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ABSTRACT

Recent observations with the James Webb Space Telescope (JWST) have further refined the spectroscopic redshift of GN-z11,
one of the most distant galaxies identified with the Hubble Space Telescope, at z = 10.603. The presence of extremely dense gas
(>10'°cm™?), the detection of high-ionisation lines and of CII*1335 emission, and the presence of an ionisation cone indicate that
GN-z11 also hosts an active galactic nucleus. Further photometric and spectroscopic follow-up demonstrates that it lies in a large-
scale, overdense structure with possible signatures of Population III stars in its halo. Surprisingly, Ly has also been detected despite
the expected largely neutral intergalactic medium at such a redshift. We exploit recent JWST/NIRSpec integral field unit observations
to demonstrate that the Lya emission in GN-z11 is part of an extended halo with a minimum size of 0.8-3.2 kpc, depending on the
definition used to derive the halo size. The surface brightness of the Lya halo around GN-z11 appears consistent with Ly halos
observed around z ~ 6 quasars. At the wavelength of Lya at z ~ 10.6, we identify three other emission line candidates within the
integral field unit field of view with no UV rest-frame counterpart visible in deep images from the JWST/NIRCam. If confirmed, this
could be the first evidence that the local region of GN-z11 represents a candidate protocluster core, forming just 400 Myr after the
Big Bang. We give a first estimate of the dark matter halo mass of this structure (Mh =2.96"044 x 10%° M@), which is consistent with

a Coma-like cluster progenitor.

Key words. galaxies: halos — galaxies: high-redshift — dark ages, reionization, first stars

1. Introduction

One of the most intriguing challenges of modern extragalac-
tic astronomy is understanding how the first luminous objects
emerged from a dark and neutral Universe less than 300 mil-
lion years after the Big Bang. This quest to understand Cos-
mic Dawn has been a scientific objective of many telescopes
and instruments since the 1950s (for a review see Ellis 2022).

* These authors contributed equally to this work.

Deep and large photometric near-infrared surveys have been
undertaken to identify galaxies during the epoch of reioni-
sation (EoR), at z > 6, using the Lyman break technique
(Steidel et al. 1996), a well-known and tested method based on
the fact that UV photons emitted at energies higher than Lya
(1 < 1216A) are almost completely absorbed by the neu-
tral gas surrounding these galaxies. However, this technique
can lead to the selection of interlopers, such as dusty galaxies
(e.g., Hayes et al. 2012, Arrabal Haro et al. 2023), brown dwarfs
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(e.g., Wilkins et al. 2014), and supernovae (e.g., Yan et al. 2023).
Therefore, spectroscopic follow-up is crucial to confirm the
nature of high-redshift galaxy candidates.

Because of the abundance of ionising photons from primeval
galaxies and active galactic nuclei (AGNs) in the early Uni-
verse, Lya is expected to be very strong at high redshifts
(equivalent widths >80 A; e.g., Partridge & Peebles 1967;
Charlot & Fall 1993) and has been used to spectroscopically
confirm some of the most distant galaxies (e.g., Zitrin et al.
2015; Roberts-Borsani et al. 2016; Jungetal. 2022). Several
mechanisms are involved in the production of Lya photons. In
the interstellar medium (ISM), young massive stars ionise the
neutral hydrogen, leading to the emission of Lya photons via
the recombination of hydrogen atoms. This effect is enhanced
by the presence of AGNs. Farther away, in the circumgalactic
medium (CGM), Lya can potentially be excited in shock-heated
gas associated with accreting flows. Similarly, outflows can
result in Lya emission in shock-heated gas. Resonant scattering
is also an important mechanism for producing Lya photons
since neutral hydrogen is optically thick to these photons (for
a review see Ouchi et al. 2020). In addition to the mechanisms
discussed above, the formation of Lya halos could be reinforced
by the presence of nearby companions (Baconetal. 2021;
Leonova et al. 2022). Constraining the spatial extent of this
strong emission line provides constraints on the ISM and CGM
properties, on the nature of the source (star-forming galaxy or
AGN), and on the environment of galaxies, especially those
found in the early Universe.

