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ABSTRACT

Ly o damping wings in the spectra of bright objects at high redshift are a useful probe of the ionization state of the intergalactic
medium during the reionization epoch. It has recently been noted that, despite the inhomogeneous nature of reionization, these
damping wings have a characteristic shape which is a strong function of the volume-weighted average neutral hydrogen fraction
of the intergalactic medium. We present here a closer examination of this finding using a simulation of patchy reionization from
the Sherwood—Relics simulation suite. We show that the characteristic shape and scatter of the damping wings are determined
by the average neutral hydrogen density along the line of sight, weighted by its contribution to the optical depth producing the
damping wing. We find that there is a redshift dependence in the characteristic shape due to the expansion of the Universe.
Finally, we show that it is possible to differentiate between the shapes of damping wings in galaxies and young (or faint) quasars
at different points in the reionization history at large velocity offsets from the point where the transmission first reaches zero.
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1 INTRODUCTION

Lyman-« (Ly «) scattering redward of rest-frame Ly « in the spectra
of luminous objects is a clear indicator of the presence of neutral
hydrogen. In the reionization epoch, even the neutral regions of
the diffuse intergalactic medium (IGM) can cause such a ‘damping
wing’ (Miralda-Escudé 1998). Observations of damping wings in
the spectra of z > 7 quasars indicate that the reionization of the
Universe is in progress at these redshifts (Fan, Bafiados & Simcoe
2023). IGM damping wings have also been observed in the spectra of
high-redshift gamma-ray burst afterglows (Hartoog et al. 2015) and
galaxies (Umeda et al. 2023). However, translating the strength of
observed damping wings to a constraint on the ionization state of the
IGM is non-trivial, in part due to the inhomogeneity of reionization
(McQuinn et al. 2008; Mesinger & Furlanetto 2008). The typical
approach is to marginalize over the position of the quasar host halo
within the large-scale morphology of the ionization field (Greig et al.
2017; Davies et al. 2018).

Recently, another approach was proposed by Chen (2024) using
mock IGM damping wings generated from the CROC cosmological
radiative transfer simulations of reionization (Gnedin 2014). In that
work, the simulated damping wings were shifted along the wave-
length axis, such that the IGM transmission 7 along all lines of sight
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reached zero at the same point. Despite the spatially inhomogeneous
distribution of neutral gas, these realigned damping wings were
shown to have a characteristic shape, which was a strong function
of the IGM volume-weighted average neutral fraction (xy;)y. Ap-
plying the same technique to observations may simplify analyses
of damping wings in the spectra of high-redshift objects, with
Chen (2024) predicting that measurements of the volume-weighted
average IGM neutral fraction of the order of A (xy;)y ~ 0.1 could be
possible.

In this Letter, we investigate this characteristic shape of inter-
galactic damping wings in more detail using one of the Sherwood—
Relics simulations of inhomogeneous reionization. We demonstrate
why this characteristic shape arises. We also explain the origin and
quantify the size of the scatter among the realigned transmission
curves at a given volume-weighted average IGM neutral fraction. In
Section 2, we describe this simulation and outline how we produce
the mock IGM damping wings. In Section 3, we discuss the origin
of this characteristic shape and its scatter and, in Section 4, we make
predictions for the observability of this signal in mock observations
of damping wings in galaxies and quasars. Finally, in Section 5,
we present our conclusions. We assume throughout this work that
Qn =0.308, 2, =0.692, and & = 0.678 (Planck Collaboration XVI
2014).
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2 MOCK INTERGALACTIC DAMPING WINGS

We analyse a simulation of inhomogeneous reionization from the
Sherwood-Relics simulation suite' (Bolton et al. 2017; Puchwein
et al. 2023). This simulation was performed with a modified version
of P-GADGET-3 (Springel 2005). It has a box size of 40 2! cMpc and a
gas particle mass of Mg,, = 9.97 x 104 h~! M,,. Patchy reionization
was treated with a novel hybrid technique described in detail in
Puchwein et al. (2023). In brief, a cosmological hydrodynamic
simulation was performed and then post-processed with the radiative
transfer code ATON (Aubert & Teyssier 2008, 2010). Maps of
the spatially varying UV background from the radiative transfer
simulation at 40 Myr intervals were used as input to a new cos-
mological hydrodynamic simulation, which then accounts for spatial
fluctuations in the ionization state of the gas and its hydrodynamical
response due to inhomogeneous reionization.

