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Figure 8. Example mock spectra with binning and S/N chosen to match the Ly« forest of ULAS J0148+-0600. We randomly select mock sightlines from each model

here. The colored lines represent the flux arrays.

UVB fluctuations also play a significant role in producing the
dark gaps in the late reionization models.

5. Discussion
5.1. Model Comparisons

We now compare our results to predictions from the
simulations described in Section 4. Figure 11 plots the dark
gap length versus central redshift for representative mock
samples drawn from the homogeneous-UVB model and the
K20-low-7cpmp model. Qualitatively, as redshift increases,
the homogeneous-UVB model predicts a milder increase in
long dark gaps than is seen in either the K20-1low-7cmp
model or the observations (Figure 3). To quantify the
differences, we compute the relevant statistics by drawing
mock samples from the simulations that match our observed
QSO spectra in redshift and S/N ratio. We then compute the
dark gap statistics described in Section 3. We repeat this
process 10,000 times for each model and compute the mean,
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68% limit, and 95% limit on the expected scatter for the present
sample size. Figure 12 compares F3q predicted by models to
that calculated from data. The jagged edges of the simulation
confidence intervals are caused by the combined effects of step
changes in the number of sightlines with redshift and the
quantization of F5q for a finite sample size.

The top left panel shows that the homogeneous-UVB model
is highly inconsistent with the observations over 5.3 <z <5.9. At
7~ 5.8, the homogeneous-UVB model under-predicts F3, by a
factor of 3. At z~5.4 and over 5.5 <z<5.8, this model is
rejected by the data with > 99.9% confidence.

On the other hand, the K20-low-Tcpmp and K20-1low-—
Tcmp—hot models, wherein reionization ends at z~5.3,
produce F3o results that are generally consistent with the
observations over 5 < z < 6. One exception is that these models
underpredict the small number of long dark gaps observed at
z~5.4. The K20-high-7cmp model is consistent with the
observations at z 2> 5.75 but underpredicts F3( at lower redshifts.
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Figure 9. Distribution of dark gaps with and without neutral hydrogen predicted by simulations. A dark galp is considered to contain neutral gas if any pixels inside
this gap have a neutral fraction of xy; > 0.9. P(L) is calculated with count of dark gaps over AL =5h"" Mpc bins divided by the total count of dark gaps. The
distribution is calculated with dark gaps detected in 10,000 sets of mock spectra (Section 4.4) for each simulation, but with no noise added. We note that the volume
neutral fraction information of Nasir & D’Aloisio (2020) models is only available at z = 5.6 and 5.8. The plots for ND20 models are therefore not extended to z = 6.0.

This is a natural consequence of the earlier reionization in this
model, which leads to a lower neutral hydrogen fraction and
smaller UVB fluctuations at these redshifts.

As shown in the right panels, F3( values from the Nasir &
D’ Aloisio (2020) models are consistent with the observations
within their 95% limits over the available redshift range.
Among the ND20 models, ND20-early-shortmfp gives
lower F5( values compared to ND20-1ate, but the difference
is within the 68% range for the present sample size.

We compare the cumulative distributions of dark gap length
in Figure 13, and give the differences between the observation
and the model predictions in Figure 14. In order to facilitate a
direct comparison between the observations and simulations,
we divide the data into redshift bins of Az=0.2. Here, dark
gaps extending beyond the boundaries of a redshift bin are
truncated at the edge when calculating P( < L) for both the
observation and models. Similar to our approach in Section 4.5,
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we do this to avoid artifacts from the finite length of the mock
spectra.

We present numerical convergence tests for the homo-
geneous-UVB model in Appendix A. We find that the
results for both F59 and P( < L) are relatively insensitive to
box size, but that the number of small gaps increases with
increasing mass resolution. The impact of mass resolution is
more significant for P( < L) at smaller gap lengths than for
F3p. For P(< L) measured from the homogeneous-UVB
model, therefore, we display predictions based on a higher-
resolution run with 2 x 2048” particles and a box size of
L=40n"" Mpc (hereafter 40_2048) instead of the fiducial
configuration of 2 x 2048° particles and box size of L=
160h~ "' Mpc (hereafter 160_2048). Because Keating et al.
(2020a) use postprocessed radiative transfer simulations,
and Nasir & D’Aloisio (2020) simulations are based on an
Eulerian code instead of a SPH code, mass resolution effects
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Figure 10. Correlation between neutral islands coverage and dark gap length in the K20-1ow-7cpmp model based on 10,000 realizations. The histogram is calculated
on5 x 5( h~! Mpc)? bins with color indicating the normalized probability, and all dark gaps are included regardless of whether they contain neutral gas. Solid and

