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ABSTRACT

We report the discovery of a remarkably large and luminous line-emitting nebula extending on either side of the Balmer-
break galaxy JADES-GS-518794 at z = 5.89, detected with James Webb Space Telescope (JWST)/NIRCam imaging in [O
JAA4959, 5007 and H o and spectroscopically confirmed with NIRCam/wide-field slitless spectroscopy, thanks to the pure-
parallel programme Slitless Areal Pure Parallel HIgh-Redshift Emission Survey. The end-to-end velocity offset is Av = 830 £
130 kms~!. Nebulae with such large sizes and high luminosities (25 pkpc diameter, Ljoy; = 1.2 x 10'° L) are routinely
observed around bright quasars, unlike JADES-GS-518794. With a stellar mass of 10'%! M, this galaxy is at the knee of the
mass function at z = 6. Its star formation rate declined for some time (10-100 Myr prior to observation), followed by a recent
(10 Myr) upturn. This system is part of a candidate large-scale galaxy overdensity, with an excess of Balmer-break galaxies
compared to the field (307). We discuss the possible origin of this nebula as material from a merger or gas expelled by an active
galactic nucleus (AGN). The symmetry of the nebula, its bubble-like morphology, kinematics, high luminosity, and the extremely
high equivalent width of [O 111] together favour the AGN interpretation. Intriguingly, there may be a physical connection between
the presence of such a large, luminous nebula and the possible metamorphosis of the central galaxy towards quenching.
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1 INTRODUCTION

No known physical process other than accreting supermassive black
holes (SMBHs) can release sufficient energy to curtail star formation
in massive, central galaxies (Haehnelt, Natarajan & Rees 1998;
Silk & Rees 1998; Binney 2004). Theoretical models and numerical
simulations demonstrate that without this source of feedback, violent
starbursts would bring forth a host of titanic galaxies which defy
observations (stellar mass M, ~ 10'> My; Bower, Benson & Crain
2012). Yet the precise mechanisms by which active galactic nuclei
(AGNs) shape the star formation history (SFH) of galaxies are
still unclear. Numerical simulations (e.g. Piotrowska et al. 2022)
and observations (Terrazas et al. 2017; Bluck et al. 2022; Bluck,
Piotrowska & Maiolino 2023) suggest that the protracted absence

* E-mail: francesco.deugenio@gmail.com

of star formation in galaxies (quiescence) is best predicted by
SMBH mass, which we can interpret as a ‘calorimeter’ measuring
time-integrated feedback from AGNs. Together with evidence of
a systematic increase in stellar metallicity from star forming to
quiescent galaxies (Peng, Maiolino & Cochrane 2015; Trussler et al.
2020; Baker et al. 2024; Looser et al. 2024a), the emerging scenario
is that the energy released by SMBH accretion accumulates in the
halo, which stops the cold gas accretion on to the central galaxy and
thus prevents star formation (preventive feedback scenario).

This coherent picture has been recently challenged by new James
Webb Space Telescope (JWST) observations of massive, quiescent
galaxies at redshifts z = 3—7 (Carnall et al. 2023b, 2024; Weibel et al.
2025). The key challenges in the preventive-feedback scenario are the
high number density of these quiescent systems (Carnall et al. 2023a;
Valentino et al. 2023; Long et al. 2024; Nanayakkara et al. 2024,
2025; Baker et al. 2025a) and their rapid formation and quenching
(Carnall et al. 2023b, 2024; Glazebrook et al. 2024; de Graaff et al.
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2025; Turner et al. 2025; Weibel et al. 2025). By redshift z = 3,
there is already evidence for the existence of quiescent, gas-depleted
systems (Scholtz et al. 2024). While some models are more successful
than others (Rennehan et al. 2024; Lagos et al. 2025; Remus &
Kimmig 2025), some form of more powerful or more efficient AGN
feedback seems required to match the observations (Xie et al. 2024).
Ejective feedback may play an important role, as evidenced by direct
observations of neutral-gas outflows with high mass loading (z =
2.5-3; Belli et al. 2024; D’Eugenio et al. 2024; Wu 2025), with
an incidence of 30-40 percent in the massive-galaxy population
at z = 1-2.5 (Davies et al. 2024). Where these quiescent galaxies
with outflows have deep observations at sub-mm wavelengths, no
significant molecular gas is detected (with a molecular-gas to stellar
mass fraction of less than 3 per cent; Scholtz et al. 2024), consistent
with rapid gas removal (although gas consumption with no refuelling
would also explain the lack of gas). Intriguingly, one of these outflows
is observed in a galaxy without evidence of AGN (Valentino et al.
2025).

