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ABSTRACT

In this paper, we study the sizes of quasar proximity zones with synthetic quasar absorption spectra obtained
by post-processing a Cosmic Reionization On Computers (CROC) simulation. CROC simulations have both
relatively large box sizes and high spacial resolution, allowing us to resolve Lyman limit systems, which are
crucial for modeling the quasar absorption spectra. We find that before reionization most quasar proximity zone
sizes grow steadily for ~ 10 Myr, while after reionization they grow rapidly but only for ~ 0.1 Myr. We also
find a slow growth of R,,s with decreasing turn-on redshift. In addition, we find that ~ 1 —2% of old quasars
(30 Myr old) display extremely small proximity zone sizes (< 1 proper Mpc), of which the vast majority are
due to the occurrence of a damped Ly« absorber (DLA) or a Lyman limit system (LLS) along the line of sight.
These DLAs and LLSs are contaminated with metal, which offers a way to distinguish them from the normal

proximity zones of young quasars.
1. INTRODUCTION

Understanding when and how the universe underwent
reionization is a frontier in both cosmology and astrophysics.
Direct constraints on the process and timing of reionization
come from probes of neutral hydrogen in the intergalactic
medium (IGM). Since at present the direct emission in the
(redshifted) 21 cm line has not yet been detected, the only
available direct probe of intergalactic gas is Ly« absorption
in the spectra of distant quasars. The Ly« line is a resonant
line with extremely large cross section; at lower redshifts
(z =2 ~ 4) the residual neutral hydrogen in the IGM cre-
ates dense absorption features called Ly« forest. At higher
redshifts both the neutral hydrogen fraction and the density
of the universe increase, and the absorption features blend
together to form “dark gaps” between isolated “transmitted
spikes”, which eventually disappear in the complete “Gunn-
Peterson trough” above z 2 6.5 (Becker et al. 2001; Fan et al.
2006; Becker et al. 2015; McGreer et al. 2015; Mazzuc-
chelli et al. 2017; Bosman et al. 2018; Eilers et al. 2018a; Lu
et al. 2020; Wang et al. 2020). When that happens and the
transmitted flux drops to zero, probing the IGM with Ly«
absorption becomes impractical, except for special environ-
ments in the vicinity of bright quasars, the so-called “quasar
proximity zones”. Inside these proximity zones, quasar radi-
ation ionizes the surrounding gas much in excess of cosmic
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mean and, hence, makes it much more transparent to Ly«
radiation.

In spectra of high redshift quasars proximity zones appear
as regions blueward of the quasar Ly« line with transmit-
ted flux in excess of the average transmission at this redshift.
Proximity zones have been studied both in observation and
theory in the past two decades. However, with limited spec-
tral resolution, most studies have been focused only on mea-
suring or modeling the “sizes” of proximity zones. In obser-
vational work, the size of the quasar proximity zone is often
defined following the pioneering work of (Fan et al. 2006)
as the distance from the quasar to the first point along the
line of sight where the transmitted flux drops below 10% in
a spectrum smoothed by a 20 A boxcar. ' Ina mostly neutral
universe, the thus defined proximity zone in the beginning is
limited by the position of the quasar ionization front (I-front),
which further depends on the quasar age and the neutral frac-
tion of the ambient IGM (Cen & Haiman 2000; Haiman &
Cen 2001; Madau & Rees 2000). Therefore, these two im-
portant physical quantities can be constrained by measuring
the proximity zone size distribution and evolution. For ex-
ample, Fan et al. (2006) and Carilli et al. (2010) measured
the sizes of quasar proximity zones at z = 5.7 ~ 6.4 and
found the rapid growth of proximity zone sizes during that
redshift interval. They argued that this reflected the rapid
progress of cosmic reionization. On the other hand, using

! Another definition of the last transmitted spike is also discussed by Lidz
et al. (2007).
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Figure 1. Neutral hydrogen fraction at six different redshifts from one of the CROC simulations used as the initial condition. A massive halo
is located at the centre of each panel. All six panels share the same colormap.

a slightly larger sample of 34 quasars at z = 5.77 ~ 6.54,
Eilers et al. (2017) found the slower growth of proximity
zone sizes during the same redshift range, with most prox-
imity zone sizes being ~ 5 physical Mpc (pMpc) with intrin-
sic scatter of ~ 2 pMpc after re-scaling all proximity zone
sizes to a fixed quasar magnitude of My450 = —27. In ad-
dition, they found several quasars with exceptionally small
proximity zones. Such exceptionally small sizes of proxim-
ity zones, they argued, are most likely because the quasars
are extremely young, with quasar ages typ < 1 x 10° yr.

The apparent inconsistency among different studies can
come from many factors. For example, to measure the trans-
mitted flux, one needs to determine the unabsorbed, intrin-
sic quasar spectrum (i.e. the quasar “continuum”). Different
models give slightly different continua, which introduces sig-
nificant uncertainty in the proximity zone size measurement.
Also, transmitted spikes and noise make it hard to deter-
mine the point zgp Where transmitted flux drops below 10%.
Quasar host redshift zyp may also have large uncertainties due
to the gas motion around the SMBH (Fan et al. 2006). All
these uncertainties can significantly bias the measured prox-
imity zone sizes. Furthermore, the number of quasars at z > 6
with high quality data is still small. They have different lu-
minosities, and may have large intrinsic scatter from sightline
to sightline, weakening further constraints on quantities like
quasar age and redshift evolution of neutral hydrogen frac-
tion in the IGM. The good news is that the number of discov-

ered z > 6 quasars is increasing rapidly, and with 30-meter
class optical telescopes coming online in the next decade, it
is expected that a large increase in high quality spectra will
greatly improve the observational statistics.

In order to better interpret the upcoming data, we need to
correspondingly improve our theoretical models. In a sim-
ple idealized scenario where the quasar I-front expands into
the uniform IGM with high neutral fraction xyj, the I-front
position R;,, (NtQ /xHI)%. However, in the real Universe,
cosmic structures are complex and reionization process is
patchy, and the sizes of quasar proximity zones show sig-
nificant scatter (Lidz et al. 2007). Also, Rj,, is not always di-
rectly measurable. This is because inside Rjq,, the radiation
intensity from quasar usually drops as 1/r2. For large enough
Rion at sufficiently high redshift, the quasar is unable to ion-
ize all hydrogen inside R;,, enough to keep the transmitted
flux above the observable threshold. Therefore, the observed
proximity zone size will eventually reach a maximum value.
Assuming that inside the proximity zone the IGM is always
optically thin, Bolton & Haehnelt (2007) showed that the
maximum size of proximity zone is then R% o N 3, which
is independent of the quasar lifeteime and the neutral fraction
of the general IGM. They also showed that for mostly ionized
IGM, the proximity zone sizes reach R3;%* and do not change
significantly after ~ 1 Myr. This was confirmed in several
subsequent works (Keating et al. 2015; Eilers et al. 2017).



