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ABSTRACT

We present the first characterization of the Gunn-Peterson trough in high-redshift galaxies using public JWST NIRSpec spec-
troscopy. This enables us to derive the first/galaxy-based IGM opacity measurements at the end of reionisation. Using galaxy
spectra has several advantages over quasar spectra: it enables measurements of the IGM opacity in any extragalactic field over
a continuous redshift range 4 < z < 7, as well as measurements of the intrinsic Lyman-8 opacity. Our novel constraints are
in good agreement with state-of-the-art ground-based quasar Lyman-a forest observations, and will become competitive as the
number of JWST z > 5 galaxy spectra rapidly increases. We also provide the first constraints on the uncontaminated Lyman-3
opacity at 5 < z < 6. Finally, we demonstrate the power of JWST to connect the ionisation state of the IGM to the sources of
reionisation in a single extragalactic field. We show that a previously reported galaxy overdensity and an excess of Lyman-«
emitters detected with JWST in GOODS-South at z = 5.8 — 5.9 coincides with an anomalously low IGM opacity to Lyman-« at
this redshift. The local photo-ionisation rate excess can be fully accounted for by the cumulative ionising output of Myy < —10
galaxies in the overdensity, provided they have 10go(&ion fese/ [erg™'Hz]) = 24.7 (or equivalently log( &on/ [erg'Hz] = 25.4
and fesc = 20%). Overall, this breakthrough offers a new way to connect the galaxy large-scale structure to the state of the IGM,
potentially enabling us to precisely identify the sources of reionisation.
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1 INTRODUCTION

Cosmic reionisation, when neutral hydrogen in the intergalactic
medium was ionised between 5.3 < z < 15 by the first galaxies
and active galactic nuclei (AGN) in the first billion years after the
Big Bang, is the last global phase transition of the Universe. Its du-
ration, timing and topology are intricately linked to the properties
of the first sources of ionising photons (e.g. Robertson et al. 2013,
2015; Finkelstein et al. 2019; Dayal et al. 2020; Garaldi et al. 2022;
Naidu et al. 2020; Keating et al. 2020). Perhaps the most dramatic
observable of cosmic hydrogen reionisation is the so-called Gunn-
Peterson trough (Gunn & Peterson 1965), i.e. when the Lyman-a
forest of luminous quasars is completely absorbed by neutral hy-
drogen along the line of sight in the intergalactic medium (IGM)
at the end stages of reionisation. Despite its prediction in 1965, the
Gunn-Peterson trough was only detected over 35 years later with the
discovery of z > 6 quasars in SDSS (Becker et al. 2001; Pentericci
etal. 2002; Fan et al. 2006). Further quasar discoveries and follow-up
observations of high-redshift quasars have enabled detailed studies
of their Lyman-a forest and the Gunn-Peterson trough. Although the
Lyman-a forest probes only the very late stages of reionisation when
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the neutral fraction is xpy < 1074, IGM opacity provides valuable
constraints on the timing and topology of the end stages of reionisa-
tion (Becker et al. 2015; Eilers et al. 2018; Yang et al. 2020; Bosman
et al. 2018, 2022). In particular, the increasing scatter in the IGM
opacity observed between different fields as a function of redshift
sets a stringent constraint for different models of reionisation (e.g.
Keating et al. 2020; Garaldi et al. 2022; Werre et al. 2025). The
distribution of dark gap lengths (opaque IGM troughs) can even put
constraints on the IGM neutral fraction up to z ~ 7 (Zhu et al. 2022a;
Jin et al. 2023).

One of the major drawbacks of using the Lyman-« forest of z > 5
luminous quasars (Myy < —22) to probe the IGM is the rarity of
such sources (~ 1 per square degree; Yang et al. 2023; Schindler
et al. 2023). This makes it challenging to connect the fluctuations
in the IGM opacity with the ionising sources responsible for the
IGM topology, as one is bound to study galaxies in the foreground
of quasar fields requiring costly follow-up observations (e.g., Becker
et al. 2018; Christenson et al. 2021; Kakiichi et al. 2018; Meyer
et al. 2020; Kashino et al. 2023; Jin et al. 2024). Furthermore, the
rapid decline in the number density of luminous quasars at high-
redshift (Wang et al. 2021; Schindler et al. 2023) limits the extension
of such studies beyond z > 6 where the Lyman-8 forest could be
used, notwithstanding the uncertainty in the foreground Lyman-a
absorption (e.g. Keating et al. 2018; Zhu et al. 2022b).
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Using galaxy spectra instead of quasars to probe the IGM via the
Lyman-a/p forest absorption circumvents all the issues listed above
as the number density of luminous galaxies is orders of magnitude
higher than that of quasars. In principle, galaxies enable the mea-
surement of the IGM opacity over a large redshift range in any given
field, whereas a single quasar only probes the Lyman-« forest over
Az ~ 1. In turn, this also enables measurements of the uncontami-
nated Lyman-£ opacity as the foreground Lyman-a absorption can
be precisely measured and subtracted using foreground galaxies. Fi-
nally, the high spatial density of luminous galaxies paves the way for
IGM tomography down to ~kpc scales.

The main obstacles to using galaxies is their much lower UV lu-
minosity compared to quasars. Probing the opacity of the IGM with
galaxy spectra beyond z ~ 3 — 4 is challenging with current ground-
based facilities, typically yielding far looser constraints using either
deep narrow-band imaging of their Lyman-« forest (Romano et al.
2019; Kakiichi et al. 2023) or stacking spectra from, e.g., the VAN-
DELS survey (Thomas et al. 2020, 2021). Recently, Matthee et al.
(2024) presented observations of the Lyman-« forest from a single,
ultra-luminous galaxy at z = 4.77 in the MUSE Extremely Deep
Field (MXDF, Bacon et al. 2021). However it must be noted that this
was only possible using the UV-brightest galaxy (M509 = —21.07)
in the MXDF with a 140h MUSE spectrum, illustrating the diffi-
culty in probing the IGM even at z > 5 with galaxies using ground-
based observatories. JWST, however, has the required sensitivity with
Z < 6 stacked galaxy spectra showing excess flux below the Lyman-a
line, likely due to partial transmission through a highly ionised IGM
(Roberts-Borsani et al. 2024; Mason et al. 2025).

In this paper, we showcase the potential of absorption spectra of
galaxies taken by JWST to revolutionise the study of IGM opacity
fluctuations at the end of reionisation and the connection to the
sources of reionisation. JWST NIRSpec spectroscopy (Jakobsen et al.
2022) provides unparalleled sensitivity for hundreds of high-redshift
galaxies at z > 6 (e.g. Bunker et al. 2024; Roberts-Borsani et al.
2024; D’Eugenio et al. 2025b; Heintz et al. 2025), with the PRISM
covering Lyman-a absorption upwards of z ~ 3.9. Using public
PRISM spectra of 290 z > 5 galaxies, we demonstrate that JWST
can detect the Gunn-Peterson trough in galaxies (Section 2). We
show that the constraints on the IGM opacity evolution, using only
public data in the first ~2-3 years of JWST, are rapidly becoming
competitive with quasar-based opacity measurements obtained over
the past two decades (Section 3). We also present the first intrinsic
Lyman-g effective opacity measurements at 5.0 < z < 6.0 (Section
4). Finally, as a demonstration, we show that an over-ionised patch
of the IGM in GOODS-South at z = 5.8 — 5.9 is coincident with
an excess of Lyman-« emitters reported in Witstok et al. (2024a),
and that the required ionising photon rate density is fully accounted
by the local galaxy population (Section 5). This work opens new
avenues to map the topology of reionisation and connect it to the
galaxies detected by JWST to uncover the sources of reionisation.

Throughout this paper, we use a concordance cosmology with
Hy =170 kms_lMpc_l, Qpr = 0.3, Qx = 0.7 and quote magnitudes
in the AB system (Oke & Gunn 1983).

2 DATASET AND METHODS
2.1 JWST Archival NIRSpec sample

Measurements of the Lyman-« forest transmission require precise
redshifts and coverage of both the Lyman-a forest itself and strong
constraints on the UV continuum and slope redwards of Lyman-a
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emission line to infer the intrinsic continuum level. The NIRSpec
PRISM affords continuous 0.6-5.3 um coverage at low spectral res-
olution (R ~ 30 — 300), making it the most sensitive and best suited
of JWST’s spectroscopic instruments. We therefore utilize an up-
dated and expanded version of the spectral catalogue constructed
by Roberts-Borsani et al. (2024). The details of the data reduction
and redshift derivations will be presented in a forthcoming paper
(Roberts-Borsani et al, in prep.), however it follows closely the pro-
cedure outlined by de Graaff et al. (2024) and other spectra in the
DJA archive !, and we provide a short summary here.