Though alluring, rapid quenching scenarios raise the issue of what
are the star-forming progenitors of these early quiescent systems,
because at z = 7-11, compact starbursts with star formation rates
(SFRs) of several hundred Mg yr~! should be readily observable
by JWST (e.g. Turner et al. 2025; Weibel et al. 2025), but currently
remain unseen. At first glance, a captivating explanation is that these
missing progenitors may be heavily dust obscured as the compact
size of the quiescent galaxies and their high metal content are both
conducive to severe dust attenuation. But even this explanation
is not completely satisfactory: where are the transitional systems
between the dust-obscured, metal-rich progenitor galaxies and their
(relatively) dust free, quiescent descendants?

A possible solution to this conundrum is that during the transition
phase, AGNs may have a high duty cycle, such that most progenitors
are AGN hosts. Supporting evidence for this scenario comes from
the discovery that some faint-quasar host galaxies have post-starburst
spectral features, indicating a protracted lack of star formation
(Onoue et al. 2024), but more statistics are needed to confirm this
scenario. A number of transitioning progenitors may be hidden
by dust-obscured AGNs (Banerji et al. 2015; Ross et al. 2015;
Hamann et al. 2017; Wang et al. 2024), though there are claims
that these systems may harbour ongoing star formation (Killi et al.
2024). Alternatively, the transition from dust-obscured star formation
may be extremely rapid, shortening its visibility time. During this
‘blowout’ phase, one or more AGN events would destroy and/or
remove most of the galaxy interstellar medium (ISM; Hopkins et al.
2008). Evidence for such a scenario comes from observations of
extended emission-line regions around quasars (e.g. Marshall et al.
2023; Perna et al. 2023; Liu et al. 2024, 2025; Vayner et al. 2024;
Zamora et al. 2024; Peng et al. 2025), including faint systems (Lyu
et al. 2025). A fraction of this nebular emission could be due to
satellite galaxies and their tidally disrupted ISM, because quasars
may trace overdensities (e.g. Kashino et al. 2023; Wang et al. 2023b
— but see Eilers et al. 2024 for a different view). However, a non-
negligible part of the ionized gas in these extended nebulae may have
originally been part of the ISM of the central galaxy before being
expelled. This view is supported by the finding that the observed
extended gas emission is metal-rich, as suggested by the presence
of fast gas outflows in action in quasars and by the very high
equivalent width (EW) of the emission lines which challenges the
tidal-disruption and star formation interpretations (Lyu et al. 2025).

Recent observations of massive, quiescent galaxies at z =
3—4 show the presence of extended and metal-rich gas nebulae
(D’Eugenio et al. 2024; Pérez-Gonzalez et al. 2024) on scales of the
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circumgalactic medium (CGM) of these compact galaxies. However,
it is still unclear if these CGM nebulae are due to mergers or to
outflows (D’Eugenio et al. 2024), and if some of them are powered
by in situ AGNs (Perna et al. 2025), or by an AGN from the central
galaxy (Pérez-Gonzilez et al. 2024), which could also be obscured
along our line of sight or faded away, leaving a fossil ionized nebula,
as seen in voorwerpen (Lintott et al. 2009; Keel et al. 2015; Finlez
et al. 2022; Venturi et al. 2023; Solimano et al. 2025). Investigating
the physical properties of these extended gas nebulae and relating
their presence and properties to the SFH of their central galaxies
may hold the key to understanding how SMBHs quench galaxies
(Nelson et al. 2019). In turn, this may reveal how massive, quiescent
galaxies seemingly appear out of nowhere.