However, most previous theoretical studies (with a few ex-
ceptions like Keating et al. (2015) and (Kakiichi et al. 2018))
suffered from limited spatial resolution of their simulations,
with numerical resolution being insufficient to resolve small
cosmic structures like the Lyman limit systems (LLSs). The
LLSs may significantly lower the transmitted flux from the
quasar, thus biasing predictions for the proximity zone size
distribution in simulations that do not resolve them. Also,
some studies assume a uniform UV background, which is not
realistic, especially when reionization is not complete. If the
quasar sightline hits the neutral patch in the IGM, proximity
zone can terminate suddenly. Therefore, modeling the ion-
ized bubble caused by galaxies is important when studying
proximity zones during reionization.

In this study, we use simulations from the Cosmic Reion-
ization On Computers (CROC) project (Gnedin 2014) as the
background model for cosmic reionization. CROC is a suite
of radiative transfer cosmological hydrodynamic simulations
with different comoving box sizes of 20 cMpc/h, 40 cMpc/h
and 80 cMpc/h and the peak spatial resolution of 100 pc
in proper units. Therefore, it can model both the global
reionization process and internal properties of galaxies. We
draw lines of sight from CROC simulation snapshots and
post-process them with a new 1D RT code using adaptive
time steps. We study quasar proximity zones during the en-
tire reionization period, from the beginning of reionization,
through ionized bubble growing and overlapping, all the way
to the end of reionization at z ~ 6. We use a statistically sig-
nificant sample to study the distribution of proximity zone
sizes and their evolution, and discuss the observational appli-
cations.

This paper is organized as follows. In Section 2, we de-
scribe how we model the quasar absorption spectra. We de-
scribe CROC simulation we use as the initial condition, as
well as the new 1D RT code for post-processing the lines of
sight. In Section 3, we show our results for proximity zone
sizes, including individual examples at different stages of
reionization and their distribution and evolution with quasar
age and redshift. In Section 4, we focus on the extremely
small proximity zones and compare our results with previous
studies. In Section 5, we discuss some observational appli-
cations and note some caveats. A summary is provided in
Section 6.

2. METHODOLOGY

We study the sizes of the proximity zones using synthetic
absorption spectra. In this section we describe our proce-
dure for post-processing lines of sight drawn from a Cosmic
Reionization on Computer (CROC) simulation.

2.1. Initial Condition
2.1.1. Simulation
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‘We use snapshots from one of the CROC simulations in the
40 Mpc/h box as the initial condition. We choose snapshots
at six different redshifts z=8.9,8.0,7.3,6.8,6.4,6.1. In Fig-
ure 1 we show the simulated neutral hydrogen map at these
six redshifts, slicing through a massive halo at the center of
each panel. In this realization the volume-weighted hydro-
gen ionized fraction reaches 0.1 at z~ 8.5and 0.9 at z =~ 7.2.
However, as we can see from Figure 1, this process is highly
inhomogeneous. Early at z =9, only regions around the most
massive halos are ionized, due to the collective ionizing pho-
tons from both the most massive galaxies and less massive
galaxies around them. The ionized bubbles grow quickly and
leave only small patches neutral at z =~ 7.3. After z ~ 7, al-
most all the IGM is ionized in this simulation box. Note that
voids reionize later, but reach a lower neutral fraction after
reionization is complete, because of the lower recombination
rate in lower density regions.

2.1.2. Lines of Sight

We have run ROCKSTAR halo finder (Behroozi et al.
2013) to identify halos in the simulation. We choose ha-
los with dark matter mass M, > 1.5 X 10“M@ at each red-
shift as potential quasar host halos (except z = 8.9 in which
we choose M;, > 8 x 10'°M, because massive halos are ex-
tremely rare at that high redshift). The numbers of halos at
each redshift are listed in Table 1. Then we use the Ligh-
tRay.make_light_ray function in the analysis and visualiza-
tion package yt>(Turk et al. 2011) to draw lines of sight, cen-
tered on these halos and with random distribution in all direc-
tions. We achieve this by generating three random number x,
v, and z from Gaussian distribution with the mean value 0
and the standard deviation 1, and the direction (x,y,z) can be
proven to be uniformly distributed over the sphere. For each
halo, we draw hundreds of sightlines (see Table 1), so that
at each redshifts we have thousands of lines of sight in total.
Each line of sight is 15 pMpc long, larger than any observed
quasar proximity zones currently reported. Because CROC
simulations use adaptive mesh refinement, the sampled res-
olution elements are smaller when the gas density is higher.
In a typical sightline, most cell sizes are between 1 and 10
pkpc, and about 10% of cells have sizes below 1 pkpc.

In Figure 2 we show six examples of sightlines drawn from
snapshots at 7 =8.9—6.1 from top to bottom. The blue line
shows the gas density contrast A, = p/p, where p is the mean
gas density of the universe at each redshift, and the red line
shows the neutral fraction of the gas. Again, as we can see
at redshifts before z = 7.5 (the first two panels), reionization
starts around high density peaks. The high density gas hardly
fall below xy; < 0.01 because of its short recombination time,
but diffuse gas around it easily reaches xy; < 107, Note

2 https://yt-project.org/
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Figure 2. Initial condition for some sightlines at six different redshifts. Blue lines with left y-axes show the gas density contrast A, = p/p
and red lines with right y-axes show hydrogen neutral fraction xg;. Dotted lines of both colors show the corresponding mean values for
both quantities at each redshift. Before z = 7.3 when large ionized bubbles are overlapping, regions around high density peaks are ionized to
xur ~ 107, while other regions remain neutral. The density peaks with A, > 10 are usually partially ionized (xur > 10%) because of high
density and, hence, more shielding and recombination. After the ionized bubble overlap, xu; traces gas density.



Table 1. Quasar host halo parameters at different redshifts

redshift Mp[Mo] # halos | #l.o.s. each | total # l.o.s.
8.9 > 8.0 x 10 5 210 1150
8.0 >1.5%x 10" 6 210 1260
7.3 > 1.5 x 10" 13 110 1430
6.8 > 1.5 x 101 23 110 2530
6.4 >1.5%x 10" 40 110 4400
6.1 >1.5x 10" 63 110 6930

that in the second and third panels, there are ionized regions
which are not adjacent to apparent high density peaks. This
is because the corresponding high density peaks do not lie
exactly along the sightline but close to it. After z =7 (the
last three panels), the ionized bubble overlap and the whole
IGM becomes ionized. In this case the neutral fraction xyp
correlates with the gas density.

