefor, the quasar’s magni-
tude M1450 and the S/N of the its spectrum and our measurements
for the proximity zones, uncorrected and luminosity corrected.

@ Reference for redshift. 1: [Fan et al|(2004)), 2: [Fan et al.| (2006a),
3: [Jiang et al) (2007)), 4: [Kurk et al.| (2007)), 5: [Jiang et al] (2008),
6: |Willott et al| (2009), 7: |Carilli et al.| (2010), 8: |Wang et al|
(2010), 9: [Willott et al] (2010), 10: [De Rosa et al| (2011), 11:
[Wang et al| (2013), 12: [Willott et al] (2013), 13: [Banados et al]
2015), 14: Becker et al| (2015)), 15: Willott et al| (2015)), 16:
[Bafiados et al (2016), 17: [Wang et al| (2016)), 18: private com-

munication with R. Wang.

b Median S/N per pixel; estimated between 1250 A< Aest <
1280 A.

¢ The LRIS spectrum we have for this object has S/N = 7.

4 Excluded from our analysis due to associated absorbers (see

Appendix .

We account for uncertainties in the systemic redshift
of each quasar depending on the measured emission lines
to determine their redshifts. For redshifts determined
from the detection of a [C II] line at 158 yum or a CO
line we assign a redshift error of Av = 100 km/s. For
quasars with a redshift measurement from a Mg II line
we assume a redshift error of Av = 270 km/s, in or-
der to account for the dispersion between the redshift
of the Mg II line and the redshift of the host galaxy
(e.g. Richards et al|[2002; [Hennawi et al.[2006} [Shen &]
\Ménard||2012; [Venemans et al.[[2016; [Shen et al[[2016]),
and for the remaining quasars for which the redshift was
determined by the Ly« line or far-UV lines, which usu-
ally suffer from large velocity offsets, we assume a red-
shift error of Av = 1000 km/s. Note that these uncer-
tainties are chosen to be very conservative (Shen et al.
, because the redshift measurements are taken from
the literature, measured by various authors possibly us-
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ing different data and methods. For a quasar at z = 6
these offsets in velocity result in a distance uncertainty of
AR = 0.14 proper Mpc (pMpc) for quasars with redshift
measurements from CO or [C II] lines, AR ~ 0.39 pMpc
for quasars with redshift measurements from their Mg II
line, and AR == 1.43 pMpc for other rest-frame UV lines.

We take the absolute magnitudes Myy5¢ defined at
Arest = 1450 A in the rest-frame from Banados et al.
(2016)), who determined M50 for all sources in a con-
sistent way. They assume a power law continuum slope
a, = —0.3 and require the extrapolated ypi- or J-band
magnitudes (at Aeg = 9627.7 A or g = 12444.0 A,
respectively) to be consistent with their measurements,
since most optical quasar spectra at these high redshifts
have limited wavelength coverage at Ajest = 1450A. Table
summarizes the properties of all quasars in our sample.

Note that we exclude three quasars (SDSSJ1048+4637,
SDSSJ0353 + 0104, and ULASJ0203 4 0012) from this
analysis, because of their broad absorption line (BAL)
features, which can contaminate the proximity zone and
make it difficult to determine a precise redshift or the
continuum level of these quasars. For a similar reason we
exclude the object SDSSJ0840 + 5624 from our analysis
of the proximity zones. In this spectrum we found an
absorption system with associated Lya and metal line
absorption close to the quasar that attenuates enough
flux such that it results in a spuriously small proximity
zone. In this case, as in the case of BAL quasars, an ab-
sorption system associated with the quasar itself contam-
inates the proximity zone and thus we exclude this object
from our analysis. Note that we do not model such intrin-
sic absorption line systems associated with the quasar or
its host galaxy in the radiative transfer simulations (see
8 , such that any comparison would result in biases if
we were not excluding these objects. We further discuss
the spectrum of this excluded object SDSSJ0840 + 5624
in Appendix [A]

3. METHODS
3.1. Quasar Continuum Normalization

We normalize all quasar spectra to unity in a region
free of emission lines at M\est = 1280 A. Note that for
a handful of quasars, that have very low signal-to-noise
ratio data at this wavelength, we normalize their spectra
to unity at a slightly different wavelength. We then esti-
mate the quasar continua with principal component spec-
tra (PCS) from a principal component analysis (PCA)
of low redshift quasar spectra (Suzuki [2006; Paris et al.
2011). The idea of the PCA is to represent the contin-
uum spectrum |gy) of a quasar by a reconstructed spec-
trum that consists of a mean spectrum |u,) and a sum
of m weighted PCS |£,), where the index A denotes the
wavelength. Hence

lax) ~ ) + > ailéin) s (2)

=1

where the index 4 refers to the ith PCS and «; is its
weight. For the majority of our continuum fits, we use
the PCS from |Paris et al.| (2011) that were derived to
characterize quasar continua from 78 high-quality spec-
tra of bright zem ~ 3 quasars in the Sloan Digital Sky
Survey (SDSS).

The quasars in our sample are all at very high red-
shift and thus experience absorption due to the inter-
vening residual neutral hydrogen along the line of sight
bluewards of the Lya emission line, i.e. in the Lya for-
est. Thus we estimate the quasar continuum solely from
wavelengths redwards of rest-frame Ly« which suffer only
from modest absorption by metal lines. |Paris et al.
(2011) provide a set of PCS for wavelengths 1215.67 A<

Arest < 1600 A, whose coefficients apeq we estimate by
x? minimization using the noise vector from the spectra.

We use a projection matrix P to transfer the estimated
coefficients for the PCS redwards of Lya, ayed, onto co-
efficients a for a set of PCS that cover the entire spectral
region between 1020 A< Arest < 1600 A, i.e.

a =P apeq. (3)

This projection matrix P has been calibrated by |Paris
et al.| (2011) using the set of PCS for both the red wave-
length side only and the whole spectral region covering
wavelengths bluewards and redwards of Lya.

Eqn. gives us a model for the continuum of each
quasar that includes the (absorbed) blue side of the spec-
trum. An example of a quasar spectrum from our data
set and its continuum model is shown in Fig. [II Note
that in most cases we take five PCS on the red side into
account to estimate the continuum model. However, a
visual inspection of the continuum models reveals that
for four quasars a continuum model with three or seven
PCS results in a better fit.

Our PCA modeling of quasar continua is limited by the
finite number of principal components and the selection
of quasars that were used to create the PCS. For a few
of the quasars in our sample, the PCS from |Paris et al.
(2011)) do not provide an acceptable fit to the continuum,
particularly for the fainter quasars in our sample. For
these objects we instead use the set of PCS provided by
Suzuki| (2006), based on fainter lower redshift quasars,
which qualitatively provide better fits to this handful of
objects. When using the [Suzukil (2006) PCS basis, we
determine the continuum in the Lya forest region using
the method they advocate. Namely, we determine the
continua at blue wavelengths A st < 1216.67 A using the
best-fit continua to the red-side st > 1216.67 A.

The details of the continuum normalization are listed
in Table[3]in Appendix

3.2. Measuring the Sizes of Quasar Proximity Zones

In order to calculate the proximity zone sizes for each
quasar we adopt the standard definition used in the liter-
ature (see|Fan et al.[2006b; Willott et al.|2007,[2010;|Car-
illi et al.|[2010; [Venemans et al.[[2015). Namely, we take
the continuum normalized quasar spectra and smooth
them with a 20A-wide (observed frame) boxcar function.
This smoothing scale corresponds to ~ 1.0 pMpc or a
~ 705 km/s window at z = 6. We define the proximity
zone size as the distance to the first of three consecutive
pixelﬁ on the blue side of the Lya emission line that
show a drop of the smoothed flux below the 10% level.
This is demonstrated in Fig. 2] and Fig. [3] for subsets of

12 We checked whether it changes the measurements of the prox-
imity zone sizes when requiring up to ten pixels to be below the
10% level, but we do not observe a significant difference.
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Fic. 1.— Example of a quasar spectrum and its continuum model. The continuum model is fitted to the data with five PCS from

(2011)) on the red wavelength side of the spectrum (red curve), i.e. 1215.67 A< Arest < 1600 A, and then projected onto coefficients
or a different set of PCS resulting in a continuum model also covering the blue wavelength side (blue curve), i.e. the whole spectral region

between 1020 A< Arest < 1600 A, in order to predict the continuum level in the Lya forest region.

bright (—27.5 < Mjs0 < —26.5) and faint (—25.8 <
Mis50 < —24.5) quasars from our data sample, respec-
tively. The depicted quasars all cover a similar range in
luminosity, but nevertheless show a wide range of prox-
imity zone sizes, between 0.8 pMpc < R, < 7.1 pMpc
for bright quasars and 0.5 pMpc < R, < 4.0 pMpc for
fainter quasars. Similar plots for the remaining objects
in our quasar sample are shown in Appendix[C} All mea-
surements of the proximity zone sizes R, for our data set
are listed in Table

4. RADIATIVE TRANSFER SIMULATIONS

To interpret our measurements of R,, we run a series
of radiative transfer simulations of the effect of quasar
ionizing photons on the IGM along the line of sight sim-
ilar to those performed by [Bolton & Haehnelt| (2007D)).
We apply the one-dimensional ionizing radiative trans-
fer code from Davies et al| (2016) to skewers from a
100 Mpc/h Eulerian hydrodynamical simulation run with
the Nyx code (Almgren et al.|2013} Lukié¢ et al.|2015)
at z = 6 with 4096° baryonic (Eulerian) grid elements
and dark matter particles. The radiative transfer com-
putes the time-dependent ionization and recombination
of six species (e~, H I, H II, He I, He II, He III) as
well as the associated photoionization heating and cool-
ing by various processes including adiabatic cooling due
to the expansion of the Universe and inverse Compton
cooling off cosmic microwave background (CMB) pho-
tons (see [Davies et al|[2016] for details). We use 900
skewers of density, temperature, and peculiar velocity
drawn along the z, y, and z grid axes from the centers
of the 150 most massive dark matter halos in the Nyx
simulation, corresponding to halo masses My, > 4 x 10*!
M@E Given the relatively coarse resolution of the Nyx
simulation (25 kpc/h) and the lack of metal-line cool-
ing, star formation, and feedback processes, we do not

13 In detail we find that starting the skewers from more or less
massive halos has a negligible impact on the resulting proximit;
zone sizes, in agreement with Bolton & Haehnelt| (2007b) and [Keat-

(2015)

expect to resolve or accurately model dense gas inside of
galaxies. For this reason we have removed one object in
our sample (SDSSJ0840 + 5624; see Appendix [A]) which
exhibits strong associated metal line absorption at the
quasar redshift that likely arises from dense gas in the
vicinity of the quasar or from its host halo.

