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Extensive diffuse Lyman-α emission 
correlated with cosmic structure

D. Christopher Martin    1  , Behnam Darvish1, Zeren Lin1, Renyue Cen    2, 
Mateusz Matuszewski    1, Patrick Morrissey    3, James D. Neill    1 & 
Anna M. Moore4

The intergalactic medium represents the dominant reservoir of baryons at 
high redshift, traces the architecture of the cosmic web dominated by dark 
matter and fuels ongoing galaxy evolution. The intergalactic medium has 
been studied using the absorption lines of quasi-stellar objects, including 
the Lyman-α forest, but these absorption lines are unable to provide the 
information that emission maps would give. However, because of the low 
surface brightness and extended, diffuse distribution, direct detection 
of an emission equivalent to the absorption Lyman-α forest has not been 
possible with existing instrumentation and observational approaches. 
Using a purpose-built instrument, with nod-and-shuffle and dual-field 
subtraction, we have detected an emission Lyman-α forest. The emission 
forest is highly extended, shows filamentary morphology with filaments 
connecting galaxies, exhibits statistics like the absorption Lyman-α forest, 
displays spectra resembling the absorption forest and is correlated with 
galaxy-traced overdensities consistent with bias like dark matter. We 
conclude that the emission Lyman-α forest may provide a new tool for 
tracing a substantial fraction of the cosmic web of baryons and dark matter.

Emission from the intergalactic medium (IGM) was first pre-
dicted by ref. 1, with a reference fiducial surface brightness of 
SB0 = 3.7 × 10−20 erg cm−2 s−1 arcsec−2 at redshift z = 3 (ref. 2). Higher intensi-
ties may be expected from Lyman α (Lyα) photon scattering3–5, particularly 
in overdense regions. Very-high-intensity levels are found in the vicinity 
of quasi-stellar object (QSO) illumination6–11. Rare, isolated Lyα nebu-
lae with high luminosity and surface brightness have been detected in 
highly overdense regions, often associated with massive collapsing galaxy 
groups, submillimetre star-forming galaxies and obscured QSOs12–20, some 
showing evidence of filamentary extensions and inflow20–22. Lyα halos are 
ubiquitous around star-forming galaxies at high redshift23–25. A few tenta-
tive detections of faint IGM filaments have been presented26. But general 
Lyα emission is predicted to be low surface brightness, diffuse and highly 
extended, rendering detection of general Lyα emission from the cosmic 
web and from the gas responsible for Lyα absorption very challenging.

The Keck Cosmic Web Imager (KCWI) was designed to detect 
very-low-surface-brightness emission using fast, high-throughput 
optics, a large image slicer that focuses considerable extended 
emission-line flux into a single resolution element, transmission down 
to 3,500 Å to exploit the faint blue sky during dark time, and a deploy-
able nod-and-shuffle (NAS) mask and NAS charge-coupled device (CCD) 
clocking sequences27. As IGM Lyα emission is expected to be ~0.25% of 
sky, we used the NAS capability of the KCWI to perform precision sky 
subtraction28, using a dual-field-subtraction (DFS) strategy. DFS targets 
two fields (A and B) separated by a transverse distance large enough 
that the emission redshifts distributions will exhibit low overlap frac-
tions (<5%; Methods). During each exposure, field A is observed for 
2 min, followed by field B for the same exposure time. The two spectra 
are shuffled back and forth beneath the NAS, which covers two-thirds  
of the CCD. After a total of 20 min for each field, the CCD is read out.  
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emission and corresponding to a peak in the galaxy distribution. The 
emission is often quite extended, filling much of the field of view. Such 
emission would be difficult to detect using conventional sky subtrac-
tion approaches, which require a portion of the field of view to estimate 
sky. The intensity scale shows both the total surface brightness (SB) and 
the average surface brightness per observed ångström (SBλ). In Fig. 1c, 
it can be seen that the average surface brightness is well correlated with 
the galaxy overdensity, with some evidence of saturation for δgal ≫ 10. 
The latter could be due to radiative transfer effects, other nonlineari-
ties in the emission process or cosmic variance. For this analysis, we 
assume that the spectroscopic sample, consisting of 1,100 galaxies 
in the appropriate redshift range (2.1 < z < 2.6) and an average of 0.7 
galaxies in r = 8 h−1 cMpc spheres, traces the overall galaxy distribu-
tion, and that the relative overdensity is a reasonable estimate (other 
overdensity results in COSMOS are compared in Methods). We discuss 
redshift sample selection function effects below and in Methods.

We use the following def initions: 1  line unit (LU) 
(1 ph cm−2 s−1 sr−1) = 1.2 × 10−22 erg cm−2 s−1 arcsec−2 at z = 2.35, and 1 LU Å−1 
is 1 ph cm−2 s−1 sr−1 Å−1 = 1.2 × 10−22 erg cm−2 s−1 Å−1 arcsec−2. We give total 
surface brightness (SB) in LU and surface brightness per observed ång-
ström (SBλ) in LU Å−1. An optically thick Lyα fluorescent source in ref. 2 
has a reference surface brightness SB0(z = 3) = 3.7 × 10−20 erg cm−2 s−1 arc-
sec−2. As the metagalactic ultraviolet (UV) background is either the 
same or slightly higher at z = 2.35 than at z = 3, this maximum surface 
brightness should be higher by (1 + z)4, so the reference surface bright-
ness is SB0(z = 2.35) ≡ SB0 = 7.4 × 10−20 erg cm−2 s−1 arcsec−2 ≈ 640 LU. A 
typical Lyα predicted linewidth is 8 Å (ref. 2), so we define a reference 
SBλ,0 ≡ SB0/8 Å = 80 LU Å−1. More recent empirical constraints36 are 
consistent with at least a factor of two lower, SBλ,0,e = 40 LU Å−1.

The volume density statistics reveal that the emission is pervasive. 
We present the distribution of voxel surface brightnesses in Fig. 2a. Each 
voxel in the smoothed data cube is coded with the smoothing kernal size 
at which the voxel intensity was detected (Methods). Figure 2a shows 
that larger smoothing kernels reach lower surface brightnesses. We 
employed a data cube source detection algorithm to identify discrete 
sources (Methods). As lower-surface-brightness thresholds and/or 
smoothing thresholds are reached, extended, low-surface-brightness 
emission merges distinct higher-surface-brightness sources, thus 
reducing the source count but increasing the maximum source flux. 
Emission from the cosmic web detected at very low thresholds would 
percolate to a small number of sources. As a compromise, recognizing 
the typical size of brighter emission regions, we choose a maximum 
smoothing kernal size of full-width at half-maximum (FWHM) Δ = 11.3″. 
In Fig. 2b, the distribution of source SB and SBλ is consistent with the 
reference values SB0 and SBλ,0. In Fig. 2c, we compare the comoving 
number density of sources with areas exceeding 3 arcsec−2, 10 arcsec−2 
and 20 arcsec−2 to the predictions of ref. 2, finding agreement. Finally, 
we show the luminosity function of sources with areas exceeding 3  
arcsec−2 and 10 arcsec2 to that of ref. 37, showing acceptable agree-
ment given the differences in detection methodology. Reference 37 
also estimated a covering fraction f ≈ 0.2–1, which compares well with 
the covering fraction that can be calculated from Fig. 2a of f ≈ 0.1–0.3.

Sky background common to both fields, including terrestrial back-
ground, airglow and zodiacal light, will subtract out, as long as airglow 
variations are on longer timescales than the 4 min NAS cadence.

The DFS approach was validated using a cosmological hydro
dynamical zoom-in simulation29 and CLOUDY30 to convert each 
simulation voxel to ionization fraction and Lyα surface brightness. 
We generated a forward-modelled high-resolution (Δλ = 0.1Å) KCWI 
simulated data cube based on the gas line-of-site velocity, where λ is 
observed wavelength, and applying an optically thick line profile31 
(Methods). Extended Data Fig. 1 shows the simulations that provided 
evidence that the observation strategy would work. We can calculate 
the average overlap fraction as a function of transverse field separa-
tion. Field separations of >12 arcmin yield average overlap fractions 
of <3% with no preselection. The emission discussed below may rise 
to 5% overlap at low surface brightnesses.