One important point we learn from the simulation is that
at any given time, the bulk of the IGM is usually either very
neutral xpy ~ 1 or very ionized xp; < 1073, In other words, the
ionization process is patchy, and every patch of the ionized
gas has xg; < 1073, There are no such times that the bulk
of the IGM is uniformly ionized to a modest degree of, say,
XHI ™~ 0.1.

2.2. 1D Radiative Transfer Code

To model the quasar proximity zone spectra, we post-
process a statistically significant sample of sightlines with 1D
RT code. We discuss the pros and cons of the post-processing
approach in §5.2.2.

Following Bolton & Haehnelt (2007) and Davies et al.
(2016), we solve the ordinary differential equation system
for each cell with width dr at distance r from the quasar. The
equations for the three ionization fractions are:

dXHI
HI HI
dt _(FQSO+ bkg+neFe )X + @ NeXHII,
dxpel Hel | pHel
=—(Tg%0 + Thes + 1. T xper + o noxen,
dt Q e (1)

dXpenn _ — _(THell 4 PHell ) pHel

Hell
5ot Lbke 7 )XHell + Q¢ NeXHelll
dt Q g

Hel HeI Hel Hel
+(Tgso + kg 7L )xher = neXpen.-

The quantity I is the collisional ionization rate and ' is
the recombination rate of species i (HI, Hel, or Hell), which
are both functions of gas temperature 7. The term Faso is the
photo-ionization rate from quasar, which can be expressed as

1 <. b
= [ N®™Ppay,
QSO then/

where Viep is the volume of the spherical shell with width
dr and radius r, v; is the ionization threshold for species i,
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and N2 is the incidental photon production rate at distance
r from the quasar, which is equal to the intrinsic photon pro-
duction rate attenuated by the absorption between the cell and
the quasar:

N = N, e

P, is the probability that an ionizing photon is absorbed by
species i:

Pyt = priquerguen(1—€¢ ™) /D

Puer = guipuerquen(l—e ™ )/D (2)
Patett = quigrier pren(1—¢7™ )/ D

T is the total optical depth
of the cell and D = puigHeignen + GHI PHelGHell + GHIGHel PHell
(Bolton & Haehnelt 2007; Davies et al. 2016).

The term I‘Lkg is the background photo-ionization rate of
species i (HI, Hel, or Hell) of the cell. The full radiation
field has not been stored in the CROC output files due to the
limited disk space available. Therefore we calculate F{,kg as-
suming the gas is in ionization equilibrium before the quasar
turns on:

. i
where p'=1-¢€"v, gi =€,

HI
_ o (To)ne,oxu o

HI
Fbkg P —n&ol—‘e (To)
HI 0
v O (To)ne oxpen o Hel
I = ———————2 —n o [H(Tp) )
XHel 0
Hell
" (To)ne o XHen
Hell ¢,0XHellL 0 Hell
Fbkeg = X —}’le,o]_—‘ge (TO)
Hell 0

Along with ionization fraction equations we also solve for
the temperature evolution:
T dngy

dT 2
il A)-2HT - —
dt 3an10t (H ) Nyot dt

“)

where H is the photo-heating rate from the quasar, A is the
cooling rate, H is the Hubble parameter, and n is the to-
tal density of particles ny = nyg +nye +n.. The cooling rate
here includes recombination cooling, collisional ionization
cooling, collisional excitation cooling, bremstrahlung cool-
ing, and inverse Compton cooling.

Our code differs from previous codes used in Bolton &
Haehnelt (2007) and Davies et al. (2016) mainly in how
we advance the radiation field in time and space. Figure
3 shows the flowchart of our integration scheme. Previous
codes choose many global time steps and evolved all the cells
for each global time step. Our code solves the evolution of
each cell for the entire time of interest (~ 30Myr) using an
adaptive prediction-correction scheme. At each adaptive out-
put time, we calculate the transmitted spectra to pass to the
next cell. This algorithm is motivated by the very different



t
100 Myr Inner
loop Incidental
spectra
tocell i
10 Myr
1 Myr
Quasar [QVAV.4
Spectrum
0 @ VAV.4 AVAaV4
0 1 i—1

Flowchart of the integration scheme

Transmitted spectra
from cell i
(incidental

spectra

(1) Solve ODEs (Eq1 + Eq4) to cell i+1)
with a-gss scheme;

(2) Calc transmitted spectra;

(3) Save transmitted spectra W
as incidental spectra to AN
the next cell;

4) Delete previous spectra.

“4) p p o

i i+1 i+2

I Outer
loop

Figure 3. The algorithm of the 1D RT post-processing code. It calculates the cells one by one, from the closest to the farthest from the quasar.
For each cell the code solves the ODEs and calculates the transmitted spectra at all times and then passes the spectra to the next cell. The
spectra are represented by wave lines with arrows. Since the cell are usually more optically thick at the beginning, the transmitted spectra are

harder, which is represented by violet colors.

temporal behavior of cells very close to the quasar and very
far away from the quasar, for which the timescales to reach
ionization equilibrium can differ by several orders of magni-
tude. With such large range of physical time scales in dif-
ferent spatial locations using a fixed global time step is inef-
ficient. To solve the ODE for each cell, we use the a—QSS
scheme (Mott & Oran 2001), which is designed to solve stiff
ordinary differential equations of the form

dyi _

dr =d4i—Pi)i,

where ¢; and p; are functions of time. We refer readers to the
original paper for details.

We set the integration tolerance to be 1% for all four vari-
ables. After solving the ODEs for the cell for all time-steps,
we calculate the transmitted spectra for that cell and store
them to be used as incident spectra for the next cell. Storing
the full temporal evolution of the incident spectra on each
spatial cell is memory demanding. For some time-steps, the
transmitted spectra can be extremely similar - for example,
after the gas has reached a new ionization equilibrium, the
change in the ionization fraction is mainly due to gas cool-
ing. Therefore, we do not store the spectra that differ by
less than 1 x 107 from the previous time-step. Note that this
is a very conservative choice and introduces a negligible er-

ror. By trimming the number of transmitted spectra, we save
memory and reduce the number of time-steps for the follow-
ing cell. We show some tests of our code in the Appendix.