Quasar absolute magnitudes were converted to specific
luminosity at the hydrogen ionizing edge (v = vyy) using
the [Lusso et al.| (2015]) spectral template, and for consis-
tency with previous studies we assume that the spectrum
at v > vy behaves as a power law[Y with L, oc =17,
We assume that the quasar turns on abruptly and emits
at constant luminosity for its entire age tq, i.e. a so-
called “light bulb” model. For the quasar age we assume
a fiducial value of tq = 1075 yr, but we later investigate
the dependence of R, on tq in § We consider two
initial conditions for the ionization state of gas in the
simulation: either the gas is initially highly ionized by a
uniform ionizing background or the gas is initially com-
pletely neutral. In the highly ionized case, we add ioniz-
ing radiation due to the ultraviolet background (UVB) to
each cell leading to an ionization rate I'yyg = 2 x 10713
s~1, consistent with observations of Lyc forest opacity at
z ~ 6 (e.g.Wyithe & Bolton|2011)) and resulting in a neu-
tral fraction of fgr = 1.5 x 10~%, with a spectrum charac-
teristic of galactic sources (i.e. a sharp cutoff above the
He II ionizing edge). For simplicity we assume that T'yvp
is constant with redshift, but we note that the resulting
proximity zone sizes are insensitive to changes in I'yyp of
a factor of a few, a non-trivial point that we will discuss
in more detail in future work (Davies et al.|in prep.). We
compute radiative transfer outputs for quasars of vary-
ing luminosity and redshift bracketing the properties of
our observed quasar sample in in both ionized and neu-

14 Note that the magnitudes for the quasars in our data sam-
ple have been calibrated by [Banados et al.| (2016) according to the
template from [Selsing et al.[(2016) instead of [Lusso et al. (2015).
However, due to the similarities between the two templates at ob-
served wavelengths (redward of Ly«), we expect only a very minor
inconsistency in the inferred ionizing luminosity.




8 Eilers et al.
T T T T T T T L 1 T
1.5 I [SpsSJ1335+3533 proximity zone N .
10} z=5.9, M145() = —26.67 : "" ]II 104
1
05k : 1 1
1 1
: = bl 'n > -~ fi P I = ||x yabT o A _ fl .k " 1
0.0 A 'II'I I \ T 'F ]T’ '|"T'Fr WA 1'[1' »IL‘ (Wi ”H’ T A .. 'Yulj 1|' I l VJ}U : -
T T T T T T T T T T 1
1.5 I [PS0J0226+0302 . : 1
10F 22654, ]\41450: —27.33 : !
1
05} X
1
0.0 TA) A - &
1.5 - T[CFHQSJ0050+3445
10F 22625, M1450= —26.7
05k
i18 X ZUsn "\A -
0.0 o Sy LByt o
1.5 - TPS0J0402+2451
10 L [2=6-18 Migo= —26.95
05k
Y AT S A PP
5 : : :
(0]
N 15}
= SDSSJ0002+2550
E 40l |2=582 Mus=—27.31
1
c
05

0.0

1.5

0.5

ULASJ0148+0600
1.0 Z:5.98,M1450:—27.39
1
05 :
1
0.0 A A :7
: : ; y : : : : i !
1.5 I [SpsSJ1137+3549 : : 1
1.0 Z:6.03, 1\/]1450: —27.36 :
:
1
1

0.0

1.5
1.0
0.5

SDSSJ1602+4228
z=0. 09, M145() = —26.94

0.0 =

10 9 8

5 4 3 2 1
distance from quasar [pMpc]

Fic. 2.— Continuum normalized spectra of a subset of bright quasars in our data set with luminosities between —27.5 < My450 < —26.5
showing the transmission profile within 10 pMpc from the quasar. A boxcar smoothing of two pixels has been applied to the spectra (black)
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horizontal yellow dashed lines indicate a flux level of 10%. The vertical black dashed lines show the extent of the quasar proximity zone
from the quasar redshift (right) to the first drop of the smoothed flux below the 10% level (left).



tral scenarios. We assume here that the overdensity field
does not significantly evolve with redshift from our z = 6
output across the redshift range we study, and simply re-
scale physical densities by (1 + z)3.

Lya forest spectra are computed by combining the neu-
tral fraction fyr and gas temperatures from the radiative
transfer simulation with the velocity field from the Nyx
simulation, summing the absorption from each gas ele-
ment using the efficient Voigt profile approximation of
Tepper-Garcia (2006)). Finally, to retrieve R, from the
Lya forest spectra, we perform a similar analysis as is ap-
plied to the real spectroscopic data: we smooth the spec-
tra with a boxcar filter of 20 A in the observed frame,
and then locate where the transmitted flux first drops
below 10%. A few skewers through the simulation box
giving mock Ly« forest spectra in a highly ionized IGM
are shown in Fig. [4

In this work we present the general trends of R, with
quasar parameters, leaving a more detailed discussion of
the structure and evolution of these simulated proximity
effect spectra to future work (Davies et al.||lin prep.).

5. THE REDSHIFT EVOLUTION OF PROXIMITY
ZONE SIZES

In this section we will present our measurements of the
proximity zone sizes for the ensemble of quasar spectra
in our data set. Since these quasars cover a wide range of
luminosities, we first put them on a common luminosity
scale, in order to facilitate a study of the redshift evo-
lution of proximity zone sizes. In the last part of this
section we compare our measurements to previous work.

5.1. Correcting for the Quasar Luminosity

We expect the size of the proximity zone of a quasar
to depend on their luminosity. Proximity zone sizes may
also evolve with redshift in a way that tracks the evo-
lution of the ionization state of the IGM driven by the
underlying evolution in the UVB. To study the evolution
of the proximity zone size with redshift, we have to re-
move the dependency on quasar luminosity, and normal-
ize our measurements to the same absolute magnitude.
The approach that has been adopted in the literature,
is to re-scale all quasar luminosities to a common value
assuming a particular model for the luminosity depen-
dence, in order to remove the large scatter in proximity
zone sizes driven by the wide range of quasar luminosities
present in the data set. This then enables one to study
the redshift evolution of proximity zone sizes. However,
the scaling of the proximity zone size with luminosity
depends on the physical conditions of the ambient IGM.
In this section we study radiative transfer simulations to
better understand the expected luminosity scaling, and
its dependence on the IGM ionization state. We compute
the luminosity scaling in our data set and compare to
these simulations. We use these simulations to advocate
for an approach to luminosity correct our measurements
and search for a redshift evolution.

In general, the luminosity dependence of proximity
zone sizes could depend on the ionization state of the
surrounding IGM. Specifically eqn. [I] indicates that the
size of an ionization front R;,, expanding into a neutral

IGM scales as R Nwl/d On the other hand, using an
analytical model |Bolton & Haehnelt| (2007b)) showed that

9

the proximity zone size scales as R, Ni/Q, if the IGM
is in fact highly ionized by either the quasar itself or the
UVB. To better understand this scaling, we turn to our
radiative transfer simulations (see § [4)), which were run
for an ensemble of quasars that span the same range of
luminosities as our data set. Note that the redshifts of
the simulated quasars and the IGM are set to z = 6.

The simulated relation between proximity zone size
and quasar magnitude for a highly ionized IGM is shown
as the gray dashed line in Fig. [5, with the shaded re-
gion illustrating the 1o scatter of simulated sizes due to
cosmic variance alone (i.e. no measurement error). The
relation from the simulations in a highly ionized IGM is
reasonably well fit by the power-law

R, ~ 5.57pMpc x 107 0-4Mas0/2.35 (4)

Our simulations suggest that the proximity zone sizes

in a highly ionized IGM scale as R, o Ny 2'35, which
lies in between the two theoretically expected relations
for a neutral or mostly ionized ambient IGM, shown as
the blue dashed-dotted and yellow dotted curves, respec-
tively. Note that the normalization for these two analytic
curves has been arbitrarily chosen such that all curves in-
tersect at the same point. The simulated relation does
not align exactly with the analytically expected relation
in a highly ionized IGM, possibly due to heating effects
of He II reionization.