dashed lines show the mean and 68% interval of the neutral islands coverage.
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Figure 11. Gap length vs. central redshift for dark gaps detected in mock spectra. For both models, the results shown here are based on one randomly selected set of

mock spectra that matches our QSO sample in redshift and S/N ratio.

may be significantly different for these models than for
the homogeneous-UVB model. We therefore present results
as they are, although mass resolution corrections may be
needed.

Over z=5.6-6.0, the homogeneous-UVB model predicts
significantly fewer long gaps than are observed in the data. The
discrepancies between the data and the homogeneous-UVB
model persist down to the z =5.2-5.4 bin.

14

In contrast, the late reionization models, K20-low-
Temps K20-1low-Tepmp-hot, and K20-high-7cvp, predict
P(< L) values that are generally consistent with the data.
Nevertheless, over z=15.7-5.9, we note that these models,
especially the K20-high-7cyp model, systematically yield
higher P(< L), i.e., fewer long gaps, than the observed for
some L, though the discrepancies are less conspicuous
compared to those for the homogeneous-UVB. At lower
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Figure 12. The fraction of sightlines located in dark gaps with L > 30h~" Mpc as a function of redshift. Both the observations (solid black line) and simulations
(colored solid line and shaded regions) include gaps that are truncated at the red end of the Lya forest. Note that we discard dark gaps that are entirely in the 7 pMpc
proximity zone and/or in the buffer zone that covers 30h~" Mpc blueward the proximity zone cut. Dark and light shaded regions show the 68% and 95% intervals,

respectively, spanned by the models.

redshifts, there are minor differences between the K20 models
and the observation. The ND20-early-shortmfp and
ND20-late models are generally consistent with the
observation in the redshift range (5.6 <z<6.0) currently
probed by the simulations.

5.2. Implications for Reionization

Combining the results for F;3y and P( < L), it is evident that a
fully ionized IGM with a homogeneous UV background is
disfavored by the observations down to z ~ 5.3. This result is
consistent with the large-scale inhomogeneities in IGM Ly«
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opacity seen in recent 7. measurements (Becker et al. 2015;
Bosman et al. 2018; Eilers et al. 2018; Yang et al. 2020b;
Bosman et al. 2021a). Our results also agree with the early
indication from Gnedin et al. (2017) that models, wherein
reionization ended well before z = 6, struggled to produce
enough long dark gaps.

The late reionization models from Keating et al. (2020a) and
Nasir & D’Aloisio (2020) are generally consistent with dark
gap statistics in the Ly« forest. In these models, the residual
neutral islands at z < 6 coupled with UVB fluctuations can
naturally explain the appearance of long dark gaps in the Ly«
forest. Among these models, the data tend to prefer those with
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Figure 13. Cumulative distributions of dark gap length. In each redshift bin, the black line shows P( < L) of the observed dark gaps. Dark gaps extending beyond the
boundaries of the Az = 0.2 window are truncated at the edge. The colored lines and dark /light-shaded regions represent the mean and 68%/,95% limits, respectively,
of P( < L) in mock samples drawn from the models. In this figure, we use a high-mass-resolution run from the Sherwood Simulation Suite (Bolton et al. 2017) for the
homogeneous-UVB model instead of the fiducial configuration. See text for details.

later and more rapid reionization histories. For example, the
K20-low-Tcmp and K20-low-Tcmp—hot models, which
have a reionization midpoint of z5o=6.7, is somewhat more
consistent (see curves and shades near 5.6 <z<5.8 in
Figures 12, 13, and 14) with the dark gap statistics at z <6
than the K20-high-7cmp mode, for which z59 = 8.4. A late
and rapid reionization is also suggested by the recent mean free
path measurement from Becker et al. (2021) (see also Cain
et al. 2021; Davies et al. 2021).