We targeted two nearby regions in the Cosmic Evolution Survey 
(COSMOS) field32 (Extended Data Fig. 2): field A targeted an overdensity 
at z = 2.242, while field B targeted an overdensity at z = 2.474. Fields A 
and B are separated by 24 arcmin, or 40 Mpc (comoving; cMpc). We 
use the KCWI large slicer (20″ × 33″, 1.3″ slice width) and low-resolution 
grating (BL) centred at 4,060 Å. The resulting wavelength coverage 
(limited by the NAS mask) is 3,835–4,320 Å, with a Lyα redshift range 
of 2.15 < z < 2.55 and a comoving depth of 500 cMpc. A 60 × 60 arcsec2 
region of each field is obtained using a mosaic of 2 × 3 or 3 × 2 fields 
depending on the position angle (PA). Roughly half of the exposure is 
at PA = 0°, the other at PA = 90° (Supplementary Table 1). Exposure to 
exposure subpixel dithering improves spatial sampling. Each exposure 
is converted to a data cube using the KCWI pipeline (kderp). The A and B 
cubes are subtracted to remove sky. The difference cubes are then coad-
ded (with small astrometry corrections) into a final mosaic difference 
cube. We obtained a total average exposure of 3 h over the entire mosaic 
in each field in photometric conditions. Field A Lyα emission appears 
as a positive signal, while field B Lyα emission appears as a negative 
signal. We estimate that the resulting sky subtraction is accurate to 
<0.02% (1σ) of the sky continuum level (Methods). Using the COSMOS 
source catalogue33, we point spread function (PSF) subtract all sources 
brighter than a certain magnitude limit (mlim = 24) that appear in either 
the A or B regions. We perform sky substitution for sources in the 
24 < mB < 28 magnitude range (Methods). The cube is then adaptively 
smoothed7,21,34,35, as described in Methods. Comparison of raw and 
smoothed images are shown in Extended Data Fig. 3.

As we present in Fig. 1, we have detected extended Lyα emission at 
multiple redshifts that is correlated with galaxy overdensities. Strong 
emission is detected at both target overdensity redshifts. We note 
that the observations cover a cosmic volume of ~2,000 cMpc3, while 
the overdensities occupy ~50 cMpc3. In fact, extended emission is 
also detected at multiple redshifts (five for each field in this figure) 
associated with peaks in the galaxy overdensity versus redshift dis-
tributions. We estimate a relative galaxy overdensity (Methods) δgal in 
radius r = 8 h−1 cMpc spheres, and the average Lyα surface brightness 
in ±8 h−1 cMpc-wide slices of the KCWI data cube. The figure shows 5 Å 
slices at five redshifts for each field, each showing both extended Lyα 

Fig. 1 | The emission Lyα forest at multiple redshifts in two fields. a, Field A. 
Top left: redshift distribution of galaxy overdensities δgal within radius 8 h−1 cMpc 
spheres. As δgal ≥ −1, we plot δgal + 2 on the log scale. Bottom left: redshift 
distribution of Lyα emission average surface brightness 〈SBλ〉 in ±8 h−1 cMpc 
slices. The 1σ root-mean-square error bars (error bars in all figures give standard 
deviations from the mean based on error propagation through the smoothed 
data cube, 1σ) are given for both distributions, based on Poisson errors for the 
number of redshift sample galaxies in each spherical volume ((δgal + 1) × 0.7, as the 
mean galaxy number per 8 h−1 cMpc sphere is 0.7), and not including systematic 
errors. The coloured stripes indicate the data cube slices illustrated in the right 
panels. Right: each slice exhibiting strong, extended emission is shown in the 
middle row, with the top and bottom rows showing the nearby low-emission 

slices for comparison. The slices are 5 Å wide and the colour bar gives equivalent 
SB (LU) and SBλ (LU Å−1). Detected emission must exceed an SNR threshold of  
3 (Methods). b, The same plots as in a, but for field B. c, Mean surface brightness 
versus galaxy overdensity in r = 8 h–1 cMpc spheres for field A (red) and field 
B (blue) and the average (purple line), for which standard root-mean-square 
error bars are also shown. 〈SB〉 = 〈SBλ〉Δλ for a 16 h−1 cMpc slice.The average 
surface brightness is well correlated with the galaxy overdensity, with possible 
saturation for δgal ≫ 10. The latter could be due to radiative transfer effects or 
other nonlinearities in the emission process or cosmic variance. Small constant 
offsets were subtracted from 〈SBλ〉 to enable log–log plotting of variation with 
overdensity.
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The spectra reinforce the conclusion that the emission is  
pervasive. In Fig. 3, we show 2.5-Å-wide narrow-band images at 
five redshifts. We show full spectra in five 5.2 × 5.2 arcsec2 regions 

indicated in the image panels. These spectra show many statisti-
cally significant emission peaks. Many of these peaks correspond to  
peaks in the galaxy redshift distribution, as described in the caption. 
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We compare the emission spectra to an inverted QSO absorption-line 
(QAL) spectrum. We have taken a continuum corrected spectrum of 
a randomly selected QSO J094253−110426 in the same redshift range 
(fQAL), convolved it with a spectral kernal comparable to the KCWI data, 
inverted it (1 − fQAL), and multiplied it by 100 to put it on a similar scale 
as the emission spectrum. The emission and absorption spectra look 
quite similar. Because of the high density of emission lines and the 
likeness to the QSO absorption-line distribution, we dub the emis-
sion an ‘emission Lyman-α forest’ (ELAF) and refer to the absorption 
system as the absorption Lyman-α forest (ALAF). We further explore 
their relationship below. A QSO is present in field B at the overden-
sity redshift. We performed a cross-correlation analysis between the 
low-spectral-resolution ALAF present in that spectrum and the field 
B ELAF. A positive cross-correlation signal is detected (Methods and 
Extended Data Fig. 4).

The ELAF is filamentary. We have used a subspace-constrained 
mean shift algorithm38,39 to identify and trace filaments in narrow-band 
images. We show one example in Fig. 3b and more in Extended Data 
Fig. 5. Galaxies in the field of view with known redshifts are seen to be 
embedded in and connected by filaments at corresponding redshifts. 
We also explored the variation in filament properties with SBλ threshold, 
and find that the emission becomes less filamentary as the threshold 
is raised (Extended Data Fig. 6). Median filament transverse widths are 
~40|80|120 pkpc at thresholds SBλ > 200|100|30 LU Å−1, in the expected 
range40. As we report below, as the surface brightness threshold is low-
ered the filaments lengthen and a single connected source is revealed 
to occupy a substantial fraction of the voxels, a sign of percolation.

The observation of galaxies embedded in and connected by fila-
ments (Fig. 3b and Extended Data Figs. 5–7), and the correlation of 
emission with galaxy-traced overdensities (Fig. 1) suggests that an 
emission–galaxy cross-correlation signal is measurable. We have  
calculated the two-dimensional (2D) and one-dimensional (1D) 
cross-correlation functions between the Lyα emission and the galaxies, 
ξge. We use the COSMOS spectroscopic catalogue41 for the entire field. 
See Methods for our approach and Fig. 4 for the results. The emission 
bias factor be can be derived assuming ξge = bebgξdm, where bg is the 
galaxy bias factor42 and ξdm is the dark matter correlation function, 
giving be ≈ 1 (based on estimated errors 1+0.5−0.4), and comparable to dark 
matter at scales of r ≈ 1 h−1 cMpc. Thus, a galaxy–emission cross- 
correlation signal is detected for r < 10 h−1 cMpc, with slope similar to 
the galaxy correlation function and an amplitude close to that expected 
for dark matter. Note that a cross-correlation with emission is far less 
sensitive to galaxy redshift selection effects than an autocorrelation.

As we discuss in Supplementary Information, the emission is 
considerably more extended and the surface brightness an order of 
magnitude lower than that typically observed in Lyα blobs10,12–20,22,43 
and highly boosted emission near active galactic nuclei6–9,11.