Note however, that we obtain a very similar scaling
from our radiative transfer simulations, when assuming
a neutral ambient IGM:

R, ~ 5.03pMpc x 107 0-4M1as0/2.45 (5)

This is due to the fact that the measured proximity zone
sizes R, do not trace the extent of the ionization front
R;ion described in eqn. for an assumed quasar age
of tg ~ 1075 yr, but end much earlier within the ion-
ized H II region around the quasar. Because the IGM is
indeed highly ionized in this region, one expects a scal-
ing similar to that of a highly ionized IGM. Hence, it is
no surprise to find the two relations from the radiative
transfer simulations in a highly ionized ambient IGM as
well as in an originally neutral ambient IGM to behave
similarly. We will come back to this in more detail in
!

Given this new found intuition from radiative transfer
simulations, it is now interesting to study the luminos-
ity scaling of proximity zone sizes in our data. To this
end, we show the dependence of our measured proximity
zone sizes on the quasar’s magnitude, which is propor-
tional to the quasar luminosity, in Fig. [5| Measurements
have been color coded by the emission redshift of the
quasar. The errorbars of the measurements reflect the
uncertainty on the proximity zone sizes due to the uncer-
tainty of the quasar redshift (see §. We fit a power-law
to our measurements and obtain

R, ~ 4.71pMpc x 1070-4x(Mias0+27)/3.42 (6)

as the best fit, shown as the red dashed line. The 1o un-
certainty of this fit is given by the shaded region, which
was determined by bootstrap re-sampling of our mea-
surements with replacement, and repeating the fit 1000
times. Note that we do not weight our measurements by
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normalized flux

Fic. 3.— Same as Fig. E for a subset of faint quasars in our data set with luminosities between —25.8 < My450 < —24.5.
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F1a. 4.— Mock spectra from three different skewers through the
radiative transfer simulation box for a quasar at z = 6, a magnitude
of My450 = —27, and an age of tq = 1075 yr, in a highly ionized
IGM. The red curve shows the smoothed spectra and the black
dashed lines indicate the extent of the proximity zones.

the redshift errors in this fit. In general, we find reason-
able agreement between the scaling relations from the
radiative transfer simulations and our data. The data
seem to favor a shallower evolution, but this is compli-
cated by the fact that we fit a sample over a large range
of redshifts, and also, possibly, that exceptionally small
proximity zones (see § [6)) are pulling down the fit.

So which relation should we adopt to put the measured
proximity zone sizes onto a common luminosity scale?
Due to the large body of evidence for the IGM being
mostly ionized at z ~ 6 (e.g. Wyithe & Bolton| [2011}
Calverley et al|[2011} [Becker et al.[2015; [McGreer et al
2015)) we choose the relation from our radiative transfer
simulations assuming a highly ionized IGM (eqn. (4)))
to eliminate the dependence on quasar luminosity and
normalize our measurements to a common magnitude of
Mi450 = —27. However, our results are only marginally
dependent on this choice, since the luminosity scaling for
an ionized and neutral IGM are in fact very similar, and
the main conclusions of this paper are not influenced by
this choice. Thus we re-scale our measured proximity
zone sizes with

Rp)corr ~ Rp . 10—0.4(—27—M1450)/2.35. (7)

Our measurements of the quasar proximity zone sizes
are provided in Table[2] with the two rightmost columns
showing the measured proximity zone Iz, in proper Mpc
and the corrected proximity zone size R, corr, Which are
re-scaled to an absolute magnitude of M50 = —27 fol-
lowing eqn.
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F1G. 5.— Sizes of the proximity zones shown dependent on the

quasars’ magnitude Mi450, color coded by their redshifts. The
red dashed line shows the best power-law fit to the measurements
with a lo-uncertainty level from bootstrapping errors. The gray
dashed line shows the expected evolution of the proximity zones
from radiative transfer simulations in a highly ionized IGM. The
blue dashed-dotted and yellow dotted curves show the theoretical
expectations when the IGM surrounding the quasars is neutral or
highly ionized, respectively.

5.2. The Redshift Evolution of Quasar Proximity Zone
Sizes

After correcting our measurements for the quasar lumi-
nosity, we can study the evolution of the proximity zones
with redshift. In Fig. [f] we show this redshift evolution
of our luminosity corrected measurements, color coded
by Mi450, in both the left and middle panel. In the left
panel, the red dashed line shows the best-fit power-law
fit to the redshift evolution

142\ 14
- .

The shaded region indicates the 1o uncertainty on the
fit determined by bootstrap re-sampling of our measure-
ments with replacement and repeating the fit 1000 times.

In the next section we use our radiative transfer sim-
ulations to better understand the redshift evolution of
proximity zones, and show that the shallow redshift evo-
lution that we measure is indeed expected. However, the
black dashed and dash-dotted lines in the right panel of
Fig.[0] are linear fits to the measurements of quasar prox-
imity zones from previous analyses of similar data sets
by |Carilli et al.| (2010) and [Venemans et al.| (2015]), which
show a much steeper trend. We compare our measure-
ment to previous work in §[5.4] and discuss the sources
of this discrepancy.

Ry corr = 4.87pMpc x ( (8)

5.3. Understanding the Shallow Redshift Evolution of
Quasar Proximity Zone Sizes

‘We use our radiative transfer simulations to investigate
the expected redshift evolution of proximity zone sizes
for both a highly ionized ambient IGM and a neutral
IGM. Our results are shown in the middle panel of Fig. [0]
as the gray dashed line (ionized) and blue dash-dotted
line (neutral), respectively. In the case of an ionized
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The data points showing our measurements for Rp corr in both the right and middle panel are the same. In the left panel, the red dashed

line shows the best power-law fit to the measurements with a lo-uncertainty level determined by bootstrapping.

In the middle panel

the gray dashed line shows the evolution of the proximity zones found in radiative transfer simulations when assuming a highly ionized
IGM, whereas the blue dashed line is the result of the radiative transfer simulations assuming a mostly neutral ambient IGM. The shaded
areas show the respective 1o uncertainties of the relations due to cosmic variance. In the right panel the square data points show previous
measurements by [Carilli et al.| (2010)) and [Venemans et al.| (2015) of the quasars in common between our and their data sets, after correcting
with updated redshift and magnitude estimates. The green dashed line shows the best fit to these measurements with a lo-uncertainty
level determined by bootstrapping. The black dotted and dash-dotted curves show linear fits to the measurements of the whole data set

from |Carilli et al.|(2010) and |Venemans et al| (2015)), respectively.

ambient IGM the corrected quasar proximity zones follow
a power-law

1 2.45
Rp,corr ~ 5.66 PMPC X (_,;_Z> ’ (9)

whereas the evolution in the case of a neutral IGM is well
fit by

14 2\ 162
Rp,corr ~ 5.06 pMpC X (7> . (10)
The shaded regions around the curves show the scatter
about these relations due to cosmic variance for quasars
with magnitude Mi450 = —27, but they slightly over- and
underpredict the scatter for higher and lower luminosity
quasars, respectively. The two scenarios of an ionized
and a neutral IGM both result in a relatively shallow
redshift evolution of proximity zones and are thus con-
sistent with our measured redshift evolution shown in the
left panel as the red dashed curve, but inconsistent with
the steep evolution found in previous work (right panel).

Why should the redshift evolution of quasar proxim-
ity zones be so shallow? The end of the proximity
zone around quasars is defined as the location where the
smoothed transmitted flux drops below the 10% trans-
mission level and a corresponding limiting optical depth
of Tim = 2.3 is reached. Bolton & Haehnelt| (2007b) de-
termine in eqn. (8) of their paper the ionization rate 'y,
that is necessary to produce a neutral gas fraction fimy
that results in the required limiting optical depth 7.
Assuming a highly ionized gas in ionization equilibrium
and making reasonable assumptions about the gas tem-
perature of the IGM at z ~ 6, one obtains an ionization
rate of Tim ~ 4 x 10'2 571 at the end of the proximity
zone R, which is an order of magnitude larger than ion-
ization rate of the UVB I'yyp ~ 2 x 10713 571 at this

redshift (Wyithe & Bolton|[2011). Thus the total ioniza-
tion rate at the end of the proximity zone Iy, which
is the sum of the ionization rate of the background ra-
diation I'yyp and the ionization rate of the quasar itself
I'qso, has to be totally dominated by the latter.

As such, in our simulations R, is essentially indepen-
dent of I'yyp and hence fairly insensitive to the neu-
tral fraction fur of a highly ionized IGM, provided the
quasar has been emitting light for longer than the equi-
libration timescale tq of the gas, which denotes the
timescale on which the gas reaches ionization equilib-
rium (see § [6.3.3). The quasar age thus has to be
tq 2 teq ~ 1/Tqso(Rp) ~ 10° yr, in order for the ambi-
ent gas to have reached ionization equilibrium.

If the IGM surrounding the quasars is instead very neu-
tral, i.e. fur ~ 0.1 — 1.0, eqn. (1) for the location of the
ionization front indicates that the size of the ionized H II
region around the quasar scales as Rion x (tq/ fHI)l/ 3.
This suggests that the proximity zones could be sensi-
tive to the neutral gas fraction (subject to a degeneracy
with the quasar age). Indeed for short ages the measured
proximity zone R, will trace the expanding ionization
front Rion around the quasar, i.e. R, = Rion, which in-
creases with the quasar age. However, R, will cease to
grow further once it reaches a distance given by the 10%
transmission level of the flux, according to the definition
of R,. Thus even as Rj,, continues to grow with age,
the proximity zone size saturates, and will be insensitive
to both the quasar age and neutral fraction. This im-
plies that the measured proximity zone size provides a
lower limit on the location of the ionization front Rjop,.
The maximum size of the proximity zone R, max is given
by the distance at which a 10% flux transmission level
corresponding to a limiting optical depth of my, = 2.3
is reached. The age of the quasar at this distance is
tq > tq(Rpmax) ~ 10% yr under the assumption of a




homogeneous IGM (see eqn. (13) in Bolton & Haehnelt|

2007h).