Briefly, the uncalibrated spectra are downloaded from the Mikul-
ski Archive for Space Telescopes (MAST) and run through the JWST
Detector1Pipeline step to convert into countrate spectra, including in-
termediate steps with the snowbl ind? Python module for better iden-
tification of snowball artefacts. The spectra are then passed through
the Spec2Pipeline step with the msaexp code (Brammer 2023), in-
cluding additional corrections for 1/f striping and a rescaling of the
spectrum read noise, to deliver flat-fielded and flux-calibrated 2D
spectra. From those, the 2D spectra of each source are background-
subtracted using adjacent nodded exposures and combined to yield a
final 2D spectrum, from which a 1D spectrum is then extracted using
a Gaussian kernel fit to the spatial profile of the 2D spectrum and
corrected for wavelength-dependent pathloss effects.

Each resulting prism spectrum is fit with the EAzY (Brammer et al.
2008) redshift-fitting module of msaexp and visually inspected for
catastrophic failures at any point in the above process. The data sets
considered derive from publicly-available observations that targeted
key extragalactic legacy fields (see references in Roberts-Borsani
et al. 2024 and Roberts-Borsani et al in prep), including ERS 1345,
GTO programs (1180, 1181, 1208, 1210, 1211, 1212, 1213, 1214,
1215, 1286, 1287), GO Cycle 1-3 programs (1433, 1747,2561, 2565,
2767,3215, 4233, 6368), and DDT Cycle 1-3 programs (2750, 2756,
6541) over a number of legacy fields and lensing clusters, yielding
a total sample of 1684 galaxies at redshifts z > 5 with a prism
spectrum.

2.2 Intrinsic continuum inference with BAGPIPES

In order to measure the Lyman-a/f forest transmission in individ-
ual galaxy spectra, we first need to reconstruct the intrinsic contin-
uum emission. Specifically, we fit a BAGPIPES model to the spec-
trum redwards of Lyman-a and extrapolate the best-fit model to
the Lyman-a/f forest wavelength regime. Therefore we first ex-
clude any spectrum with a median SNR< 5 in the rest-frame UV
computed over the wavelength range 1300 A < Aese < 2800 A as
this would result in very low SNR bluewards over the Lyman-o/f3
forest wavelength range. We fit the remaining high-SNR galaxy NIR-
Spec/PRISM spectra presented in the previous section using the latest
version of BAGPIPES (Carnall et al. 2018), using the error array from
msaexp as the uncertainties and accounting for rapidly changing res-
olution of the PRISM as a function of wavelength. Specifically, we
exclude all rest-frame emission bluewards of Aest = 1280 A (e.g
~ 16000 km s~ 1) to avoid any bias due to IGM damping wing or
Damped Lyman-a Absorbers (DLA) biasing the fit (see e.g. Heintz
et al. 2025; Huberty et al. 2025; Mason et al. 2025). We fit each spec-
trum with a delayed star formation history (0.1 < 7/[Gyr] < 10),
a Calzetti et al. (2000) dust attenuation law with a flat 0 < A,, < 8
prior, nebular line emission with —4 < log U < —2 and metallicities

I https://dawn-cph.github.io/dja/index.html
2 https://github.com/mpi-astronomy/snowblind
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Field 5<z<6 6<z<7 T7<z<8 8<z<9 z>9
Abell2744 11 3 2 1 2
Abell370 1 4 2 0 0
COSMOS 6 2 0 0 0
EGS 30 13 4 2 0
GOODS-N 24 10 2 0 2
GOODS-S 55 23 18 4 6
MACS0416 5 2 0 0 0
MACS0417 2 0 0 1 0
MACS0647 1 0 0 0 0
MACS1149 2 2 1 1 1
MACS1423 0 0 0 1 0
RXJ2129 1 0 0 0 0
UDS 22 13 5 1 2
Total 160 72 34 11 13

Table 1. Number of galaxies per field at different redshift used in this analysis
(see further Section 2).

spanning 0 — 2.5 Zo. BAGPIPES uses Bruzual & Charlot (2003) SSP
models with a Kroupa (2001) initial mass function. We visually in-
spect the resulting best-fit spectra, removing poor fits to rest-frame
UV/optical, in particular “Little Red Dots” or sources with red contin-
uum suspected to have obscured AGN contributing to their spectrum.
A small number (< 10) of objects with strong rest-frame UV lines
also show poor fits to the wavelength range < 1500 A which could
result in potentially biased continuum in the Lyman forest range, and
are therefore removed. This leaves 286 galaxies at 5 < z < 11 which
are suitable for our analysis, where a large fraction of galaxies are
removed from the inital sample of 1684 by the SNR> 5 cut described
above. We summarise in Table 1 the number of objects in each field
as a function of redshift in the final sample.

We present individual spectra and fits for a random selection of
galaxies used in this study selected from a variety of programmes in
Appendix A. The maximum-likelihood BAGPIPES spectra and 16-
84th percentiles uncertainties computed by drawing samples from
the parameter posterior distribution are in good agreement with the
observed spectra. Some of the lower-redshift galaxies clearly show
flux transmitted below the Lyman-a break, indicative of transmission
in a highly ionised IGM.

To reveal the average Lyman-q« forest and its evolution as a function
of redshift, we normalise all the observed spectra by dividing by
the posterior BAGPIPES SED, downsampled and convolved by the
resolution of the PRISM spectrum to match the data, propagating
the uncertainty in the best-fit model to the normalised spectrum. We
then stack all the galaxy spectra in Az = 0.2 intervals. We show the
normalised and stacked spectra in Figure 1. The spectra clearly show
the Lyman-a break and the increasing absorption of the Lyman-
a forest flux, with a complete Gunn-Peterson trough detected at
Aya R 6.

3 JWST CONSTRAINTS ON THE IGM OPACITY TO
LYMAN-a AT 4.2 < Z < 10 FROM GALAXY
SPECTROSCOPY

The detection of the Gunn-Peterson trough in stacked galaxy spectra
provides a completely independent measurement of the IGM opacity
at the end of reionisation. We recall that the IGM effective opacity
to Lyman-a photons 7  is defined as the mean transmitted flux in
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Figure 1. Stacked normalised spectra of galaxies at 5.0 < z < 6.8 showing
the apparition of the Gunn-Peterson trough below the Lyman-a wavelength
and the IGM damping wing at z 2 6. The Lyman- @ and —f lines wavelength
at the systemic redshift (measured from the rest-frame optical lines) are shown
with vertical dashed lines. The error on each stack is shown in dark red, and
the zero-level with a dashed black line.

the Lyman-« forest,

Faobs ) (1)

Teff,a = — I{Ta) = _1n<

F(l,COl’ll

where the flux is averaged () over a fixed redshift or length interval.
We can thus measure the IGM transmission 7, in the Lyman-« forest
wavelength range of each galaxy in our sample by normalising each
spectrum by the best-fit BAGPIPES spectrum. In doing so we add in
quadrature the uncertainties on the BAGPIPES model extrapolated to
the Lyman-a forest range to the observed error array. The median
uncertainty on the intrinsic continuum model in the forest wavelength
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Figure 2. IGM transmission of Lyman-a T, (left panel) and corresponding IGM opacity Tf,ﬂ (right panel) as a function of redshift. The quasar measurements
are shown with coloured diamonds (Becker et al. 2013; Liu & Bordoloi 2021; Yang et al. 2020; Bosman et al. 2022). Our measurements are shown in black, with
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single field measurements in grey. We only show the SNR> 2 individual field detections for ‘r(ff . The median error on the individual field measurements are
shown in the corners of the two plots. The errors on the stacked values reflect the accuracy on the mean transmission, and do not encompass the field variance.
All measured values, including errors, are available in Appendix B. We also show an extended version in redshift of the left panel in Figure B1.

range is ~ 6%, lower than the median observed error ~ 25%, although
we note that in deep spectra the model continuum uncertainty will
dominate.

To measure the opacity to Lyman-a@ we use every pixel in the
normalised PRISM spectra at 1036 A < Arest < 1180 A. By design,
the upper limit is bluewards of Lyman-a by ~ 8600 km s~ Linorderto
avoid any bias due to DLAs and large ionised bubbles and taking into
account the low PRISM resolution. The lower limit excludes pixels
closer than ~ 3000 km s~! from the Lyman-g wavelength to avoid
contamination by Lyman-g absorption. Similarly, for the Lyman-g
range we use pixels in 972.5 < Apegt < 1015.7 A. In both cases we
also exclude pixels below the observed wavelength of Arest < 6300
A as the quality of the PRISM spectra degrades significantly. Finally,
we remove pixels with transmission Ty, < =207 or Tg > 1 + 207,
where o7 is the error on the transmission. As argued in quasar-
based studies of the high-redshift Lyman-« forest, such values are
either unphysical or sufficiently rare noise fluctuations (< 5%, by
definition) that their removal does not bias significantly the mean
IGM transmission in the final stack (e.g. Bosman et al. 2018; Eilers
et al. 2018; Yang et al. 2020; Bosman et al. 2022).