The emission is not likely due to the smoothed summation of 
numerous faint point sources or Lyα halos (LAHs). We conclude based 
on two methodologies that LAHs fail by more than an order of mag-
nitude to explain the observed emission distributions (Supplemen-
tary Information, Extended Data Fig. 8 and below). Point sources are 
always detected by the smoothing algorithm as soon as they exceed 
the signal-to-noise ratio (SNR) threshold. The SNR is always maximum 
when the smoothing kernal is minimum as a larger kernal incorporates 
more sky noise. Thus, unless they exceed the confusion limit they  
cannot explain the observed extended emission.

The MUSE Extremely Deep Field (EDF) exhibited five extended 
emission sources (two filamentary) with confidence >95% in overden-
sities, with surface brightnesses in the same range we are detecting26. 
The detection significance of the extended regions was limited by an 
unknown source of noise, as we discuss in Supplementary Information, 
and depending on how this noise is factored into the comparison the 
EDF SNR is somewhat lower than or comparable to the KCWI observa-
tions (see Supplementary Table 2 and the discussion in Supplementary 
Information). The authors did not report a pervasive ELAF correlated 
with galaxies that has statistical properties analogous to the ALAF.

In this preliminary study, we do not discriminate between radia-
tive recombination and photon scattering origins of the emission. 
Recent modelling3–5, and other radiative transfer simulations44,45, sug-
gests Lyα resonant scattering in overlapping halos, particularly near 
massive ones, could produce an extended emission plateau reaching 
~100–1,000 LU, while at the same time articulating filaments of the 
cosmic web. Because the densities are predicted to be low, radiative  
recombination is unlikely to account for the faintest emission,  
which, as we discuss below, has statistical properties similar to the 
absorption Lyα forest.

An additional contribution46,47 may be relevant at the lowest 
surface brightness levels, continuum photon pumping (CPP). Using 
the continuum metagalactic background at Lyα in the rest frame48, 
we can calculate the rate of CPP as measured at Earth. A perfect H i 
absorber with a width and equivalent width of 1 Å (that is, a perfect 
rectangular absorption profile) will produce a scattered surface 
brightness of SBCPP,0 ≈ 166 LU Å−1 at z = 2.35. While the radiative trans-
fer will be more complex, a first approximation can be obtained 
from the continuum normalized QSO absorption-line spectrum 
fQAL with SBCPP ≈ SBCPP,0(1 − fQAL). In Fig. 3l, we use a random QSO with 
high-spectral-resolution data to illustrate the typical appearance that 
such an emission-line spectrum might take at the KCWI spectral resolu-
tion. We used a slightly lower normalization, SBCPP,0 = 100 LU Å−1. There 
is evidence that the fainter emission features could be explained by this 
process, and that this could provide emission sensitivity to much of 
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the ALAF. We note that this process relies on resolving out the sources 
of continuum emission as discussed in Methods and illustrated in 
Extended Data Fig. 9. The equivalent of Fig. 3l, which is meant to be illus-
trative, is given for field B and the field B QSO in Extended Data Fig. 10.

Because of the pervasiveness of the ELAF (Fig. 2a), its resemblance 
to the ALAF (Fig. 3l), the ELAF/ALAF cross-correlation signal detected 
in the one field B QSO, the correlation with galaxies and galaxy-traced 
overdensities with low bias (Figs. 1 and 4), and the possible contribu-
tion of CPP, we explore here the hypothesis that the ELAF and ALAF 
are physically related. We begin by comparing in Fig. 5 the observed 
ELAF surface brightness distribution to that of the ALAF. To do this, 
we use the fact that typical ALAF lines are roughly 1 Å wide, which is 
comparable to our emission voxel depth. The ELAF covering factor/
volume distribution is given with the thick purple line. The distribution 
can also be expressed as a volume filling fraction as in Fig. 2a, and the 
scale for this is given on the left. If we assume that the ELAF and ALAF 
are physically related, and equate the ELAF and ALAF distributions, we 
can generate a column density from the ALAF column density-number 

count distribution40,49, which is shown on the right axis of the main box. 
Typical designations for column density ranges are shown with vertical 
blue/green bars showing Lyα forest (LAF), Lyman limit systems (LLS) 
and subdamped Lyα absorbers (sDLA). These column densities roughly 
correspond to overdensities50, shown on the rightmost vertical axis. 
Typical ranges for cosmic web morphological features, knots, filaments 
and walls are related both to overdensity51 and volume filling factor52.

We now consider emission morphology variations with thresh-
old surface brightness. The red line shows the volume distribution 
for the single source with maximum voxel count versus the isophote 
threshold, showing a demonstration of percolation at SBλ ≲ 150 LU Å−1. 
The blue line shows ηfil, which we define as the ratio of the filament 
length to width, again showing a large increase in elongation for 
SBλ < 800 LU Å−1. Both of these metrics suggest the onset of percola-
tion at SBλ ≲ 300 LU Å−1, as knots become connected by filaments. 
These indicators of filamentary morphology are well aligned with the 
expectations from the ALAF overdensity and ELAF volume fraction 
expectations indicated in the figure, which illustrate that filaments 
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Fig. 3 | The emission Ly-α forest. a–f, Illustrative narrow-band images and 
spectra showing the nature of the observed Lyα emission. Green boxes locate the 
regions from the spectra in which g–l are extracted. Green dots show locations 
and redshifts of galaxies near the narrow-band image redshift. Codes indicate 
redshift and galaxy identification. a–f, Narrow-band images, width 2.5 Å, with 
central wavelengths and redshifts given. a, The narrow-band image at 3,916.25 Å. 
b, The results of filament finding algorithm in white (see text). On each image, 
known galaxies with redshifts within 10 Å of the central redshift are shown with 
green circles. Detected emission must exceed an SNR threshold of 3 (Methods). 
Spectral extraction regions, each 5.2 arcsec square, are shown in cyan. c, The 
narrow-band image at 3938.75Å. d, The narrow-band image at 3946.25Å. e, The 
narrow-band image at 4018.75Å. f, The narrow band image at 4163.65Å. g–k, The 
corresponding spectra. For each spectral panel, the spectrum is in red and the 1σ 

error is in green (including estimated average systematic errors). Note that errors 
are correlated (spatially and spectrally) due to adaptive smoothing. Full scale 
has been chosen to be 100 LU Å−1 to show fainter emission features and make a 
comparison with the ALAF. The coloured bars correspond to the overdensities 
shown in Fig. 1. Below these, we show bars that indicate the location of galaxies 
within (5, 10, 15, 20) cMpc with number counts exceeding (1, 1, 1, 2), proceeding 
from bottom (grey bar) to top (black bar), respectively (Supplementary Fig. 2). 
l, A QSO absorption-line (AL) spectrum converted to emission by subtraction 
from one, and multiplied by 100 to make the scales identical to the ELAF spectra. 
The spectrum is QSO J094253−110426 obtained from the UVES Spectral Quasar 
Absorption Database (SQUAD)66, and it has been smoothed with a resolution 
kernal comparable to the KCWI spectra.
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and walls occupy substantial volume fractions and are associated with 
column densities and inferred overdensities in the surface brightness 
range 100 LU Å−1 < SBλ < 500 LU Å−1.

The volume distribution predicted from the MUSE LAH observa-
tions are given by the green line25, falling 1–1.5 orders of magnitude 
below the observations. The distribution for our conservative simula-
tion of smeared LAHs is given by the grey line, again falling far below 
the ELAF distribution except at bright surface brightnesses where we 
expect to have detected LAHs.

Thus we have presented five lines of evidence that the ELAF and 
ALAF are physically related. These are (1) from comparison of ELAF 
and ALAF spectra, (2) the large volume/covering fraction of the ELAF 
analogous to that of the ALAF at lower column densities, (3) the pres-
ence of a detectable cross-correlation between the ELAF and ALAF in a 
field B QSO, (4) the presence of cross-correlation between galaxies and 
the ELAF, and (5) CPP as a process that could be important in produc-
ing a detectable emission signal from the ALAF. The ALAF accounts for 
the majority of baryons at z = 2.35 (Fig. 5), and if related the ELAF may 
also trace a substantial baryon and dark matter fraction. If so, the ELAF 
represents an important observational tool for studying the structure 
and evolution of the cosmic web of baryons and dark matter, and its 
relationship to and co-evolution with galaxies. Future observations 
will go deeper, provide similar measurements at higher redshift for 
comparison, provide higher spectral resolution for further comparison 
with the ALAF, and increase the field of view to reduce cosmic variance.