Thus for a highly plausible quasar age of tq ~ 107 yr
(see e.g 2004) the proximity zones R, in a neu-
tral IGM will look the same as for the highly ionized
case, because the proximity zones by definition cease to
grow once a flux transmission level of 10% is reached, as
has been previously pointed out by (Bolton & Haehnelt|
. This demonstrates the insensitivity of R, to the
neutral fraction fyr of the IGM for an appropriate choice
of quasar age (see also [Khrykin et al[[2016| for an analo-
gous argument in the context of He II proximity zones).

Regarding the redshift evolution of the proximity zone
sizes, eqn. (11) in [Bolton & Haehnelt| (2007b) predicts
a very shallow scaling of R, o (1 + z)~**° due to the
density evolution in the universe. The simulations in
Fig. [6| reveal a similar scaling, i.e. R, oc (1 + z)724°
for a neutral ambient IGM and R, o< (1 + 2)7152 for a
highly ionized IGM with a quasar age of tq ~ 107 yr.
The true scaling does not match exactly the analytically
expected scaling due to different heating effects.

Hence we conclude that the redshift evolution of R,
is not a very useful probe of the ionization state of the
IGM. In a highly ionized IGM due to the definition of
proximity zones, the ionization rate at the end of the
proximity zone is totally dominated by the ionization
rate of the quasar itself and thus essentially independent
of the background radiation and the ionization state of
the surrounding IGM. In a neutral IGM, R, ceases to
grow once a maximum size R, max corresponding to a
limiting optical depth 7j;,, at the 10% flux transmission
level is reached. The observed shallow redshift evolution
is thus perfectly consistent with our models for both a
highly ionized and a neutral IGM for a quasar age of
tq > 10° yr, in particular for a fiducial quasar age of
tg ~ 1075 yr. None of our simulations reveal the steep
evolution that was measured by previous analyses
let al.|[2010; |[Venemans et al.|[2015)). Our models do not
predict any large proximity zones of R, 2 10 pMpc that
would be consistent with their best-fit curve at z ~ 5.8.
We will now investigate possible reasons leading to the
discrepancy between ours and previous analyses.

5.4. Comparison to Previous Analyses

There are several possible reasons causing the differ-
ences between ours and previous analyses that result in
the different measured redshift evolution of quasar prox-
imity zones: we use a different scaling with luminos-
ity applied to correct all proximity zone measurements
and put them on the same luminosity scale, different
quasar spectr different approaches to fitting continua
and measuring the proximity zone sizes, and our mea-
surements also rely on updated luminosities and redshift
measurements. Below we discuss each of these differences
and their impact on our results in turn.

To address the issue of different luminosity scalings
we facilitate a comparison to previous work by
let al.|(2010) and Venemans et al.| (2015) by taking their
measurements of R, and correcting them with our lu-

15 Although many of the objects are overlapping between ours
and previous data sets, we co-added different exposures from dif-
ferent observing runs and have thus gained higher quality spectra.
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minosity correction (Rpcorr < Ny instead of their

Ry, corr ¢ NA}/ 3; see eqn. using updated measure-
ments of Mi459 from Banados et al.| (2016) for their ob-
jects. In their work they chose a linear relation between
proximity zone size and redshift, i.e. R, o z, and thus
we also show a linear fit to their corrected measurements
in the right panel of Fig. [f]in order to simplify the com-
parison. Our best fit slope to the measurements of
(2010)) is m ~ —7.07 (black dotted line) and
m ~= —6.28 (black dash-dotted line) for measurements
by [Venemans et al.| (2015)), which is considerably steeper
than the slope m ~ —1.12 that we obtain when applying
a linear fit to our data. Thus we conclude that the differ-
ence in luminosity scaling does not cause the discrepancy
between the different analyses.

However, both previous analyses contain objects in
their data sample that are not included in our sample.
Although the data sets from (Carilli et al.|2010) and
[Venemans et al| (2015)) partially overlap with our sam-
ple, they also contain distinct objects. In order to verify
that differences in the slope of the redshift evolution are
not being driven by differences in the quasar samples,
we restrict the analysis now to measurements of the 18
quasars that are common to our sample and those of
[Carilli et al| (2010) and [Venemans et al| (2015). For
five of these quasars, our analysis uses updated redshift
measurements and thus we correct the measurements of
R, from previous work for the difference between the
old and the new redshift measurements in order to have
consistent redshifts and afterwards use eqn. to ob-
tain Ry, corr from their measurements of R,. Their cor-
rected measurements of the objects overlapping in both
data sets are shown in the right panel of Fig. [6] and the
best linear fit for the redshift evolution is shown as the
green dashed curve. It still shows a relatively steep slope
of m ~ —5.33 although slightly shallower than before.
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F1G. 8.— Quasar spectra from our data set with the largest discrepancy between our measurements of the proximity zones and the

measurements by |Carilli et al.| (2010).

Thus we conclude that differences in the data sets are
not driving the discrepancy in the results.

Note however, that the differences in the resulting red-
shift evolution of R, appear to be driven by a handful
of objects, where we measure significantly different prox-
imity zone sizes than previous work. In Fig. [7] we com-
pare our measurements of the (uncorrected) R, to those
measured by [Willott et al.| (2007)), [Willott et al.| (2010)),
|Carilli et al.|(2010) (who updated the measurements orig-
inally performed by [Fan et al| (2006b)), and
et al. for all objects that are overlapping between
our data sample and these previous analyses. We have
adopted consistent redshifts for all objects here in order
to facilitate a one-to-one comparison that is not driven
by changes in redshift, i.e. for the objects for which we
have updated redshift measurements, we correct the pre-
viously analyzed proximity zones for the difference.

The measurements which lie along the gray dashed line
indicate agreement between the different analyses. In
general, we measure smaller sizes of the proximity zones
than previously obtained, but for most objects the mea-
surements agree within AR, < 2 pMpc. Despite the fact
the fact that for a significant fraction of these overlapping
quasars the analyzed data comes from the same instru-
ment (Keck/ESI), small differences in the measurements
can be attributed to different data reduction pipelines
and in many cases we have co-added data from different
runs to get higher S/N spectra and thus the final quasar
spectra might differ in quality. However, there are a few
outliers in Fig. [7] for which our measurements differ sig-
nificantly from previous work, i.e. AR, > 2 pMpc, which
we discuss in further detail.

We measure much smaller proximity zones for three
quasars in particular: SDSSJ0836 + 0054 (R, carilli ~
13.0 pMpc vs. our measurement R, = 5.06 £0.40 pMpc)
at z = 5.810, SDSSJ0002 + 2550, (Rp,Carilli ~ 11.5 pMpc

vs. our measurement R, = 5.43+£1.49 pMpc) at z = 5.82,
and CFHQSJ2329 — 0301, (R, wilott ~ 7.0 pMpc vs. our
measurement R, = 2.45 £ 0.35 pMpc) at z = 6.417.

The spectra of the first two objects, SDSSJ0836 + 0054
and SDSSJ0002 + 2550 and our measured proximity
zones (black dashed lines) as well as the measurements
from |Carilli et al. (2010) (blue dashed lines) are shown
in Fig. Both analyses use the same redshift mea-
surements and thus no differences due to redshift er-
rors should be causing the discrepancy we see here.
The spectrum of SDSSJ0836 + 0054 in the upper panel
shows transmitted flux throughout the spectrum with
the smoothed flux oscillating around the 10% level. Our
spectrum nevertheless shows a significant drop below
the 10% level at R, =~ 5.06 pMpc. This measured R,
does not change significantly when fitting the continuum
model with a different set of PCA components.

For SDSSJ0002 + 2550 (lower panel) the size of the
proximity zone is more sensitive to the precise place-
ment of the quasar continuum level. A slightly dif-
ferent continuum normalization (i.e. taking a different
set of PCA components) would increase the measure-
ment of the proximity zone from R, ~ 5.43 pMpc to
R, =~ 8.85 pMpc, but still falls considerably short of the
R, = 11.5 pMpc previous measurement by
Another reason for the discrepancy in the R,
measurements could be the higher signal-to-noise data
in our sample. However, it remains unclear whether the
differences in the continuum normalization and the bet-
ter quality data could cause the whole discrepancy of the
two measurements.

The third object that has a significantly different
proximity zone measurement is CFHQSJ2329 — 0301,
whose proximity zone was determined by
to be R, ~ 6.3 pMpc (after updating their mea-
surements with a new redshift measurement it is now




R, =~ 7.0 pMpc). However, most of this discrepancy be-
tween their measurement and ours can be contributed
to the fact that for this particular object, [Willott et al.
(2007)) decided after inspecting the spectrum by eye that
they take the second drop of the smoothed flux below
10% level as the end of the proximity zone instead of
the first drop according to the standard definition of
proximity zones (Fan et al.[2006b). They determine
the first drop in flux below the 10% transmission level
to be at R, ~ 3.7 pMpc (with an updated redshift
measurements this would be R, ~ 4.4 pMpc), which
would be much more consistent with our measurement
of R, = 2.45+0.35 pMpc.