We then stack the measurement in redshift intervals of Az = 0.1 to
measure the mean transmission to Lyman-a as a function of redshift.
Each transmission value is inverse-weighted by the error as well as
the number of galaxies in the same field contributing to the mea-
surement in a given redshift bin. The latter weighting is introduced
in order to prevent individual fields with a higher number of spectra
from skewing the global measurement. We note that differences in
the depth of observations between fields, resulting in widely differ-
ent SNR, will nonetheless still skew the measurement closer to the
field with the highest SNR spectra as we also weight by the inverse
variance.

We present our measured mean IGM transmission and effective
opacity of Lyman-a as a function of redshift in Figure 2, with an
extended version in redshift and measured transmission values avail-
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able in Appendix B. By virtue of the very high redshift galaxies
detectable with JWST/NIRSpec, we can in principle measure IGM
opacities in the Lyman-« forest beyond the current limit for quasars
z =~ 7.6 (Wang et al. 2021). However, the Lyman-a forest opacity
saturation at z ~ 6 and the relatively low signal-to-noise ratio of
our spectra only result in SNR< 2 non-detections at z > 6.0. Future
JWST observations at higher spectral resolution using the G140M
grating might however detect transmission spikes in the Lyman-a
forest range of higher redshift galaxies, as found in high-redshift
quasar spectra (e.g. Yang et al. 2020).

We find very good agreement with quasar-based results for the
IGM opacity at z ~ 4.5-6.5 (e.g Becker et al. 2013; Liu & Bordoloi
2021; Yang et al. 2020; Eilers et al. 2018; Bosman et al. 2018, 2022),
with most scatter likely due to cosmic variance within our small
number of fields (< 12). Overall, we find a exponential increase in
the IGM opacity from 7T ~ 1 at z = 43 to 7 ~ 3at 7 = 5.8,
consistent with previous studies. At z > 6 the Lyman-« forest is
completely absorbed and we can only provide upper limits on the ef-
fective opacity. As a consistency check we measure the transmission
up to z ~ 10 and find fluxes consistent with zero as expected (see
Appendix B and Figure B1).

We find a systematic offset between our measurements and that
of Yang et al. (2020), similar to that found by Bosman et al. (2022).
Bosman et al. (2022) argued that this difference likely stemmed from
the different approach to quasar continuum reconstruction. Our use
of galaxies rather than quasars, with different continuum normalisa-
tion approaches and systematics, supports the argument of Bosman
et al. (2022) that simple power-law continuum models for quasars
introduce a bias in the measured Lyman-a forest transmission (see
further Bosman et al. 2021, for a detailed comparison of quasar con-
tinuum reconstruction models). This highlights the importance of
galaxy-based measurement as an independent constraint on the IGM
opacity.

At lower redshift, we find some deviations from the quasar-based



measurements of Becker et al. (2013); Liu & Bordoloi (2021). This
could be due to two factors. Firstly the number of galaxies available
for the measurement of Lyman-« forest transmission z < 4.6, making
the measurements more sensitive to cosmic variance and potentially
biased towards one or two high-opacity fields. Secondly, Lyman-a at
7 < 4.6 corresponds to Agps < 6800 A, at the extreme blue end of the
PRISM wavelength coverage where the transmission drops rapidly
and the data is extremely noisy, potentially affecting our measured
transmission. We do not attempt to correct for such effects in this
work as we focus on the redshift range z > 5 and the reionisation era.

The IGM transmission to Lyman-a presented in Figure 2 shows
an excess compared the quasar-based measurements at z ~ 5.8 — 6.0,
and a lower opacity at z ~ 5.1 — 5.2. Crucially, the number of
independent fields used in this study is < 12 at 4.2 < z < 7.3 (see
Appendix B), which is well below the ~ 30 — 60 quasar sightlines
used by Bosman et al. (2022) in each of their redshift bins. In turn,
our measurements are more affected by cosmic variance, especially
as we use a heterogeneous dataset with varying exposure times and
SNR between our fields. We can therefore investigate whether the
high mean transmission at z = 5.8 — 6.0 is driven by one or several
highly transmissive fields.

We show the cumulative distribution function of the opacities
measured by Bosman et al. (2022) and the optical depth measured in
GOODS-South/North, UDS and EGS at z = 5.0,5.3,5.8, 5.9 in Fig-
ure 3. The scatter between the four fields where we have the most data
(GOODS-North/South, UDS and EGS) is consistent with the scatter
observed between quasars sightlines. For example, at z = 5.0 EGS
is in the top ~ 25th percentile of most ionised sightlines, whereas
GOODS-South and UDS are around the 60-70th percentile of ionised
sightlines (e.g. more opaque than the median sightline). At z = 5.3,
all fields are more transparent than the median sightline, except for
UDS. We refer to Appendix B for all the field-by-field measure-
ments. We find that one field (GOODS-South) is significantly more
transmissive than other fields at z ~ 5.8 — 5.9, being in the top 7th
and 4th percentile of most transmissive sightlines at z = 5.8 — 5.9,
respectively. We will discuss in Section 5 how the ionising output
of the galaxies present in GOODS-South at this redshift can account
for the low IGM opacity and, in turn, the large number of Lyman-a
emitters detected (Witstok et al. 2024b).

This proof-of-concept study has shown the potential of JWST spec-
troscopy of galaxy to study the IGM during and after reionisation
in a novel way. We now briefly discuss the outlook for using JWST
spectra of galaxies to probe the IGM opacity. Currently, the effec-
tive optical depth is only constrained up to z ~ 5.9. This is purely
driven by the depth of the stacked transmission measurement, which
is currently T < 0.025 (107) at z = 6.0 — 7.0 (see Appendix B). To
constrain the optical depth at z = 6.5 and compete with quasar-based
measurements (7o ~ —6, Ty ~ 2.4 x 1073), an increase of at least
~ 20 in SNR would be required. This can either be achieved with a
larger number of spectra, deeper observations or targetting intrinsi-
cally brighter objects. This is certainly feasible within the extended
lifetime of JWST, given that MSA (PRISM) observations account
for a relatively large fraction of observing time. Although the errors
on the transmission are currently dominated by the observed stacked
flux uncertainties, improvement in the Lyman-o continuum will be
required as the number and depth of spectra increases. Finally, we
note that currently the measurement is still sensitive by cosmic vari-
ance as the number of fields is < 12 at all redshift (see Appendix B).
In this area the promise of JWST is great, and it is likely that more
than ~ 50 fields (Bosman et al. 2022) will be observed with sufficient
SNR during the mission lifetime, greatly improving constraints on
the scatter in IGM opacities observed at the end of reionisation.

Probing patchy reionisation with JWST 5
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Figure 3. Cumulative distribution function of the effective IGM optical depth
to Lymane, reproduced from Bosman et al. (2022) at z = 5.0,5.3,5.8,5.9
(top to bottom). The measured optical depth for GOODS-South, GOODS-
North, EGS and Abell 2744 is shown with coloured points and limits (207).
The all-fields (excluding GOODS-South) measurement is shown in black.

4 PROBING THE INTRINSIC LYMAN-S OPACITY

Ever since the detection of the Gunn-Peterson trough in the Lyman-a
forest of z > 6 SDSS quasars, the possibility of using the Lyman-3
forest as an additional probe of the IGM during reionisation has been
discussed (e.g. Dijkstra et al. 2004; Fan et al. 2006; Furlanetto &
Oh 2009). Lyman- has an oscillator strength lower than Lyman-a
(fLye = 04164, f1yg = 0.0791), and thus probes higher densities
than the Lyman-c transition. In turn, Lyman-8 can be detected up
higher redshift than Lyman-a as its equivalent forest saturates at
earlier times (e.g. Eilers et al. 2019; Yang et al. 2020). The IGM
opacity to Lyman-g is however poorly constrained at z > 5 due to
a lack of suitable observations. Indeed the observed Lyman-g forest
also contains absorption by the foreground Lyman-a forest

(1+2)25 1))

" (@3]

Tgbs (z) = exp (_T[tgrue (2) - Ta (

In quasar sightlines the foreground Lyman-« forest absorption is
never accurately known due to the absence of a suitable lower redshift
quasar along the same sightline. It is thus subtracted using the mean
Lyman-«@ opacity at lower redshift, introducing large uncertainties.
With the detection of the Lyman-a /g forest with JWST galaxies, we
can now detect the Lyman-a and Lyman-g forest simultaneously in a
given field using galaxies at different redshifts but separated only by
less than a few arcminutes on the sky. This enables the exact subtrac-
tion of the foreground Lyman-« absorption in any given sightline,
provided enough high-SNR spectra cover both the Lyman-a and 8
forest in this field. JWST/NIRSpec coverage further limits this anal-
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Figure 4. Top panel: Observed effective optical depth in the Lyman-g3 for-
est, including contamination by foreground Lyman-«a emission. Our stacked
measurements (black) are shown alongside quasar measurements from Eilers
etal. (2019); Yang et al. (2020). We show the measurement in GOODS-South
in red, which dominates the stacked measurement. Bottom panel: Intrinsic
optical in the Lyman-f corrected for the foreground Lyman-« forest ab-
sorption in the same field using lower-redshift JWST galaxies. Overall, the
measurements are in good agreement with the optical depth from Lyman-«
and key IGM parameters (7y, v, I'a1 - see further text). The shaded area only
includes the error on the 7, measurement (Bosman et al. 2022) but not the
uncertainties of the various IGM parameters.

ysis to the redshift range z > 5.5 as we only detect Lyman-a from
z ~ 4.2 onwards (the NIRSpec PRISM covers in principle Lyman-«
from z = 3.9, but we have excluded the observed wavelength range
A < 6300 A, see Section 2).