Mock intergalactic damping wings were generated as described in
Keating et al. (2023). Lines of sight were extracted in six orthogonal
directions through the 100 most massive haloes in each snapshot,
for a total of 600 sightlines with length 20 h~! cMpc and pixel
size 19.53 h~! ckpc. Additional lines of sight drawn along random
directions through the simulation were spliced together until each
sightline had a total length of 220/4~! cMpc. We selected haloes
from four snapshots with volume-weighted average neutral fractions
(xur)v = (0.29, 0.47, 0.71, 0.91), i.e. separated by A (xy)y ~ 0.2.
This choice was made due to the simulation snapshots available to
us, which were taken at fixed redshifts rather than specific volume-
weighted average neutral fractions.

As will be discussed in Section 3, the characteristic shape of these
damping wings evolves with redshift. Unless otherwise specified, all
the mock damping wings were generated from lines of sight with
densities, distances, and velocities rescaled to z = 6.54 as in Chen
(2024). The Ly o absorption was computed with contributions of gas
in the foreground of the halo using the analytical approximation to
the Voigt profile presented in Tepper-Garcia (2006). For most of this
Letter, we only include the contribution of gas with xy; > 0.5 when
computing the Ly o absorption, as in Chen (2024). We are therefore
neglecting any contribution from residual neutral hydrogen inside
ionized bubbles. This assumption will be relaxed in Section 4.

3 CHARACTERISTIC SHAPE OF IGM
DAMPING WINGS

3.1 Shape at fixed redshift

Using the mock IGM transmission spectra, we first demonstrate
that we recover the characteristic damping wing shape as a function
of volume-weighted average neutral fraction as presented in Chen
(2024; top panel of Fig. 1). We indeed find that, after the mock
damping wings have been shifted along the velocity axis so that
T = 0 at the same point, the shapes of the damping wings generated
at each volume-weighted average neutral fraction strongly resemble
each other. We also plot the IGM damping wings calculated using
the analytical model of Miralda-Escudé (1998), which assumes that
all of the gas is at the mean density at that redshift and that there
is a single average value of xy,; everywhere. As in Chen (2024),
we find that these ‘average’ damping wings are very similar to the
patchy reionization model, after realignment. We find that there is
more overlap in the 68 per cent scatter of our damping wing profiles
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Figure 1. Top: mock IGM damping wings realigned along the velocity
axis such that the different transmission curves all reach a transmission
T = 0 at the same point. The different colours represent different volume-
weighted average neutral fractions. The solid lines are the median values
of the transmission curves generated from the Sherwood-Relics patchy
reionization simulation and the shaded regions show the 68 per cent scatter
around the median. The dashed lines are the realigned transmission curves
calculated using the Miralda-Escudé (1998) damping wing model, assuming
the same volume-weighted average neutral fraction. Bottom: probability
density function of the IGM transmission 7 measured at a velocity of
2000kms~! (after realignment). The shaded region shows the 68 per cent
scatter as plotted in the top panel. The vertical dashed lines mark the
transmission calculated from the Miralda-Escudé (1998) model at the same
velocity offset.

at different (xy,)y than in Chen (2024). This may be because we
probe a slightly narrower range of models with A (xg,)y ~ 0.2, rather
than A(xyg)y ~ 0.25 in that work. We further find that there is
significant overlap between the IGM transmission from the different
(xu1)v outputs outside of the 68 per cent scatter (bottom panel of Fig.
1).

To quantify the source of this scatter, we consider the properties
of the gas surrounding the host galaxies and how that may influence
the shape of the damping wing. In particular, we investigate how
the average HI number density along the line of sight correlates
with the IGM transmission. However, it is important to apply the
correct weighting when doing the averaging. The Voigt profile is
proportional to v=2 in the Lorentzian wings of the profile, where
v is the velocity. We therefore determine the average HI1 number
density by weighting this quantity by (Av)~2. Here, we have defined
Av = |vpixel — V|, Where vy i position of a given pixel on the
velocity axis of our sightline and v is the velocity offset behind the
realignment point (the point where 7 = 0 for the first time) at which
we measure the IGM transmission. The results are shown in the left
panels of Fig. 2, assuming vt = 2000kms~!. Our results are not
sensitive to this choice of velocity offset.