Another reason for the discrepancy in the redshift evo-
lution of the proximity zone measurements is caused
by the exclusion of the quasar SDSSJ1335 + 3533 at
z = 5.9012 from previous analyses. For this partic-
ular object, which has a very small proximity zone of
R, = 0.78 £ 0.15 pMpc, our measured size agrees with
the one measured by |Carilli et al.| (2010). However, this
object is a weak emission line quasar and has been some-
what arbitrarily excluded from previous analyses due
to this fact (see |Carilli et al|[2010; Wyithe & Bolton
2011). The reason given in the aforementioned papers
for is the “fundamentally different nature” of such ob-
jects. However |Diamond-Stanic et al.[(2009) showed that
weak emission line quasars do not show significantly dif-
ferent UV continuum slopes apart from the emission lines
and thus do not differ in their physical properties. The
original reason for [Fan et al.| (2006b)) to exclude this ob-
ject from their analysis was that the only redshift mea-
surement they had at that time came from the onset of
strong Ly« absorption. Given that we now have an accu-
rate redshift measurement, we include SDSSJ13354 3533
into our analysis, which causes the slope of the redshift
evolution of the proximity zones to become shallower due
to its small zone. We will further discuss the implications
of small proximity zones in § [6]

Further differences between the different analyses can
be attributed to the different continuum fitting methods.
Previous analyses applied a power-law fit to the quasar
continuum redwards of the Lya emission line and fitted
the Lya and N V lines with Gaussian curves, whereas
we chose to model the continuum of each quasar with
two different sets of PCA (i.e. [Paris et al| (2011) or
Suzuki| (2006))). Although differences in the continuum
estimation can change the size of individual proximity
zones, we do not expect them to alter the distribution
of proximity zone sizes, since the scatter on R, resulting
from continuum uncertainties is much smaller than the
intrinsic scatter due to density fluctuations (Kramer &
Haiman|/2009)).

The continuum uncertainties in our analysis arising
due to differences between the two sets of PCA are
not very significant. The median difference between the
proximity zone sizes when estimating the quasar con-
tinua with different PCA models is (AR,) = (|Rp, paris —
R, suzuki|) = 0.09 pMpc. The scatter in the distribution
of AR, determined from the 16th and 84th percentile is
oar, ~ 0.73 pMpc.

To conclude, it is not completely clear to us, how other
authors obtained some very large proximity zones, par-
ticularly for a few objects at z < 6 that are the main
drivers for the steep redshift evolution. Some of the dif-
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ferences between ours and previous analyses and the re-
sulting shallower redshift evolution of the proximity zone
sizes can be attributed to a variety of reasons: first, we
stick to a rigorous definition of the proximity zone sizes
and continue to take the first drop of the smoothed flux
below the 10% level, since we adopt the same rigorous
treatment for the mock spectra from the radiative trans-
fer simulations. Second, we analyze higher quality data,
which can help to determine the drop in flux below the
10% level easier. Third, we include all quasars of the
ensemble in our analysis and do not exclude the weak
emission line quasar in our sample. Finally, we analyze
a larger sample of quasar spectra than previous analy-
ses. Differences in the continuum estimation, updated
redshift and magnitude measurements, and the different
correction for the quasar luminosity do not have a signif-
icant influence on the discrepancy.

6. EXCEPTIONALLY SMALL QUASAR
PROXIMITY ZONES

Several of the quasars we studied have particularly
small proximity zones, as can be seen from Fig. [f] The
proximity zones of two objects, i.e. CFHQSJ2229 +
1457 and SDSSJ1335 + 3533, are R, < 1 pMpc and
Rpcor S 1 pMpe. Additionally, given its extreme
brightness, the proximity zone of SDSSJ0100 + 2802,
R, =7.1240.13 pMpc and R corr = 3.09 & 0.06 pMpc,
is also exceptionally small. In this section, we discuss the
properties of these objects and possible explanations for
their small proximity zones.

6.1. Individual Objects with Small Prozimity Zones
CFHQS J2229+1457

This relatively faint quasar, My450 = —24.78 (Banados
et al.|2016]), was discovered in the Canada-France High-z
Quasar Survey (CFHQS) and published by [Willott et al.
(2009). The measurements of the proximity zone are
R, = 0.45 £ 0.14 pMpc and, when normalized to a mag-
nitude of M1450 = —27, Rp,corr =1.074£0.33 pMpC. The
quasar has a precise redshift measurement of z = 6.1517
from [C II] emission from the host galaxy (Willott et al.
2015)) and hence a very small redshift uncertainty Av =
100 km/s resulting in an uncertainty of the proximity
measurement of AR, ~ 0.14 pMpc. The measurements
of the proximity zone are independent of the choice of
PCS used to model the quasar continuum, i.e. continuum
uncertainties do not influence our measurements.The top
panel of Fig. [3|shows the continuum normalized spectrum
and the proximity zone of this object. In the upper panel
of Fig.[9] we show the whole spectrum, revealing no BAL
features.

SDSS J1335+3533

This quasar, that has been discovered in the Sloan Dig-
ital Sky Survey (SDSS) by [Fan et al.| (2004), has a pre-
cise redshift measurement of z = 5.9012 from CO (6 —5)
emission from the host galaxy (Wang et al.|2010), and
is fairly bright with a magnitude of Mis50 = —26.67
(Banados et al|[2016). The measured proximity zone
size for this object is R, = 0.78 £ 0.15 pMpc and
the luminosity corrected size of the proximity zone is
Ry, corr = 0.89 £ 0.17 pMpc. The redshift uncertainty of
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red dashed lines show the extent of the measured proximity zones.

Av = 100 km/s results in an uncertainty of the proxim-
ity zone measurement of AR, =~ 0.15 pMpc. These mea-
surements of the proximity zone are again independent
on continuum modeling uncertainties. The top panel of
Fig.[2|shows the continuum normalized spectrum and the
proximity zone of this object. The whole spectrum of the
quasar shown in the middle panel of Fig. [9]is completely
devoid of broad emission lines, as previously noticed from
its discovery spectrum by [Fan et al.| (2004). The spec-
trum does not show any BAL features.

SDSS J0100+2802

This object is the brightest high redshift quasar known
so far (Wu et al[/2015) with an absolute magnitude of
Miygs0 = —29.14 (Banados et al.|[2016). Its redshift,
z = 6.3258, has been measured precisely by the de-
tection of the [C II] line (Wang et al.|2016). Given
its extreme brightness the quasar exhibits a very small
proximity zone of R, = 7.12 £ 0.13 pMpc (Rpcorr =
3.09 £ 0.06 pMpc, when normalized to a luminosity
of Miss50 = —27) compared to a proximity zone size
of R, = 12.0 £ 2.0 pMpc, that one would expect to
see for an object this bright. The redshift uncertainty
Av = 100 km/s results in an uncertainty of the prox-
imity zone measurement of AR, ~ 0.13 pMpc. Con-
tinuum uncertainties do not play any significant role for
these measurements. The lower panel of Fig. [0]shows the

spectrum of this object, which does not show any BAL
features. The continuum normalized spectrum and its
proximity zone is shown in the second to last panel of

Fig. [16] in Appendix [C]

6.2. How Common are Small Prozimity Zones?

In order to quantify the probability of finding objects
with such small proximity zones, we compare in Fig.
our measured proximity zones R, from a subset of quasar
spectra from our data sample to proximity zones from
our radiative transfer simulations. We show the distri-
bution of quasar proximity zone sizes for three differ-
ent luminosity ranges, quasars with magnitudes —25.8 <
Mig50 < —24.5 are shown in the left panel, brighter ob-
jects with magnitudes —27.5 < Mi450 < —26.5 are shown
on the middle panel, and the right panel shows the dis-
tribution of proximity zones for very bright quasars with
M50 = —29.14. The magnitude intervals were chosen,
such that each bin has a width of ~ 1 dex and includes
one of the small proximity zone objects. This results
in six quasars in the faintest magnitude range, eleven
quasars in the brighter range of magnitudes and only
one object at My450 = —29 (Wu et al.|2015)). Because
of this split into magnitude intervals, we are comparing
R, instead of R, corr, and model the ranges of quasar
luminosities in the simulations. Note that the redshift
range covered by the quasars in each bin is very broad,
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F1G. 10.— Distribution of sizes of quasar proximity zones for faint quasars with luminosities between —25.8 < Miyg50 < —24.5 (left
panel), brighter quasars with luminosities between —27.5 < Mi450 < —26.5 (middle panel) and for very bright quasars with luminosity
Mias0 = —29.14 (right panel). The red histogram shows the distribution of the measured proximity zone sizes of quasars in our data sample
within the given luminosity range that have redshift measurements from Mg II, [C II] or CO lines. The gray histogram shows the expected
distribution for quasars with the same redshifts and luminosity properties as in the data sample from the radiative transfer simulations.
In the right panel the simulated distribution is multiplied by a factor of three for better visibility. Our data sample includes six fainter
quasars with these requirements, eleven brighter ones and one very bright one.

ie. 5.844 < z < 6.4323 for the faintest magnitude bin,
5.7722 < z < 6.5412 for the brighter magnitude range,
and the only one bright quasar has a redshift z ~ 6.3258.
We forward model the redshift evolution of the quasars
in the radiative transfer simulations, such that the broad
range of luminosities in each bin does not influence our
results.

The red histograms show the distribution of measured
proximity zones from our data set. In this figure we only
consider quasars that have their redshifts determined by
the detection of a Mg II, [C II] or CO line, i.e. with
small redshift uncertainties. These histograms have been
normalized to the number of objects available in our data
set within the given magnitude interval.