We present the observed and intrinsic effective optical depth
in Lyman-g (corrected by the foreground Lyman-a absorption) at
5.2 < z < 6.4 in our fields in Fig. 4. The number of galaxies con-
tributing to the measurement is low (< 9 per redshift bin) for the
reasons discussed above. At 5.2 < z < 6.0 we find good agreement
with the observed Lyman-£ optical depths reported by Eilers et al.
(2019) using quasars. We have only one detection of the Lyman-$
forest at z > 5.8, e.g. in the redshift bin z = 6.1. The optical depth
at z = 6.1 is significantly lower than the results of (Yang et al. 2020)
using quasars, which could be explained twofold. Firstly we have
noted in Section 3 that the IGM transmission (optical depth) of Yang
et al. (2020) are lower (higher) than those of Bosman et al. (2022)
due to differences in the continuum normalisation used. This effect
extends to the Lyman-/ range, and we thus expect to have lower opti-
cal depths than Yang et al. (2020) since our measurements agree with
that of Bosman et al. (2022). Secondly, the measurement at z > 5.6
is dominated by the GOODS-South field which is over-ionised at
z ~ 6 as discussed previously. Hence the redshift evolution observed
in the observed Lyman-f opacity is in part driven by cosmic variance
as the fields contributing to the measurement at different redshifts
change. Although additional data is required to firmly conclude on
this matter, we emphasize that we can already detect Lyman-£ trans-
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mission (including correction for foreground Lyman-a absorption)
up to z = 6.1. This showcases the potential of Lyman-£ and po-
tentially Lyman-y to probe the IGM opacity up to the mid-point of
reionisation at z ~ 6.5 — 7.0 with additional high-SNR JWST data.

We now turn to the intrinsic (foreground-free) Lyman-gS opacity
which we show in the bottom panel of Figure 4. This is the first time
that the intrinsic Lyman-g optical depth can be measured during
reionisation with an accurate subtraction of the foreground Lyman-«
forest. We perform a simple calculation of the expected 75 to verify
whether our measurements are compatible with the observed Lyman-
a opacities and the observed properties of the IGM (temperature,
temperature-density relation) at z ~ 5 — 6. In a uniform density
medium with a uniform UV background, the ratio between the two
opacities is fixed:

_ JLypALyp

= Tq = 0.1674 . 3)
fLya/ﬁLya ¢ “

However, these assumptions are not valid over a redshift interval
Az = 0.1 (where we measure the opacity), especially at z > 5.3
when reionisation is still patchy (Bosman et al. 2022). The effective
optical depth measured in sizeable redshift interval is obtained as the
integral over the distribution of gas overdensities

eTels = / eTA0) Py (Ap)dA @
Ap

where we use the fluctuating Gunn-Peterson approximation and 7' =

ToAzfl to relate the optical depth to the photo-ionisation rate (see,
e.g. Becker et al. 2015, for a review),

ro(Ay) = 114270720 (T R R
@%b b 10-12 51 104 K 7 :
5)

where we Ap, is the baryon overdensity, y = 1.04 + 0.22, Ty =
12000 + 2200 K (Gaikwad et al. 2020). where we integrate over the
baryon overdensity distribution. We use the Miralda-Escudé et al.
(2000) parametrization for the overdensity distribution

(0,77 - )2

PV(Ab)dAb = AA;ﬁ exp —W
0

dAb 5 (6)

with their best-fit parameters at z = 6 (A = 0.864,8 = 2.5,Cy =
0.88, ¢ = 1.09).

Since the Lyman-£ opacity follows from Eq. 5 except for a mul-
tiplying factor of 0.16, the effective optical depths of the two transi-
tions computed in Equation 4 are sensitive to different overdensities,
and thus their ratio is in principle dependent on the temperature-

density relation of the IGM T = TOAZA and the ionisation param-
eter I'yy. Eilers et al. (2019) have reported potential evidence for
a inverted temperature-density relations ratio during the epoch of
reionisation using Lyman-# observations, but further work by Keat-
ing et al. (2020) concluded that the inversion was not required. Our
Lyman-g opacities can now provide an additional test of this possible
temperature-density relation inversion.

We find a ratio of Lyman-« to Lyman-f optical depth of ~ 2.4 in
the redshiftrange z ~ 5—6usingy = 1.04+0.22, Ty = 12000+2200 K
(Gaikwad et al. 2020) and the Haardt & Madau (2012) I'gy values
in the range 5 < z < 6.2. We show the expected Lyman-£ optical
depth against our intrinsic Lyman-g optical depth measurement in
the bottom panel of Fig. 4. We find good agreement between the
two, except for the redshift bin z = 6.1 where the caveats discussed
previously apply. We conclude that our data is consistent with the



IGM properties measured in previous works, and does not show ev-
idence for an inverted temperature-density relation. This showcases
the potential of JWST to probe the properties of the IGM at the end
of reionisation using a combination of the Lyman-a//3/y forest.

5 AN OVER-IONISED IGM IN GOODS-SOUTH AT THE
END OF REIONISATION

Having discussed the new constraints on the IGM opacity now avail-
able with JWST, we demonstrate its power to probe to the connection
between the observed IGM opacity and the sources of reionisation
in a single extragalactic deep field. We show the IGM effective op-
tical depth to Lyman-a measured in all our fields (with and without
GOODS-South), alongside that of the GOODS-South sightline, in
Figure 5. Our mean effective opacity 7.y measurements without
GOODS-South are consistent with that of Bosman et al. (2022),
whereas GOODS-South presents a significantly lower optical depth
than average at z = 5.8 — 6.0 (as discussed already in Section 3).
This lower opacity (or, equivalently, higher transmission of Lyman-
@), is coincident with the large number of strong Lyman-« emitters
reported in JADES (Witstok et al. 2024b). This is the confirmation
that excess Lyman-a transmission is due to a locally over-ionised (or
over-transparent) IGM. Conversely, we also find a tentatively higher
optical depth than average at z = 4.8 in GOODS-South, coincident
with a large overdensity of Lyman-a emitters (LAE) at the same
redshift detected in the MXDF (Bacon et al. 2023). This is expected
after reionisation, as the local increase in photo-ionisation rate from
galaxy overdensities has a negligible impact on the transmission as
the IGM is fully ionised, but the associated gas overdensity still leads
to increased absorption (Adelberger et al. 2003, 2005; Crighton et al.
2011; Turner et al. 2014; Momose et al. 2021; Matthee et al. 2024).