Methods
Numerical simulation and forward modelling
We have used a cosmological hydrodynamical simulation29 to generate 
a forward-modelled simulated KCWI data cube to determine detect-
ability and optimize our observing strategy. We perform cosmological 
zoom-in simulations of the standard lambda-dominated cold dark mat-
ter model with the Adaptive Mesh Refinement (AMR) Eulerian hydro 
code, Enzo. One is centred on a cluster of total mass of ~3 × 1014 M⊙ (‘C’ 
box) with overdensity parameter δ = 2 and the other centred on a void 
region (‘V’ box) (δ = 0.5). The zoom-in region for the C run has a size of 
21 × 24 × 20 h−3 Mpc3 and that for the V run is 31 × 31 × 35 h−3 Mpc3. The 
maximum resolution in the zoom-in box is 460 h−1 pc, which is about 
two orders of magnitude smaller than the Jeans scale of photoheated 
IGM at a density 100 times the mean density. The lowest spatial reso-
lution in the zoom-in region initially before refinement is 177 h−1 kpc, 
compared with the Jeans scale of 400 h−1 kpc of the photoheated IGM 
at mean density. The C and V boxes are two separate zoom regions with 
a 120 h−1 Mpc periodic box. We used CLOUDY30 to convert each simula-
tion voxel to ionization fraction and Lyα surface brightness (including 
radiative recombination and collisional excitation), and we generated 
a high-resolution (Δλ = 0.1Å (observed frame)) data cube by converting 
each simulation voxel to a central velocity based on the gas z velocity 
and applying an optically thick line profile31 based on the Lyα optical 
depth (determined by the H i column density in each cell). Peak separa-
tions (line widths) are comparable to peculiar velocities. We account for 
the impact of a boosted metagalactic UV background to the ionization 
state and emissivity of each region. Our boost factor refers to the input 
boost (not effective boost), but the simulations correctly predict the 
somewhat lower emission enhancement expected2. Finally, we used the 
measured sky spectrum at the W. M. Keck Observatory and the KCWI 
instrument parameters to generate a simulated observed data cube, 
assuming 4 h on-source (and 4 h background) exposures.

Extended Data Fig. 1 shows the simulations and the observa-
tion strategy. Our survey consists of 6 KCWI large slicer pointings in 
a roughly 60 × 60 arcsec2 source field mosaic using the BL grating 
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centred at 4,060 Å (z = 2.3, Δλ ≈ 500 Å) (roughly 1.5 × 1.5 × 500 cMpc3). 
BL is optimal for the typical predicted linewidth as it provides maximal 
bandpass and its spectral resolution is well matched to the predicted 
line widths. With the NAS approach, there is also a 60 × 60 arcsec2 
background field, chosen in this sim to be 12 arcmin away (5 pMpc 
or 20 cMpc transverse distance). The figure shows emission regions 
appearing in the source cube as positive (red in the narrow-band 
images) and those appearing in the background cube as negative (blue 
in the narrow-band images). Four cases are shown, where b is the ratio 
of the local ionizing background to the average metagalactic ionizing 
background: (1) void, boost b = 1; (2) cluster, boost b = 1; (3) void, boost 
b = 10; (4) cluster, boost b = 10. The upper spectrum and images for 4 
redshift slices show the simulated intensity (no noise), and the lower 
spectrum and images show the binned spectrum (full 60 × 60 arcsec2 
field) and adaptively smoothed images7,21. The spectra are generated 
by summing the full field of view.

Several things are clear: (1) Lyα emission from the cosmic web is 
probably detectable even in the case of void, b = 1, with more than ~10 
regions detectable in the source and background region; (2) source 
and background regions will in general be distinguishable and will 
not in all but rare cases ‘cancel out’; (3) Lyα in the cluster simulation 
is easily detectable even with b = 1, and we can guarantee selection of 
an overdensity by choosing a field with an overdensity of galaxies; (4) 
in the case of regions with a higher boost factor of b = 10, emission is 
detectable (even from small regions) and detailed maps are possible.

Using this simulation, we determined the range of acceptable 
separations that statistically minimize confusion. In particular, for the 
simulation a separation of 12 arcmin produces a confusion percentage 
of <3% for SBλ > 30 LU Å−1 and <5% for SBλ > 10 LU Å−1. This percentage 
is the fraction of emission from detectable voxels that is reduced by 
subtraction of emission at a similar position and redshift. As our final 
field separation is double this, 24 arcmin, using a correlation function 
of ξe ≈ r−γ with γ = 1.5 is the correlation function power law negative 
index, the expected confusion is <1% and <1.5%, respectively.

We note that these simulations are not state of the art, as cooling 
models, the metagalactic UV background, self-shielding analysis and 
IGM enrichment prescriptions are not current and active galactic nuclei 
are missing (although implicitly included with varying boost factors). 
The Lyα predictions are based on CLOUDY, and are limited by the uncer-
tainties in the local temperature, density and radiation field. However, 
there have not been major changes in assumptions, such as metagalactic 
UV background, that would affect the results in this application in any 
notable way. We are not using the simulations to infer detailed physical 
parameters, rather only to demonstrate that the overlap fraction using 
DFS is very modest ab initio. As the fraction is small, the relative accuracy 
of this conclusion is not critical, and the measured statistics confirm 
that the overlap fraction should be small. Even more recent simulations 
are challenged to predict Lyα emission from the cosmic web because 
of the unconstrained subgrid physics involved (for example, clumping, 
multiphase structure, dust and radiative transfer).

Target selection
To increase our chance of Lyα detection from the cosmic web, we per-
form our observations on two overdense regions in a deep field. For this 
purpose, we use the COSMOS field53, which has a plethora of ancillary 
photometric and spectroscopic data over a broad range of wavelengths. 
As we plan to use the NAS mode and only one-third of the CCD is availa-
ble in this mode, we need to wisely select the proper diffraction grating, 
central wavelength and the redshift separation of the two overdensi-
ties to be able to detect the potential redshifted Lyα emission. Given 
this, we use the large slicer and the low-resolution BL grating (central 
wavelength ~4,060 Å, resolving power ~900), and perform our obser-
vations focused on two spectroscopically confirmed overdensities at 
z ≈ 2.24 and z ≈ 2.45 in the COSMOS, named A and B fields, respectively. 
The z ≈ 2.24 overdensity is a confirmed protocluster (dubbed CC2.2) 

with an estimated total mass of ~(1–2) × 1014 M⊙, which is expected to 
collapse to a Coma-type cluster at z = 0 (ref. 54). The z ≈ 2.45 structure 
is a massive multi-component protocluster (named Hyperion) with 
an estimated total mass of ~4.8 × 1015 M⊙ and at least 7 spectroscopi-
cally confirmed components in a range of masses ~(0.1–2.7) × 1014 M⊙  
(ref. 55). We design the A (and B) field as an ~60 × 60 arcsec2 region  
that is composed of 6 overlapping KCWI large slicers (Extended Data 
Fig. 2). We place the field A at coordinates right ascension 150.2074° 
and declination +2.0189°, which corresponds to a dense subcompo-
nent of the CC2.2 protocluster. For field B, we place it on the most  
massive component of the Hyperion protocluster at coordinates  
right ascension 150.0937° and declination +2.4049°.

Observations
The observations were conducted over 17 nights from 2019B (2019B is 
the second observing semester in 2019) to 2021A (the first observing 
semester in 2021) with the Keck/KCWI integral field spectrograph27 
under good observing conditions with the typical seeing of ~1.0 arcsec. 
We used the NAS mode with the large slicer, low-resolution BL grating 
and a central wavelength of 4,060 Å. Observations were done on two 
fields, A and B, each covering an ~60 × 60 arcsec2 region composed of 
6 overlapping tiles of the KCWI large slicer at two different position 
angles of PA = 0° and PA = 90° (Extended Data Fig. 2). Each tile was 
observed for 2 min, shuffling back and forth between fields A and B 
for a cycle of 20 min, before moving to the next tile.