In this article, we report the discovery of a candidate ‘blowout’
system at redshift z = 6. This galaxy, JADES-GS-518794, is found
at the centre of a large overdensity of galaxies, and is surrounded
by a remarkably extended and luminous emission-line nebula. After
presenting the data (Section 2), we describe the redshift determi-
nation of the system (Section 3) and the morphology of the central
galaxy (Section 4). Section 5 presents the spectral energy distribution
(SED) of the main components of the system, while the energetics
of the emission-line regions are discussed in Section 7. In Section §,
we investigate the large-scale environment, before proceeding to
interpret our findings and discuss their implications (Section 9). A
short summary is provided in Section 10.

Throughout this work, we assume the Planck Collaboration VI
(2020) Lambda cold dark matter (ACDM) cosmology, where we
calculate a physical scale of 5.89 kpc arcsec™! at redshift z = 5.89.
Unless otherwise specified, physical scales are given as proper
quantities. All stellar masses are total stellar mass formed, assuming
a Chabrier (2003) initial mass function, integrated between 0.1 and
120 Mg. All magnitudes are in the AB system (Oke & Gunn 1983)
and all EWs are in the rest frame, with negative EW corresponding
to line emission.

2 DATA

Our target galaxy JADES-GS-518794 (Fig. 1) is a red, faint galaxy
(Fragaw = 0.75£0.01 uly, 24.2 mag') at RA 53.00804, Dec.
—27.85477, located in the GOODS South (GOODS-S) cosmological
field (Great Observatories Origins Deep Survey; Giavalisco et al.
2004). The source was first detected by the Spitzer IRAC/MUSYC
Public Legacy Survey in the Extended CDF-South (SIMPLE; Damen
etal. 2011)in IRAC ch1 and ch2 (SIMPLE ID 26553; RA 53.007931,
Dec.—27.854734; separation 0.4 arcsec).The IRAC ch2 (4.5 pm) flux
is Fop = 1.7 £ 0.2 ply, higher than the JWST value by a factor of
two. This flux mismatch and the centroid offset are possibly due
to source confusion between the galaxy, the surrounding nebula,
and nearby foreground galaxies. This is exacerbated by the much
larger point spread function (PSF) of IRAC ch2 versus NIRCam
F444W (full width at half-maximum, FWHM = 1.9 arcsec; Damen
et al. 2011 versus 0.14 arcsec; Ji et al. 2024b). No detection at
redder wavelengths is reported, so from here on we focus on the
new data from JWST. Our NIRCam observations come from the
Guaranteed Time Observations (JADES, JWST Advanced Deep

'We used a Kron aperture, determined as described in Rieke et al. (2023). This
may incur in contamination from diffuse H &, but the flux from modelling the
light profile in F410M (where no contamination from diffuse nebular emission
is present) is comparable, at Frajop = 0.67 & 0.01 Wy or 24.3 mag (see
Section 4).
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Figure 1. JWST/NIRCAM false-colour images of JADES-GS-518794, highlighting continuum emission (panel a), H 8 and [O 1JAA4959, 5007 (captured by
F335M; panel b), and Ho and [N 1JA16548, 6583 (falling in F444W; panel c). Hatched sources in panel (a) are foreground galaxies (identified via conspicuous
flux blueward of the Ly @ break at z = 5.89, detected by HST/ACS). The galaxy JADES-GS-518794 is located at the centre of a 25-kpc diameter nebula, extending
on both sides and displaying arc-like shapes, reminiscent of shock fronts/hot gas bubbles. A possible quiescent satellite is also present (JADES-GS-518709,

dotted circle in panel a, also visible in panels b and c).