Can we explain such a low opacity at z = 5.8 — 5.9 (and con-
versely, a high ionisation rate) in this volume and thus fully ex-
plain the low IGM opacity and the high number of LAEs? In other
words, can we balance the reionisation budget in a small field of
view (~ 56 — 64 arcminz) and a small redshift interval (Az = 0.2)?
We start by inferring the photo-ionisation rate density in GOODS-
South at z = 5.8 — 5.9 implied by the observed low effective op-
tical depth (v = 2.62 + 0.38,2.45 + 0.26 at z = 5.8,5.9, re-
spectively, see also Appendix B). We measure an optical depth of
2.6226 +0.3813,2.4523 £ 0.2558 at z = 5.8,5.9 in GOODS-South
(see also Appendix B). Using Equation 5, we can determine the cor-
responding photo- ionisation rate at the redshift of interest I'y(z =
5.8) = 0.57*0:18 x10712 571 Ty (z = 5.8) = 0.65*%19 x 1071271
This is considerably (3— 4><) higher than the mean photo- 1on1sat10n at
these redshifts [, = 0.178*0-124 0.151*0:150 5 10712 571 respec-
tively (Gaikwad et al. 2023), as expected from the unexpectedly low
effective optical depth. Finally, we infer the corresponding average
ionising photon rate density 7i;,, in GOODS-South at this redshift
using the following relation (e.g. Faucher-Giguere et al. 2008; Becker
& Bolton 2013)

Thr = —S— 091 Amipiiion (1 +2)° @)
ag + 3 mfp’tion
where ay is the far-UV continuum slope, 093 is the Lyman-Limit
cross-section and Ayfp is the mean free path of hydrogen-ionising
photons. We use 091 = 6.35 X 1018 2 and assume ag = 3.
The average mean free path of ionising photons at z = 5.9 is
Amfp = 10. 5+9 0 o cMpc (Gaikwad et al. 2023). However, it is likely
that the mean free path is very different in GOODS-South at z = 5.9

Probing patchy reionisation with JWST 7

5.0
==+ Bosman+2022 (Quasars)

45} @ Allfields - except GOODS-S

I All fields - incl. GOODS-S
a0l @ GOODS-South only

4 Matthee+2024, MXDF
35F
3.0F

: o
N
o

Lya effective optical depth

%,
>

hee

E‘ 1 JADES LAEs MXDF LAEs [ FRESCO Ha
—
[e]
Pz
%]
Q
<
©
©
(=2}
2 | ] | [uaie
5.25 5. 50 5.75 6.0 6.25
Redshift

Figure S. Top panel: Evolution of the effective Lyman-« optical depth with
redshift. We show our measurement in black circles using all fields except
GOODS-South, in good agreement with the quasar sightlines measurement
of Bosman et al. (2022). The effective optical depth measured in GOODS-
South is shown in red, showing clearly a low optical depth at z ~ 5.8 — 6.0.
We also show our measurement using all fields including GOODS-South
in grey squares, demonstrating that this field is significantly affecting the
mean optical depth. Lower panel: Normalised number of Lyman- a emitters
selected from JADES (red, Witstok et al. 2024b) and the MUSE HUDF (brick
red Bacon et al. 2023), and Ha emitters from FRESCO (Covelo-Paz et al.
2025). Clearly, the high number of LAEs at z ~ 5.8 — 6.0 is coincident
with the lower optical depth measured in this study. Coincidentally, we find
a higher optical depth at z ~ 4.8 coincident with the overdensity detected in
the HUDF LAEs, linked to the brightest z > 3 galaxy in the MXDF (Matthee
et al. 2022).

due to the over-ionised and over-dense environment. Theoretical stud-
ies show that the mean free path varies as a function of the local photo-

ionisation rate and baryon overdensity with Apng = Ao (FLO)'B AZ
(Miralda-Escudé et al. 2000; McQuinn et al. 2011; Davies & Furlan-
etto 2016; Chardin et al. 2017). We adopt fiducial values of 8 = %
and y = —1 following the work cited previously. As we have mea-
sured the locally enhanced photo-ionisation from the IGM opacity
to Lyman-a, we now only need to determine the baryon overdensity
in GS at z = 5.85.

We proceed by measuring the UV luminosity function at z =
5.85 + 0.1 using spectroscopically-confirmed Ha emitters from
FRESCO in GOODS-South (Covelo-Paz et al. 2025). We apply
the completeness corrections detailed in Covelo-Paz et al. (2025),
and compute errors by combining Poisson errors for the num-
ber of galaxies and a 20% error on the completeness. We show
the spectroscopically-confirmed UVLF at z = 5.85 in GOODS-
South alongside the measurement from Bouwens et al. (2021) us-
ing multiple extragalactic fields in Figure 6. At brighter magnitudes
(Myvy < —20) the flux sensitivity limits of FRESCO result in a de-
cline of the number of objects as low equivalent width Ha emitters are
not detected. However, the two highest magnitude bins show clearly
a higher number of UV-luminous galaxies than the mean expecta-
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Figure 6. UV luminosity function of FRESCO Ha emitters in GOODS-South
at z = 5.85 £ 0.1 from Covelo-Paz et al. (2025, circles). We apply complete-
ness corrections from Covelo-Paz et al. (2025), and compute uncertainties by
taking into account the Poisson statistics in each bin as well as a 20% error on
the completeness. We show in black the UVLF from Bouwens et al. (2021)
evaluated at z = 5.85, with our best-fit to the bright-end of the measured
UVLF with a multiplicative factor of 2.04 + 0.12 in dashed orange. Empty
circles have a low completeness due to the Ha/UV luminosity scatter and the
FRESCO sensitivity, and are not used in the fit.

tion from Bouwens et al. (2021). We fit for a multiplication factor to
the UVLF in order to match the local spectroscopically-confirmed
UVLF, finding an overdensity parameter of 1+ g7 = 2.04 £0.12
where 6gq1 = Ngai /Nmean — 1. Helton et al. (2024) also reported a
large overdensity in GOODS at 5.928, with an overdensity param-
eter of dg47 = 4.93 + 0.23, albeit in a smaller volume than the one
considered for the z = 5.85 UVLF here (3.4 x 103 cMpc? against
23.6x 10 chc3 ). Averaging the overdensity of (Helton et al. 2024)
and a mean overdensity of 1 + dg,; = 1 in the remainder of our
volume results in a value of 1+ dgq; = 1.71 £ 0.04, slightly be-
low our result of 2.04 + 0.12. The tension is small (2.60°) but still
suggests that (parts of) the remainder of the GOODS-South volume
at z = 5.85 £ 0.1 is slightly overdense, as recently confirmed by
D’Eugenio et al. (2025a).

With the galaxy overdensity in our volume computed, we assume
that 1 + gy = Ap and derive a mean free path of 12.4‘:20 cMpc
(~ 5.2 arcmin at z = 5.85), implying that ionising photons can freely
cross most of the field of view of JADES or FRESCO in GOODS-
South at that redshift. Consequently, we infer the ionising photon

rate density in GOODS-South #jon(z = 5.85,GS) = 3.15%967 x

103! -1 chc_3 using Eq. 7, which is 5x higher than the average
value in the Universe at this redshift (Gaikwad et al. 2023).

We now consider the ionising contribution of galaxies in the same
volume, starting first with the detected Ha emitters in JADES and
FRESCO. Assuming negligible dust attenuation, we can convert
the observed Her luminosity to the ionising output directly for each
galaxy using

ceff Lyq
Nion = Jese ca(1 = fesc) ®

where fesc is the escape fraction of ionising photons. We use case
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Figure 7. The ionising photon budget in GOODS-South at z = 5.85+0.1. We
show the constraints from the IGM effective opacity to Lyman-a in GOODS-
South with an orange solid horizontal line and shaded area (for comparison,
we also show the average measurement from Gaikwad et al. 2023 in shaded
gray). The ionising photon contribution of galaxies as a function of limiting
UV magnitude is shown in with different lines for different parameters of
the UV density, ionising efficiency and escape fraction parameters. Even
accounting for the over-abundance (x2.04) of galaxies in GOODS-South, we
find that galaxies with Myy < —12 can account for the anomalously low
opacity only if they have ( fese &ion) = 0.2 X 102-4 Hz erg™!.

B recombination theory, assuming T, = 10* K and n, = 100 cm™3

recombination coefficient ¢, = 1.37 x 10712 erg (e.g. Kennicutt
1998; Schaerer 2003). We compute the total ionisation rate of the
FRESCO- and JADES-detected galaxies and divide by the respective
survey volume to obtain an average ionisation rate density. Assuming
an escape fraction of fesc = 10%, we find 7o, (FRESCO, GS, z =
5.85) = 1.21 +£0.02 x 10%° s=! cMpc~3 and ;o (JADES, GS, z =
5.85) = 1.02 £ 0.01 x 109% s cMpc~3. These values are ~ 30x
lower than that implied by the low IGM opacity, meaning that even
with fesc = 100% for all galaxies, the objects detected in JADES or
FRESCO would still account only for a third of the ionising budget.
This suggests that fainter galaxies beyond the reach of these surveys
must contribute to keeping the IGM highly ionised.