We reduced the data using the interactive data language (IDL) 
version of the KCWI data reduction pipeline kderp (https://github.
com/Keck-DataReductionPipelines/KcwiDRP). For each image, we 
subtracted the bias and overscan, removed cosmic-rays and corrected 
for dark current and scattered light. We performed sky subtraction by 
taking the difference of the two panels in each NAS image. The pipeline 
converted raw 2D detector images into right ascension–declination 
and wavelength corrected three-dimensional (3D) data cubes. For each 
night of observations, we used twilight flats for flat field correction. The 
pipeline was corrected for differential atmospheric refraction and used 
standard star observations for flux calibration. We used the image and 
variance cubes in our analysis, inspecting several intermediate data 
pipeline products to confirm data quality and processing integrity. Our 
inspection of the PSF of bright sources in individual frames caused us 
to discard two images with a compromised PSF due to target reacquisi-
tion issues during the NAS exposure. Overall, each tile was observed 
for a total exposure time of 3.00–3.67 h with a typical depth of 3.33 h, 
as summarized in Supplementary Table 1.

Sky subtraction using NAS was optimized by allowing a slight 
difference in normalization of the source and background field, of the 
order of 1–2%. This was measured using a cross-correlation of each 
exposure total spectrum difference with the sky spectrum. Using this, 
we can say that low-order residuals correlated with sky are <0.07% or 
30 LU Å−1. Such residuals would not in general produce emission-line 
features. We attribute these differences to either absolute differences in 
zodiacal light at the two locations or differences in the diffuse galactic 
light contribution. Using the prominent Ca H/K lines in the sky spectrum 
from zodiacal light, we can use the lack of detection of these lines in 
either A or B field to estimate the sky subtraction precision. We find no 
(3σ) signal associated with these lines >10 LU Å−1, which implies given the 
line contrast of ~0.5 means that the 1σ sky subtraction error is <0.02%.

Data analysis
Variance cubes were generated using the calibrated gain curves and 
recorded photon count per pixel. Pixel variance is reduced when the 
image is reformatted to generate square 0.291 arcsec pixels, by the 
stretch factor. Variances are summed (voxel by voxel) during data cube 
coaddition, and field A and B variances are added when the individual 
exposures are subtracted. Error propagation is discussed at length in 
ref. 11. The variance cube is corrected for resampling (effectively by 
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multiplication by the expansion parameter, which is approximately 
4.0) so that the correct variance can later be calculated when the data 
are smoothed by the adaptive smoothing algorithm. The variance, 
illustrated in Extended Data Fig. 3d, is dominated by sky background 
noise, with ~1,200 electrons per detection pixel (0.291″ × 1.35″ × 1 Å) in 
the final mosaic. Read noise of 2.5 electrons root mean square per 20 min 
exposure, binned 2 × 2, adds an additional effective contribution 75 
electrons per detection pixel, leading to an increase over sky of a factor 
of 1.03. The systematic sky subtraction error is <0.02% of sky (1σ) or 0.2 
electrons per pixel in these units. We note here that NAS subtraction 
increases the first two of these noise sources by √2. There are two main 
additional sources of systematic error. The first is produced by the DFS 
approach. Redshifts and regions of field A with statistically significant 
emission will be subtracted from the same redshifts and regions of field 
B. We estimated an overlap fraction of 5% based on Fig. 2a at 
SBλ ≈ 100 LU Å−1, resulting in an average error of ~5 LU Å−1 albeit with 
large deviations in bright overdensities. The second source of error is 
the source subtraction and sky substitution process. We estimate based 
on varying the source magnitude parameters that this introduces a 
typical error of <5 LU Å−1 when averaged over the entire field of view.

Astrometry on each individual exposure was performed using 
known sources in the fields33. Note that the A and B coadds are slightly 
different because of small offsets in the relative A–B NAS positions 
between each NAS exposure. The A field (A–B) is coaligned to A sources, 
and the B field (B–A) is coaligned to B sources. These differences 
amounted to typically 0.5″.

After sky subtraction and astrometric correction, the data cubes 
are coadded, along with variance and exposure cubes. The final flux 
and variance cubes are exposure weighted, and the variance cube is 
used to determine the SNR in the adaptive smoothing algorithm. An 
exposure cube and variance cube slice are shown in Extended Data  
Fig. 3c,d. Final point source PSFs are ~1.4 arcsec (FWHM).

Bright sources in both the A and B fields could impact the derived 
diffuse emission properties. For field A, bright sources in A produce a 
positive excursion, in B a negative one. The adaptive smoothing algo-
rithm (see next paragraph) can accommodate positive and negative 
sources, which are detected and removed from the image and do not 
produce extended residuals. We run the negative detection loop first to 
remove sources that would bias the positive detection loop. However, 
to ensure the minimization of residuals and artefacts, we perform PSF 
subtraction of all sources brighter than mB < 24. We experimented 
with two methods to deal with fainter sources, either ignoring them 
or performing background substitution in the affected voxels. We find 
that these produce nearly identical results for the diffuse emission, 
which gives confidence that the presence of modest numbers of faint 
continuum sources does not add a statistically significant spurious 
signal or noise component, and we baseline sky background substitu-
tion. Background substitution replaces a generous central 3 arcsec 
region centred on the source with bordering sky. Occasionally more 
extended sources have larger substitution zones. These ensure that 
the contribution of any residual halos around these faint galaxies is 
minimized. We perform this for all galaxies with photometric redshifts 
in the range 2.1 < zphot < 3.6, to minimize the contribution of Lyα from 
faint galaxies, and to enable the unambiguous detection of CPP (see 
discussion below). This approach allows the production of an emis-
sion cube without the loss of regions with sources so that a reasonable 
measurement of emission morphology can be performed.

We use the adaptive smoothing algorithm presented in considera-
ble detail in previous work7,11,21,34,35,56. We summarize the algorithm here. 
We select an SNR threshold SNR0. We start with a cube unsmoothed in 
wavelength. We smooth spatially each wavelength slice with a Gaussian 
kernel with 5 pixels (5 × 0.29″ = 1.469″). We smooth the variance cube 
identically. All voxels with SNR > SNR0 are added to the smoothed  
cube and at the end subtracted from the input cube (after the pass). The 
smoothing length is increased by 2 pixels and the spatial smoothing 

loop is repeated. This continues up to 59 pixels (17.2″). Then the input 
cube and variance cubes are smoothed in wavelength by 2 pixels (box-
car). The spatial cycle is repeated. The wavelength kernel is doubled 
in repeated cycles, followed by the spatial cycle, until the wavelength 
kernel reaches 128 pixels. Negative emission is detected first and 
removed, then positive. The B image (B–A) is performed in the same 
way. As can be seen from Fig. 1, the algorithm produces fair representa-
tions of the input diffuse emission morphology. Adaptive smoothing 
produces covariance between voxels, and interpretation of extended, 
low-surface-brightness emission regions must be circumspect. The 
main impact here is that the source detection threshold (discussed 
below) must account for the reduced number of independent degrees 
of freedom in covariant voxels.

We show in Extended Data Fig. 3 a 10 Å slice of the raw data cube 
at 3,915 Å smoothed to 20 pixels or 5.8 arcsec, the corresponding 
adaptively smoothed slice, the exposure time for the mosaic and the 
variance image in the slice. The adaptively smoothed image is a good 
representation of the raw data, and avoids smoothing compact sources 
above the noise threshold, which would be added to the extended 
emission. Extensive simulation tests were performed in refs. 7,21, which 
showed that extended emission regions become less patchy (for exam-
ple, as in Extended Data Fig. 1) and low-surface-brightness contours 
may shift somewhat as the SNR increases.

