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ABSTRACT

Proximity zones of high-redshift quasars are unique probes of their central supermassive black holes as well as the intergalactic
medium (IGM) in the last stages of reionization. We present 22 new measurements of proximity zones of quasars with redshifts
between 5.8 and 6.6, using the enlarged XQR-30 sample of high-resolution, high-SNR quasar spectra. The quasars in our sample
have ultraviolet magnitudes of M 450 ~ —27 and black hole masses of 10°~10'"Mg,. Our inferred proximity zone sizes are 2—7
physical Mpc, with a typical uncertainty of less than 0.5 physical Mpc, which, for the first time, also includes uncertainty in
the quasar continuum. We find that the correlation between proximity zone sizes and the quasar redshift, luminosity, or black
hole mass, indicates a large diversity of quasar lifetimes. Two of our proximity zone sizes are exceptionally small. The spectrum
of one of these quasars, with z = 6.02, displays, unusually for this redshift, damping wing absorption without any detectable
metal lines, which could potentially originate from the IGM. The other quasar has a high-ionization absorber ~0.5 pMpc from
the edge of the proximity zone. This work increases the number of proximity zone measurements available in the last stages of
cosmic reionization to 87. This data will lead to better constraints on quasar lifetimes and obscuration fractions at high redshift,
that in turn will help probe the seed mass and formation redshift of supermassive black holes.

Key words: galaxies: active —quasars: absorption lines — quasars: supermassive black holes — dark ages, reionization, first stars.

represent the only regions where there is non-negligible transmission

1 INTRODUCTION blueward of the quasar’s rest-frame Ly« emission. This can be

Proximity zones of quasars are unique probes of the growth of
supermassive black holes (SMBHs) as well as the intergalactic
medium (IGM) between the quasar and us (see Fan, Banados &
Simcoe 2022 for areview). At redshifts z = 6, quasar proximity zones

* E-mail: satyavolu.sravya@tifr.res.in (SS); kulkarni @theory.tifr.res.in (GK)

attributed to the presence of ionizing radiation from the quasar, that
carves out a region of ionized hydrogen around itself. Theoretically,
the size of such an ionizing bubble depends on the quasar’s ultraviolet
(UV) luminosity, its lifetime', and the amount of neutral hydrogen in

IWe define the quasar lifetime, tq as the time the quasar has spent in the
most recent active phase. In so-called lightbulb models that assume constant
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the IGM around the quasar. Assuming a uniform gas density around
the quasar and spherically symmetric emission at a constant rate,
the radius of the bubble, before ionisation equilibrium is reached, is
(Bolton & Haehnelt 2007a)

N 13 ; 1/3
~ q

ny -1/3 Xmr \—1/3 |
“\7x105 cm—3 (10—4) ’ M

where N is the number of ionizing photons emitted by the quasar
per unit time, #, is the quasar lifetime or the duration for which the
quasar has been emitting this ionizing radiation, and ny and xy; are,
respectively, the hydrogen density and neutral hydrogen fraction in
the IGM around the quasar.

The size R, of the ionizing bubble around the quasar might
not be directly measurable from the quasar spectrum, as the Ly «
transmission becomes insensitive to values of neutral hydrogen
fraction above 10~* due to saturated absorption. However, one can
define proximity zones that can serve as proxies for the ionized
bubbles. The sizes of proximity zones thus defined have as a result
been used to study quasar lifetimes and neutral fraction of the
IGM around the quasar. Conventionally, proximity zones are defined
as the region blueward of the quasar’s Ly o emission until where
the continuum-normalized flux, smoothed by a 20 A boxcar filter
in the observed frame, first drops below 10 percent (Fan et al.
2006). The size of ionized region R;,, can range up to few tens
of proper Mpc for typical values of the quasar and IGM parameters
as shown in equation (1). The proximity zone size, R,, however,
is limited by the absorption in the IGM and is relatively smaller
with typical values of up to a few proper Mpc (Bolton & Haehnelt
2007a).

Proximity zone sizes have so far been measured in 75 quasars
between redshifts 5.7 and 7.5. Fan et al. (2006) were the first to
define and measure proximity zones for 16 SDSS z ~ six quasars.
They also defined the luminosity-scaled proximity zones, where
the measured proximity zones were corrected to the values that
would be measured if all quasars were at a magnitude of M 459 =
—27.0. They found that the luminosity-scaled proximity zone sizes
decrease with increasing redshift, and attributed the decline to the
evolution of the neutral hydrogen fraction in the IGM at those
redshifts. Bolton & Haehnelt (2007b) measured the proximity zone
sizes for four SDSS quasars in both Ly« and Ly B forests and
suggested that for a large enough sample, their ratio could be used
to estimate the volume-averaged neutral fraction. Following the
definition given by Fan et al. (2006), proximity zones for quasars
with redshifts z > 5.7 have since been measured by Willott et al.
(2007, 2010), Mortlock et al. (2009, 2011), Carilli et al. (2010),
Venemans et al. (2015), Reed et al. (2015, 2017), Eilers et al. (2017,
2020), Mazzucchelli et al. (2017), Bafados et al. (2018, 2021), and
Ishimoto et al. (2020). The highest redshift quasar for which the
proximity zone size has been measured is the redshift 7.54 quasar
ULAS J1342+0928 (Bafiados et al. 2018), with a proximity zone
size of 1.3 pMpc. The quasars at z = 7.085 and 7.54 have proximity
zone sizes that are three times smaller than the typical values at
redshift z ~ 6. This is because these quasars show damped Ly o
absorption by the intergalactic hydrogen. All of these proximity
zone size measurements use similar methods, although they often

quasar light curves, ¢, is equal to the total duration for which the quasar, with
its constituent black hole, has existed.
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differ in data quality and some procedural details. For instance,
all measurements exclude broad-absorption-line (BAL) quasars, as
the outflow-induced BALs in these objects can bias the proximity
zone size measurement (Eilers et al. 2020). The quasar continuum
estimation methods are different in each of the measurements, but
while this could lead to differences in the reported proximity zone
sizes, Eilers et al. (2017) found that in practice the differences are
negligible.