We thus now consider the ionising contribution from galaxies not
directly detected by JWST or HST in this field, following the classic
reionisation budget analysis based on the observed UV luminosity
(or star-formation rate) density (e.g. Madau et al. 1999; Robertson
etal. 2013). We integrate the UVLF to varying UV-magnitude limits
to compute the luminosity density pyy which we then multiply by an
average ionising efficiency and escape fraction to obtain an average
ionising photon rate density

Tion = {fesc&ion) {PUV) )

where &y, is the ionising efficiency in Hz erg™!, which we assume

to be a standard log( &jon/[Hz erg™ 11 = 25.4 in what follows (e.g.
Bouwens et al. 2016; Rinaldi et al. 2024; Saxena et al. 2024; Torralba-
Torregrosa et al. 2024; Endsley et al. 2024; Simmonds et al. 2024).
We find that at the mean luminosity density, the ionising photon rate
density can only be matched if the average escape fraction is 40% (or,
equivalently log;o(&ionfesc) = 25.0), which is at the high-end of the



observational constraints available at z ~ 6 (e.g. Meyer et al. 2019b,
2020; Rinaldi et al. 2024; Simmonds et al. 2024; Saxena et al. 2024;
Torralba-Torregrosa et al. 2024; Protusova et al. 2024). However
when taking into account the 2.04 higher UV luminosity density we
find that only an escape fraction of fesc = 20% (or, equivalently
logo{&ionfesc) = 24.7) is necessary for galaxies with Myy < —10
to fully account for the anomalously low opacity in GOODS-South
at z = 5.85. The escape fraction is still higher by a factor x2 (or
equivalently logy &jon greater by 0.3) than the average values needed
to balance the global reionisation budget. Our analysis thus shows that
highly ionised parts of the IGM, in this case 4 — 7th percentiles of the
Te distribution, are created by a combination of galaxy overdensity
and high escape fractions/ionising efficiencies (see e.g. Mason et al.
2018; Roberts-Borsani et al. 2023). Of course, the ionising efficiency
and escape fraction need not be constant, and we have neglected here
the impact of non-stellar ionising radiation which might change our
conclusions (see e.g. D’Eugenio et al. 2025a, for evidence of recent
AGN activity in JADES-GS-518794 at z = 5.89). Nonetheless, this
analysis shows for the first time that the “reionisation budget” can be
solved on relatively small scales of ~ 20 cMpc, and shows that the
galaxy overdensities and galaxy ionising properties must be taken
into account together to provide accurate constraints on the role of
galaxies in reionisation.

6 CONCLUSIONS AND FUTURE PROSPECTS

We have presented the detection of the Gunn-Peterson trough and the
first measurement of the IGM opacity at z > 5 using spectroscopy of
galaxies, leveraging the unprecedented sensitivity of JWST NIRSpec.
This new method enables direct measurements of the IGM opacity in
any extragalactic field during and after reionisation, a feat which was
previously limited to sightlines towards luminous quasars observable
from the ground. We report the following results:

e Our independent constraints on the IGM opacity are in good
agreement with existing quasar-based measurements, and indepen-
dently confirm that simple power-law models are biased compared to
PCA-based quasar continuum reconstruction methods (e.g. Bosman
et al. 2021).

e The scatter in the IGM opacity to Lyman-a observed between
quasar sightlines can be directly linked to individual extragalactic
fields where we measure the IGM opacity, enabling us to characterise
which fields probe over-/under-ionised parts of the IGM as a function
of redshift.

e We present the first measurement of the uncontaminated
Lyman-f opacity at the end of reionisation. Lyman-# (and poten-
tially y) opacity constraints offer a promising way to probe the IGM
opacity beyond z > 6.5 where the Lyman-a forest is completely
saturated.

e We establish a direct link between an excess of Lyman-« emit-
ting galaxies at z ~ 5.85 in GOODS-South and an observed anoma-
lously low IGM opacity in the same field (top 4 — 7th percentile
of all quasar sightlines), a fundamental prediction of any model of
reionisation.

o We further show that the low IGM optical depth in GS at
z = 5.85 can be fully accounted for by the cumulative ionising output
of faint galaxies down to Myy < —10 with an escape fraction of 20%
and logg &jon = 25.4 in the local overdensity (1 + gy = 2.04). Im-
portantly, we show that a combination of highly-ionising galaxies and
an overdense environment is necessary to explain the over-ionised
IGM in GOODS-South at z = 5.85. This is the first time that the
“reionisation budget" is balanced on such small scales.
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The capability of JWST of simultaneously probing the state of
the IGM and the sources responsible for reionisation in any extra-
galactic legacy field opens a number of opportunities to advance our
knowledge of reionisation. With a mission lifetime of 10-20 years,
we can expect that galaxy-based IGM opacity constraints will be-
come competitive with quasar-based measurements as the number of
deep NIRSpec spectra in numerous fields increases. Higher resolu-
tion spectroscopy from the G140M/G140H gratings will resolve the
Lyman-« forest to transmission spikes closely associated with single
ionised "bubbles" or larger regions. In turn, this will enable definitive
measurements of the cross-correlation of galaxies, Lyman-a emis-
sion/transmission (e.g. Kakiichi et al. 2018, 2025; Meyer et al. 2019a,
2020; Kashino et al. 2023; Jin et al. 2024) whose modelling has sub-
stantially improved in the past years (Garaldi et al. 2022; Garaldi &
Bellscheidt 2024; Zhu et al. 2024; Conaboy et al. 2025). The use of
multiple Lyman series transitions might constrain the temperature-
density relationship, potentially determining whether reionisation is
proceeding outside-in or inside-out (Trac et al. 2008; Furlanetto &
Oh 2009; Finlator et al. 2018; Puchwein et al. 2019). Ultimately, a
substantial increase in the number and depth of NIRSpec spectra in
legacy extragalactic fields will enable the reconstruction of the 3D
IGM opacity field. Looking beyond JWST, ELT/MOSAIC will be
able to probe even fainter z > 5 galaxies for this analysis, increasing
the spatial and spectra resolution of the reconstructed 3D IGM topol-
ogy. Combined with the census of ionising sources in the same fields,
IGM tomography during the epoch of reionisation will be a ground-
breaking way of solving the mystery of the sources responsible for
reionising the Universe.
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DATA AVAILABILITY

All the work presented in this paper is derived from JWST NIR-
Spec/MSA observations publicly available in the MAST archive.
A large fraction of the spectra used here were presented in
Roberts-Borsani et al. (2024). The remaining reduced spectra are
available upon reasonable request to the authors or available on
the DAWN JWST Archive https://dawn-cph.github.io/dja/
index.html.
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Prog. ID MSA ID Field RA DEC z
1180 1180_12637 GDS 53.133469 -27.760373  7.663
1180 1180_13552 GDS 53.183460 -27.790987 7.433
1180 1180_30099449  GDS 53.161709 -27.785396 7.241
1180 1180_8532 GDS 53.145556 -27.783796 6.881
1180 1180_17509 GDS 53.147708 -27.715370 6.846

MACS0417 64.3761356 -11.9087444  8.939
MACS0417  64.410045 -11.9134403  5.499

1208  1208_6092
1208 1208_16076

39.9637690 -1.5693969  7.648
39.9607243 -1.5741740 7.646

Abell370
Abell370

1208 1208_2113912
1208 1208_2101179

1208 1208_3104135 MACS0416 64.0680022 -24.1127945  6.409
1208 1208_3114581 MACS0416 64.0644968 -24.0452657  6.283

1208 1208_5110240 MACS1149 177.3899461 22.4127049 9.11164
1208 1208_5112687 MACS1149 177.3909289 22.3497667 8.63100

1345 1345_1029 EGS 2152187624 53.0698619  8.61

1345 1345_1027 EGS  214.8829941 52.8404159  7.82
1345 1345_1163 EGS  214.9904678 529719902 7.451
1345 1345_717 EGS  215.0814058 52.9721795 6.934
1345 1345_1561 EGS  215.1660971 53.0707553 6.204

214.8829976 52.8404178  7.829
214.8508558 52.7766742  6.960

4233 4233_944720 EGS
4233 4233_922409 EGS

4233 4233_42573 EGS 2149701775 52.9164456 6.493
4233  4233_29954 UDS 34.3644801 -5.2702557 7.409
4233 4233_40505 UDS 34.4066792 -5.2532740 5.970
4233 4233_15213 UDS 34.4809127 -5.2948326 5.483
6368 6368_22431 UDS 34.4602573 -5.1850027  9.270
6368 6368_28597 UDS 344651420 -5.2177349 9.216
6368 6368_16730 UDS 34.4867060 -5.1601000 7.799

Table A1l. Selected rows of the full list of galaxies used in this study. The full
list is available as supplementary material.

APPENDIX A: FULL DATASET DATA AND BAGPIPES FITS

In this Appendix, we present the full dataset of spectra used in this
study. We list in Table A1 (and as supplementary material) the JWST
programme ID, MSA 1ID, field, coordinates and redshift of all the
galaxies spectra. We also show a selection of sources from our sample
and their best-fit BAGPIPES templates and spectroscopy in Figure A1l
(with the remainder available as supplementary material).