The gray histograms show the distribution of proxim-
ity zone sizes expected from our radiative transfer runs.
We simulate multiple realizations of each quasar in our
sample matching the redshift, luminosity, and redshift
uncertainties (which we add as a Gaussian uncertainty to
the quasar position in our mock spectra; see Fig. [4)). For
the two leftmost panels of Fig. [10| we simulate 100 skew-
ers for each quasar in our data sample. Thus the gray
histograms show the proximity zones of 600 skewers in
the left panel and 1100 skewers in the middle panel. For
the single very bright quasar in the right panel of Fig.
we simulate 900 realizations to improve the statistics.
We do not model continuum uncertainties in the simu-
lations, which we expect to have negligible influence on
the distribution of proximity zone sizes (see discussion
in § Kramer & Haiman! [2009)). For the radiative
transfer runs we assume a highly ionized IGM, which is
consistent with empirical constraints on the neutral gas
fraction at z ~ 6 (Calverley et al.[2011} [Wyithe & Bolton|
[2011} Becker et al.[2015; [McGreer et al.[2015)). Following
the arguments of § we do not expect any qualitative
changes when assuming a mostly neutral IGM.

In both the faint and the brighter case (left and mid-
dle panel) the bulk of the distributions of measured and
simulated proximity zones agrees very well. Note that
our simulations do not reproduce the very large proxim-

ity zones of R, ~ 10 — 13 pMpc that |Carilli et al.| (2010)
measured previously.

However, the simulations also do a poor job of repro-
ducing the frequency of very small proximity zones that
we find. For the fainter quasars (left panel) our simu-
lations indicate that the probability of finding a quasar
with R, =~ 0.45 pMpc, which is our measurement for
CFHQSJ2229 + 1457, in a sample of six quasar spec-
tra is ~ 3%. However, the significance of this small
proximity zone is limited by the definition of the prox-
imity zone. The smoothed flux in the spectrum of
CFHQSJ2229 + 1457 remains below the < 10% level
within a distance of 10 pMpc to the quasar, whereas a
by eye inspection of the simulated small proximity zones
reveals that in most spectra the flux increases above 10%
again just outside of their proximity zone. If we would
adopt a different definition of the proximity zone that
would also be sensitive to the length of the GP trough
outside of the proximity zone, this object would be an
even greater outlier.

In the middle panel showing quasars with magni-
tudes —27.5 < Miyss0 < —26.5 we have one object,
SDSSJ1335 + 3533, with a measured proximity zone
R, =~ 0.78 pMpc. In the sample of 1100 simulated
quasars with similar redshifts and magnitudes only one
of them has a proximity zone size that small. Thus the
probability of finding such an object in a sample of eleven
quasars is ~ 1%.

In the right panel we have only one object in our data
set, SDSSJ0100 + 2802. Its proximity zone is relatively
small given its extreme brightness. We estimate the
probability of finding a quasar with a proximity zone
of R, < 7.12 pMpc to be ~ 3%.

In summary, in all three respective magnitude ranges,
the occurrence of small proximity zones is much higher
in our data sample than the simulations predict. We
will now investigate several possible scenarios that could
explain the exceptionally small proximity zones of the
three aforementioned objects.
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6.3. Possible Explanations for Small Proximity Zones

We address three scenarios that could possibly ex-
plain the exceptionally small proximity zones of the three
quasars mentioned in the previous subsection: The prox-
imity zones could be prematurely truncated due to as-
sociated dense absorbers, such as damped Lya systems
(DLA) or Lyman limit systems (LLS), patches of remain-
ing neutral hydrogen within the IGM could truncate the
proximity zones, or the quasars could be very young.

6.3.1. Truncation Due to Damped Lya Systems or Lyman
Limit Systems

One possible explanation for the exceptionally small
proximity zone sizes could be the truncation of the zones
due to strong absorbers, such as DLAs or LLSs, which
could either be intervening or physically associated with
the quasar environment (Bafiados et al. in prep.). The
presence of such self-shielding absorbers could prema-
turely truncate the proximity zone at small radii by
blocking the quasar’s ionizing flux. These optically thick
absorption line systems are not correctly modeled by our
radiative transfer simulations (see § [4). We model only
the gas densities in the IGM, but do not include such
dense gas patches that could be coming from galaxy like
overdensities resulting in these absorbers. Thus, prox-
imity zones truncated prematurely by dense absorption
systems are not reproduced in our simulations and need
to be identified and eliminated from any comparison be-
tween the data and the simulations.

To this end, we search for signatures of strong absorp-
tion line systems in the quasar spectra near the end of
their proximity zones by visually inspecting the spec-
tra, and searching for evidence of damping wings which
would indicate the presence of a strong absorber, as well
as associated ionic metal-line transitions.

In the spectrum of SDSSJ1335 + 3533, the only strong
metal line absorber we could find was a Mg II absorber
at z =~ 2.10. However, we have to note that the signal-
to-noise ratio of the spectrum is insufficient to identify
very weak metal absorption features.

Searching the ESI spectrum of CFHQSJ2229 + 1457
for metal absorption lines associated with nearby dense
absorption systems did not reveal any absorbers due to
the very low signal-to-noise data (S/N = 2 per pixel).
To facilitate the search for metal lines, we obtained a
higher quality spectrum with the Low Resolution Imag-
ing Spectrometer (LRIS) at the Keck I telescope, which
has a lower resolution (R ~ 1800) than the ESI spectrum
(R ~ 4000) but a higher signal-to-noise ratio (S/N =~ 7
per pixel). An excerpt of this spectrum is shown in
Fig. and reveals an N V doublet associated with
an absorber at z &~ 6.136, whose H I absorption Voigt
profile is shown as the red curve when assuming a col-
umn density of Ny; = 10 cm~2 and a Doppler pa-
rameter of b = 40 km/s. The absorber is located at a
distance of 0.91 pMpc from the quasar and thus it is
highly unlikely that this absorber influences the size of
the proximity zone significantly, because the proximity
zone ends at a higher redshift of z ~ 6.144 at a distance
R, ~ 0.45 pMpc. Additionally, at the location of the ab-
sorber in the spectrum, there is a transmitted flux spike
in the Lyo forest partly visible (at A ~ 8670 A), which
indicates that the absorber cannot be saturated, imply-

ing Ny < 10 ecm™2, i.e. its column density would need
to be much less than the here assumed Ny = 1019 ¢cm ™2
in order not to violate the spectrum, and is thus unlikely
to truncate the proximity zone. We also do not find ev-
idence for any low-ion absorption lines, such as Si II at
Arest = 1260.42 A, that should be present in DLAs.

In the spectrum of SDSSJ0100+2802 we find a low ion-
ization absorption system close to the object at z ~ 6.144
(see Fig.[12)), which has previously been identified by Wl
et al| (2015). However, this absorber is at such large
line-of-sight distance R =~ 9.94 pMpc from the quasar
that it cannot truncate its proximity zone, that already
ends at a distance of R, = 7.12 +0.13 pMpc. We show
the H I Voigt absorption profile (red curve) assuming
an absorber with Ny = 10'° ¢cm~2 and b = 40 km/s,
and its associated lines (Si II at Mgy = 1260.42 A and
Arest = 1304.37 A, O T at Aesy = 1302.16 A, [C 11] at
Arest = 1334.53 A). Note that an absorption system with
a higher column density of Nyp ~ 102°3 cm~2 charac-
teristic of DLAs, would be too broad and would be in-
consistent with the presence of flux transmission that are
observed in the Ly/3 forest at this redshift (see §[6.3.2)).

In light of the possibility that proximate absorbers
could truncate the proximity zones, it is interesting to
estimate the number of those proximate absorbers that
one would expect to find around quasars. Therefore, we
start with an estimate of intervening absorbers along the
line-of-sight to quasars by [Songaila & Cowie (2010), who
have estimated the number density dN/ dz of intervening
LLSs in Fig. 5 and Table 3 of their paper. They deter-
mine the best power-law fit to their measurements with
a maximum likelihood analysis to be

AN 142\ >

which results in an estimate of dN/dz ~ 6.99 at z = 6.

On the one hand the abundance of LLSs could be
enhanced in the proximity of quasars because of the
overdense quasar environment (Hennawi et al.| |2006;
Prochaska et al.[[2008] |2013)). However, the intense ra-
diation from the quasar will also ionize the dense gas
in its surroundings making it less likely to self-shield,
possibly lowering the abundance of so-called proximate
LLSs (Hennawi & Prochaskal 2007; Prochaska et al.
2008)). |[Prochaska et al[ (2010 found empirically that
at z ~ 4 the number density of proximate LLSs (occur-
rence within Av < 3000 km s~! of the quasar emission
redshift) roughly equals the number density of interven-
ing LLSs (see Fig. 15 of Prochaska et al.[2010). Assuming
the same approximate equality holds at z ~ 6, we esti-
mate the probability p of finding a proximate LLS within
1 pMpc to a quasar at z = 6 to be p = n(z)Az =~ 0.11.
Given the size of our data set, which consists out of 30
quasars, we would expect to find a proximate LLS in ~ 3
spectra.