Smoothing combined with exquisite NAS subtraction allows us to 
reach the very low minimum sensitivity limits that permit detection of 
the general emission. For example, in 4 h, the 1σ sensitivity limit in 
1 × 1 arcsec2 is 540 LU Å−1, and 770 LU Å−1 with NAS (due to the additional 
√2 noise. When smoothed over 8 Å and 10 × 10 arcsec2, this is reduced 
to 27 LU Å−1 (1σ), or ~81 LU Å−1 (650 LU for an 8-Å-wide line) at 3σ, our 
smoothing threshold. This comports well with our voxel luminosity 
distribution in Fig. 2a, which shows that we are picking up the 
lowest-surface-brightness voxels for only the largest smoothing ker-
nels. SNR variations due to exposure time differences in the mosaic 
will produce a modest fixed pattern modulation in the thresholded 
adaptively smoothed images. The larger smoothing kernels required 
to obtain the lowest-surface-brightness detections attenuates this 
effect. For example, with 30 pixel (8.7 arcsec) smoothing, the variation 
in the SNR is ~12% over most of the field, except in the masked areas. 
Small artefacts also occur near some edges.

Extensive scattering measurements of the KCWI before and during 
commissioning27 established that instrument scattering is very low, 
and quite diffuse, due almost solely to camera ghosts and grating dif-
fuse scatter. These will produce broad wings for bright in-field sources 
that translate into very diffuse spectral/spatial features that are not 
spectrally confined. These fields do not have bright sources in or near 
the field. Even if they did, these low-level scattering wings would not 
produce spatially diffuse but spectrally coherent line emission.

In Supplementary Fig. 1, we show a subset of the emission peaks 
with field A and field B to show the impact of DFS on feature overlap and 
confusion. This figure is analogous to Extended Data Fig. 1.

Source detection and analysis
Sources are detected in the smoothed cubes by selecting all voxels gen-
erated at or below a given smoothing threshold (for example, 9 pixels 
includes 5, 7 and 9), and then running an iterative 3D association algo-
rithm using a 1 voxel nearest-neighbour threshold. This is repeated until 
there is no change in the source identification of all the above threshold 
voxels. We repeat this at every smoothing threshold. Sources are char-
acterized by spatial and spectral moments, and principal component 
analysis is used to determine the principal axes of sources in 3D, giving 
the major and minor spatial axes and the axis of maximum wavelength 
shear. We calculate total brightness, surface brightness SB (in LU) and 
surface brightness SBλ (in LU Å−1), and the line profile moments includ-
ing skew, kurtosis and a parameter sensitive to double peaks we call 
b-par (bi-peak parameter). We calculate distributions using the cube 
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comoving volume accounting for the loss of the masked fraction. We 
assume all line sources are Lyα following ref. 37. As shown in Fig. 2, 
there is good agreement between the source surface brightness and 
luminosity predictions from observations37 and simulations2.

Redshift distribution
We used the spectroscopic data from the zCOSMOS survey41. It con-
sists of two samples: zCOSMOS-bright which is an (I band (AB) magni-
tude) IAB < 22.5 catalogue targeting 0.1 < z < 1.2 galaxies in the COSMOS 
field, and zCOSMOS-deep which is a colour-selected sample aiming at 
1.4 < z < 3.0 sources, typically with (K band (AB) magnitude) KAB < 23.5. 
We used the former sample to verify that low-redshift diffuse emission 
has no contribution to the Lyα signal. For clustering analysis, we used 
the latter. In addition, we used the spectroscopic data from ref. 54 for 
the C2.2 protocluster in field A as well.

We verified that low-redshift, diffuse emission does not contribute 
to the signal. The galaxy redshift distribution shows a single, large peak 
at z = 0.121. If [O ii] 3,727 Å contributes to the diffuse signal, we would 
expect a corresponding peak at 4,182 Å. But field A has a peak at 4,170 Å 
and field B at 4,220 Å. Thus we find no evidence that low-redshift, dif-
fuse emission is contributing to the Lyα signal.

We estimate the galaxy overdensity δgal in a preliminary fashion 
by taking the number of galaxies within r = 8 h−1 cMpc spheres, divided 
by the average number of galaxies in the same spheres in our red-
shift range. The redshift sample includes the entire COSMOS field, 
but there are modest modulations in the surface density of spectra 
over the field on 0.2° scales, but no substantial variations over the 
8 h−1 cMpc projected radii from the two field centres. When the field 
B overdensity is excluded, we find that the bin-to-bin galaxy numbers 
for the whole COSMOS sample is approximately uniform with ±23% 
variations in Δz = 0.05 bins, consistent with large-scale structure plus 
Poisson fluctuations and suggesting no substantial redshift-dependent 
selection effects in our range. For this preliminary work, we have there-
fore not corrected for galaxy selection functions or spectroscopic 
completeness of the sample. As we discuss below the galaxy–emission 
cross-correlation should be relatively immune to modest selection 
function and completeness variations.

We note that several of the peaks in the galaxy overdensity and 
the Lyα emission correspond to overdensities found by ref. 57 (field 
A, z = 2.23, z = 2.30; field B, z = 2.28, z = 2.45). Although calculated in a 
different fashion, when corrected for our averaging sphere they give 
similar results. A portion of the multi-component Hyperion superclus-
ter in field B was earlier identified58.

A comparison of the emission and galaxy redshift distribution 
at various distances from the fields is shown in Supplementary Fig. 2.

Filament (and wall) detection
The observed data cubes were processed without masking to assess 
emission morphology and search for the presence of filaments, as we dis-
cussed above. The extended morphology on scales greater than ~5 arc-
sec should be representative of the emission distribution. We use the 
subspace-constrained mean shift algorithm38,39 on pseudo-narrow-band 
images to determine filament location. Examples of filament maps are 
shown in Fig. 3b and Extended Data Figs. 5 and 6. The latter figure shows 
the dependence on surface brightness isophote threshold. The maps are 
qualitatively similar to those of ref. 39 (Fig. 4) derived for Sloan Digital 
Sky Survey galaxies, albeit on linear scales 100 times smaller. We define 
a filament shape parameter ηfil as the ratio of filament length to filament 
width. The median filament parameter is shown versus the isophote 
level in Fig. 5 (blue line). There is a strong trend towards increasing 
ηfil with decreasing isophote level, an increase of a factor of 20 from 
SBλ = 1,600 LU Å−1 to SBλ = 100 LU Å−1, where it then flattens.

Detected filaments range in width from 5 arcsec to 15 arcsec  
(40–120 pkpc). This is the range of filament widths predicted by 
our numerical simulation, and are consistent with observational 

constraints on the spatial coherence of the Lyα forest40, which is likely to 
probe the filaments. The two statistically significant filaments detected 
by ref. 26 are both ~11 arcsec wide, and were detected only after con-
siderable smoothing (low frequency spatial filtering). Examination  
of recent numerical simulations3,52 suggest that minimum fila-
ment widths are typically 40 pkpc at z ≈ 2.4 and there is a range  
of 40–100 pkpc. In many cases, multiple parallel filaments may be 
present over a wider width.

We also note that at the lowest isophote level that according to  
Fig. 5 we are approaching the morphological transition from fila-
ments to walls. Walls will produce very extended 2D structures that are  
optimally detected by our approach, and may be responsible for a  
good fraction of the lower-column-density ALAF.

Cross-correlation
We calculate the 1D and 2D galaxy–emission correlation functions as 
follows. We use the complete zCOSMOS spectroscopic catalogue41 of 
all galaxies within Δz = ±0.5 of the extremes of fields A or B, a sample 
of 2,835 (1,598) galaxies. For field A, and for each galaxy, we calculate 
the comoving distance to each voxel in the data cube. For 1D, binning 
in logarithmic bins (Δlog10(s) = 0.2), for the spectroscopic distance 
range s = 0.1 cMpc to s = 1,000 cMpc (h = 0.7), we calculate the average 
emission for the galaxy in each bin, using the field A smoothed cube. 
We subtract the average voxel surface brightness ŜBλ, correcting  
both for the mask fraction. This gives the emission cross-correlation 
function ŜBλ ξge(s). We then divide by the average voxel surface bright-
ness ŜBλ  to get the normalized correlation function ξge(s). For two 
dimensions, we bin in projected distance σ and line-of-sight redshift 
distance π to obtain ŜBλ ξge(σ,π) and ξge(σ, π), the 2D cross-correlation 
function, again in logarithmic bins. This is repeated for field B. To 
facilitate comparison with the literature, we display all results in  
distance units of h−1 cMpc.