APPENDIX B: IGM OPACITY MEASUREMENTS

In this Appendix we give the combined IGM opacity constraints for
the Lyman-« forest transmission and effective opacity (Table B1) as
well as the Lyman- observed transmission and opacity, uncorrected
for foreground absorption (Table B2). We present the measured IGM
transmission to Lyman-a for each individual field used in this study
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in Table B3. Finally, we also show the an extended version of Figure 2
extending to z = 10. Importantly, the absence of transmission above
z > 6.5 demonstrates an absence of bias due to slit losses, continuum
subtraction or contamination.
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Figure A1. JWST NIRSpec PRISM spectra (black, uncertainty array in red) and best-fit BAGPIPES templates (blue line and shaded envelope - 16-84 percentile) for
the first two objects used in this analysis from a variety of five different JWST programmes. We also show a zoom-in on the rest-frame range 912A < A < 16004,
with the green dotted line shows the rest-frame 1280 A limit where flux bluewards is not used in the fit, and the red brick lines show the limits used for the
Lyman-a forest transmission measurement (1025A < A < 1180A). The full list of objects used in this analysis can be found in Table A1.
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Figure B1. IGM transmission of Lyman-a T, extended version of Figure 2, left. The quasar measurements are shown with coloured diamonds (Becker et al.
2013; Liu & Bordoloi 2021; Yang et al. 2020; Bosman et al. 2022). Our measurements are shown in black, with single field measurements in grey. The median
error on the individual field measurements are shown in the corners of the two plots. Importantly, The absence of transmission above z > 6.5 demonstrates an
absence of bias due to slit losses, continuum subtraction or contamination.
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(z) <TLyar> Teff,a Niields Ngal
42 0.410 +0.049 0.89 +0.12 6 15
43 0.294 + 0.021 1.22 £0.07 9 44
44 0.244 +0.020 1.41 £0.08 10 69
4.5 0.249 + 0.014 1.39 £ 0.05 11 88
4.6 0.249 +0.014 1.39 £ 0.06 11 101
4.7 0.194 £ 0.012 1.64 £ 0.06 11 113
4.8 0.180 +0.011 1.71 £ 0.06 11 131
49 0.158 +0.010 1.85+0.07 12 144
5.0 0.168 +0.014 1.78 £0.08 12 139
5.1 0.112 +0.010 2.19+0.09 11 138
52 0.100 +0.010 2.30 +£0.09 10 118
5.3 0.109 +0.013 2.22+0.12 10 110
54 0.095 +0.009 2.35+0.10 9 108
5.5 0.077 £ 0.013 2.56 £0.17 9 97
5.6 0.043 +0.010 3.14+£0.22 9 104
5.7 0.045 +0.014 3.11+0.31 9 86
5.8 0.039 +0.015 3.26 £0.39 9 73
59 0.051 +£0.012 2.97+0.24 9 64
6.0 0.041 £ 0.019 3.20+0.45 9 50
6.1 0.033 +0.019 < 3.27 9 46
6.2 0.032 +0.022 <3.14 9 46
6.3 0.001 +0.021 <3.15 7 44
6.4 0.022 +0.027 <2.93 7 38
6.5 —0.014 £ 0.026 <2.94 8 36
6.6 0.011 £0.020 <3.24 8 42
6.7 0.017 £ 0.029 <2.85 7 33
6.8 0.012 +0.030 <2.82 7 33
6.9 0.048 +0.028 <2.90 7 34
7.0 - - 0 0
7.1 0.030 +0.028 < 2.88 7 30
7.2 -0.002 £ 0.028 < 2.87 7 30
7.3 —0.004 +0.031 <2.79 8 26
7.4 0.044 +0.029 <2.85 7 28
7.5 0.025 +0.031 <2.78 7 24
7.6 0.013 +0.031 <2.77 7 21
7.7 —0.002 +0.039 < 2.56 7 14
7.8 - - 0 0
79 0.003 +0.037 < 2.61 8 16
8.0 0.000 + 0.033 <2.73 8 17
8.1 0.009 +0.033 <2.73 7 16
8.2 0.004 + 0.034 < 2.70 7 15
8.3 - - 0 0
8.4 0.012 +0.035 <2.67 7 13
8.5 0.019 +0.039 < 2.56 6 10
8.6 —0.007 +0.040 <2.54 5 9
8.7 - - 0 0
8.8 0.046 + 0.040 <2.52 5 8
89 -0.014+£0.033 <2.72 4 7
9.0 - - 0 0
9.1 0.005 +0.033 <2.71 3 5
9.2 -0.008 £ 0.043 <2.45 3 3
9.3 - - 0 0
94  -0.018 £0.042 < 2.48 3 3
9.5 —0.005 +0.041 < 2.51 2 3
9.6 - - 0 0
9.7 0.021 £ 0.040 <2.52 2 3
9.8 0.034 +0.039 <2.54 2 3
9.9 - - 0 0

Table B1. Measured IGM transmission and effective optical depth to Lyman-
«. Limits are given at the 20 level. For each redshift bin, we also indicate the
number of galaxies used for the measurements and the number of independent

JWST fields.
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52 0.211 £ 0.037 1.56 +0.17 10 55
53 0.114 +0.031 2.17+0.27 8 42
5.4 0.069 + 0.028 2.68 +0.41 8 35
55 0.110 £ 0.026 2.21+0.24 7 41
5.6 0.072 £ 0.025 2.63 +0.35 8 55
5.7 0.103 £ 0.020 2.27+0.19 7 61
5.8 0.079 £ 0.027 2.54 +0.34 6 45
59 0.030 +0.022 <3.13 7 44
6.0 0.033 +0.035 <2.67 7 28
6.1 0.071 £ 0.026 2.65 +0.36 6 23
6.2 0.001 +0.030 <2.82 8 24
6.3 0.044 + 0.024 < 3.04 8 25
6.4 0.059 + 0.035 < 2.65 5 24
6.5 —0.004 +0.027 <291 7 29
6.6 —0.037+0.045 <2.40 6 19
6.7 —-0.023 £ 0.056 <2.19 7 12
6.8 0.021 + 0.061 <2.10 6 10
6.9 0.010 + 0.080 < 1.83 5 7
7.0 0.008 +0.058 <2.16 4 13
7.1 0.010 £ 0.072 < 1.93 3 9
72 0.004 + 0.054 <2.23 5 13
7.3 0.064 + 0.054 <2.23 5 12
7.4 0.036 + 0.065 < 2.05 6 11
7.5 0.046 +0.047 <2.37 6 20
7.6 0.028 + 0.054 <222 4 15
7.7 0.084 + 0.054 <222 4 14
7.8 0.011 + 0.060 <2.12 3 9
79 0.084 +0.179 < 1.03 2 2
8.0 - - 0 0
8.1 -0.019+0.094 < 1.67 3 4
8.2 0.052 +0.090 < 1.71 5 5
8.3 0.035 £ 0.071 < 1.95 4 7
8.4  —0.053+0.086 < 1.76 3 5
85 -0.023 £0.085 < L.77 3 5
8.6 - - 0 0
87 -0.082+0.125 < 1.39 2 2
8.8 0.021 £ 0.074 < 1.91 5 6
8.9 0.029 + 0.053 <224 5 8
9.0 - - 0 0
9.1 0.001 + 0.056 <2.19 4 6
9.2  -0.008 +0.072 < 1.94 2 3
9.3 - - 0 0
9.4 0.162 +0.182 < 1.01 1 1
9.5 -0.053+0.187 < 0.98 1 1
9.6 - - 0 0
9.7 -0.019+0.177 < 1.04 1 1
9.8 - - 0 0
9.9 - - 0 0

Table B2. Measured IGM transmission and effective optical depth to Lyman-
S (uncorrected for foreground absorption). Limits are given at the 20 level.
For each redshift bin, we also indicate the number of galaxies used for the
measurements and the number of independent JWST fields.
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(S207) LT-T ‘000 SYININ