In this method paper we use a simple power-law quasar
spectrum with the slope —1.5 to post-process all sightlines.
The Iuminosity for the quasar is also fixed, with the produc-
tion rate of ionizing photon being:

Nt = / N,dv=1x10"s".
13.6eV

This translates into the quasar magnitude of M4s0 = —26.66.

After post-processing, we generate synthetic Ly« absorption

spectra from these lines of sight with the analytical Voigt pro-

file formula in (Tepper-Garcia 2006). We account for the pe-

culiar velocity of the gas, as well as the quasar host halo.

3. RESULTS
3.1. Example Lines of Sight

In Figure 4 we show two typical sightlines at two different
redshifts z = 8.0 (left) and z = 6.1 (right). For the sightline at
z= 8.0 (left panels) when the universe is predominantly neu-
tral, the background ionization rate of HI has significant spa-
tial fluctuations, as shown by the black line in the third panel.
Inside HII bubbles created by clustered galaxies, the value is
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Figure 4. Sightlines drawn from the snapshot at z = 8.0 (left) and z = 6.1 (right), respectively. Plotted from top to bottom are the gas density
contrast Ag(= p/p), the neutral hydrogen fraction xui, the HI ionization rate, and the transmitted flux. Black lines represent the initial values
at o = 0 (no quasar radiation), while colored lines represent the values at different quasar ages of tp = 0.3 Myr (blue), 3 Myr (green), and 30
Myr (red). In the third row, the colored lines represent I'™ due to quasar only, and the black line represents the cosmic background value. The
transparent red bands show the span of the physical proximity zone Rpny at fp = 30 Myr. In the bottom row, the dashed colored lines are the
spectra smoothed by 20 A, and the horizontal dotted line marks the 0.1 threshold. Traditionally, the first point where the smoothed spectra drop
below this threshold is considered the edge of the proximity zone. The transparent red zones show the size of the observational proximity zone
Rops attg =30 Myr.
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nglg ~3x 107 s7!. After the quasar turns on, the ionization
front (I-front) gradually moves outwards (second row), and
so does the region dominated by the quasar radiation (third
row). The neutral gas outside the quasar I-front creates the
damping wing in the spectrum and this explains the overall
spectral shape at zp = 0.3 Myr and 3 Myr. After ~ 30 Myr, the
I-front propagates further away and the damping wing sup-
pression of the transmitted flux is no longer obvious. At this
time, the absorption inside 2 pMpc is mostly determined by
the structure of the overdense region surrounding the quasar.

Atz=6.1, the IGM in the simulation box is highly ionized.
The background radiation T, rises to above 107%s™" and
becomes rather uniform. As is shown by the black line in
the right column, the neutral fraction of the IGM is only ~
10~* before the quasar turns on. Therefore, after the quasar
turns on, there is no traditional “I-front” of the quasar, and the
timescale for the IGM to reach a new ionization equilibrium
is no longer limited by the speed of the quasar I-front as at
z = 8.0. Instead, the neutral fraction drops on a timescale
of foq ~ 1/T5o. This value is extremely short (= 2 x 10°
yr at 1 pMpc and ~ 3 x 10* yr at 4 pMpc), therefore the
gas near the quasar re-establishes the ionization equilibrium
quickly within ~ 0.3 Myr and there is not much difference
between the blue, green and red lines in the right panel. The
same explanation applies to the transmitted flux. Notice that
there is a small increase in the transmitted flux at ~ 2 pMpc
after tp =3 Myr and ~ 35 pMpc after 7, = 30 Myr due to
the additional photo-heating by the moving Hell I-front (not
shown in the figure).

3.2. Definitions of the Proximity Zone Size

Traditionally, the edge of the proximity zone has been de-
fined as the point where the transmitted flux drops below 10%
after the transmitted flux has been smoothed by a 20A box-
car (Fan et al. 2006). We label this observationally-motivated
definition as Rys. In Figure 4, we show the Ry, at 79 = 30
Myr as the red-shaded region in the bottom row. This quan-
tity, albeit straightforward to measure, is hard to interpret,
as it depends on the arbitrary values of the threshold and
spectral smoothing and does not correspond to any physical
scale. The precise value of Ry is set by the complicated in-
terplay between the damping wing outside of the I-front and
the gas density distribution inside the proximity zone. There-
fore, here we define another, physically motivated proximity
zone size Rphy and in the next subsection we will study the
distribution and the evolution of both Rgps and Rpny.

We use the radiation field to define the physical size of the
proximity zone Rppy - a region where the ionization rate of
HI due to the quasar is larger than that of the background.
In practice, we calculate the T'gg,, and Ty, for each cell and
define the physical proximity zone as the region adjacent to

the quasar where
Toso > max(Th,, 107757,

The threshold of 107"s7! is included to account for the sit-
uation when a sufficiently neutral patch (a super-LLS or a
DLA) blocks the sightline, reducing both T, and T, to
almost zero (see the third row in the left column of Figure 4).
Note that changing this threshold by several orders of mag-
nitude does not impact Rpny, because whenever the neutral
patch terminates the proximity zone, the drop in Fglso is very
sharp. In Figure 4 we show Rppy as the light red band in the
third row.

3.3. Distribution and Evolution of Proximity Zone Sizes

3.3.1. As a Function of Quasar Age to

In the two four-panel graphs in Figure 5 we show the dis-
tribution and evolution of Rgps and Rypy. At z = 8.0 (before
the global reionization) Rops and Ry track each other well
with moderate scatter for the first 1 Myr, and they approxi-
mately follow the Rphy = Rops +0.5 pMpc relation. This is be-
cause at short quasar ages the observational proximity zone
size is usually limited by the damping wing of the neural gas
just ahead of the I-front, which is within ~ 2 pMpc from the
quasar. Aftery > 10 Myr, the I-front moves far enough away
from the quasar that the damping wing does not suppress the
transmitted flux significantly (see the example sightline in
Figure 4). Instead, the truncation of Rps is mostly due to the
absorption features from the cosmic large-scale structure that
correlates with the quasar host halo. Therefore, after 1y > 10
Myr Rphy keeps growing while Rs is saturated, and R does
not trace Rppy anymore.

The evolution of Rypy for 79 > 0.1 Myr can be well fitted
by a power-law with a slope of 0.27, slightly smaller than the
value of 1/3 for the uniform IGM. Also, because by z = 8
quasar host halos are already embedded in ionized bubbles
created by galaxies that cluster around them, Rphys starts at
a non-zero value and its evolution with 7 is very flat in the
first 0.1 Myr .