Interpretation of these proximity zone size measurements has led
to interesting constraints on the properties of quasars and the IGM.
Willott et al. (2007) estimated luminosity-scaled proximity zone
sizes and found them to be relatively large (6.4 and 10.8 pMpc).
Following Bolton & Haehnelt (2007b), they concluded that these
quasars must be in an already ionized IGM with a neutral hydrogen
fraction less than 0.3 at redshifts 6.1 and 6.43, respectively. Eilers
et al. (2017) measured proximity zones of 30 quasars between
5.7 £ z S 6.5 and found a much shallower evolution of the
luminosity-scaled proximity zone size as a function of redshift,
unlike the previous measurements. They found that this evolution
is independent of the IGM around the quasar, suggesting that
contrary to previous analyses, the proximity zone size is set by the
quasar properties and is relatively insensitive to the neutral hydrogen
fraction of the IGM. Mazzucchelli et al. (2017) and Ishimoto et al.
(2020) also found a shallow evolution of proximity zone sizes with
redshift.

Eilers et al. (2017) also discovered three quasars with proximity
zone sizes <1 pMpc. After confirming that there is no truncation
of the proximity zone size due to proximate absorbers or patchy
neutral hydrogen islands, they concluded that these quasars must
be young with lifetimes #; < 10°yr. Such small proximity zones
were also found by Reed et al. (2017), who measured proxim-
ity zones for four quasars. Two of their quasars showed small
luminosity-corrected proximity zones, which they suggest could
imply that the quasar is young with <107-10%yr age, or that
they are located in a region where the average hydrogen neutral
density is a factor of 10 higher. Eilers et al. (2020) pre-selected
and measured proximity zone sizes for 13 quasars, including two
quasars from Reed et al. (2017) and one from Eilers et al. (2017),
between 5.8 < z < 6.5, that were likely to be young after ruling
out spurious truncation of proximity zones. They conclude that
five of their quasars are likely very young quasars with lifetimes
<10° yr. Such short quasar lifetimes have been found to be hard to
reconcile with the estimates of the central SMBH masses (Davies,
Hennawi & Eilers 2019; Eilers et al. 2021). Overall, the picture that
emerges is that SMBHs spend a long time growing in an obscured
phase (Satyavolu et al. 2023) or undergo radiatively inefficient
accretion at super/hyper-Eddington rates (Davies et al. 2019; Eilers
et al. 2021). Increasing the sample size of proximity zone studies
may therefore enable us to tighten the constraints on black hole
growth.

In this paper, we add 22 measurements to the above set of proximity
zone size measurements using the XQR-30 sample. This is one of the
largest set of proximity zone measurements based on homogeneous,
high quality quasar spectra. We use the traditional definition of the
proximity zone given by Fan et al. (2006), and examine how the
resultant proximity zone sizes correlate with the quasar luminosity,
redshift, and black hole mass. We describe our quasar sample and our
procedure for measuring the proximity zones in Section 2. Section 3
presents our results and discussion. We end with a summary in
Section 4. Our measurements as well as theoretical models assume
Qp = 0.0482, @, = 0.308, Q5 =0.692, h = 0.678, ng = 0.961,
og = 0.829, and Yy, = 0.24 (Planck Collaboration XVI 2014).
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2 METHODS

XQR-30 is an European Southern Observatory Large Programme
(ID: 1103.A-0817, PI. V. D’Odorico) that targeted 30 quasars with
redshifts between 5.8 and 6.6 using VLT/XSHOOTER (Vernet et al.
2011) to obtain high-resolution, high-SNR rest-frame UV spectra.
The target quasars are some of the brightest quasars known in the
southern hemisphere in this redshift range (D’Odorico et al. 2023).
The spectra were taken with slit widths of 0.9 and 0.6 arcsec, nominal
resolution R ~ 8900 and 8100, and median resolution of R ~ 11400
and 9800 in the visible and near-infrared (NIR) arms of XSHOOTER,
with pixel size of 10kms™! in both arms (Resolution, however, is
not a deciding factor in our work, since we smooth the spectra by a
20 A boxcar for obtaining the proximity zone size). The observing
time on target ranged from 4 to 11h. The median SNR per pixel
in the rest-frame 1600-1700 A wavelength range is between 25
and 160 for spectra rebinned to 50 km s~!. Data reduction, which
includes optimal sky subtraction, telluric absorption correction,
optimal extraction, and direct combination of exposures, was done
using a custom IDL pipeline developed for the XQ-100 survey (Becker
et al. 2019) with minor improvements, mainly for the NIR arm.
Further details about data reduction will be discussed by D’Odorico
et al. (2023). We also include 12 archival VLT/XSHOOTER spectra
in our sample, that, together with the 30 XQR-30 quasars, form the
enlarged XQR-30 sample. These have similar redshifts, magnitudes,
SNR, and comparable spectral resolution as the XQR-30 sample.
The data reduction for these additional quasars was done with the
same pipeline that was used for the XQR-30 sample. The full sample
is described in Bosman et al. (2022) and will also be discussed in
D’Odorico et al. (2023).

Of the 42 quasars in the enlarged XQR-30 sample, we use 22 in
this study. We exclude 12 quasars that show strong BALs (Bischetti
et al. 2022) and seven quasars with proximate damped Ly o systems
(pDLAs; Baiiados et al. 2019; Davies et al. 2023). We exclude BAL
quasars because their proximity zones may be affected by unseen
strong NV associated absorption. pDLAs are absorption systems
with neutral hydrogen column density Ny > 2 x 102°cm™2 at a
velocity separation Av < 3000 km s~! from the quasar (Prochaska,
Hennawi & Herbert-Fort 2008). pDLAs can prematurely truncate the
quasar flux, leading to spuriously small proximity zones. We exclude
all quasars with pDLAs at a velocity separation Av < 5000 km s~!
from the quasar, that have been identified by the presence of
neutral oxygen tracing the neutral hydrogen or by their associated
ionized absorbers (Davies et al. 2023, Sodini et al. in preparation).
They are also not modelled in our simulations, making them not
suitable for comparison. We also exclude the heavily reddened quasar
J15354-1943, which is most likely obscured (Yang et al. 2021). The
large error on the systemic redshift of this quasar makes a reliable
measurement of its proximity zone size difficult.

We obtain the normalized transmitted flux by fitting continuum
spectraredward of the quasar’s Ly « line using the log-PCA approach
of Davies et al. (2018b), as described in Chen et al. (2022) and
Bosman et al. (2022). This method improves upon the original PCA-
based continuum fitting introduced by Suzuki (2006) and Paris et al.
(2011). We note however that the choice of continuum fitting method
has been found to have a negligible impact on the proximity zone
size measurement (Eilers et al. 2017).