z Abell2744 Abell370 COSMOS EGS GDN GDS MACS0416 MACS0417 MACS0647 MACS1149 MACS1423 RXJ2129 UDS
4.0 - - - - - - - - - - - - -
4.1 - - - - - - - - - - - - -
42 0.62+0.19 - 0.50 £ 0.46 0.34+0.09 -0.17+0.32 0.45+£0.06 - - - 0.29+£0.26 - - -
43 0.16 £0.09 - 0.31+0.15 0.31 +0.05 0.42 +0.06 0.31+0.03 - 0.26+0.12  0.60 +0.41 0.30 +0.15 - - 0.11 +0.06
44 0.12+0.10 - 0.14 +0.13 0.31 +0.05 0.19 +0.05 0.28 +0.03 - 0.34+0.11  0.32+0.25 -0.09+0.17 - 0.45+0.13 0.18 +0.05
45 0.29 +£0.07 - 0.21 £0.10 0.23 +£0.03 0.26 +£0.03 0.26 +0.02 0.22+0.10 0.20+0.08 0.45+0.19 0.30 £0.12 - 0.20+0.10 0.22 +0.04
4.6 0.18+£0.08 - 0.28£0.10 0.25+0.04 0.28£0.03 0.26 £0.02 0.19+£0.12 0.20+0.08 0.27+0.20 0.31+0.11 - 0.08+0.13 0.20 £ 0.04
4.7 0.15+0.03 - 0.28 £0.10 0.16 £0.03 0.22+0.03 0.20 £ 0.02 0.15+0.11 0.16+£0.08 0.39+0.19 0.21+£0.12 - 0.19+0.12 0.22+0.03
4.8 0.21 +£0.03 - 0.13+0.09 0.20+0.03 0.21 +£0.03 0.14 +0.02 0.19 +0.07 0.15+0.07 0.03+0.18 0.33+0.12 - 0.07+0.11 0.21 £0.03
4.9 0.18 +£0.03 0.23+0.23 0.15+0.08 0.13+0.03 0.19+0.03 0.14 +0.02 0.18 +£0.07 0.20+0.08 0.23+0.17 0.28 £0.16 - 0.16+0.11 0.15+0.03
5.0 0.12+0.04 0.44+0.19 0.31+0.13 0.23 +0.04 0.19 +£0.04 0.17 £0.02 0.18 £0.09 0.13+£0.10 0.17+0.25 0.04 +£0.21 - 0.27+0.14 0.14 +0.03
5.1 0.09+0.03 -0.19+0.13 0.23+0.10 0.12+0.03 0.15+£0.03 0.11£0.01 0.12£0.06 0.14£0.17 - =0.02+0.14 - 0.28+0.14 0.11+£0.02
52 0.08 +£0.03 0.15+0.12 0.20+0.10 0.07 +0.03 0.13+0.04 0.11+0.01 0.08 +0.05 0.39+0.16 - 0.32+0.14 - - 0.06 +0.02
53 0.11+0.03 0.05 +0.15 0.09 +0.13 0.12+0.03 0.13 +£0.07 0.12+0.02 0.09+0.07 -0.19+0.22 - 0.06 +0.12 - - 0.09 +0.03
54 0.09 +0.03 0.26 +0.11 0.11 +£0.09 0.09 +0.02 0.02 +0.05 0.10+0.01 0.07 +£0.04 - - 0.24 +£0.07 - - 0.08 +0.02
55 0.08 £0.09 0.11+£0.05 0.32+0.13 0.07+0.03 -0.02+0.08 0.09 +0.02 0.00 + 0.06 - - 0.01 £0.10 - - 0.06 +0.03
5.6 0.01 +£0.07 0.03 +0.03 0.03+0.09 0.06 +0.02 0.08 +0.04 0.04+0.01  -0.01+0.05 - - 0.09 +0.07 - - 0.04 +£0.02
57 0.10+0.10 0.10 +0.04 0.11+0.11 0.01+0.03 -0.01+£0.05 0.05 +0.02 0.03 +£0.07 - - 0.11+0.09 - - 0.02 +0.04
5.8 0.02 +0.08 0.07 +£0.05 0.09+0.12  -0.00+0.03 0.04 +0.04 0.07+0.03  —0.00 +0.06 - - 0.03 +0.09 - - 0.02 +0.04
59 —-0.02+0.06 0.02 +0.03 0.08 +0.09 0.06 +0.03 0.03 +£0.03 0.09 +0.02 0.04 +0.05 - - 0.00 = 0.06 - - 0.08 +0.05
6.0 -0.02+0.07 0.07 £0.04 0.07£0.14 0.04£0.05 -0.01+0.05 0.06 £ 0.04 0.02 £0.07 - - 0.17£0.10 - - 0.00£0.08
6.1 -0.05+0.10 -0.02+0.04 -0.12+0.14 0.06 +0.04 0.10+£0.05 0.05+0.04 -0.08+0.14 - - 0.04 +0.10 - - 0.01 £0.08
6.2 0.03+0.13  -0.01 +0.04 0.01 +£0.14 0.08 + 0.06 0.06 +0.04 0.02+0.05 -0.17+0.17 - - 0.70 +0.34 - - 0.04 +0.07
63 —0.11+0.12 0.03+0.05 -0.11+0.14 0.03 +0.05 0.03+0.04 —0.04+0.05 - - - - - - =0.06+0.07
6.4 0.08 £0.11 - —0.04+0.13 0.01 +£0.06 0.00 +0.05 0.03 +0.05 - - - —0.06+0.32 - - 0.08 +0.08
6.5 0.01£0.11 0.09£0.10 0.09+0.13  -0.05+0.06 -0.02+0.05 -0.02+0.05 - - - =0.13+0.32 - - -0.03+0.09
6.6 0.08 +£0.09 0.03 +£0.07 0.11+0.13 0.01£0.04 -0.07+0.07 0.02 +£0.03 - - - -0.09+0.21 - - -0.03+0.06
6.7 0.04 +£0.18 0.00 +0.10 - 0.03 +0.08 0.12+0.13  -0.01 +0.04 - - - =0.04+0.30 - - 0.07 £0.07
68 —0.17+0.17 0.03 +0.10 - 0.01 +£0.07 0.29+0.28  —0.00 +0.04 - - - 0.88 +0.34 - - 0.02 +0.07
6.9 0.03 £0.15 0.06 +0.10 - 0.02 +0.07 0.01 £0.28 0.08 +0.04 - - - - 0.34 +0.27 - —-0.03+0.06
7.0 - - - - - - - - - - - - -
71 -0.04+0.15 - - 0.09+0.07 -0.27+0.26 0.03 +£0.04 - - - - -0.38+0.28 - 0.04 +0.07
72 0.01 £0.12 0.01 +£0.10 - 0.07+0.07 -0.08+0.28 -0.00+0.04 - - - - =0.11+0.24 - =0.07+0.07
73 —=0.03+0.10 -0.03+0.09 - -0.02+0.10 0.37+0.30  —0.02 +0.04 - - - 0.43+0.36 —-0.31+0.23 - 0.09 +0.08
74  -0.03+0.09 0.06 +0.10 - 0.06 +0.08 - 0.06 +0.04 - - - 0.14+0.33  -0.17+0.32 - 0.03 +£0.09
7.5  —=0.00+0.09 - - 0.00+0.08 - 0.05 +0.04 - —0.18+0.15 - 0.02+£0.34 0.10+£0.22 - 0.02+£0.08
76  —0.12+0.09 - - 0.06 +0.08 - 0.01 +£0.04 - -0.08+0.15 - 0.15+0.13  -0.01+0.26 - 0.08 £0.10
71 0.10+0.12 - - 0.00 +0.08 - —=0.05+0.07 -  -0.07+0.15 - 0.11+0.12  -0.01+0.25 - -0.03+0.09
78 - - - - - - - - - - - - -
7.9 0.05 +0.08 - - —-0.01+0.08 —0.05+0.32 0.02 +0.07 - —=0.11+0.15 - -0.05+0.12 0.28 +£0.23 - —-0.04+0.10
8.0 0.03 +£0.08 - - -0.06+0.08 -0.20+0.34 0.01 +£0.05 - —=0.01+0.15 - 0.00+0.11 0.11+£0.20 - 0.02+0.10
8.1 0.02 +£0.08 - - -0.01+0.08 -0.16+0.31 0.02 +£0.05 - -0.04+0.14 - 0.05+0.11 - - -0.03+0.09
82 —0.05+0.09 - - =0.01+0.07 0.05 +0.30 0.05 +0.06 - 0.02+0.13 - —0.04+0.11 - - 0.00 +0.09
8.3 - - - - - - - - - - - - -
84  -0.04+0.09 - - 0.07 £0.09 0.19+£0.31  -0.02+0.05 - 0.01£0.14 - 0.07+£0.12 - - 0.05+0.09
85 0.04 +£0.09 - - - -0.16+0.29 0.01 +£0.06 - 0.03+0.14 - 0.01+£0.11 - - 0.02+£0.09
86 —0.02+0.08 - - - -0.03+0.28 -0.01+0.06 - - - =0.03+0.12 - - 0.04 +£0.09
8.7 - - - - - - - - - - - - -
8.8 0.07 +£0.08 - - - 0.17 +£0.27 0.03 +0.06 - - - =0.12£0.13 - - 0.11£0.09
89 -0.05+0.08 - - - =0.01+0.05 -0.00+0.06 - - - - - - =0.00£0.10

9.1 -0.05+0.15
9.2 0.06 +0.15

9.4 0.04+0.14

9.6 -
9.7 -
9.8 -
9.9 -

0.04+0.05 -0.03+0.05
0.01+0.05 -0.18+0.13

-0.01 £0.05 -0.09+0.12
-0.00+0.05 -0.01+0.08
0.02 £0.05 0.02 £ 0.08
0.05+£0.05 -0.00+0.08

Table B3. Measured IGM transmission and effective optical depth to Lyman-« for all the JWST extragalactic fields used in this study.
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