At z=6.1 (right panel) the IGM is completely ionized, and
the distribution and evolution of both Rups and Rppny (right
panel in Figure 5) are very different from the z = 8.0 case.
The physical proximity zone size Ry (the histogram on the
right) has much larger scatter than at z = 8.0 simply because
the edge of Rppy is no longer a sharp I-front. Far away from
the quasar, Fglso drops very slowly and slight fluctuations in
either Ty, or Ty, can change Ry significantly. At early
quasar ages (fp = 0.03 Myr) the gas at 2 4 pMpc has not yet
fully reached the new ionization equilibrium, and the physi-
cal proximity zone size peaks at a slightly smaller value. Af-
ter ~ 0.1 Myr the new ionization equilibrium is fully estab-
lished (see Figure 4) and R,y does not evolve any further.
Similarly, Rgs is also limited by the ionization timescale at
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Figure 6. Evolution of the observational proximity zone size Robs
as a function of the quasar turn-on redshift for a fixed quasar age of
0.03 Myr (blue), 1 Myr (orange) and 30 Myr (green), respectively.
The different black lines are fits to observational data in three pre-
vious studies; in each the redshift range of the quasar sample spans
from the start of the corresponding black line to z ~ 5.8. Our results
are most consistent with Eilers et al. (2017).

first, but after ~ 0.1 Myr it does not increase significantly.
The slight change in the distribution of the R, peak (orange
and green histograms on the upper panel) is due to the subse-
quent additional heating from the Hell I-front.

3.3.2. As a Function of Redshift z

As is shown above, for a given quasar age ¢, the proxim-
ity zone sizes at higher redshifts, when the IGM is mostly
neutral, are smaller than the proximity zone sizes at lower
redshifts, when the IGM is mostly ionized. Studying the evo-
lution of proximity zone sizes as a function of redshift thus
helps us to understand how the ionization state of the IGM
evolves with redshift.

In Figure 6 we show the evolution of the median observed
quasar proximity zone size Ry as a function of redshift. The
error bars capture the 68% spread of all sightlines at each
snapshot. For a fixed quasar age tp = 30 Myr, we find the
evolution is slow and smooth, because here the growth of
Robs 1s due to the decrease in mean density of the universe.
For short quasar age 7o ~ 1 Myr, we notice that the growth
of Ryps is slightly faster after z ~ 8 than before z ~ 8. This
is because the universe is mostly neutral at high redshift, and
for #¢ as short as ~ 1 Myr neutral patches limits the growth of
Rops (see the left panels in Figure 4 or 5). After the universe
becomes mostly ionized, only rarely neutral patches stand in
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. SR IIVET)E 3% 10* 1x10° | 3x107
8.9 1050, 1050 | 1050, 1050 | 510, 1050 | 12,96
8.0 1227, 1260 | 830,1202 | 50,547 | 15,43
7.3 1166, 1430 | 176,505 | 17,55 | 13,35
6.8 1492,2511 | 190,304 | 31,58 | 22,41
6.4 1663,4380 | 246,401 | 55,89 | 39,55
6.1 1818,6782 | 324,497 | 86,118 | 66,93

Table 2. Number of slightlines that have observational proximity
zone sizes Robs smaller than 0.5 pMpc (the first number) and 1 pMpc
(the second number) at different redshifts and quasar ages, respec-
tively. The total number of sightlines at each redshift can be found
in Table 1.

the way of quasar sightlines, resulting in the slight up-tilt of
the orange line in Figure 6.

Also plotted in Figure 6 in black are three best fits to ob-
servational data from the previous studies (Carilli et al. 2010;
Venemans et al. 2015; Eilers et al. 2017). In these stud-
ies the fits are normalized to the fixed quasar magnitude of
M4s50 = =27, slightly brighter than M 450 = —26.66 in this
study. The black lines in Figure 6 are re-normalized using
the correcting formula from each of the three observational
studies respectively. Note that the numbers of quasars used
in these fits are very limited (< 40), and these quasars are
at redshifts between z ~ 5.8 and the end points of the black
lines, with majority at z ~ 6.1. For some observed quasars,
especially for those z < 6, there are many transmitted spikes
outside the proximity zones, which makes it hard to deter-
mine the edge of the proximity zones. This is one reason
why Eilers et al. (2017) obtained the best fit with a signifi-
cantly shallower slope than Carilli et al. (2010), despite using
similar samples of quasars. Our simulation is most consistent
with the shallow slope measured by Eilers et al. (2017).

4. EXTREMELY SMALL PROXIMITY ZONES

Eilers et al. (2017) has analyzed 34 medium-resolution
quasar spectra at redshift 5.77 < z < 6.54 and found sev-
eral quasars with exceptionally small proximity zone sizes.
Specifically, for the 11 quasars in the magnitude bin —27.5 <
M50 < —26.5, which are similar to the one we simulate in
this paper (~ M1450 = —26.66), there is one quasar with the
observed proximity zone size of 0.78 pMpc. They argue that
the most likely explanation for such an extremely small size
is that the quasar is extremely young (7o < 10° yr). If this is
true, it makes it hard to explain how a supermassive black
hole can form within the one billion year of the universe
(Martini 2004; Smith & Bromm 2019). In this section, we
search for such small proximity zones in our sample and an-
alyze their properties as well as the statistics of finding such
small proximity zones.

4.1. Probability of Finding an Extremely Small Zone

In Table 2 we show the number of sightlines that are
smaller than 0.5 pMpc (left) and 1 pMpc (right) at a given
redshift and quasar age. Using the simulation we can es-
timate the probability of observing a small proximity zone
size Rops for quasars with lifetime #e.. At the moment we
happen to observe a quasar, its age fp can be significantly
smaller than its total lifetime®. Therefore, the probability is
calculated as:

de
Tige

Hife
P(Robs < R|tlife) = / P(Rnbs < R|tQ)
0

life

to. —to.
~ ) 2L PRy < Rltg).  (5)
TS

We plot the probability of observing small R in Figure 7.
Well before the global reionization (z > 7) the neutral patches
of the IGM limit the growth of Rus, and most sightlines
have Ryps < 1 Mpc for fiiee ~ 1 Myr. Therefore, for a short
quasar lifetime the probability of finding a Rops < 1 pMpc is
very high (> 0.5). After the global reionization (z < 7) there
are few neutral patches and the IGM reaches new ionization
equilibrium very fast. As a result, probability curves start
with a low value and flatten after ~ 1 Myr.