The large fraction of neutral hydrogen surrounding galaxies
in the EoR reduces the detectability of Lya emission originat-
ing at the earliest epochs (Robertson et al. 2015; De Barros et al.
2017). However, within the last decade, several surprising Lya
detections have been obtained from galaxies deep in the EoR
(Zitrin et al. 2015; Hashimoto et al. 2018; Bunker et al. 2023).
A recent comparison between James Webb Space Telescope
(JWST) observations and simulations suggests an explanation
for the detection of Lye at z > 7: processes driven by
interacting galaxies (Witten etal. 2024) located in overdense
regions (e.g., Leonovaetal. 2022; Jung et al. 2022; Tang et al.
2023; Witstok et al. 2024). The most distant Ly emission line,
detected with NIRSpec/JWST data in a Hubble Space Telescope
(HST) selected galaxy (Bouwens et al. 2010), is from GN-z11 at
z = 10.6 (Bunker et al. 2023), with an integrated flux of 2.3 X
1078 ergs~! cm™2 and an equivalent width (EW) of 18.0 + 2.0 A.
Interestingly, the presence of extremely dense gas (>10'cm™3,
typical of the broad line region of AGNs) and the detections of
[NeIV]112422,2424 and CII*1335 emission indicate that GN-
z11 also hosts an AGN (Maiolino et al. 2024a). Spectroscopic
follow-up with integral field unit (IFU) data has recently pro-
vided indications of the presence of Population III (PoplII) stars
in the vicinity of GN-z11 (Maiolino et al. 2024b), making this
galaxy one of the most interesting and intriguing objects in the
early Universe.

In this work, we investigate the spatially resolved Lya emis-
sion in the vicinity of GN-z11, the most distant Ly« emitter cur-
rently known, by exploiting the recent NIRSpec IFU observa-
tions presented in Maiolino et al. (2024b). In Sect. 2 we briefly
describe the observations and the data reduction steps taken to
obtain our final reduced datacubes. In Sect. 3 we characterise
the properties of the Lye halo, and in Sect. 4 we search for com-
panion galaxies in the local vicinity of GN-z11. Throughout this
work we use the AB magnitude system (Oke & Gunn 1983) and
assume the Planck Collaboration VI (2020) flat Acold dark mat-
ter cosmology.
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2. Observations and data reduction

In this work we used data obtained by the NIRSpec IFU
(Jakobsen et al. 2022; Boker et al. 2022), which are presented in
full detail in Maiolino et al. (2024b). These data were obtained
May 22-23, 2023, under Director Discretionary Time (DDT)
programme 4426 (PI: Roberto Maiolino). The observations
used a medium cycling pattern with 10 dithers using a total
of 3.3h on source with the medium-resolution grating—filter
pair G140M/F100LP and 10.6h with the medium-resolution
grating—filter pair G235M/F170LP. This configuration covers
0.97-1.89 um and 1.66-3.17 um, respectively, with a nominal
spectral resolution of R ~ 1000. The detector was set with
the improved reference sampling and subtraction pattern (IRS?),
which reduces significantly the readout noise (Rauscher et al.
2012).

Despite JWST’s excellent pointing accuracy (i.e., loo =
0.1”', Rigby et al. 2023) and accurate target coordinates using
Gaia-aligned astrometry, the observations were not centred
properly as the guide star selected by the observatory was a
binary system, introducing a large offset (1.4” towards the SE;
Maiolino et al. 2024b). This offset caused GN-z11 to be close
to the edge of the field of view (FoV) of the NIRSpec/IFU.
As a result, for three dither positions, GN-z11 was located at
the edge of FoV, while for the remaining seven dithers varying
parts of the region west of GN-z11 were outside the FoV of the
instrument. This results in steeply decreasing sensitivity of the
observations to the west of GN-z11 (and also beyond 0.7” north
of GN-z11). We re-aligned the astrometry of the NIRSpec/IFU
observations to the Gaia-aligned NIRCam. We collapsed the IFU
cube in the wavelength range of the NIRCam filter and realigned
it with the UV continuum of GN-z11 in the NIRCam observa-
tions (Tacchella et al. 2023).

The full data reduction is described in Maiolino et al.
(2024b), here we briefly describe the process. The raw data were
processed with the JWST Science Calibration pipeline? version
1.8.2 under CRDS context jwst_1068.pmap. We made a number
of modifications to the reduction steps to improve the data reduc-
tion (see Perna et al. 2023 for more details). The final cubes were
created using ‘drizzle’ method setting the spatial pixel scale to
0.06” to match the pixel scale of the NIRCam images. For this
step, we used an official patch to correct a known bug?.