Alternatively, long dark gaps can arise from a fully reionized
IGM provided that there are large UVB fluctuations. The early
reionization model from Nasir & D’Aloisio (2020), which
retains postreionization fluctuations in the UV background and
IGM temperature, is consistent with the data over at least
5.6 <7<6.0, where the available simulation outputs allow
mock spectra to be compared to the data using the methods
described above. Extending these simulations down to lower
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redshifts would be helpful for testing the pure fluctuating UVB
model further.

6. Summary

In this paper, we present a search for dark gaps in the Ly«
forest over 5 < z < 6. We use high-S/N spectra of 55 QSOs at
Zem > 5.5 taken with Keck ESI and VLT X-Shooter, including
data from the new XQR-30 VLT Large Programme. We focus
on two statistics: the fraction of sightlines containing dark gaps
of length L > 30! Mpc as a function of redshift, F3y, which
we introduce here for the first time, and the dark gap length
distribution, P(<L). Our primary goal is to quantify the
persistence of large Lya-opaque regions in the IGM below
redshift six, and to evaluate the consistency between the
observed dark gap statistics and predictions from various
models. We include a model with a fully ionized IGM and a
uniform ionizing UV background, and others with large islands
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Figure 14. Similar to Figure 13, but showing the differences on cumulative distributions of dark gap length between the models and the observations.

of neutral gas and/or UVB fluctuations. Our main results can dark gaps arise from a combination of neutral patches in
be summarized as follows: the IGM and regions of low ionizing UV background,
1. We identify 50 long dark gaps (L > 30k~ Mpc) in the which are often adjacent to one another.

4. We also find consistency with a model wherein

Ly« forest fi le. Two 1 dark Lo .
yo forest from our sampre. © WO ong cark gaps are reionization ends by z=6 but the IGM retains large

2(1): On dr:;OZ; rslei; “illltt};a(igﬁge Xé?;ﬁgig; “(/2 t>0§0_h§ i3M\;$ fluctuations in the UV background (Nasir & D’Aloi-
below z=6, similar to the one previously reported sio 2020), at least over 5.6 <z < 6.0.
toward ULAS J01484-0600 by Becker et al. (2015). The Overall, the evolution of dark gaps observed at z<6
presence of long dark gaps at these redshifts demonstrates
that large regions of the IGM remain opaque to Ly«
down to z~5.3.

2. In terms of both F3q and P(< L), a fully ionized IGM
with a homogeneous UVB is disfavored by the data down

suggests that signatures of reionization remain present in the
IGM until at least z~~5.3 in the form of neutral hydrogen
islands and/or fluctuations in the ionizing UV background. We
note that this work focuses on dark gaps in the Ly« forest.

t0z~53 Given its lower optical depth, however, Ly may also be a

3. Models wherein reionization ends significantly below useful tool. For example, islands of neutral gas may tend to
redshift six (Keating et al. 2020a; Nasir & D’Aloi- produce more long Ly( troughs than are created by fluctuations
sio 2020) are broadly consistent with the data. Among in the UV background (e.g., Nasir & D’Aloisio 2020). These
these, the data favor models with a reionization midpoint and other statistics should provide further details on how the
near z ~ 7 and an end at z >~ 5.3 or later. In these models, IGM evolves near the end of reionization.
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Appendix A
Numerical Convergence

Here we test the convergence of our results for the
homogeneous-UVB model with different box sizes and
mass resolutions. We denote different simulation configura-
tions as X_Y, where X is the box size in comoving Mpc 2~ and
Y = [(number of dark matter + baryon particles) / 21'/3. The
fiducial configuration used in Section 3 is 160_2048.

To calculate F3y with smaller boxes, we first stitch the short
skewers to form 160 Mpc/h skewers, and then create mock
spectra following the method described in Section 4.4. In
Figure Al, we compare F3y for mock data generated from
different simulation configurations. We find little dependence
on box size. F3y decreases slightly with increasing mass
resolution, though the differences are within the expected 68%
scatter for the present sample size. We compare P( < L) with
different configurations to the baseline configurations by
calculating P(<L) — P(<L)paseline in Figure A2. For a fixed
mass resolution and varying box size, we compare simulations
to our fiducial 160_2048 simulation. For a fixed box size but
varying mass resolution, we compare simulations to the
40_512 configuration, which has the same mass resolution
of 160_2048. Similar to F3q, the variations in P( < L) with
box size are relatively minor. The impact of mass resolution is
more significant, especially for smaller L.