We compare the results for our simulated sightlines to the Miralda-
Escudé (1998) damping wing model for different values of the H1
number density. This model typically assumes an H I number density
ny1 = xui (nu), where ny; is the HI number density, xy; is the
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Figure 2. Top left: the coloured points show the IGM transmission at v = 2000km s~ as a function of the average H 1 number density along the line of sight,
weighted by its contribution to the damping wing. Each panel shows results at a different volume-weighted average IGM neutral fraction. The vertical dotted
line shows the corresponding mean H1 number density. The black dashed lines are the predictions from the Miralda-Escudé (1998) analytical model for the
IGM damping wing and are the same in all panels. Bottom left: probability density function of the average H I number density along a line of sight, weighted by
Av~? as above. The shaded regions show the 68 per cent scatter. We note that the distribution for the model with (xy;)y = 0.29 has a long tail of average H1
number densities extending to below what is plotted here. These correspond to the most ionized sightlines. The vertical dotted line shows the mean H 1 number
density at each volume-weighted average IGM neutral fraction. Right: the top panel shows weak (purple) and strong (blue) IGM transmission curves that have
been realigned such that their transmission reaches 7'= 0 at the same point, drawn from a simulation with (xy,)y, = 0.47 (the sightlines are indicated by the stars
in that panel on the left). The light lines in the middle and bottom panels show the H 1 number density along the line of sight, with the colours corresponding to
the spectra in the top panel. The darker lines show the H1 number density, weighted by its contribution to the average value as plotted in the panels on the left.

average IGM neutral fraction and (ny) is the background hydrogen
density. However, here we wish to explore how variations in the local
ny; impact the IGM transmission, so we explore a range of values. We
find that the transmission is correlated with the average H1 number
density along the sightline, with higher (lower) average H1 densities
producing stronger (weaker) damping wings. The Miralda-Escudé
(1998) model reproduces the relation between IGM transmission
and average HI number density very well.

We find that the average HI number density along our lines of
sight has a substantial scatter, but is clustered around the volume-
weighted average H1 number density for each choice of (xy;)y. This
explains the similarity between the transmission curves for the patchy
simulation and Miralda-Escudé (1998) model in Fig. 1. The scatter is
due to the location of galaxies within ionized bubbles, the clustering
of these bubbles and the density of the environment in which the
galaxy lives. An example of this is shown for two realigned sightlines
in the right panels of Fig. 2. In both cases, there is an island of
neutral hydrogen at the point where 7 = 0. For the stronger damping
wing, this marks the beginning of a long neutral island. However,
for the weaker damping wing, this island marks only a small wall
between two ionized bubbles, resulting in a lower average H 1 number
density. We also find that there is overlap in average HI number
densities measured along different lines of sight between the models
with different volume-averaged IGM neutral fractions (bottom left
of Fig. 2). This explains the overlap in the scatter of the characteristic
damping wing shapes at different points in the reionization history.

3.2 Shape at fixed volume-weighted average neutral fraction

We next investigate how the characteristic damping wing shape
evolves with redshift, holding the volume-weighted average neutral
fraction fixed at (xy,)y = 0.47. We rescale the sightlines from this
simulation output to redshifts z = 6, 8, 10, and 12. The resulting
realigned transmission curves are shown in the top panel of Fig. 3.
We find that the damping wings become stronger towards higher
redshift. Part of this is because the HI number density along a line
of sight will increase as ny; o< (1 + z)>. As shown in the bottom
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panels of Fig. 3, we do find that the densities are higher as we move
to higher redshift.