2.1 Quasar redshifts and magnitudes

Table 1 summarizes the redshifts and magnitudes of the 22 quasars
in our study. Accurately measuring the redshifts of these quasars is
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difficult but also necessary for accurate estimates of the proximity
zone sizes. For 13 of the 22 quasars, we use redshifts determined
from the emission lines due to the transitions of CO or [C 11] from the
host galaxy (Wang et al. 2010; Decarli et al. 2018, Bosman et al. in
preparation). We assign an uncertainty to this redshift measurement
of Av ~ 100kms~!, corresponding to blueshift of the emission line
from the quasar’s systemic rest frame. The uncertainty associated
with the fit to the emission lines is negligible. For the remaining
nine quasars, we use the redshifts measured from the quasar’s Mg It
emission line (Bischetti et al. 2022; D’Odorico et al. 2023), with a
typical associated uncertainty of Av ~ 391 kms™! (Schindler et al.
2020).

The absolute magnitude at 1450 A (M,450) is measured from the
apparent magnitude mj4s9, which is obtained by extrapolating the
magnitude in the yp; or J bands, depending on where contamination
due to emission lines is lower, using a power law shape for continuum
with spectral index « = —0.3 (Bafiados et al. 2016). The references
for absolute magnitudes for each of the quasars are listed in Table 1.

Fig. 1 shows the distribution of redshifts and magnitudes of
quasars for which proximity zones have been previously measured
(see Section 1) and our addition to this distribution. Our sample
significantly increases the number of proximity zone sizes measured
for quasars with redshifts 5.9 < z < 6.1 and with magnitudes —27.5
< M1450 < —26.5.

3 RESULTS

3.1 Proximity zone sizes

To measure the proximity zone sizes of the quasars in our sample,
we follow the convention introduced by Fan et al. (2006). We smooth
the continuum-normalized flux of each quasar by a 20 A boxcar in
the observer’s frame, and locate the pixel with redshift zgp at which
the smoothed normalized flux first drops below 0.1. The proximity
zone size R, is then calculated by dividing the comoving line-of-
sight distance between zq, and zgp by (1 + z450) to obtain the proper
distance. Fig. 2 shows the resulting proximity zones. Table 2 lists the
proximity zone sizes. Fig. 3 shows their distribution.

Fig. 2 shows the spectra and corresponding proximity zones for
all the quasars in our sample. The red curves show the smoothed
spectrum with shaded regions showing 1o spread due to continuum
uncertainties. Instrumental noise on the spectrum is negligible and
hence we do not propagate this error onto the proximity zone size.
Following Eilers et al. (2017), the error on the proximity zone size due
to redshift uncertainty is calculated as AR, = Av/H(z), where Avis
the redshift uncertainty in velocity units. The quasars in our sample
have Av = 100kms™! (for [CII] redshifts) which corresponds to
an uncertainty of AR, ~ 0.14 pMpc in the proximity zone size at
redshift six. The uncertainty is larger for quasars with Mg Il redshifts,
with a median value of AR, ~ 0.5 pMpc. The continuum errors are
computed by measuring the proximity zone sizes of the 1o upper
and lower bounds of the continuum-normalized flux using the same
definition. For most of our quasars, the redshift uncertainty errors
dominate over the continuum uncertainty errors on the proximity
zone sizes, as shown in Table 2. All previous analyses are thus
justified in neglecting the continuum errors. The largest error on R,
due to continuum uncertainties is observed in the archival quasar
SDSSJ0818+4-1722 to be 1.86 proper Mpc (~36 percent of the
measured value), even though the 1o uncertainty on the continuum
is not significant. This is because the definition of proximity zone
size is such that even though the smoothed flux is quite close
to 0.1 due to the uncertainty of the continuum placement, R, is
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Table 1. Properties of the 22 quasars studied in this paper. The columns show the serial number, quasar name, quasar redshift with the total
lo uncertainty, the emission line used for determining the quasar redshift, quasar absolute UV magnitude at 1450 A, and references for the
quasar redshift and magnitude.

Object Zgso Line M50 Reference (redshift) Reference (magnitude)
1 704085632 6.033 70 0oeanr” Mgl —26.56 Bischetti et al. (2022) Reed et al. (2017)
2 PS0J029-29 5.976" ongan Mgn  —27.32 Bischetti etal. (2022) Bafiados et al. (2016)
3 ATLASJ029-36 6.01370 000t Mgn  —27.00 Bischetti et al. (2022) Baiiados et al. (2016)
4 VDESI0224—4711 652570 0ciit Mg  —26.98 Bischetti et al. (2022) Reed et al. (2017)
5 PSOJ060+24 61710 oerin Mg —2695 Bischetti et al. (2022) Baiiados et al. (2016)
6 PSOJ108+-08 5.9647 £+ 0.0023 [C] —27.59 Bosman et al. (in prep.) Baiiados et al. (2016)
7 SDSSJ0842+1218  6.0754 % 0.0024 [Cul  —2691 Schindleretal. (2020)  Bafiados et al. (2016)
8 PSOJ158—14 6.0687 £+ 0.0024 [Cu] —27.32  Bosman et al. (in prep.) Barfiados et al. (2023)
9 PSOJ183—12 5.8931 0 sotn Mgn  —27.49 D'Odoricoetal. (2023)  Bafiados et al. (2016)
10 PS0J217—-16 6.1466 £+ 0.0024 [C] —26.94 Bosman et al. (in prep.) Baiiados et al. (2016)
11 PSOJ242—-12 5.8468 4+ 0.0023 [Cu] —26.92 Bosman et al. (in prep.) Barfiados et al. (2016)
12 PSOJ308-27 5,799 osatn Mgn  —26.78 D’Odoricoetal. (2023)  Baiiados et al. (2016)
13 PSOJ323+12 6.5872 % 0.0025 [Cul  —27.07 Schindleretal. (2020)  Mazzucchelli et al. (2017)
14 PSOJ359-06 6.1719 % 0.0024 [Cul  —26.79 Schindleretal. (2020)  Baiados et al. (2016)
15 SDSSJ092742001 5.7722 + 0.0023 co —26.76 Wang et al. (2010) Baiiados et al. (2016)
16 SDSSI0818+1722  5.96710 005" Mgn  —27.52 D’Odoricoetal. (2023)  Bafiados et al. (2016)
17 SDSSJI3064+0356  6.033 = 0.0023 [Cul  —27.15 Decarli etal. (2018) Nanni et al. (2017)
18 ULASJ1319+40950 6.1347 £+ 0.0024 [C] —27.05 Venemans et al. (2020) Baiiados et al. (2016)
19 SDSSI030+0524  6.30970 000" Mgn  —26.99 Jiang et al. (2007) Baiiados et al. (2016)
20 SDSSJ0100+2802 63269 + 0.0024 [Cul  —29.14 Wangetal. (2016) Bafiados et al. (2016)
21 ATLASJ025-33 63373 % 0.0024 [Cul  —27.50 Decarli et al. (2018) Carnall et al. (2015)
22 PSOJ036+03 6.5405 % 0.0025 [Cul  —27.33  Venemansetal. (2020)  Baiados et al. (2016)
30 T T T 35 T T T
I Literature
[ Literature 4 Satyavolu et al. 2023b (this work)
25 N a 30 B 1
251 .
£ 201 1 E
: :
= =20 1
T 15r 1 ©
— —
2 2 15F T
z z
= 10r 1 &
10 .
=g -
9} 5k n
0 0