Where are the ~ 3 proximate LLSs that we expect to
find in our data sample? We found only one in the spec-
trum of the quasar SDSSJ0840+ 5624, which we excluded
from our analysis for this reason (see Appendix [A]). The
absence of other proximate LLSs detected in our data
sample could be attributed to a few different reasons: the
estimate of proximate LLSs by |Prochaska et al.| (2010])
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F1G. 11.— Excerpt of the spectrum of CFHQSJ2229+ 1457 taken

with LRIS. We find an N V absorption line system (red dashed
lines) associated with an absorber at z =~ 6.136 (red curve) with
a column denisty Ny = 10%cm~2 and Doppler parameter b =
40 km/s. A boxcar smoothing of two pixels has been applied to
both the spectrum (black curve) and its noise vector (gray curve).
The vertical black dashed lines indicate the extent of the proximity
zone.

assumes a Av < 3000 km s~! window, which corre-
sponds to a distance of =~ 4.3 pMpc to a quasar at
z = 6. We are just interested in the innermost 1 pMpc to
the quasar, where the quasar’s radiation is stronger and
could thus have photoionized all possible LLSs (Hennawi
& Prochaskal 2007). A second possible reason for the
lack of detections of more proximate LLSs in our sam-
ple, could be due to the fact that our data sample at
z ~ 6 is brighter than the one analyzed by |Prochaska
et al.| (2010) at z ~ 3.5 and thus the higher radiation
could have photoionized more LLSs. Hence, it might be
not surprising, that we are only detecting one proximate
LLS in our data sample instead of the expected ~ 3.
Although we cannot rule out the presence of absorbers
with weak metal lines or rare metal-free absorbers (Fu-
magalli et al.|2011} Simcoe et al.[2012; |Cooper et al.[2015;
Crighton et al.[2016; |(Cooke et al.[[2017)) in all objects,
which would require higher quality data, we do not see
evidence for proximate LLSs in the three spectra show-
ing small proximity zones, particularly in the spectrum
of the very bright quasar SDSSJ0100 + 2802, where we
would most likely be able to detect it. Follow up higher
S/N and resolution observations are required to confirm
the lack of associated dense absorbers in these spectra.

6.3.2. Neutral Islands of Gas in a Patchily Reionized IGM

Another possible explanation for the existence of very
small proximity zones could be the truncation of the
proximity zones due to islands of very neutral gas in an
otherwise highly ionized IGM, which can occur in patchy
reionization models (e.g. Lidz et al.|2007; Mesinger|2010]).
This scenario implies that reionization is not yet com-
plete at z ~ 6 and these quasars lie in (presumably rare)
neutral environments that could absorb all incoming flux
and thus truncate the proximity zones. Opposite to the
previously described scenario where LLSs, i.e. dense gas
on galactic scales, truncate the proximity zones, we as-
sume here neutral patches of ~ 10 pMpc scales that are
associated with reionization and do not have any low red-
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shift counter parts. This explanation requires the pres-
ence of large patches of highly neutral gas just outside
the proximity zone, which would also absorb flux in the
Lyman-series (Lya, Ly@, etc.) forests. In other words,
in a patchy reionization scenarios one expects to see long
GP troughs that are line black in both Lya and Ly,
beginning right at the edge of the proximity zone.

In Fig. we show continuum normalized spectra of
the Lya and the LyfB forest (top and bottom panels,
respectively) near the three quasars in question. The
black dashed lines in all panels indicate the extent of the
quasar proximity zone. The left panels show the Lya and
the Ly forest close to the quasar CFHQSJ2229 + 1457.
While we do not detect any transmitted flux in the LyS
forest, we do see a few transmission spikes in the Ly«
forest at R ~ 1.1 pMpc and R = 2.8 pMpc, indicated by
the red dashed lines. The transmission in the Lyg forest
at the same distances must have been absorbed due to
foreground Lya absorption at z ~ 5.02 and z &~ 4.99.

The middle panels show the Lya and LyS forest of
SDSSJ1335 + 3533, where we see transmitted flux in the
Lya forest just outside of the proximity zone, i.e. at
R =~ 0.9 pMpc and R =~ 1.0 pMpc, and a bit further
away at R ~ 2.9 pMpc and R = 3.6 pMpc. In the Lyg
forest we can see clear transmission spikes just outside of
the proximity zone at R ~ 1.4 pMpc, R ~ 2.8 pMpc and
R ~ 3.3 pMpc.

The right panels show excerpts of the Lya and Lyp
forest for SDSSJ0100 4 2802. One can clearly see several
transmitted flux spikes in the Lya forest right outside
the proximity zone. Also the Lyg forest shows a few flux
spikes close to the proximity zone, although less promi-
nent ones.

These detections of transmitted flux just outside the
proximity zones in the Lya or Ly forest suggest that
if there are patches of neutral gas present close to the
quasar, they need to be < 1 pMpc in size, correspond-
ing to the size of the regions that are both line black in
the Lya and Lyg forest. Although we cannot completely
rule out a patchy reionization scenario with such small
islands of neutral gas, our constraints on their sizes al-
ready suggest that they would be difficult to distinguish
from metal poor LLSs. Deeper spectra (at least for the
quasars CFHQSJ2229 + 1457 and SDSSJ1335 + 3533)
covering their proximity zones further down the Lyman
series could reveal additional Lyg or Ly~ transmission
spikes that would further constrain this scenario, as well
as enabling more sensitive searches for metal lines to rule
out an LLS scenario.

6.3.3. Young Quasar Age

Finally, another possibility to explain small proximity
zones is that the quasars may have turned on only very
recently. When a quasar turns on the IGM requires a
finite amount of time to adjust to the new higher pho-
toionization rate. We will focus the discussion in this
section on a highly ionized surrounding IGM, consistent
with optical depth measurements at z ~ 6 (e.g. Wyithe
& Boltonl 2011} |Calverley et al.|[2011; |Becker et al.[2015}
McGreer et al.[2015), although we note similar arguments
apply in the neutral case (see Khrykin et al.[2016] for fur-
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spectrum (black curve) and its noise vector (gray curve) are smoothed with a three pixel boxcar function. The vertical black

2Note that in this figure we show the quasar spectrum normalized with a hand-fitted continuum.

distance from quasar [pMpc]
2 1

distance from quasar [pMpc]
2 1

distance from quasar [pMpc]
5 4 3 2

|
0.6—:
|

1 1
1 1
1 1
0.4 1 04 1
L I

3 0 10 9 8 1
14 T 1 T || 1 i 14 | T | T 14 T || | || ||I T T T T T uv S
12 I [CFHQS12220+1457 ! V0 1"2[ [sDssJ1335+3533 1.2 |- [SDSS10100+2802
1.0 - [Lya forest | 1 I 1.0 |- |Lya forest 41.0 |- | Ly« forest |

I 1
0.8 A . 0.8 - 10.8 |- n T
0.6 ! ! "

I 1

1 1

I 1

1

0.6

| [

I [ ]

] [ | "
0.4 L

I
1
1
1
0.2 1 0.2 |- & 1
3 i ! 1 02 | : \ T
£ 00 , bt 400 W , o0 , |
s 14 ——— f L T 14 ——1—H" f f 14— f f
g 1.2 |- [Lyg forest 1 1 < 1.2 || Lyg forest +1.2 |- |Lyg forest 1 |
= 1 1 "
e 10 1 1 —41.0 | 41.0F 1+ n E
0 8 1 1 0 8 I I I "
©r 1 1 ks 1 08 F 1+ n 1
05 Lo s ool | -
04 1 1 —0.4 1 [ "
1 ] 0.4 1 1 " 7
0.2 | 1 40.2 0.2 | | T
. .
0.0 \ F 0.0 | 00
1 1 I 1 11 1l 11 1 11 1l 11 1l 1 1l 1 1 1
6.09 6.10 6.11 6.12 6.13 6.14 6.15 6.16584 585 586 587 588 589 590 591 6.15 6.20 6.25 6.30
redshift redshift redshift
F1G. 13.— Excerpts of the Lya and the Ly/3 forests of the three spectra of CFHQSJ2229 + 1457 (left panels), SDSSJ1335 + 3533 (middle

panels) and SDSSJ0100 + 2802 (right panels). The panels show the Lya and the Lyg forest (upper and lower panels, respectively) of the
spectra at the same redshift and distance close to the quasars. A boxcar smoothing of three pixels has been applied to both the spectra
(black curves) and noise vectors (gray curves). The extents of the proximity zones are indicated by the vertical black dashed lines. Red
dashed lines indicate transmission spikes outside of the respective proximity zones.

ther details). Following (Khrykin et al.||2016[)|§| the time
evolution of the neutral fraction in the proximity zone is
well described by the equation

rri(tq) = w10 + (THLO — THIeq) exp 1@/t (12)
where tq is the quasar age, Tur,o = neann/I'uys is the
neutral fraction of the IGM before the quasar turned on,
and zureq ~ Neanrr/(T'uve + I'qso) is the new lower
neutral fraction that the IGM will reach once ionization
equilibrium is attained. Here n, and agp are the IGM
electron density and recombination coefficient, respec-

16 [Khrykin et al| (2016) wrote down the analogous equation
for the He II singly ionized fraction in the context of He II Ly«
proximity zones at z ~ 3, the exact same set of arguments applies
here for neutral hydrogen around z ~ 6 quasars.

tively. The characteristic timescale to reach ionization
equilibrium, the equilibration timescale t.q, is

1

[P R = —
“U7 Tuve + Tgso

(13)
Eqn. (12) thus implies that a quasar has to have been
shining for at least tq 2 teq, in order for the surround-
ing IGM to have reached ionization equilibrium with the
quasar and result in the maximum proximity zone size.
Tonizing equilibrium is achieved more rapidly close the
quasar due to the stronger radiation field (I'qso o< R™2).
In order to obtain an optical depth of 7;,, = 2.3 at z ~ 6,
which corresponds to a transmitted flux level of 10% in
the Lya forest, a value of I'qso ~ 10712 s71 is implied
(see §, resulting in a typical equilibration time scale
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right panel, respectively.

of teq ~ 3 % 10% yr. Full ionization equilibrium is reached

after a few equilibration times, or for tq ~ 10° 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 ~ 3t.q. Thus, even for a highly
ionized IGM, the sizes of the proximity zones are depen-
dent on the quasar age for tq < 10° yr, whereas for ages
tq 2 10° yr the proximity zone sizes are largely indepen-
dent on the precise quasar ag