However, this does not completely explain all of the evolution. We
find that even at fixed proper HI number density, we see stronger
damping wings at higher redshifts. This is because of additional
effects due to the expansion of the Universe when calculating the
optical depth, such as the conversion from proper length to redshift.
We plot the expected transmission in the Miralda-Escudé (1998)
model for the four redshift bins we consider as the four dashed lines
in each panel of Fig. 3 (where we have plotted the lines for all redshifts
in each panel for ease of comparison, but note that the points only
correspond to one line in each panel). Again, the analytical model
nicely recovers the trend found in the simulated sightlines.

4 PROSPECTS FOR OBSERVATIONS

So far we have only presented idealized results, because we have
assumed that there is no residual neutral gas inside the ionized
bubbles (following Chen 2024). However, even a small amount of
residual neutral hydrogen can saturate the absorption in the Ly o
forest, at neutral fractions as low as xg, ~ 10~ (McQuinn 2016).
We have also thus far neglected the peculiar velocities of infalling
gas which can impact Ly & transmission, but this will be a small
effect across the scales of several thousand km s~ that we consider
here. We now investigate how absorption by the residual neutral
hydrogen impacts the observability of the characteristic shape of
damping wings.

We first calculate the Ly o optical depth for the same set of
sightlines as analysed in Fig. 1, but now including the effects of
all the neutral gas, both in the neutral islands and within the ionized
bubbles, as well as the peculiar velocity of the gas. These transmission
curves are representative of the IGM damping wings that may be seen
in high-redshift galaxies or gamma-ray burst afterglows, where the
sources live within ionized bubbles carved out by galaxies. We repeat
the process of realigning the transmission curves. However, due to
small amounts of transmitted flux in the partially ionized regions,
we now realign the curves such that they all reach T = 107° at the
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Figure 3. Top: mock IGM damping wings realigned along the velocity axis
such that the different transmission curves all reach a transmission 7' = 0 at
the same point. The different colours represent different redshifts. The solid
lines are the median values of the transmission curves and the shaded regions
show the 68 per cent scatter around the median. Bottom: the points show the
IGM transmission at 2000 km s~! as a function of the average H1 number
density along the line of sight, weighted by its contribution to the damping
wing. Each panel shows results at a different redshift. The vertical dotted line
shows the mean H I number density at each redshift. The dashed lines are the
predictions from the Miralda-Escudé (1998) analytical model for the IGM
damping wing, which evolves with redshift.

same point. The results are shown in the left panel of Fig. 4. We find
that in contrast to what was shown in Chen (2024) and Fig. 1, we no
longer see a smooth decline in the IGM transmission with decreasing
velocity, but rather a sharp vertical cutoff in the transmission. This
arises from the residual neutral hydrogen in the ionized bubbles
(e.g. Mason & Gronke 2020). Despite this, we still find that the
median of the models with different volume-weighted average IGM
neutral fractions can be distinguished at large velocity offsets from
the realignment point. This may therefore be a useful way to probe
reionization in a large sample of galaxies that JWST will discover,
stacked in different redshift bins. However, noise in the observations
will make it challenging to find the point where the transmission
first reaches T ~ 0. It will also be necessary to accurately model
the intrinsic spectrum of the galaxies to recover the normalized IGM
transmission. Finally, absorption within the galaxy itself will further
confuse the signal (Heintz et al. 2023).

It is also useful to consider how this technique may apply to
damping wings in high-redshift quasars. Currently, only a handful
of quasars are known above redshift 7 (Fan et al. 2023). However,
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with the advent of Euclid, many fainter quasars are predicted to be
discovered (Schindler et al. 2023) which may be good candidates for
stacking at different redshifts and searching for these characteristic
damping wing shapes. To account for the extra ionization by the
quasar of its surroundings, we post-process the sightlines with the
1D radiative transfer code presented in Bolton & Haehnelt (2007).
We assume a magnitude M 450 = —27, similar to the luminosity of
the brightest known quasars. We assume the spectrum is a broken
power law, with £, oc v for 1050A < A < 1450A andf, ocv™19
for A < 1050 A. This results in an ionizing photon rate Ny =19 x
10°7 s71. Euclid is expected to discover many fainter quasars, so we
also investigate a quasar with Mysso = —25 (N, = 3.0 x 10%s7!).
We show here results for two quasar lifetimes, fq = 1 and 10 Myr.
However, in reality, the quasars will sample a range of magnitudes
and lifetimes (e.g. Eilers et al. 2017).