6.5
redshift

7.5

—26
Mo

Figure 1. Distribution of quasar redshifts (left-hand panel) and UV magnitudes (right-hand panel) for the 22 quasars studied in this paper. The blue histograms
show the distributions for the 65 quasars for which proximity zones have been measured previously, as discussed in Section 1, after excluding the 10 quasars for
which we have updated the proximity zone size measurements in this work. The yellow histograms show the distributions for all 87 quasars for which proximity
zones sizes are now available, including the 22 that have been measured in this work.
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extent of proximity zones, respectively. The blue shaded regions show the 1o uncertainty on proximity zone sizes due to continuum uncertainties. Green shaded
regions show redshift errors as the uncertainty on the location of the expected Ly o emission of the quasar.

not defined until the smoothed flux becomes equal to or less than
0.1. Likewise, even though the proximity zones of some quasars
are of similar size (e.g. PSOJ158—14 and PSOJ108+08), their
flux outside the proximity zone size is quite different. In order to
better constrain quasar lifetimes based on proximity zone sizes,
we will study the use of multiple definitions for proximity zone

MNRAS 522, 4918-4933 (2023)

sizes based on the flux threshold in future work (Satyavolu et al. in
preparation).

The total error on the proximity zone sizes of the quasars
was obtained by adding the redshift and continuum uncertainty
errors in quadrature. All the proximity zone measurements with
their errors are shown in Table 2. Out of these, proximity
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zones were previously measured for 10 quasars of our present
sample. We have updated proximity zone measurements for
the quasars PSOJ0604-24, SDSSJ0100+4-2802, SDSSJ0818+-1722,
PS0OJ036+03 (Eilers et al. 2017), PSOJ323+12 (Mazzucchelli
et al. 2017), PSOJ158—14, PSOJ359—06 (Eilers et al. 2020), and
SDSSJ0927+2001, ULASJ1319+0950, SDSSJ1030 + 0524 (Ishi-
moto et al. 2020) with the latest redshifts and X-SHOOTER spectra.
The newer measurements differ from the older measurements by
~ 1 per cent to not more than 5 percent. The minor differences

are expected to be due to difference in redshifts. One quasar
ULASJ131940950 is reported to have a proximity zone size of
4.99 pMpc from Ishimoto et al. (2020). Our updated measurement
of 3.87 pMpc is closer to the value of 3.84 pMpc measured by Eilers
et al. (2017).

Fig. 3 shows the distribution of the proximity zone sizes of the
enlarged XQR-30 sample. The largest and smallest proximity zones
we measure are 7.22 and 1.95 pMpc, with a median around 5 pMpc.
Also shown in blue is the distribution of all previously measured
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Figure 3. Distribution of proximity zone sizes reported in this work. The
blue histogram shows the distribution of all previously available proximity
zone sizes (Carilli et al. 2010; Eilers et al. 2017, 2020; Mazzucchelli et al.
2017; Reed et al. 2017; Bafiados et al. 2018, 2021; Ishimoto et al. 2020),
except those only available as values scaled to a fiducial luminosity, or that
have been updated in this paper. The yellow histogram shows the distribution
of the 22 proximity zone sizes presented in this work.

proximity zone sizes, not scaled to a fiducial quasar luminosity and
excluding the 10 quasars that have been updated in this work. Our
proximity zone sizes are consistent with previous measurements,
and add to the number of small proximity zone sizes (R, < 2 pMpc)
measured in the literature recently.

3.2 Radiative transfer simulations

Cosmological radiative transfer simulations are necessary to interpret
proximity zone size measurements (e.g. Keating et al. 2015). In
order to simulate proximity zones, we use the set-up described in
our previous work (Satyavolu et al. 2023). We report the essential
steps of the procedure here, and direct the reader to that paper for
further details. We combine 3D cosmological hydrodynamical and
radiative transfer simulations with a 1D radiative transfer simulation
to obtain Ly « absorption spectra. The underlying simulation volume
is generated by post-processing a cosmological hydrodynamical
simulation run with P-GADGET3 (modified version of GADGET-2
which is discussed in Springel 2005) using the radiative transfer code
ATON (Aubert & Teyssier 2008, 2010) as described by Kulkarni
et al. (2019). The box size is 160cMpc /™! box with 20483 gas
and dark matter particles. Hydrogen reionization ends at z = 5.3
in our simulations, with the process half-complete at z = 7. This
model is consistent with a variety of high-redshift data (Becker et al.
2015; Greig et al. 2017b; Weinberger et al. 2018; Davies et al. 2018a;
Greig, Mesinger & Bafiados 2019; Weinberger, Haehnelt & Kulkarni
2019; Planck Collaboration VI 2018; Wang et al. 2020; Keating et al.
2020a, b), and continues to be consistent with newer measurements
of the Ly« forest from the XQR-30 programme (Bosman et al.
2022). The mean free path of hydrogen ioniszing photons in our
simulations at redshift z ~ 6 is lo larger than the mean free
path measured by Becker et al. (2021). If this difference proves
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to be correct, the measured proximity zone sizes in our simulated
spectra could be systematically larger than true values due to missing
structure in the IGM. The highest and lowest mass of haloes in our
simulations are 4.59 x 10'2 and 2.32 x 108 Mg, respectively. The
spatial resolution is ~78 kpc 2 ™. For the proximity zone modelling,
we draw sightlines along different directions such that they start on
haloes, and process these with our 1D radiative transfer algorithm
(Satyavolu et al. 2023) assuming a quasar with a given luminosity and
spectrum at the starting point of the sightline. The radiative transfer
algorithm computes the ionisation fractions of H1, He 11, He 111, and
gas temperatures given the initial conditions. The initial ionisation,
densities, and temperature around the quasars along the 1D skewers
are set by our 3D simulations. The background photoionization rates
are assigned by assuming photoionization equilibrium with the IGM
without the quasar.