At z < 7 the fraction of small proximity zone saturates for
tife > 10 Myr at ~ 1—-2%. This number is larger than the
simulation result of Eilers et al. (2017), who found that only
one in 1100 of their modeled sightlines has Ro,s < 1 pMpc.
The most likely reason for this discrepancy is that the spa-
tial resolution of Eilers et al. (2017) simulations (~ 5 pkpc
at z=0, 50 times worse than the resolution of CROC simula-
tions) is not enough to resolve LLSs. A LLS along the quasar
sightline can limit the proximity zone size, a conclusion con-
sistent with existing constraints on LLS sizes at low redshifts
(c.f. Prochaska 2000; Fumagalli et al. 2016).

4.2. Extremely Small Proximity Zones in Old Quasars

Studying the features and properties of the extremely small
proximity zones helps us to constrain the quasar age with
more confidence and decide if the “quasar age tension” is
real (Eilers et al. 2017, 2018b; Khrykin et al. 2019; Davies
et al. 2019). In particular, we want to know what can make
the proximity zone extremely small for even an old quasar.
To this end, we inspect all 93 proximity zones with Rops < 1
pMpc at 7y = 30 Myr in the z = 6.1 snapshot.

We find that 85 out of 93 extremely small proximity zones
are terminated by damped Lyo absorbers (DLAs). We show
two typical examples in Figure 8. Both of them encounter a
very dense clump of gas. The clump in the left panel has an
overdensity of ~ 103, lying within 1 pMpc from the quasar.

3 We only consider that quasars shine for one epoch.
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Figure 7. Probability of finding a small proximity zone with Rqps < 0.5 pMpc (left) and Rops < 1 pMpc (right) respectively as a function of the

quasar lifetime at different redshifts.

Based on the high density and the peculiar velocity struc-
ture, we know that this clump is a part of a galaxy. Because
this clump is so close to the quasar, this clump is no longer
“neutral” (xgy < 0.5 after 30 Myr), as is shown in the sec-
ond row. Still, this structure has neutral hydrogen column
density Ny = 3.6 x 10"cm™ and displays a damping wing
in the spectra. In the right panel, the sightline hits an even
denser clump of gas ~ 3.4 pMpc away from the quasar. Be-
cause it is both denser and further away than the example on
the left, this clump is mostly neutral even after the quasar has
been shining for 30 Myr. The column density is extremely
high, with Niy = 3.3 x 10>'cm™. Thus the suppression of the
transmitted flux is even more significant, with the damping
wing extending redward of the quasar Ly« line.

Not every gas clump with A, > 10° produces the damping
wing. Some of them are ionized by the quasar and have Ny <
10", thus falling into the category of Lyman limit systems
(LLS). In the sample there are four such systems in total. One
example is shown in the left panel of Figure 9. The dense
gas clump at 0.8 pMpc from the quasar has xy; ~ 1072 after
to =30 Myr, and the column density is Ny = 2.4 x 108cm™.
Note that the LLS cuts the proximity zone extremely short
partially because the peculiar velocity difference between the
LLS and the quasar host (the blue dot at O pMpc in the first
row) projects the LLS closer to the quasar in the velocity
space than the pure Hubble flow for that distance (at z=06.1,
200 km/s corresponds to = 0.28pMpc).

The last four extremely small proximity zones are not
caused by any dense clump of gas with A, > 103. Rather,
they are caused by a long extent of moderately overdense gas
with 10% < Ay < 103. These structures are parts of a cosmic
filament that happen to be aligned with the quasar sightline.
One example is shown in the right panel of Figure 9. The
main feature that terminates R, is the extended structure at
~ 1 pMpc. Over a spatial scale of more than 0.5 pMpc, this
structure has density over the cosmic mean and creates an

absorption trough of about ~ 1 pMpc in length. But because
this gas is not dense enough to block quasar’s radiation, the
gas behind it is not shielded. Therefore, there are some trans-
mitted spikes outside Rops. The percentage of such system in
our sample, 4/6930 = 0.06%, is consistent with that in Eilers
et al. (2017) simulation (1 in 1100).

In Figure 10 we show the properties of all the density peaks
with A, > 100 within 6 pMpc from the quasar (the red dots
in Figure 8 and Figure 9). We can see from the left panel that
most of these density peaks have gas overdensity above 103,
These A, > 103 peaks correspond to the DLAs and LLSs in
the spectra, while the less dense structures (10> < A, < 10°)
create smaller, localized absorption features.

Sometimes it is hard to identify LLSs because they do not
display wide damping wings. In practice, observers usually
inspect possible position of these LLSs and try to find any
metal lines associated with them. If there are metal lines,
then it helps to confirm the existence of an LLS. However,
at z ~ 6 the properties of LLSs are not well studied and we
do no know if all LLSs contain metals. Since in our simula-
tion metal enrichment is modeled along with star formation
and stellar feedback, we can investigate the metal content of
simulated LLSs. In the right panel of Figure 10 we plot the
relation between the gas overdensity and the metallicity for
the dense gas peaks. We find that for very dense gas A, > 10°
the metallicity is above 0.01Z, but for gas with A, ~ 10° the
metallicity is usually only between 0.001 ~ 0.01Z,. How-
ever, simulated metallicites of intergalactic gas critically de-
pend on the details of the adopted star formation and feed-
back model. We discuss this topic more in the discussion
section below.

5. DISCUSSION

5.1. Differentiating Old and Young Quasars With Small
Zones
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Figure 8. Two example sightlines with extremely small observational proximity zone (Robs < 1 pMpc) caused by DLAs. There are 85 such
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into this region. The blue line in the first row shows the peculiar velocity along the line of sight, with positive velocity pointing away from the
observer. Thus the regions with sharp positive velocity jump are the regions with strong inflow, usually around a halo. The blue dot at 0 pMpc
shows the peculiar velocity of the quasar host halo along the line of sight. The second row shows the neutral hydrogen fraction of the gas at
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Figure 9. Same as Figure 8, but for a LLS-terminated proximity zone (left) and a proximity zone cut short by an extended overdensity region.
The red dotted line in the bottom row shows the transmitted flux if the gas has no peculiar velocity.

It is fairly easy for a very young quasar (fp < 1 X 10° Myr)
to have a small R,,s. However, the reason why young quasars
have extremely small proximity zones is primarily because
the ionization equilibrium has not yet been established. This
is different from extremely small proximity zones in old
quasars, caused by rare overdense regions. In Figure 11, we
show a typical quasar with 7o =3 x 10 yr. In this sightline
there are no dense gas clumps but normal density fluctuations

around A, = 1. Because the quasar only shines for a short
time, the neutral fraction at 1 pMpc is still above 107>; such
a high neutral fraction causes total absorption. Further away
from the quasar, the neutral fraction is even higher, therefore
also producing almost complete absorption.