In Fig. 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 (Hllddle)
and Misso = —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 R, ~ 1 pMpc that
we have measured only when assuming a short quasar
age of tq < 10° 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
tae ~ 109 yr (Shen et al.]2007; [White et al.[2008)['¥] How-
ever, whereas clustering constraints the duty cycle, prox-
imity zones actually probe a different 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,
ie tq 2 107 yr, can be attributed to heating effects due to He II
reionization (Bolton et al|[2010} [2012} [Davies et al|fin 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 ~ 10° yr is p ~ 0.1%, or
p ~ 1% for Lepisodic ™~ 107 yr. We have discovered three
objects suggesting ages of tq ~ 10° 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 ~ 10 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 IT 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 Mi450, 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
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highly ionized IGM, this distance is reached at a loca-
tion where the ionization rate of the quasar dominates
the ionization rate of the UVB by at least an order of
magnitude. As such, the size of the quasar proximity
zone is essentially independent of the UVB and neutral
gas fraction. Assuming a neutral ambient IGM the ob-
served proximity zone sizes R, track the growth of the
ionized H II region R;,y, but then cease to grow when the
distance with a 10% flux transmission level is reached.
For a highly plausible quasar age of tq ~ 107 yr, R, is
thus independent of the ionization state of the IGM for a
mostly neutral IGM as well. Thus contrary to previous
claims, both the observed shallow redshift evolution and
the results from our simulations imply that the redshift
evolution of proximity zone size R, does not significantly
constrain the evolution of the neutral gas fraction during
the epoch of reionization.

Our analysis uncovered three quasars with exception-
ally small proximity zones, two of them with R, <
1 pMpc. The occurrence of zones this small is extremely
rare in our simulations. We estimate the probability of
finding these objects in a sample of 30 quasar spectra
to be p ~ 1% for SDSSJ1335 + 3533, and p =~ 3% for
CFHQSJ2229 4 1457 and SDSSJ0100 4 2802. We search
for evidence of proximate absorption systems such as
DLAs or LLSs, or islands of remaining neutral hydrogen
associated with patchy reionization, both of which could
result in truncation of the proximity zones closer to the
quasars. However the absence of strong metal absorption
lines or large GP troughs (in both the Ly« and the Lyf
forest) appears to disfavor these truncation scenarios.
Nevertheless we cannot completely rule out the presence
of low metallicity or metal-free absorbers due to the low
signal-to-noise ratio of the data of CFHQSJ2229 + 1457
and SDSSJ1335 + 3533.

The most plausible explanation for the small proxim-
ity zones that we observe is that these quasars are rel-
atively young. It takes the IGM roughly ~ 10°yr to
reach ionization equilibrium with the quasar radiation.
Proximity zones of quasars with ages longer than this
timescale are essentially independent of the exact age
of the quasar. However, for shorter quasar ages the sur-
rounding IGM has not yet reached ionization equilibrium
resulting in proximity zones comparable to the small sizes
we observe. If the duration of quasar emission episodes
is tepisodic ~ 10® yr, the detection of these small zones
would be very unlikely, i.e. p ~ 0.1%. This discrep-
ancy can be resolved if one assumes a shorter duration
of tepisodic ~ 108 yr, resulting in a probability of p ~ 10%
for finding these objects with ages of tq ~ 10° yr.

However, an average episodic lifetime of fepisodic ~
108 yr causes significant tension with the inferred sizes of
SMBHs at these redshifts, since the presence of ~ 10° Mg,
SMBHs at z ~ 6 requires that quasars accrete continu-
ously at around the Eddington limit for nearly the entire
Hubble time of ~ 10%yr (Volonteri|2012). Thus, although
the proximity zone measurements constrain the episodic
lifetime tepisodic, Whereas the sizes of SMBH depend on
the integral over all emission episodes, i.e. the duty cycle,
the presence of large SMBHs at z ~ 6 either requires long

episodic lifetimes comparable to the duty cycle ~ 109 yr,
or that the quiescent time between episodic emission
bursts must be very short, implying that SMBHs grow
via many short episodic phases (Schawinski et al.||2015;
Mao & Kim|[2016; Davies et al.[[in prep.).

It would clearly be interesting to uncover more quasars
with small proximity zones, particularly if they are in-
deed young quasars that have only been shining for
tq ~ 10°yr. In the future, we plan to use large quasar
surveys, such as Pan-STARRS or SDSS, to identify can-
didate small-zone quasars and measure accurate redshifts
from [C IT] or CO emission lines with the Atacama Large
Millimeter Array (ALMA), in order to confirm the poten-
tially small sizes of their proximity zones. Deep optical
and near-IR follow-up observations will be helpful to rule
out a premature truncation due to associated absorption
systems. Further theoretical work is also required to in-
vestigate the causes and implications of small proximity
zones, and their relationship to the distribution of quasar
ages, which is a subject we address in future work (Davies
et al.|in prep.).
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APPENDIX
A. ASSOCIATED ABSORBERS IN SDSSJ0840+5624

This object has been excluded from our analysis because we found several absorption systems at high redshift
associated with the quasar itself. These absorbers cause additional absorption within the proximity zone of the
quasar, such that our analysis recovers a spuriously small proximity zone of R, ~ 0.88 pMpc. However, inspecting the
spectrum by eye reveals that the actual proximity zone of this object extends much further out to R, 2 5.0 pMpc.

We find two N V absorption line systems (Ayest = 1238.82 A and Mest = 1242.80 A) associated with close absorbers
at z ~ 5.835 and z ~ 5.825, which are shown in Fig. [I[5] We also find another absorption system in the spectrum
at z ~ 5.594 with associated Si II absorption (Ajest = 1260.42 A) that falls within the proximity zone. Thus there
is a lot of absorption within the proximity zone that cannot be contributed to residual neutral hydrogen only and
an exact determination of the proximity zone for this object without contamination from other absorption systems is
impossible.
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Fi1c. 15.— Two N V absorption line systems shown as the blue and red dashed lines asscoiated with close absorbers (blue and red
curves) at zplye & 5.825 and zpeq & 5.835 in the spectrum of the quasar SDSSJ0840 + 5624. The continuum normalize(ﬂ spectrum (black
curve) and its noise vector (gray curve) are smoothed with a three pixel boxcar function. The depicted absorbers have a column density
Nur = 10%cm~2 and a Doppler parameter b = 20 km/s.

2Note that in this figure we show the quasar spectrum normalized with a hand-fitted continuum.
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B. DETAILS OF THE CONTINUUM MODELING OF EACH QUASAR

Table [3] shows the details of modeling the continuum of each quasar spectrum.

TABLE 3
DETAILS OF THE CONTINUUM MODELING OF EACH QUASAR.
object normalization to unity at rest-frame set of PCS number of PCS
SDSS J00024-2550 1280 A Suzukil (2006)) 5
SDSS J0005-0006 1280 A Paris et al| (2011 5
CFHQS J0050+3445 1280 A Paris et al.| (2011 5
SDSS J0100+-2802 1280 A Paris et al| (2011 5
ULAS J014840600 1280 A Paris et al| (2011 5
CFHQS J0210-0456 1245 A Paris et al.| (2011 5
PSO J022640302 1280 A Paris et al| (2011 5
CFHQS J0227-0605 1265 A Paris ot al| (2011 5
SDSS J0303-0019 1280 A Paris et al| (2011 7
PSO J0402+4-2452 1280 A Suzukil (2006) 5
SDSS J0818-+1723 1280 A Paris et al| (2011) 5
SDSS J08364-0054 1280 A Suzukil (2006) 5
SDSS J0840+5624 1280 A Paris et al| (2011 5
SDSS J0842+41218 1280 A Paris et al| (2011 5
SDSS J0927+2001 1280 A Paris et al| (2011 5
SDSS J10304-0524 1280 A Paris et al| (2011 5
SDSS J11374-3549 1280 A [Suzuki| (2006) 5
SDSS J1148+4-5251 1280 A Paris et al.| (2011 5
SDSS J12504-3130 1280 A Paris et al| (2011 5
SDSS J13064-0359 1285 A Paris ot al| (2011 5
ULAS J131940950 1280 A [Suzukil (2006) 5
SDSS J1335+4-3533 1280 A Paris et al| (2011 5
SDSS J14114+1217 1280 A Paris ot al| (2011 3
SDSS J1602+4228 1280 A Suzukil (2006)) 5
SDSS J1623+3112 1280 A Paris et al](2011) 5
SDSS J16304-4012 1280 A Suzukil (2006) 5
CFHQS J1641+3755 1280 A Paris et al.| (2011 3
SDSS J2054-0005 1280 A Paris ot al| (2011 5
CFHQS J2229+1457 1250 A Paris et al.| (2011 7
SDSS J2315-0023 1280 A Paris et al| (2011 5
CFHQS J2329-0301 1230 A Paris et al| (2011 5
NOTE. — The columns show the name of the object, the rest-frame wavelength at which the quasar spectra is normalized to unity, and

the set and number of PCS we used to model the quasar continua.

C. ZONES OF REMAINING QUASARS FROM OUR DATA SET

Fig. shows the same as Fig. [2] and Fig. [3| for the remaining quasars in our data sample sorted by the redshift of
the quasar.
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F1G. 16.— Remaining quasar spectra and their proximity zone measurements from our sample sorted by quasar redshift. The spectra
(black curves) and their noise vectors (gray curves) are smoothed with a boxcar function of two pixels. The black dashed lines indicate the
beginning (location of the quasar) and the end (where the smoothed flux shown as the red curve drops below the 10% level indicated by
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