We use the Lusso et al. (2015) model for quasar spectra. Given
the magnitude of the quasar, the specific luminosity at 1450 A can
be calculated as

Lisso = 10(51.60—M]450)/2.Serg s THZ! )

The specific luminosity of quasar is then derived by assuming the

quasar SED to be a broken power law with a spectral index of
v708lif A > 912 A,

Ly {v—”O ifA <912 A, 3

The number of hydrogen-ionizing photons emitted by the quasar per

unit time is given by

N /w L“d 4)
= —Aav.
- hv

We assume the quasar light curve to be such that the quasar stays on
continuously throughout its lifetime (this is known as the ‘lightbulb’
model). A different light curve in which the quasar turns on and off
periodically with a duty cycle and episodic lifetime (this is known
as the ‘flickering light curve’ model) is also useful to consider,
particularly for the smallest proximity zones (Satyavolu et al. 2023),
but we leave the comparison of our measurements to the latter
for future work (Satyavolu et al. in preparation). The hydrogen
and helium densities are assumed to be constant throughout the
computation and equal to those at the redshift of the quasar as we
do not expect them to change by much during the quasar lifetimes
we consider (up to ~100 Myr). We combine the neutral hydrogen
density and temperature from the output of 1D radiative transfer
with peculiar velocities from the 3D simulations to compute the Ly
optical depth t along the line of sight assuming a Voigt absorption
profile (Tepper-Garcia 2006). The transmitted flux is calculated as
F = exp (—71). We compute the proximity zone size from the model
spectra in the same way as the observed spectra: we smooth the flux
with a boxcar filter of 20 A in the observed-frame and calculate the
proximity zone size as the distance at which the smoothed flux drops
below 0.1.

3.3 Correlation of proximity zone sizes with quasar luminosity

Fig. 4 shows the distribution of R,, as a function of quasar magnitude.
It can be seen that although the quasars in our sample have very
similar magnitudes, with mostly —26.5 < M50 < —27.5, the
proximity zone size distribution can vary considerably. The smallest
proximity zone is found at a magnitude of —27.51 and the largest
proximity zone at a magnitude of —29.14, both at similar redshifts
of 6.06 and 6.32, respectively. Most of the measured values are
consistent with earlier measurements at similar redshifts (z ~ 6).
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Table 2. Our proximity zone size measurements. Columns show the serial number, the name of the quasar, proximity zone size in
proper Mpc with the continuum, redshift and total uncertainties. The minimum error on R, due to continuum uncertainties is the spatial
resolution of the spectra, which is ~0.01 pMpc. Total error is obtained by adding the continuum and redshift errors in quadrature.

Continuum error (AR)) Redshift error (ARp) Total error (AR},)
Object Rp Lower lo Upper lo Lower lo Upper lo Lower lo Upper lo
(pMpc) (pPMpc) (pMpc) (pPMpc) (pMpc) (pMpc) (PMpc)

1 J0408—-5632 3.00 0.03 0.10 0.36 0.65 0.37 0.66
2 PS0J029-29 491 0.01 0.01 0.37 0.66 0.37 0.66
3 ATLASJ029-36 4.33 0.01 0.01 0.37 0.65 0.37 0.65
4 VDESJ0224—4711 6.45 0.10 0.01 0.33 0.59 0.35 0.59
5 PSOJ060+24x 4.13 0.01 0.08 0.35 0.63 0.35 0.63
6 PSOJ108+08 1.99 0.43 0.01 0.14 0.14 0.46 0.15
7 SDSSJ0842+1218 6.89 0.01 0.01 0.14 0.14 0.14 0.14
8 PSOJ158—14x% 1.95 0.01 0.01 0.14 0.14 0.14 0.14
9 PSOJ183—12 3.09 0.01 0.03 0.38 0.67 0.38 0.67
10 PSOJ217—-16 2.88 0.58 0.03 0.14 0.14 0.6 0.14
11 PSOJ242—-12 4.87 0.01 0.01 0.15 0.15 0.15 0.15
12 PSOJ308—-27 2.95 0.01 0.01 0.38 0.68 0.38 0.68
13 PSOJ323+12x% 6.20 0.01 0.01 0.13 0.13 0.13 0.13
14 PS0J359—-06x% 2.71 0.01 0.01 0.14 0.14 0.14 0.14
15 SDSSJ0927+2001x 4.70 0.02 0.02 0.15 0.15 0.15 0.15
16 SDSSJ0818+1722x 5.13 1.86 0.01 143 143 2.35 143
17 SDSSJ1306+0356 6.43 0.03 0.01 0.14 0.14 0.15 0.14
18 ULASJ1319+0950x 3.87 0.03 1.07 0.14 0.14 0.14 1.08
19 SDSSJ1030+0524x 5.47 0.01 0.01 0.34 0.61 0.34 0.61
20 SDSSJ0100+-2802x 7.22 0.04 0.01 0.13 0.13 0.14 0.13
21 ATLASJ025-33 6.50 1.13 0.03 0.13 0.13 1.13 0.14
22 PSOJ036+03x% 3.70 0.01 0.01 0.13 0.13 0.13 0.13

Note. * Previously available measurements that have been updated in this work.
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Figure 4. Proximity zone sizes as a function of quasar magnitude. Previous
measurements are shown in green. The targeted sample of Eilers et al. (2020)
is shown in blue. Our measurements are shown in black. The errors on our
proximity zone sizes are due to both continuum and redshift uncertainties.
The blue, grey, and red curves are from our simulations for quasar ages of 10*,
10, and 108 yr at a redshift of 5.95. Shaded regions show 68 per cent scatter
across 500 sightlines from our simulations. The black dotted line shows the
best-fitting curve to a relatively homogeneous subset of quasars with 6 < z
< 6.2, except quasars from the targeted sample of Eilers et al. (2020).