These features in young quasar — a quick drop in the flux
with no more transmission spikes outside R,,s — are distin-
guished from most old quasars with small proximity zones.
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Figure 11. Same as Figure § but for a typical young quasar with
tp =0.003 Myr. This sightline does not go through any significant
overdense region, but because the quasar is young, gas outside ~ 1
pMpc has not reached ionization equilibrium, thus the observational
proximity zone size is small, and there are no transmitted spikes
outside Rps.

However, it is still very hard to distinguish between a typi-
cal young quasar with an old quasar whose proximity zone is
terminated by a LLS, since both of them have a sharp drop in
flux and almost no transmitted spikes outside Rops. The best
way to differentiate them is to search for metal lines, because
in most regions there will be no metals while the LLSs will
likely be enriched to Z > 1073Z,.

5.2. Caveats in Modeling
5.2.1. CROC Simulations
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Figure 12. Left: histograms of the difference in Ro,s when using
different smoothing kernel sizes. Right: histograms of the differ-
ence in Rops When using different limiting thresholds. The fiducial
kernel size is 20 A and limiting threshold of 0.1.

One needs to be aware of the limitations in our model-
ing. First of all, in this study we only analyzed one rela-
tively small CROC simulation box. This box fully reionizes
at 7~ 6.8, while in the other five 40 cMpc/h boxes, the earli-
est reionization redshift is 7.1 and the latest is 6.3. Therefore,
depending on the actual simulation box chosen, the redshifts
quoted in this paper may vary by Az ~ +0.5. Also, these
boxes are not large enough to catch the rarest density peaks.

Second, although the properties of IGM can be modeled
robustly since the physics is relatively simple, the modeling
of galaxies is a subject to a number of uncertainties. Our
simulation peak resolution is 100 pc in proper units; there-
fore, the detailed structure of the galaxies, such as the ver-
tical structure of the disks, cannot be modeled. In addition
to finite spatial resolution, star formation and stellar feed-
back in galaxies are modeled with sub-grid recipes. These
sub-grid recipes are tested against local observations. Al-
though the physics should operate similarly at all redshifts,
these recipes have not been tested against high-z galaxy ob-
servations. For example, the stellar masses of massive CROC
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galaxies are low compared to observations (Zhu et al. 2020).
Also, most massive CROC galaxies have metallicities be-
low 0.1Z,, while several galaxies with solar metallicity have
been observed at z ~ 6 (e.g. Li et al. 2020; Harikane et al.
2020; Jiang et al. 2006). This may suggest that the metals in
simulated galaxies are also underproduced. It is likely that
the stellar feedback model is too strong in our simulation.
This may affect the predicted number density of LLSs.

5.2.2. Post-processing

The approach of using post-processing rather than the fully
self-consistent 3D RT simulations offers a number of advan-
tages but also has limitations. The full 3D simulation can
only model at most a few isolated proximity zones at a time,
and such a simulation would take on the order of 300,000 cpu
hours to run for 100 Myr (Chen 2020) or even higher, as ex-
tremely fine temporal sampling would be required to capture
the quasar light front. If one wants to study many quasars
in different host halos and turning on at different redshifts,
hundreds of 3D simulations would be required, which is not
practical at present. The post-processing with 1D code is
much more efficient and allows to study a wide parameter
space.

The primary limitation of post-processing is that it does not
account for gas dynamics and evolution of the background ra-
diation field. The effect of gas dynamics obviously depends
on the time-scale considered, so in this work we only model
reasonably short timescales (< 30 Myr). The rms gas veloc-
ity dispersion at z=6 in our simulation is only 56 km/s. At
this velocity the gas moves by less than 2 pkpc in 30 Myr -
a negligible distance on cosmological scales, although com-
parable to existing observational constraints on the sizes of
LLSs (Fumagalli et al. 2016; Zahedy et al. 2019). The lat-
ter implies that a specific sightline blocked by a LLS may
change on the time-scale of 30 Myr, but statistically our es-
timate for the fraction of sightlines blocked by LLSs should
be reliable.

In order to model timescales of several million years the
gas dynamical effects must be accounted for. For example,
the time interval from z = 8 to z = 7.3 is less than 100 My,
and the ionization fraction changes rather significantly in this
time (see Figure 1). Also, the radiative feedback from the
quasar can remove gas from small halos after ~ 100 Myr,
and this may reduce the number of LLSs (Chen 2020).

5.2.3. Quasar Model

In this study, we only model one epoch of quasar phase
with constant luminosity (the “lightbulb” model). Also, here
we only model structure outside 0.1 pMpc (several virial
radii) from the quasar, so any absorption happening inside
0.1 pMpc is considered to occur during the quasar “obscure”
phase.

If the quasar light curve is flickering, the proximity zone
evolution can be more complex (Davies et al. 2020). For a
given quasar “on” time, flickering light cure may increase the
probability of observing a very small proximity zone, espe-
cially if the sightline goes though A, ~ 1000 regions. These
high density regions have recombination time comparable to
~ 10 Myr. Imagine a quasar that has a total “on” time of
30 Myr, but in multiple episodes with gaps ~ 10 Myr. The
quasar may take the whole episode to ionize a density peak,
but during the next “off” period the density peak recombines
again. Such scenario repeats for every episode, and can keep
the proximity zone small every time we observe the quasar.
This scenario is particularly interesting, since by compar-
ing the statistics of proximity zone sizes with observational
data, we could not only constrain the quasar lifetime for each
episode but also the quasar duty cycle (Davies et al. 2019).

5.3. Observational Definition with Different Thresholds

The most common definition of the observational proxim-
ity zone size is the distance from the quasar to the first point
where the flux smoothed by a 20A boxcar filter drops below
fiim = 10%. This definition is motivated in observations be-
cause the high-z quasar spectra are usually noisy and need to
be smoothed to achieve sufficient signal-to-noise. However,
in the physical sense, these thresholds are arbitrary. Here we
investigate how the R,,s may change if we vary the smooth-
ing size and limiting threshold.

In the left panel of Figure 12 we show the histogram of
the difference in R,,s measured with 10 A boxcar (blue) and
40 A (orange) filters respectively, as compared to the fiducial
value of 20 A. We find that when changing the boxcar size
to 10A, half of them vary by less than 0.5 pMpc. However,
there is another population on the left that shows significantly
reduced Rops. These are the sightlines that encounter absorp-
tion features with width of ~ 10 A but smaller than ~ 2010\,
so the flux drops below 0.1 when smoothed by a 10 A box-
car but not by a 20 A boxcar. On the other hand, when ap-
ply smoothing with a 40 A boxcar, absorption features larger
than 20 A but smaller than 40 A do not terminate Ry like the
fiducial one, so Rqys defined this way is usually larger. Also,
since the 40 A kernel size is larger, the “bump” of the orange
histogram is also further away from zero than that in the 10
A kernel case.