In equation form, the 2D cross-correlation estimator is:

ξge(σ,π) =
∑lgal∑ijSBλ(σij,πk)Π (

log10[| σ⃗ lgal−σ⃗ ij |−σ]

Δlog10σ
)Π (

log10[|π⃗ lgal−π⃗ ijk |−π]

Δlog10π
)

ŜBλ∑lgal∑ijkΠ (
log10[|σ⃗ lgal−σ⃗ ij |−σ]

Δlog10σ
)Π (

log10[|π⃗ lgal−π⃗ ijk |−π]

Δlog10π
)

− 1

(1)

where Π(x) is the rectangle function, ijk is the voxel index, lgal is the 
galaxy index, σij is the projected distance to voxel ijk, πijk is the 
line-of-sight redshift distance to voxel ijk, Δlog10σ is the logarithmic 
interval for σ, Δlog10π is the logarithmic interval for π (both 0.2), and 
ŜBλ is the average voxel surface brightness. Note that we are using the 
simplest form of the correlation function estimator. We calculate this 
for fields A and B separately, and show the average in Fig. 4.

The 1D cross-correlation function ξge(s) is obtained by using 
s = √(σ2 + π2). The projected cross-correlation function Ξge(σ)/σ and 
the real-space cross-correlation function ξge(r) are obtained using the 
methods of ref. 59.

We calculate errors using a bootstrap approach. We separately 
use a random selection of the catalogue galaxies with replacement 
in multiple trials, and calculate the galaxy cross-correlation variance 
in each bin. We use a random selection of voxels in the data cube and 
calculate the emission cross-correlation variance in each bin. The total 
variance is the sum of the two.

Fields A and B show some differences in the cross-correlations. 
In Supplementary Fig. 3, we show the combined 2D cross-correlation, 
the combined error and the individual functions for A and B. Supple-
mentary Fig. 4 shows the comparison of ξge(s), Ξge(σ)/σ and ξge(r). Field 
A shows a higher cross-correlation in the 3–10 h−1 cMpc range than field 
B, a difference, which we ascribe to cosmic variance.

As we pointed out earlier, a cross-correlation is much less sensitive 
to redshift selection effects that an autocorrelation. We checked that 
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the distribution of galaxies in the observed sample in π, s space was not 
too distorted from a random uniform distribution in space (ratios typi-
cally 0.6–1.5 and smoothly varying). Bootstrap error estimates would 
show any notable sensitivity to non-uniformity. We also checked by 
calculating the cross-correlation function with the Landy–Szalay statis-
tic60, which gave similar results. We all confirmed that the distribution 
of galaxy distances used to bin the cross-correlation in the observed 
redshift sample is similar to that of a random, uniform sample. These 
tests also provide evidence that the overdensity calculation used to 
generate Fig. 1 is not strongly affected by the galaxy redshift selection 
function, particularly as the overdensity is calculated relative to the 
sample mean.

Comparison of ELAF and ALAF
Motivated by the spectra in Fig. 3, we want to make a quantitative 
comparison of the distribution of Lyα emission and absorption. In Fig. 
5, we show the differential fraction of voxels versus SBλ, df/dlogI where 
I = SBλ. We change units to make a comparison to the distribution of 
the LAF (and stronger) lines. The fraction of voxels with emission f is 
changed to the number of voxels per unit redshift dN/dz by multiplying 
by the number of voxels per unit redshift (voxels per Δz = 1,216 Å/(1 Å 
per voxel)), where N is the number of voxels with detected emission 
above a given surface brightness threshold. The ALAF distribution 
(dN/dzdlogNHi) is given in number of absorbers per unit redshift and 
range of logarithmic N(H i) column density. As a typical absorber has 
a Doppler parameter of b ≈ 30 km s−1, line FWHMs are roughly 1 Å at 
z = 2.35. As the KCWI cube has 1 Å voxels, to convert df/dlogI to an 
approximate equivalent ALAF distribution we simply divide by the 
redshift width of a single voxel (Δz = 1 Å/1,216 Å). This is called dN/
(dz × dlogI) = df/dlogI × (voxels/Δz) and is shown as the left axis of the 
main box in Fig. 5. The ALAF distribution is well fitted by a power law49, 
and when we equate the ELAF and ALAF distributions we arrive at the 
right-hand axis of the main box, corresponding to the H i column 
density N(H i). Typical designations for the column density ranges are 
LAF N(H i) < 1017 cm−2, LLS 1017 < N(H i) < 1019 cm−2) and sDLA (also called 
super-LLS) 1019 < N(H i) < 1020.3 cm−2. We therefore proceed with the 
assumption that the ELAF and ALAF distributions are approximately 
related, and investigate the implications of this.

The ALAF column density can be roughly converted to a matter 
overdensity δ (ref. 50), shown as the rightmost axis. Next to this axis, we 
show typical ranges of three morphological features of the cosmic web, 
knots, filaments and walls, and their correspondence to overdensity 
from simulations51. These morphological features can also be related 
to volume fraction using simulations52, and this comparison is given 
next to the leftmost axis. Based on this, we can identify the majority of 
the ELAF as coming from filaments, with the brighter emission from 
knots and the faintest from walls. Further evidence that this is the case is 
shown by the red and blue lines. The red line shows the median volume/
redshift fractions for the single source with the maximum voxel volume. 
The line shows an abrupt increase in the maximum source volume as SBλ 
decreases from 300 LU Å−1 to 100 LU Å−1. At this brightness, the maxi-
mum source occupies a substantial volume fraction. This behaviour is 
a signature of percolation, as knots become connected by filaments at 
lower surface brightnesses. This transition occurs exactly at the range 
predicted by the two other tracers of morphology discussed above. 
The blue line shows the median filament parameter ηfil discussed above 
versus surface brightness. This parameter also shows a steep increase 
below SBλ ≈ 1,000 LU Å−1. The flattening of this curve could be due to the 
finite field of view, sensitivity limits or the appearance of walls, which 
will exhibit lower filament parameters.

Finally, we relate the surface brightness to the galaxy–emission 
cross-correlation signal, converting 〈SBλ〉ξge to a radius (in h−1 cMpc) 
using the power-law fit discussed in the main text. The typical distance 
from a galaxy is >100 h−1 ckpc for the range of intensity we identify as 
filamentary, a result approximately consistent with simulations.

Continuum photon pumping
Using the continuum metagalactic background at Lyα in the rest 
frame48, we can calculate the rate of CPP as measured at Earth. A per-
fect H i absorber with a width and equivalent width of 1 Å (that is, a 
perfect rectangular absorption profile) will produce a scattered sur-
face brightness of SBCPP,0 ≈ 166 LU Å−1 at z = 2.35. While the radiative 
transfer will be more complex, a first approximation can be obtained 
from the continuum normalized QSO absorption-line spectrum 
fQAL with SBCPP ≈ SBCPP,0(1 − fQAL). In Fig. 3l, we use a random QSO with 
high-spectral-resolution data to illustrate the typical appearance that 
such an emission-line spectrum might take at the KCWI spectral resolu-
tion. We used a slightly lower normalization, SBCPP,0 = 100 LU Å−1. There 
is evidence that the fainter emission features could be explained by this 
process, and that this could provide emission sensitivity to much of 
the ALAF. We note that this process relies on resolving out the sources 
of continuum emission as discussed in Methods and illustrated in 
Extended Data Fig. 9. The equivalent of Fig. 3l, which is meant to be illus-
trative is given for field B and the field B QSO in Extended Data Fig. 10.