Also shown are the median proximity zone sizes and the lo
distribution around the median values from our simulations, for a
lightbulb quasar. The median proximity zone size increases with
increase in quasar lifetime, as the longer the quasar is active, the
farther its ionisation front can travel before reaching the equilibrium
value. For brighter quasars, there is also an increase in the spread of
the proximity zone size distribution before the quasar lifetime reaches
the equilibration time-scale. This can be understood as a consequence
of the ionisation fronts traveling farther in a small enough time, and
encountering neutral hydrogen islands along random directions. For
a fainter quasar, the quasar will need more time for its ionisation
front to travel farther and encounter such neutral islands. Therefore,
fainter quasars see only their immediate surroundings, which are
almost uniformly ionized at these redshifts and lifetimes, leading to
a narrower spread. The 1o spread is also the largest for 7, ~ 10%yr
for similar reasons, as a younger quasar and an older quasar see a
mostly ionized medium. The large proximity zones in our sample
are consistent with the models of lightbulb quasars of age > 1 Myr.
The smaller proximity zones with R, < 2 pMpc appear to indicate a
young lifetime of <10*yr for a lightbulb quasar at a redshift z ~ 6.
The fraction of such quasars with small proximity zones is 2 out of
22 or about ~9 per cent in our sample, consistent with the fraction of
5-10 per cent estimated by Eilers et al. (2020). We discuss the two
smallest R, values in greater detail in Section 3.7 below.

In order to study the correlation of proximity zone sizes with
quasar magnitudes without being influenced by the redshift of the
quasars, we obtain a best-fitting curve to all measured proximity
zone sizes (excluding the targeted sample of Eilers et al. 2020)
including ours against their magnitudes for quasars with redshifts
between 6 < z < 6.2 assuming a power law between R, and N.
The redshift range was chosen such that the number of quasars for
which proximity zone sizes are measured is maximized (see Fig. 1).
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Figure 5. Evolution of proximity zone sizes. Older measurements are shown
in green. The targeted sample of Eilers et al. (2020) is shown in blue. Our
measurements are shown in black. Also shown are the simulated proximity
zones for a quasar of magnitude —27 and age of 1 Myr across different
redshifts. The shaded region shows 68 per cent scatter across 500 sightlines
in our simulation. The black dotted line shows the best-fitting curve R, oc (1
+ 2)7989 to our measurements and previous measurements excluding Eilers
et al. (2020). For obtaining the best fit, only a relatively homogeneous subset
of quasars, with —26.8 < M450 < —27.2 was used.

In a mostly uniform medium, the scaling follows R}, N'/3 while
in a mostly ionized medium, R, o« N'/? (Bolton & Haehnelt 2007a).
Since at the redshifts of our quasars, the Universe is most likely to
be partly ionized and partly uniform, one could expect the scaling to
fall between R, ox N'/2 and R, o N'/3, depending on the redshift
of the quasar. Our simulations find an evolution of R, ox N'/276,
for a quasar lifetime of 1Myr and redshift 5.95. The best fit to
all data within the redshift range 6 < z < 6.2 shows an evolution
of R, & N1/261 glightly steeper than the scaling inferred from our
simulations, but consistent within the expected range for the scaling
at this redshift.

3.4 Correlation of proximity zone sizes with quasar redshift

The evolution of proximity zone sizes as a function of redshift
encodes information about reionization (Satyavolu et al. 2023).
Models in which reionization ends later cause a 30 per cent reduction
in proximity zone sizes and increase the scatter in their distribution
by 10 percent, as the growth of ionization fronts is impeded by
neutral parts of the IGM.

Fig. 5 shows the proximity zone sizes from all measurements
including those presented in this paper. In order to study the evolution
of proximity zone size with redshift, we fit to all measured proximity
zone sizes (excluding the targeted sample of Eilers et al. 2020)
including ours for a relatively homogeneous subsample of quasars
with magnitudes between —26.8 and —27.2, assuming a power law
between R;, and (1 + z). Unlike previous analyses, we do not correct
the proximity zones to a common luminosity to get a best fit. This is
because the scaling between proximity zone sizes and magnitude is
strongly dependent on the redshift of the quasar, and the same scaling
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Figure 6. Proximity zone sizes as a function of SMBH mass. Previous
measurements for which black hole masses were available are shown in
green and the targeted sample from Eilers et al. (2020) is shown in blue.
Our measurements are shown in black. Our black hole masses are from
Mazzucchelli et al. (in preparation). The typical error on the black hole
masses is represented by the error bar at the top right in red. All black
hole masses are based on Mg 1I linewidths. The black dotted line shows the
best-fitting curve to our measurements and previous measurements excluding
Eilers et al. (2020). For obtaining the best fit, a relatively homogeneous subset
of quasars with —26.8 < Mj450 < —27.2 and 6.0 < z < 6.2 was used. A
power-law relationship was assumed between the quasar proximity zone size
and logarithm of the black hole mass, as motivated in the text.

cannot be applied to all quasars. Moreover, different measurements
use a different scaling to obtain the luminosity-corrected proximity
zones, which makes them unsuitable for comparison.

We find a very shallow trend of R, o (1 + z)7*%, shallower
than the previous inferences that were made through the luminosity-
scaled proximity zones. This trend suggests that the scatter in the
proximity zone sizes for similar magnitude quasars, as seen in Fig. 4,
is more likely due to the differences in their lifetimes. Indeed, one can
notice that two of the farthest quasars with z > 6.5 have larger than
average proximity zone sizes, with an average luminosity. Although
the Universe is more neutral at higher redshifts, such large proximity
zones can be explained by longer quasar lifetimes. Smaller proximity
zones are in fact found close to the smallest redshifts in the sample,
which could have suggested either large scatter in the ionization state
between sightline to sightline or smaller quasar lifetimes, although
the latter seems to be favoured by our simulations.