The histogram in the right panel shows the difference in
Rops when changing the limiting flux only. We can see in this
case the two histograms have no overlap by definition, since
dropping the threshold always makes the Rg,s larger. How-
ever, like the histograms in the left panel, they also have wide
“wings”, which is related to the strength of small absorption
features at the edge of Rps.

6. SUMMARY



In this study, we have post-processed a CROC simulation
and analyzed the proximity zone sizes of quasars with mag-
nitude M 450 = —26.66. Our simulation models realistic pre-
ionized IGM and has high spatial resolution to model LLSs.
Our post-processing code uses adaptive time steps and high
temporal resolution. We find that before the global reion-
ization, the median of the observed proximity zone size in-
creases steadily in the first 30 Myr. After the global reion-
ization, it only grows rapidly in the first ~ 0.1 Myr, which
is consistent with previous studies (Bolton & Haehnelt 2007;
Davies et al. 2020). We find a slow growth of R,ps with de-
creasing turn-on redshift, consistent with the measurements
in Eilers et al. (2017).

We also analyzed all the extremely short proximity zones
at z=6.11 for old quasars (fp = 30 Myr). We find that 93
out of 6930 sightlines (1.3%) display R,,s < 1 pMpc. The
vast majority of them are caused by DLAs or LLSs along the
line of sight. These DLAs and LLSs are dense gas with over-
densities above 103, and are polluted by metals. The rest of
the extremely small proximity zones are caused by absorp-
tion from extended regions with overdensity 2 100. There
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are four such cases, and they all have transmission spikes
outside Rps.

If the quasar lifetime is long (> 10 Myr), our simulation
shows that the possibility of finding a small proximity zone
(Rops < 1 pMpc) at z = 6 is ~ 1%. This is smaller than
the fraction ~ 10% reported in observation (e.g. Eilers et al.
2017), although currently the number of observed spectra are
too limited to draw a firm conclusion. We note that the CROC
simulation may have too strong stellar feedback (Zhu et al.
2020) that could destroy some LLSs. Also, flickering light
curves can increase the probability of observing small prox-
imity zones.

In future work, we will examine more CROC simulations
which have slightly different reionization histories. We will
also use more complex quasar light curves to study the quasar
size distribution with different duty cycles. Also, inside Rgps
there are many absorption features. These absorption fea-
tures may contain much more information about quasar age
and quasar environments, but have not been exploited yet.
The field of quasar proximity zones will open wide up once
the thirty-meter-class telescopes go online, since we can ob-
tain high resolution spectra from reionization quasars with
much shorter observation time. Investigating the features in-
side proximity zone is an important part of our project.

APPENDIX
A. CODE TESTS

Here we show three tests of our 1D RT code, including the I-front position, the ionization structure of the uniform medium,
and a real line of sight running through a LLS/DLA.

A.1. I-front Position in a Uniform Hydrogen Gas

Ionization front expanding into a uniform neutral hydrogen background can be described by an analytical solution (Shapiro

et al. 2006; Iliev et al. 2006):
rp = rsl1—exp(t /trec)]'?
where .
s = [4 ?{]Iv7 17
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We test the scenario with N, = 1 x 10°7 57!, nyy = 103 em™, T = 10* K, and the spatial resolution of 10 pkpc. The I-front
position vs time is shown in Figure 13. The left panel shows the I-front propagation at different times, with the time-color map
plotted at the right edge of the figure. In the middle panel the solid line shows the analytical solution for the I-front position
as a function of time. The blue points are the I-front positions obtained from the left panel. They agree very well with the
analytical solution. In the right panel we show a resolution test. The upper panel shows the difference between the simulated
I-front position and the analytical solution as a function of resolution, color-coded by quasar age. The lower panel shows the
relative differences of the I-front positions, most of which are within 1%. Note that when the resolution is high, the absolute error
in I-front position accumulates as quasar shines longer, but the relative error is still very small. The error can be suppressed if we
reduce the tolerance in the a-qss scheme. We choose the tolerance in the a-gss scheme to be 1% so to achieve both a reasonably
small error and fast code speed.

A.2. Ionization Structure

In this section we show a scenario of a quasar (N =1x107 s, a=1.5) turning on in the uniform, static IGM with neutral

H and He at the mean cosmic density at z = 7. Each cell in this line of sight is 10 pkpc in size. In Figure 14, we show the
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Figure 13. Left: neutral hydrogen fraction for the test problem of the I-front propagating in the uniform static medium, run with the spatial
resolution of 10 pkpc. Colors represent different times listed in the rightmost colormap. Middle: the position of the I-front at different quasar
ages. The blue line is the analytical solution. Right: absolute and relative errors on the position of the I-front at different quasar ages, run with
different spatial resolution.
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Figure 14. Incidental spectra (left column), the evolution of ionization fractions (middle panel), and the transmitted spectra (right column) of
the test problem in A.2. The upper panels show the cell 0.1 pMpc away from the quasar, while the bottom panels show the cell 4 pMpc away.
The incidental spectra for the first cell at 0.1 pMpc is the quasar spectrum which does not vary, while the transmitted spectrum changes rapidly
when ionization fraction changes the fastest. Note that only some example spectra are plotted.

incident spectra (left column), the ionization fraction and temperature evolution (middle column), and the transmitted spectra
(right column) for the first cell at 0.1pMpc (upper row) and a cell at 4 pMpc (lower row) respectively. The spectra shown are
a subset of all spectra stored during the calculation at several times when ionization fractions change the fastest. The quasar
intrinsic spectrum (i.e. the incident spectrum on the first cell) does not vary, as is shown in the upper left panel. After the first cell,
however, the transmitted spectra are hardened at early times because the cell is initially neutral. After thousand years the cell is
fully ionized and the transmitted spectrum becomes identical to the incident one. For the cell at 4 pMpc, the evolution is similar,
except that the incident spectra also vary because the optical depth changes between the quasar and the cell and the ionization
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Figure 15. Ionization structure and the temperature structure for the test problem in A.2. The left panel shows the result at 10 Myr and the right

at 100 Myr.

timescale increases from 1000 yr to ~ 1 Myr. In Figure 15 we show the ionization and temperature structure of this line of sight
at 7o = 10 Myr and 100 Myr respectively. The I-front position and shape of each line are as expected.
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