3. Properties of the most distant Ly« halo

In order to map the individual emission lines we first subtracted
the background spectrum. We created the master background
by producing a median spectrum of object-free spaxels with a
running median filter of 25 channels to avoid any noise spikes.
This master background was subtracted from each spaxel in the
cube. To create the Lya map, we collapsed the channels within
+400kms~! centred on the peak of the Lya emission line from
Bunker et al. (2023) (channels 695-703, ~1.4115-1.4152 um)
and subtracted the continuum image (created by taking the chan-
nels immediately redwards of the Lya emission line and taking
the median flux). We smoothed the Lya image with a Gaussian
kernel with a sigma of 1.5 pixels (0.09”). We show this Lya
image in the left column of Fig. 1 (2, 3, 4, and 50 levels; with the
noise level estimated using the object free central region of the

! https://jwst-docs.stsci.edu/
jwst-observatory-characteristics/
jwst-pointing-performance

2 https://jwst-pipeline.readthedocs.io

3 https://github.com/spacetelescope/jwst/pull/7306
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cube) plotted over the NIRCam F277W image. We also indicate
the region of the data cube with no more than 70% of the dither
positions (because of the observatory guiding problem) and we
highlight the region with <30% of the dither positions.

The Ly is extended in the NE direction, with a secondary
spatial peak 0.4 (i.e., 1.6kpc) away from the location of the
GN-z11 continuum peak (see Fig. 1). We also detect an exten-
sion of the Ly to the SW of the continuum centre of GN-z11
on a scale of 0.2 arcsec, similar to the previous reports of this
extension in the MSA observations in Bunker et al. (2023). The
finding of extended CIII]41909 emission in this direction, with
a funnel-shaped geometry (Maiolino et al. 2024a), indicates that
the SW Lya extension is tracing the AGN ionisation cone. How-
ever, the Lya extension in the cone region should be considered
with great care because it is only partially covered by the dithers
of the observations and is also potentially subject to field edge
issues.

We extracted the spectrum from two separate regions: one
encompassing the NE extension (i.e., companion) and the other
one centred on the GN-z11 continuum location and also includ-
ing the SW extension (these regions are shown by dashed blue
lines on the NIRCam images in Fig. 1). Specifically, we selected
these regions to coincide with the structure and peaks of the Lya
map in order to extract the total emission line flux. In the com-
bined 1D spectra, we detect Lya emission at 4.50- and 6.00 for
the central and NE regions, respectively. There is a data arte-
fact around 1.42 pm, which is only seen in the region where we
have 50% fewer exposures (the SW region of GN-z11), possibly
associated with field edge issues (furthermore, the second peak
hinted at by this data artefact is not seen in the much deeper
MSA observations; Bunker et al. 2023).

We fitted the extracted spectrum with both a Gaussian pro-
file describing the emission line and a power law with a break
at 1.41 microns to describe the galaxy continuum. Although
Lya emission often has a complex line profile, given the low
signal-to-noise ratio (S/N) of these observations we fitted a sim-
ple Gaussian profile. This model was fitted to the data using
the Markov chain Monte Carlo algorithm with Python’s emcee
package (Foreman-Mackey et al. 2013). The final quoted param-
eter values and their uncertainties are the median value and 68%
confidence intervals of the posterior distribution.

The combined measured flux from the two separate regions
(3.9 x 1078 ergs™! em™2) is 70% higher than those measured in
the MSA observations (Bunker et al. 2023). Since flux calibra-
tions of the MSA and IFU observations are accurate to <5%
for both instrument modes (Boker et al. 2023), two factors are
likely affecting the MSA measurements: (1) the potential self-
subtraction of the extended emission line in the MSA observa-
tions and (2) the Lya emission being more extended than the size
of the MSA shutter. We summarise Lya emission line results for
each region in Table 1.