3.5 Correlation of proximity zone sizes with black hole mass

Proximity zone sizes are sensitive to the quasar lifetime (Eilers et al.
2017, 2021; Davies, Hennawi & Eilers 2020; Morey et al. 2021).
As a result, combining proximity zone sizes with black hole mass
measurements can potentially constrain the growth history of black
holes (Satyavolu et al. 2023). With this in mind, Fig. 6 shows the
proximity zone sizes of quasars in our sample against the masses of
their central SMBHs. The black hole masses for XQR-30 quasars
were measured by Mazzucchelli et al. (in preparation), based on the
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Figure 7. Distance to the nearest metal absorber as a function of proximity
zone size. High-ionized metal absorbers are shown as circles while low-
ionized metal absorbers are shown as diamonds. Colours represent the redshift
of the metal absorber. PSOJ108+4-08 is the only quasar in our sample with a
metal-line absorber close to the edge of the proximity zone. We also highlight
PSOJ158-14 on this figure; this quasar is discussed in greater detail in Fig. 8.

Mg 11 and C1v linewidths, which can be used to derive the velocity
of the gas clouds in the broad-line region and thereby the dynamical
mass of the black hole, otherwise called the single-epoch viral black
hole mass. The black hole masses have a typical total uncertainty
of 1dex (Vestergaard & Osmer 2009). The black hole masses of
our sample are of the order ~10° My, consistent with the other
measurements at this redshift for comparable UV magnitudes (Shen
et al. 2019; Yang et al. 2021; Farina et al. 2022).

For comparable UV magnitudes and redshifts, we expect the
proximity zone sizes to increase with quasar lifetime, as in equation
(1). In an exponential growth model for the SMBH, the black hole
mass Mgy would be proportional to exp (7). We therefore try to
fit a power-law relation between the proximity zone size R, and
the logarithm of the black hole mass, log;o Mgy, for a relatively
homogeneous subset of quasars, with magnitudes —26.8 < My450 <
—27.2 and redshifts 6 < z < 6.2. We find a strong correlation of the
proximity zone size with the black hole mass as R, o logio(Mpn )*,
stronger than what is expected from equation (1), which is valid only
for lifetimes less than the equilibration time-scale. This correlation
is also stronger than what was inferred by Ishimoto et al. (2020).
We plan to look for black hole growth models that are consistent
with both the proximity zone sizes and black hole masses using
simulations in a future work (Satyavolu et al. in preparation).

3.6 Correlation of proximity zones with closeness to metal
absorption systems

Fig. 7 shows the quasars in our sample for which the distance
to the nearest metal absorber is within 20 pMpc. Highly ionized

Proximity zones from XQR-30 4927

absorbers are shown as circles while low-ionized systems are shown
as diamonds. Quasars with pDLAs and BALs are excluded from
this sample. The ionized absorbers were identified by looking
for absorption in additional transition lines corresponding to each
ion through an automated search and visual inspection (Davies
et al. 2023). It can be seen that high and low ionization ab-
sorbers are found at both high and low redshifts in our sam-
ple.

We find that quasar proximity zones fall into three categories.
At the bottom of the plot, there are two quasars with relatively
small proximity zones (2-3 pMpc) that house high ionization metal
absorbers. For most quasars as seen in the top half of the plot, the
closest metal absorption system sits beyond 10 pMpc from the quasar,
well outside proximity zone boundary. For the quasars in our sample,
there appears to be a strong correlation between proximity zone
size and the presence of metal absorbers. This could potentially
be an effect of the quasar’s ionizing radiation on the metal-line
chemistry around it. Low ionization metal absorbers, which may
have more potential to truncate proximate zones, are found to cover
the whole range of proximity zone sizes from 2 to 7 pMpc. There
are three proximity zones from 2 to 5pMpc whose quasar lines
of sight contain metal absorbers just outside the boundary of their
proximity zones at a distance of 2.5-7pMpc. Only one quasar,
PSOJ108+-08, contains a metal absorber right at the edge of the
proximity zone. The lifetime of this quasar could be potentially
underestimated as the proximity zone appears to be prematurely
truncated.

3.7 Anomalously small proximity zones

Two quasars in our sample show particularly small proximity zones,
with R, < 2 pMpc. These quasars are also at the brighter magnitude
and lower redshift end of the range spanned by our sample, making
it hard to explain the small proximity zone sizes without invoking
a young quasar age. While we leave a deeper investigation of these
proximity zones for future work (Satyavolu et al. in preparation), we
make some preliminary remarks here.

3.7.1 PSOJ158—14

The quasar PSOJ158—14 is at a redshift of 6.0687 with a magnitude
of —27.32. The proximity zone size of this quasar is 1.95 pMpc.
Eilers et al. (2020) have investigated this quasar and reported that it
has a large star formation rate (~ 1420 Mg, yr—'), large bolometric
luminosity (~10%7 ergs™'), high Eddington ratio (Agq ~ 1), and
shows signs of strong internal motions within the broad line region.
They also point out the dust continuum emission of this quasar is
very strong (Feone ~ 3.46 mJy).

Fig. 8 shows the continuum normalized spectrum of this quasar
close to its Ly o line. We see that the spectrum blueward of the
Ly « line resembles a damping wing. Additionally, the flux redward
of the Ly« line shows attenuation, as one would expect in the
presence of a damping wing. The flux continues to remain attenuated
till 1233 A. Interestingly, there is no evidence of a compact high-
column-density absorber ahead of the quasar. The nearest metal
absorber is at a redshift of 5.89874 (Davies et al. 2023), which is
well outside the edge of the proximity zone (at ~10pMpc from
the quasar; see Fig. 7). This suggests that if the feature around the
Ly o line of PSOJ158—14 is indeed a damping wing, it is likely
to be caused by a neutral hydrogen ‘island’ in the IGM. Indeed,
we do find similar sightlines in our simulation for comparable
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Figure 8. Top panel: Continuum-normalized spectrum of PSOJ158—14, for
two continuum reconstruction methods, the log-PCA method (Chen et al.
2022) and the covariance matrix method (Greig et al. 2017a), shown in blue
and orange, respectively. Shaded regions show the lo spread around the
median value. (We use the log-PCA method for all quasars in this work.)
Middle panel: A simulated spectrum showing an IGM damping wing at z =
6.14 for a quasar with magnitude —27 and age 1 Myr. Bottom panel: The
ionized hydrogen fraction along the same simulated sightline. This reveals
the neutral hydrogen regions that create the damping wing seen in the middle
panel. At redshift 6.14, only one of 500 sightlines in our simulation shows
this feature.

redshift and quasar brightness. An example for z = 6.14 and
M 450 = —27 is shown in the middle panel of Fig. 8. This simulated
sightline has a clearly visible damping wing, caused by a large
neutral hydrogen patch in the IGM, which can be seen in the
bottom panel of Fig. 8. For a quasar age of 1Myr, only one of
500 simulated sightlines shows a damping wing. For larger quasar
lifetimes, this incidence drops. For a quasar lifetime of 10 Myr, none
of the simulated sightlines show a damping wing. For a flickering
light curve quasar, this number could be larger (Satyavolu et al.
2023).