The CPP process46,47 is observable because the sources of continuum 
emission in the metagalactic UV background are galaxies and QSOs. For 
the purposes of this discussion we refer to an LAF absorber as a ‘cloud’. 
We illustrate the CPP concept in Extended Data Fig. 9. In Extended Data  
Fig. 9a, we show the case of a single illumination source, and note that 
absorption is observed in the direction of the source, while emission is 
observed when the source is not in the field of view. Extended Data Fig. 9b 
illustrates that this situation continues to pertain as long as none of the 
emission sources enter the field of view of observer B. If there is a large sur-
face density of emission sources, as in Extended Data Fig. 9c, with an aver-
age surface brightness comparable to the metagalactic UV background, 
the absorption from the sources compensates for the emission and no 
line is observed. In Extended Data Fig. 9d, this situation is extrapolated 
to the ideal case of a truly diffuse continuum source, for which again, no 
line is observed at B. Note that once continuum light is resonantly scat-
tered in the LAF, it becomes effectively diffuse, and the radiative transfer 
situation in local regions of the IGM will become more complex. But this 
only occurs when the continuum emission has redshifted into the Lyα line 
region, which occurs near the IGM cloud, and only to the fraction of the 
continuum absorbed by the LAF. Even if we assume all of the continuum 
is scattered in the LAF over this redshift range, a fraction 0.75 remains 
unscattered and resolvable into sources61. The Lyβ forest produces at 
most an 8% reduction in continuum over the full range.

Another way of thinking about this process is the following. Photons  
are removed from the continuum of QSOs62,63 and galaxies64 by H i in 
the IGM, as observed on Earth. A proper accounting of these photons 
requires that, as they are not destroyed by any process (such as dust 
absorption), they must be detectable as emission emanating from 
the H i regions that produce the absorption, as long as the continuum 
sources are resolved out.

To ensure that continuum sources are excluded from the KCWI 
emission measurement, we perform sky substitution for all galaxies 
whose photometric redshifts fall within the range 2.1 < z < 3.6 for mag-
nitude range 24 < mB < 28. This redshift range is chosen to ensure that 
galaxies with rest wavelengths from 912 Å < λ < 1,220 Å are removed 
from the emission voxels. We use a parameterized UV luminosity func-
tion65 to derive the fraction of continuum background due to galaxies 
present at the emission redshift z ≈ 2.35 versus the limiting magni-
tude observed on Earth. We assume a flat UV spectrum over the range 
912 Å < λ < 1,220 Å. For a limiting magnitude of mB < 26|27|28 we find that 
the continuum background that is resolved out (and therefore observ-
able as CPP) is 0.47|0.70|0.90. Note that even if we were to set the limit 
at mB < 26, the sources would have a low surface density, with a fraction 
of 0.16 falling in a 10 × 10 arcsec2 region. Thus in this case, 84% of voxels 
would display emission. We set the limit at mB < 28 to be conservative.

We show in Extended Data Fig. 10 the field B QSO absorption spec-
trum continuum normalized and converted to an emission spectrum as 
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in Fig. 3l. Vertical red and blue lines indicate features in the absorption 
spectrum that have counterparts in the emission spectrum within 2 Å.

We measured the cross-correlation between the field B QSO at the 
overdensity redshift with the field B ELAF. The QSO absorption-line 
spectrum is the same spectral resolution as the emission data. We 
excluded wavelengths longer than 4,140 Å to avoid QSO system absorb-
ers, and we continuum corrected the spectrum and inverted it as in Fig. 
3l. We estimated errors by bootstrap sampling of the emission cube and 
the absorption spectrum. A statistically significant cross-correlation 
is detected in the range 0.3–8 h−1 cMpc, as we show in Extended Data 
Fig. 4. We show only the 1D cross-correlation (analogous to Fig. 4b), as 
there is insufficient transverse distance (limited by the size of the data 
cube) to assess the 2D and 1D radial correlation functions.

Data availability
The observational data used in this paper are available on the Keck 
Observatory Archive (https://www2.keck.hawaii.edu/koa/public/
koa.php).
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Extended Data Fig. 1 | Forwarded modeled numerical simulation of Lyα 
emission from the general cosmic web at z ~ 3 predicted that the KCWI 
observation would detect emission. Upper spectrum is sum of enlarged 2 × 2 
arcmin2 difference field (source-background) model emission, middle spectrum 
is observed spectrum with KCWI, parameters discussed in the text, with 1 LU 

= 1.2 × 10−22 erg cm−2 s−1 arcsec−2. Four narrow-band images are shown for the 
colored wavelength intervals, upper shows with no noise, lower is adaptively 
smoothed image1,2 based on simulated observed KCWI data cube, with full-scale 
comparable to spectrum. Ordinate is average surface brightness (〈SBλ〉) over 
displayed image.
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Extended Data Fig. 2 | Tiling overlay of Fields A (top) and B (bottom) at position angles PA=0∘ (left) and PA=90∘ (right). An array of 6 overlapping KCWI Large 
slicers, covering an area of ~ 60 × 60 arcsec2. The image cutouts are from the COSMOS HST/F814w data.
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Extended Data Fig. 3 | Raw, smoothed, exposure, and variance images.  
a. Raw image slice 3910-3920Å, smoothed to 20 pixels or 5.8 arcsec. b. Adaptively 
smoothed image slice. Note that adaptively smoothing reduces the extended 

emission levels because bright compact regions above the noise threshold are 
removed. c. Exposure time (top scale gives seconds, bottom seconds times Δλ.  
d. Variance cube slice.
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Extended Data Fig. 4 | Cross correlation between ELAF and ALAF. Estimated 1D cross-correlation function between Field B ELAF and the ALAF present in the field 
QSO. Errors estimated by bootstrapping both the absorption and emission line data.
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Extended Data Fig. 5 | Filament plots. Six 3Å narrow-band images showing filament detection locations. Note that most galaxies are connected by filaments.
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Extended Data Fig. 6 | Filament plots vs. threshold. Five 3Å narrow-band images showing filament detection locations vs. surface brightness threshold. Filament 
lengths and interconnectivity decrease with increasing surface brightness threshold.
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Extended Data Fig. 7 | Field A overdensity at z=2.23. Mosaic of 16 3Å slices 
covering the z ~ 2.23 overdensity. Each central wavelength and corresponding 
Lyα redshift is shown, and galaxies are displayed for which Lyα falls within 10Å 

of the slice. Most of the galaxies are embedded in emission at a corresponding 
redshift, and the majority have emission spanning multiple galaxies at a given 
redshift.
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Extended Data Fig. 8 | Narrow-band slices from LAH Model. LAHs were placed 
randomly using simulation following density structures in the cosmic web. 
Two 8Å slices shown from top to bottom. On left, the input surface brightness 
distribution. On right, results after adpative smoothing using the observed KCWI 

variance cube. Bright cores of the brighter LAHs are detected, but only part of the 
halo of the brightest LAH. There is no signal from smoothed out faint halos, even 
though they are distributed in overdense filamentary structures. The derived 
voxel volume distribution is given as the grey line (LAH) in Fig. 5.
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Extended Data Fig. 9 | Illustration of Continuum Photon Pumping Process.  
a. With a single illumination source, IGM cloud absorbs in Lyα for observer A, and 
emits due to resonance scattering in the Lyα into the field of view of observer 
B. b. With a distribution of line and continuum illumination sources, observer 
A again sees absorption, which observer B, with illuminating sources resolved 
and therefore no illuminating sources in the field of view, sees an emission line. 
c. With a large number of faint illuminating sources, sufficiently numerous that 

they occupy the B field of view with the average metagalactic surface brightness, 
the absorption from the cloud exactly compensates for the scattered emission, 
and no line is observed. d. With a diffuse, uniform source of line and continuum 
emission the emission and absorption exactly cancel. In this paper, the scenario 
in panel b. pertains since the majority of the illuminating sources are resolved out 
and excluded from the emission measurement.
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Extended Data Fig. 10 | QSO absorption line spectrum converted to emission 
line spectrum. a. Field B QSO absorption line spectrum converted to emission 
line spectrum following Fig. 3. Panels b-e show emission from individual regions 

near QSO, with vertical lines indicating features seen in the QSO absorption line 
spectrum which have counterparts (within 2Å) in the emission spectra. Line 
colors alternate for clarity.
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