The Lya emission line profile varies significantly across
the two separate regions. The full width at half maximum
(FWHM) of the Lya emission line varies between 440 and
1000 km s~ across the regions. Furthermore, the velocity off-
set of the Lya emission with respect to the rest-frame opti-
cal emission lines from (z = 10.6034, Bunker et al. 2023) is
520%%¢ and 915*8¢ kms™! for the central and NE blobs, respec-
tively. We report the results of fitting the Lya emission from
these two regions in Table 1. We recover a velocity offset of
the Lya emission line in the local vicinity of GN-z11 that
is consistent with that measured by Bunker et al. (2023) and
observe an increasing velocity offset in the NE direction, as
shown in Fig. 1. We see a tentative detection of the unre-

solved CIVAA1548,1551 emission line doublet in the location
of the NE blob with a 420kms~! velocity offset compared to
the systemic redshift of GN-z11 (see the appendix for more
information). This implies that both GN-z11 and the NE blob
have a similar velocity offset of their Lya emission from their
respective systemic redshifts of ~500kms~!. This large veloc-
ity offset is indicative of a very low escape fraction of Lyman-
continuum photons (~0%; Izotov et al. 2018; Gazagnes et al.
2020; Kakiichi & Gronke 2021), which is consistent with the
escape fraction derived by Bunker et al. (2023, 3.8%).

We also note that the Lya emission lines of both regions do
not show significant asymmetry. While this asymmetry is some-
what typical of high-redshift Lya emitters (Finkelstein et al.
2013; Oesch et al. 2015; Jung et al. 2022), Kakiichi & Gronke
(2021) show that with no or few holes in the neutral hydrogen
surrounding Ly continuum leaking regions, symmetrical Ly«
profiles can be observed. Moreover, Witten et al. (2023) show
that the intergalactic medium (IGM) transmission curve can sig-
nificantly disturb the asymmetry of the Ly line as it processes
through the neutral IGM and hence, the symmetrical Lya emis-
sion line observed here does not necessarily trace the intrinsic
profile of the emission line. Furthermore, Bunker et al. (2023)
do detect some asymmetry in the Lya line originating from the
position of the UV continuum of GN-z11 and therefore it is pos-
sible that the IFU observations do not have the required depth to
detect this asymmetry.

The morphology of Lya emission around GN-z11 is com-
plex with two extended connected peaks. As such, it is difficult
to assess whether this is a single Lya halo or two overlapping
halos around two separate sources. As a result, we define the
Lye halo size in two different ways: (1) we assume that these
are two independent Lya halos and here we report the size of
the halo centred on the UV continuum of GN-z11 (similar to
the definition from Bunker et al. 2023), which would result in a
radius of 0.8 kpc; and (2) we assume that the entire structure is
single asymmetric Lya halo encompassing the two peaks and we
define the size from the UV continuum centre to the furthermost
20 contours of 0.78 + 0.1” (3.2 + 0.4 kpc).

Before the arrival of the JWST, one of the best instruments
to study the profile of Ly« halos at high redshift was the Multi
Unit Spectroscopic Explorer (MUSE) at the Very Large Tele-
scope (VLT; Bacon et al. 2010). However, its wavelength cover-
age is not sufficient to detect Ly halos at z > 6.7. Leclercq et al.
(2017) studied the halos of 145 galaxies at 3 < z < 6 and
concluded that 80% of their sources have Lya emission more
extended than the UV continuum. Farina et al. (2019) presented
VLT/MUSE observations of 31 quasars (z = 5.7-6.6) with
39% of the sources revealing Lya halos. GN-z11, with its UV
luminosity of (Myy = -21.5), would be considered a bright
star-forming galaxy by Leclercq et al. (2017) and Wisotzki et al.
(2018) and a faint quasar by Farina et al. (2019); hence, it is nec-
essary to compare the Lya halo properties to both star-forming
galaxies and quasars.