However, an IGM damping wing interpretation of the spectrum of
PSOJ158—14 is less than certain. Several aspects of this spectrum
complicate its analysis. For example, Fig. 8 also shows the con-
tinuum normalized flux for this quasar for a different continuum
reconstruction, based on the covariance matrix method of Greig
et al. (2017a). We see that with this continuum, although the spectral
shape still resembles a damping wing, the flux redward of the Ly «
does not appear to be attenuated. Furthermore, when compared to
the noise vector shown in Fig. 8, the spectrum of PSOJ158—14
reveals flux just blueward of the proximity zone, suggesting that
the damping-wing-like absorption might be not caused by the
IGM. While the evidence for this extended flux is relatively weak,
the spectrum appears to have a statistically significant spike in
flux at around ~2pMpc from the edge of the proximity zone.
These considerations suggest that perhaps the spectrum is a result
of absorption by a metal-poor absorber instead of the IGM. In
this scenario, the proximity zone size could be the result of a

MNRAS 522, 4918-4933 (2023)

small quasar lifetime of <10*yr, and the flux bluewards of the
proximity zone could be explained by residual flux from partial
covering of the quasar continuum, or weak Ly o emission from the
absorber.

More data seem to be necessary to rule out an IGM damping
wing for this quasar. But if confirmed, PSOJ158—14 would be an
interesting exception to the finding by Fan et al. (2022) that a quasar
with both small proximity zone and damping wing has not be found
below redshift 7 so far.

3.7.2 PSOJI1084-08

The quasar PSOJ108+-08 is at a relatively lower redshift of 5.9647
with a magnitude of —27.59. This quasar has the second smallest
proximity zone size in our sample, with R, = 1.99pMpc. As
we see in Fig. 2, the spectrum of this quasar does not show a
damping wing. Although the proximity zone size is small, the flux
blueward of the Ly« line extends all the way up to ~6pMpc
i.e. nearly three times the proximity zone size and immediately
increases above our 10 percent threshold beyond the proximity
zone. We find a high-ionization metal absorber at 2.53 pMpc
from this quasar, indicating that the proximity zone might be
prematurely truncated due to absorption of the quasar flux by this
absorber.

PSOJ108+4-08 suggests that to better estimate lifetimes in such
quasars, it might be worthwhile to explore alternate definitions for
the proximity zone, such as defining the proximity zones as points
where the flux transmission is at 5 percent as well as 20 per cent
and changing the smoothing length, which we will explore in future
work (Satyavolu et al. in preparation).

4 CONCLUSIONS

‘We measured proximity zone sizes of 22 quasars at redshifts between
5.8 and 6.5 and UV magnitudes M50 between —26 and —29 using
high-SNR spectra obtained with the X-SHOOTER instrument on
the VLT telescope. Of the 22 quasar spectra that we study, 14 were
obtained as part of the XQR-30 survey. The other eight quasars
were obtained with X-SHOOTER from previous programs and were
chosen to have similar resolution and SNR to the XQR-30 spectra.
We summarize our results below:

(1) The proximity zone sizes of our quasars range from 1.95 to
7.22 pMpc. This roughly corresponds to quasar lifetimes of 10*-
10%yr in the lightbulb model. About 9 percent of our measured
proximity zones are small, requiring lifetimes of less than 10* yr.
This distribution of proximity zone sizes is consistent with previous
measurements of quasars with similar magnitudes and redshifts.
This work increases the number of available proximity zone size
measurements at z > 5.7-87.

(i1) We update the proximity zone size measurements of 10 quasars
previously studied in the literature, with the help of updated spectra
and redshifts. The new measurements are consistent with previous
measurements within 1-5 per cent.

(iii) We infer a scaling of proximity zone size with UV magnitude
based on all measurements for quasars within the redshift range
6 < z < 6.2 and find it to be consistent with our expectations
from simulations. This scaling is shallower than what was measured
previously (Ishimoto et al. 2020).

(iv) We infer a scaling of proximity zone size with redshift based
on all measurements for quasars with magnitudes —27.2 < M 459 <
—26.8 and find it to be shallower than what was measured from
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previous analyses (Eilers et al. 2017; Mazzucchelli et al. 2017;
Ishimoto et al. 2020). The shallowness of this scaling suggests that
the scatter in the proximity zone sizes for quasars of similar UV
magnitudes is a result of variation in quasar lifetimes.

(v) We infer a scaling of proximity zone size with black hole mass
and find it to be steeper than what is expected from theory. Previously,
Ishimoto et al. (2020) reported little to no correlation between R, and
black hole mass.

(vi) Two of our quasars have exceptionally small R,, of less than
2 pMpc. One of these quasars shows possible signatures of a damping
wing produced by the IGM or an extremely metal-poor foreground
galaxy. Another has a high-ionized metal absorber close to the edge
of the proximity zone.

Our measurements of proximity zone sizes, and their correlations
with quasar brightness, redshift, and black hole mass point towards
a diverse range of quasar lifetimes. The overall picture remains
consistent with our previous finding that proximity zone size mea-
surements seem to support a scenario in which supermassive black
holes at high redshifts undergo obscured growth (Satyavolu et al.
2023). In a follow-up paper (Satyavolu et al. in preparation), we plan
to discuss the quasar lifetime estimates based on the proximity zone
size distribution measured in this work, which will lead to constraints
on obscuration fractions, black hole seed masses, and black hole seed
redshifts.
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APPENDIX A: QUASAR SPECTRUM

Fig. Al shows all quasar spectra analysed in this paper.
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