Figures Al and A2 suggest that mass resolution has a larger
impact than box size on our statistics, in the sense that
simulations with lower mass resolutions tend to produce more
long gaps and fewer short gaps. This is because weak, narrow
Lya transmission peaks tend to be suppressed at lower
resolution. This effect may need to be considered for larger
samples. We emphasize that the homogeneous-UVB models
that we are using for these convergence tests contain
significantly fewer long gaps than the late reionization and
fluctuating UVB models. It is therefore unclear how well the
trends we see for large L would apply to these models, although
it is likely that the effects of mass resolution we see at smaller
gap lengths would generally be present in SPH simulations.
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Figure Al. Fractions of QSO spectra exhibiting long (L > 30n~! Mpc) dark gaps as a function of redshift with different simulation configurations. The left panel
compares results for varying box sizes but fixed mass resolution. The dark gray and light gray shaded regions are the 68% and 95% limits on the expected scatter for
the present sample size from the 160_2048 simulation, which are the same as the shaded regions in Figure 12. The right panel compares results for varying mass
resolutions but fixed box size. The dashed—dotted line is the mean, and shaded regions are 68% and 95% limits of the prediction from the 40_512 simulation.
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Figure A2. Difference on dark gap length distributions for different box sizes and mass resolutions compared to the baseline configurations. The top and bottom rows
compare results for varying box sizes and varying mass resolutions, respectively. The dark gray and light gray shaded regions are the 68% and 95% limits on the

expected scatter for the present sample size from the 160_2048 simulation (Top panel) and from the 40_512 simulation (Bottom panel).
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Appendix B

Simulation Predictions without Masking

For consistency with the observations, we mask out small
wavelength regions in the mock spectra that coincide with peaks
in the observed flux error arrays, as described in Section 3.1.
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Figure B1 shows how the simulation results change without
masking. The model predictions for F3, decrease because the
masks sometimes fall on transmission peaks. The overall impact
is minor; however, we emphasize that the observations should be
compared to the simulation results with masking included.

= QObservation
= Simulation-mean
Simulation-68% limit

Simulation-95% limit

5.00 5.25 5.50 5.7 6.005.00 5.2 5.50 5.7 6.00
z

Figure B1. The fraction of sightlines located in dark gaps with L > 30h~" Mpc as a function of redshift. The dashed thick (thin) lines show the mean values (95%
range) of simulation predictions without masking regions in the mock spectra that coincide with peaks in the flux error array. Other lines and shaded regions are as

described in Figure 12.
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Figure C1. Measured fraction of QSO spectra exhibiting long

(L > 30n" Mpc) dark gaps as a function of redshift. The dotted—dashed line
shows the result based on the power law continuum fitting. Other lines and
regions are as described in Figure 5.

Appendix C
F3( Based on the Power-law Continuum Fitting

For reference, in this section, we calculate F5y based on the
power-law continuum fitting. The power-law continua are in
the form of a\™?, with a and b being free parameters. We

21

Zhu et al.

generally estimate the power-law continua over ~1285-1350 A
in the rest frame, which is relatively free of egnission lines, and
we extend the fitting range out to ~2000 A when possible.
Figure C1 compares the results. The consistency (within 10)
between F3, based on the PCA continuum and power law
continuum suggests that our results are insensitive to
continuum-fitting methods.

Appendix D
Effect of Metal Absorbers on F

The strong HT absorption typically associated with metal
systems may potentially impact the observed F3q by connecting
otherwise shorter gaps. We test whether this effect could be
significant by dividing dark gaps at the redshifts of DLAs and
other metal systems. We also exclude a 3000kms ™' region
surrounding the redshift of the metal absorber in order to allow
for extended DLA absorption and/or strong absorbers clustered
around the metal system. As shown in Figure D1, the impact on
F5, is relativel minor, with a maximum decrease of ~0.1 at
z~5.8. We caution that list of metal absorbers used here may
be incomplete; however, we have verified that the three long
dark gaps at z<5.5 in particular do not contain metals to
within the sensitivity of our data. In summary, we find that the
impact of metal systems on F3 in this regard is minor, and that
the homogenous-UVB model is strongly ruled out regardless
of how these systems are treated.
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