We compare the surface brightness of GN-z11 to the profiles
of star-forming galaxies from Wisotzki et al. (2018) and quasars
from Farina et al. (2019) in Fig. 2. To account for cosmologi-
cal dimming across different redshifts, we multiplied the surface
brightness profiles by (1 + z)* to make for an easier comparison.
We show two separate measurements for GN-z11 based on the
definitions outlined above: (1) a single smaller halo centre on the
GN-z11 UV continuum (dark blue circle); and (2) the extent of
the full larger halo encompassing both peaks (light blue square).
Remarkably, the size and surface brightness of the GN-z11 halo
is consistent with those around quasars rather than star-forming
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Fig. 1. Overview of the Lya around GN-z11. Middle left: map of the Lya emission with dashed red contours representing the 2, 3, 4, and 5o
levels. Middle right: JWST/NIRCam F277W continuum image with the Lya emission map overlaid as dashed red contours (2, 3, 4, and 50 levels).
The dotted green lines indicate where fewer than 70% of the dither positions cover the area, and the green shading the area covered by fewer than
30% of the dithers. We show extracted spectra from the two Ly« blobs to confirm the Lya map morphology in the top and bottom panels. The best
fit to the emission line is shown as a dashed red line, and the noise is shown as a dotted black line. We highlight the spectral region affected by the

data artefact at the edge of the FoV as a grey-shaded region.

galaxies. We also note that the asymmetric Lya halo currently
observed around GN-z11, although potentially as a result of
insufficient dithers due to the guiding problem, does mimic the
structure of Lya halos around quasars in overdense regions at
lower redshifts (e.g., Cantalupo et al. 2014; Hennawi et al. 2015;
Bacon et al. 2021).

We also compared our measurements with what is expected
from zoom-in simulations of a large halo of M, = 6.9 x 10'> M,
at z 6 (Bennett et al. 2024; Sijacki et al. 2009), with varia-
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tions in the feedback model from the FABLE suite of simulations
(Henden et al. 2018). These simulations are a higher resolution
version of those described in Bennett et al. (2024), and use the
same physical models. Bunker et al. (2023) estimate a metallic-
ity for GN-z11 of 0.12 Z, which corresponds to a dust-to-metal
ratio (DMR) of ~0.01 (Li et al. 2019). Our Lya modelling uses the
COLT code (Smith et al. 2015), which includes Lya emission from
unresolved HII regions around stars and the effect of ionisation
from the AGN on the surrounding gas, and we used two different
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Table 1. Measured S/Ns, fluxes, FWHMs, and velocity offsets to the
emission lines in GN-z11 for the Lya emission line extracted from the
MSA (Bunker et al. 2023) and the regions defined in Figs. 1 and 3.

Region S/N Flux FWHM ov
(x107)ergs'em™?  kms™'  kms™!
MSA® 121 23019 53065 55532
Central 4.5 12,5433 44020 520706
NE 6.0 26.8%15 1000%}2%3 915j§§
+0. + +
E 45 3.34+081 5204120 g10+60

Notes. “Values taken from Bunker et al. (2023) for the full shutter
extraction spectrum.

DMRs, 0.01 and 0.1. Our simulations conclude that (i) the size of
the halo depends on the DMR (the halo is 25-33% larger with a
DMR =0.01 than with a DMR =0.1) and (ii) the expected size of
the GN-z11 halo ranges between 2.5 and 3.0 kpc.

4. Search for companions in the vicinity of GN-z11

The presence of nine galaxies within an area of ~100 Mpc? with
photometric redshifts within Az = 1 of the redshift of GN-z11,
places GN-z11 at the centre of a clustered region, reported by
Tacchella et al. (2023). This could provide an explanation for the
escape of Lya radiation through the intervening neutral IGM,
via the production of a large ionised bubble (Tilvi et al. 2020;
Leonova et al. 2022; Witstok et al. 2024). Moreover, the pres-
ence of a Hell clump, reported by Maiolino et al. (2024b), that
may host Poplll stars provides the first evidence of a poten-
tial companion galaxy just 0.6”” from GN-z11. The presence of
such companions helps explain the production and escape of Ly«
radiation through the local environment of high-redshift galaxies
(Witten et al. 2024). With this in mind, we searched for emission
lines in the NIRSpec IFU FoV that can be attributed to compan-
ion galaxies at a redshift consistent with that of GN-z11.

We note that no photometric candidate companions exist
within the limited FoV of these observations. Any such com-
panions identified with these observations will therefore have no
associated UV continuum. However, Kerutt et al. (2022) found
that one-third of Ly emitters in MUSE have no associated UV
continuum counterpart and hence this would not be unexpected.