Stacking the quasar transmission spectra is more complicated than
for the previous case, as absorption within the quasar proximity zone
canreach 7= 0, even though there may be more transmission towards
lower redshifts. To account for this, we smooth the transmission
spectra with a boxcar filter with width 20 A in the observed frame,
as is done for measuring quasar proximity zone sizes (Fan et al.
2006). We then realign the transmission curves based on where
this smoothed spectrum reaches T = 107° for the first time, and
stack the smoothed curves to calculate the median and scatter of
the transmission. The results are shown in Fig. 4. We find that for a
magnitude M 450 = —27 and a lifetime of 1 Myr, we do not see a sharp
cutoff in the transmission as was seen for the galaxy transmission
curves. This is because the ionizing photons from the quasar have
ionized much of the residual neutral hydrogen in the bubbles. At
large velocity offset (v > 3000 km s™'), we find that it is possible to
differentiate between the median of the stacked transmission curves
at different values of (xy;)y. At lower velocity offset, it is more
difficult as there is a larger scatter in transmission at low (xy)y.
This is due to the scatter in proximity zone sizes becoming larger as
the neutral islands which impede the quasar ionization front become
rarer.

For a longer quasar lifetime, even though the quasar has had more
time to ionize its surroundings, there again remains a trend with
the volume-weighted average IGM neutral fraction at large velocity
offsets and high (xy,)y. We find that the damping wings of fainter
quasars at longer lifetimes look more like those of young bright
ones, and may therefore be a useful population on which to apply this
technique. It may also be possible to improve the method by stacking
quasars with similar proximity zone sizes, or choosing a different
value of the IGM transmission at which to align the spectra. However,
as with the galaxy damping wings, the noise of the observations
and intrinsic spectrum of the quasar will make the analysis more
complex.

5 CONCLUSIONS

‘We have presented a closer look at the characteristic shape of inter-
galactic damping wings during reionization that was first identified
in Chen (2024). Using a simulation of inhomogeneous reionization
from the Sherwood—Relics simulation suite, we found that we can
recover the same trend presented in that work. Once the transmission
curves are realigned along the velocity axis so that they reach
T = 0 at the same point, the median transmission curve is a
strong function of volume-weighted average IGM neutral fraction
at fixed redshift, but there is overlap between the scatter of realigned
transmission curves generated at different points in the reionization
history.
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Figure 4. Mock IGM damping wings realigned along the velocity axis such that the different transmission curves all reach a transmission 7 = 10~ at the same
point. The colours represent different volume-weighted average IGM neutral fractions. The solid line is the median transmission curve and the shaded regions
show the 68 per cent scatter around the median. Note that we plot a wider velocity range here than in previous figures. Left: transmission curves generated from
a Sherwood-Relics patchy reionization simulation including the residual neutral hydrogen in the bubbles. These damping wings are what would be expected
for galaxies or gamma-ray burst afterglows, ignoring any intrinsic absorption. Middle left: transmission curves generated from a Sherwood-Relics patchy
reionization simulation also assuming ionization by a quasar with My459 = —27 that has been shining for 1 Myr. Middle right: as before, but for a quasar that
has been shining for 10 Myr. Right: as before, but for a fainter quasar with Mj4590 = —25.

We demonstrated that this characteristic shape arises because the
damping wings are set by the average HI number density along
the line of sight, weighted by its contribution to the optical depth.
Scatter in this quantity is driven by fluctuations in the density and
ionization field, and higher (lower) average H1 number densities
result in stronger (weaker) IGM damping wings. We also found
that the characteristic shape of these damping wings evolves with
redshift, due to the expansion of the Universe. These effects are all
well captured by the Miralda-Escudé (1998) IGM damping wing
model.

We finished by showing that although more realistic models of
damping wings in galaxies and quasars distort the characteristic
damping wing shape, it is still possible to tell the difference between
transmission curves drawn from simulations with different (xy,), at
large velocity offset from the realignment point. This suggests that
realigning IGM transmission curves may be a promising avenue for
constraining reionization with large samples of faint objects delivered
by JWST and Euclid.
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