4.1. Lya emitting blobs

Figure 1 reveals a Lya ‘blob’ ~0.4” to the north-east of GN-
z11, originating just above the ‘haze’ reported by Tacchella et al.
(2023). This 60 detection of Ly« spectroscopically confirms the
presence of a companion galaxy. Indeed, we also have a ten-
tative CIVA1550 detection in the NE Lya blob at 3.20 (see
Appendix A) indicating a potentially highly ionising source in
that region, such as a very young stellar population or a faint
AGN (see Maiolino et al. 2024b, for more details). Moreover,
the detection of Hell emission from a clump ~0.6” to the north-
east of GN-z11, originating from a distinct region to the Lya
halo (Maiolino et al. 2024b), indicates the presence of pristine
gas, possibly photoionised by a cluster of PopllI stars.

This detection of emission lines originating from clumps that
are distinct from GN-z11 offers a deeper insight into the pro-
cesses driving Lya emission at these epochs. It acts as further
support for the idea that galaxy interactions are driving Ly«
emission in the EoR (Witten et al. 2024), and confirms that a
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GN-z11 - UV position
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Fig. 2. Comparison of the Lya halo surface brightness of GN-z11 to
the profiles of Lya halos around star-forming galaxies at z = 5.0-6.0
(red shaded region; Wisotzki et al. 2018) and quasars at z = 5.7-6.6
(yellow and orange shaded region; Farina et al. 2019). For the quasars
from Farina et al. (2019) we show the radial surface brightness profiles
for the full sample and for only those with detected Lya halos as yellow
and orange regions, respectively. We show two separate definitions of
halo size for GN-z11: a smaller halo in the vicinity of the UV continuum
(dark blue circle) and the full extent of the asymmetric halo (light blue
square). The surface brightness and the extent of GN-z11’s Lya halo are
in agreement with quasars rather than star-forming galaxies atz ~ 6.

significant amount of neutral hydrogen around these sources
must have been displaced in order to facilitate the observation
of Lya photons from both sources, despite their different prop-
erties. This result also suggests that peculiar velocities may not
be playing a significant role in the escape of Lya photons given
that both GN-z11 and the NE region have relatively large veloc-
ity offsets from each other (~400kms™'). If a large velocity
offset driven by gravitational interactions between GN-z11 and
these clumps was driving the escape of Lya photons through the
neutral IGM, it could be expected that only one source would
show Lya emission. That source would emit Lya photons that
are heavily redshifted relative to the neutral IGM and hence, are
more likely to escape without attenuation, while the other source
would emit Lya photons that are blueshifted and hence would be
absorbed by the neutral hydrogen in the IGM unless a significant
ionised bubble is present (e.g., Tilvi et al. 2020; Leonova et al.
2022; Witstok et al. 2024; Witten et al. 2024). While the interac-
tion between GN-z11 and its companions is more complex than
a simple two-body interaction, this result offers an early indica-
tion that peculiar velocities may not be the most important factor
in facilitating Ly escape.

We also searched for more distant Lya-emitting sources in
the full FoV of the NIRSpec IFU observations (specifically the
area fully covered by the ten dithers) within +2000kms~! of
the systematic redshift of GN-z11. We find a single candidate
detected 2.15 arcseconds east of GN-z11 and we show the loca-
tion of the candidate and its spectrum in Fig. 3. The emis-
sion line is detected at 4.50- with FWHM of 520%33°kms™" at
z = 10.6346, 290km s~! offset redwards of the Ly« emission
line of GN-z11.

Since the Ly emitter is close to the foreground galaxy, we
verified that the emission line is indeed from a z ~ 10.63 galaxy
and not the foreground source (zphoe = 0.63; Hainline et al.
2024). We extracted a spectrum with a radius of 0.3” centred on
the source east of the Ly blob in both band 1 and band 2 IFU
observations. Although the continuum is well detected in both
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Fig. 3. Detection of an additional Ly« emitter, 2.1 arcseconds to the east of GN-z11. Top: JWST/NIRCam F277W image corresponding to the
FoV of our NIRSpec/IFU observations. We indicate the region from which we extracted the spectrum on the right with dashed blue contours. We
also indicate three foreground galaxies visible in the NIRCam image with their corresponding redshifts. Bottom: Extracted Ly« spectrum from the
region indicated in the NIRCam image. The dashed red line shows the best fit to the spectrum, and the dotted black line shows the error spectrum.
The dashed green line shows the wavelength of Lya emission seen in the main component of GN-z11. The foreground galaxies in the vicinity

show no visible emission lines that would contaminate this spectrum.

bands, we do not detect any emission lines in this foreground
source. Assuming that the Lya emission from the candidate is in
fact an emission line coming from the foreground source at z ~
0.63, the only possible emission line would be Call18664, which
we do not expect to see without detection of the [SIII]19532,
Hel110830, and Pad emission lines.

Given that these emission lines are undetected, we conclude
that this emission is not coming from the foreground galaxy, but
is indeed an additional Ly« emitter at a redshift similar to that of
GN-z11.

4.2. A candidate z = 10.6 protocluster core

Tacchella et al. (2023) previously identified a photomet-
ric candidate overdensity surrounding GN-zl11 within a
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~10 cMpc x 10 cMpc region, which corresponds to ~430 pkpc at
z = 10.6. The detection of the Hell blob (Maiolino et al. 2024b),
the Lya blob ~0.4”” NE of GN-z11 and the detection of a further
Ly blob 2.1” to the east brings the number of spectroscopi-
cally confirmed z ~ 10.6 objects in the NIRSpec IFU FoV to
four. Previous theoretical works (e.g., Chiang et al. 2017) have
demonstrated that the expected size of a protocluster core is
on the relatively small scales of hundreds of ckpc by z ~ 7.
Observations of protocluster cores at a similar redshift (e.g.,
Capak et al. 2011; Arribas et al. 2023; Hashimoto et al. 2023;
Morishita et al. 2023) have also found a central core of the order
of 150 ckpc. This finding supports our conclusion that the objects
seen within the IFU FoV (140 ckpc x 140 ckpc) are representa-
tive of the core of a protocluster. Moreover, theoretical work
by Chiang et al. (2017) has shown that the overall size of the
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Fig. 4. Evolution of the protocluster dark matter halo mass as a function
of redshift. The grey line shows the evolution of a protocluster leading
to a Coma-like cluster at z = 0 (Chiang et al. 2013). We extrapolate
this evolution to z ~ 11 assuming no change in the slope from z ~
4. The dark matter halo mass of GN-z11 is fully consistent with this
evolution.

protocluster at high redshifts like these is typically of the order of
10 cMpc, consistent with the larger-scale overdensity of galaxies
identified by Tacchella et al. (2023).

Comparing the number of objects identified in the IFU FoV
at z = 10.6 we find an overdensity parameter of § > 27. We esti-
mated the number of galaxies that are expected in the FoV by
integrating the luminosity function of Harikane et al. (2024), at
z ~ 10, down to a UV magnitude that was determined by assum-
ing that the Ly blobs have a maximum Ly« rest-frame EW of
~1000 A. We made this assumption as these Lya blobs have no
associated UV continuum. We give the overdensity parameter
as a lower bound as the FoV of the NIRSpec IFU is too small to
accurately constrain the overdensity parameter, and thus we used
the upper-bound expected number of galaxies to get an absolute
lower bound on our overdensity parameter. This value is signifi-
cantly larger than the overdensity parameter for the z = 7.66 pro-
tocluster core presented in Laporte et al. (2022) and, following
the same method as above, we estimate an overdensity param-
eter of 6 > 11 for the z = 7.88 protocluster core presented in
Hashimoto et al. (2023). Given that (1) the region surrounding
GN-z11 is more overdense than previously observed protoclus-
ter cores at z ~ 8, (2) it resides in a large-scale photometric
redshift overdensity (Tacchella et al. 2023), and (3) protoclus-
ters are expected to fuel AGNs in their central galaxy (eventu-
ally forming the observed population of massive z ~ 6 quasars;
see Bennett et al. 2024), as is observed in the case of GN-z11
(Maiolino et al. 2024a), the region surrounding GN-z11 appears
to be a strong candidate for a protocluster core. Moreover, GN-
z11 is by far the brightest galaxy in this structure, potentially
making it a precursor of the brightest cluster galaxies seen at
lower redshifts.

As a preliminary analysis, we estimated the dark matter
halo mass of this structure following Behroozi et al. (2013).
We assumed that the total stellar mass of this protocluster core
is dominated by GN-z11 and obtain a dark matter halo mass
of My = 2.96%35 x 10'°Mo. This is a reasonable assumption
given that all objects within the IFU FoV do not have any
UV counterpart in the NIRCam images. Moreover, candidates
identified in Tacchella et al. (2023) are 3 mag fainter than GN-
z11 and will therefore have much smaller stellar masses than
GN-z11. We compared this dark matter halo mass with previous

findings at lower redshift (Polletta etal. 2021; Casey 2016;
Champagne et al. 2021; Wang et al. 2016; McConachie et al.
2022; Toshikawa et al. 2018; Longetal. 2020; Calvi et al.
2021; Chanchaiworawit et al. 2019; Harikane etal. 2019;
Laporte et al. 2022) and with the expected evolution of a Coma-
like cluster at z = 0 (Chiang et al. 2013) assuming a constant
slope in the evolution at z > 4 (see Fig. 4). The estimated dark
matter halo mass of the GN-z11 protocluster is fully consistent
with what is expected for a Coma-like cluster progenitor at
z=10.6.

5. Conclusions

We have presented an analysis of JWST/NIRSpec IFU observa-
tions of GN-z11, an extremely luminous galaxy at z = 10.603
that hosts an AGN. Due to a telescope guiding problem, GN-
z11 is near the edge of the FoV and hence we are only able
to map the Lye halo extension on and to the north and east
of GN-z11.

We detect extended Ly« emission at the location of GN-z11
and towards the NE. Extracting the spectrum from the two sepa-
rate regions (GN-z11 and the NE extension), we have measured
a velocity offset of the Lya emission with respect to GN-z11
of 520*% and 915*8¢ km s~' for the central and NE extension,
respectively. We have measured the extent of the Lya halo to be
0.8 or 3.2 kpc based on two separate definitions of the size (i.e.
from one edge of the whole structure to the other, and the size
of the smaller-scale halo around the UV continuum of GN-z11.
Comparing the radial surface brightness of GN-z11 to previous
studies at z = 5-6.5 (Wisotzki et al. 2018; Farina et al. 2019)
shows that the Lya halo is consistent with those of quasars rather
than star-forming galaxies.

We also detect a distinct Lye blob to the NE of GN-
z11. Together with the previously identified Hell clump
(Maiolino et al. 2024b), this indicates the presence of multiple
companions surrounding GN-z11. This appears to support the
theory that companion galaxies play a key role in the detectabil-
ity of Lya emitting galaxies deep into the EoR (Witten et al.
2024).

The further identification of a Lya blob 2.1” east of GN-
z11 brings the number of objects within the NIRSpec IFU FoV
(3” x 3”) to four, making this region more overdense than pre-
viously discovered protocluster cores at z ~ 8. This significant
overdensity, combined with the larger-scale overdensity reported
in Tacchella et al. (2023) and the presence of an AGN at the cen-
tre of GN-z11 (Maiolino et al. 2024a), makes the region stud-
ied in this work a strong candidate for a protocluster core. Our
preliminary analysis of this protocluster demonstrates that it has
a dark matter halo mass consistent with what is expected for a
Coma-like cluster progenitor at z ~ 10.6. Our study confirms that
the most massive galaxies identified with HST, including GN-
z11, are indeed surrounded by much fainter, previously unde-
tected, galaxies at similar redshifts, which likely formed the first
large-scale structure in the Universe.
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Appendix A: Tentative detection of CIV in the NE
blob

As discussed in Sect. 4, we searched for any other emission
line at the same locations as the Lya blobs detected with
NIRSpec/IFU observations. We see a tentative detection of
CIVA1551 emission within the same aperture as the bottom
panel of Figure 1. We show the extracted spectrum and the best
fitin Figure A.1. The line is detected at 3.2S ect.igma in the Band
2 observations at z= 10.620 (i.e. +420 km s~' of GN-z11) with a
flux of 7.547312 x 107" ergs s™' cm™ and a FWHM of 7302}
km sl

The detection of CIV requires a very hard ionisation field
coming, mostly likely, from young high-mass stars. However,
this tentative detection needs to be confirmed by the future re-
observations of this programme.
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Fig. A.1. Tentative detection of CIVA11548,1550 at the location of the
NW Lya blob. The dashed red line indicates the best fit to the CIVA1551
line, and the dotted black lines show the noise spectrum.
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