Table 1. Summary of the new NIRCam observations (PID 1286, Obs 6) used
to find and study JADES-GS-518794. An in-depth presentation of data from
PID 1286 will be presented in JADES Collaboration (in preparation).

Filter name texp (ks) Filter name texp (ks)
FOT0W 5.67 F27TW 8.50
FO90OW 11.34 F335M 5.67
F115W 11.34 F356W 5.67
F150W 8.50 FA1OM 11.34
F200W 5.67 FA44wW 11.34

Extragalactic Survey; Eisenstein et al. 2023a), obtained as part of
programme ID (PID) 1286 (PIN. Liitzgendorf), and consists of 5.67—
11.34 ks integrations using various wide- and medium-band filters, as
detailed in Table 1. We supplement the JADES NIRCam observations
with legacy Hubble Space Telescope (HST)/ACS imaging at shorter
wavelengths from the Hubble Legacy Field data (Whitaker et al.
2019). The NIRCam data reduction follows the approach presented
in Rieke et al. (2023), Eisenstein et al. (2023b), Robertson et al.
(2024), and D’Eugenio et al. (2025a). Improvements with respect
to the procedures highlighted in these papers will be presented in a
future data-release article (JADES Collaboration, in preparation).
For the main galaxy JADES-GS-518794, we also use mid-
infrared (MIR) photometry from Spitzer/IRAC and MIPS and from
JWST/MIRI.For Spitzer, we retrieve images from the Rainbow data
base obtained with IRAC ch3 and ch4 (5.8 and 8 um; Pérez-Gonzélez
et al. 2008; Guo et al. 2012) and with MIPS 24 um (Pérez-Gonzalez
et al. 2005). Since the source is detected at most tentatively, we use
photometry extracted from circular apertures centred on the nominal
position of the target. For IRAC ch3 we use apertures of 1.5- and
2-arcsec radius, which give the same flux of 24.5 £ 0.5 mag (after
applying aperture corrections for point like sources). For the noisier
ch4, we use a smaller 0.75-arcsec aperture to derive an upper limit of
23.2 mag. Similarly, we find only an upper limit in MIPS 24 pum. For
MIRI, we use data from PID 1180, which was not previously reduced
due to a guide-star failure. However, the observations in F1500W
show a clear detection at the location of JADES-GS-518794.
Photometric redshifts z,n, were obtained using EAZY (Brammer,
van Dokkum & Coppi 2008), using photometry from JADES DR3

MNRAS 542, 960-981 (2025)

(D’Eugenio et al. 2025a) and the procedure described in Hainline
et al. (2024). Throughout this paper, we adopt the z_a EAZY
photometric redshifts described in Hainline et al. (2024), and the
uncertainties are defined as (u68-168)/2. For the new region of
JADES where JADES-GS-518794 lies, these measurements will be
released in the future (Hainline, in preparation).

When characterizing the large-scale environment, photometric
redshifts are complemented by slit spectroscopy from the NIR-
Spec Micro-Shutter Assembly (Ferruit et al. 2022; Jakobsen et al.
2022; obtained by JADES Eisenstein et al. 2023a) and by slitless
spectroscopy obtained as part of the programmes: FRESCO (First
Reionization Epoch Spectroscopic COmplete Survey; PID 1895;
Oesch et al. 2023), SAPPHIRES (Slitless Areal Pure Parallel HIgh-
Redshift Emission Survey; PID 6434, PI E. Egami), and PID 4540
(JADES; PI D. Eisenstein).

NIRCam wide-field slitless spectroscopy (WESS) of JADES-GS-
518794 was serendipitously obtained through SAPPHIRES. The
row-direction grism (Grism-R) observation was obtained with their
observation number 41 through the F444W filter (3.9-5.0 um) with
a total onsource integration time of 11.8 h. Detailed observation
description will be presented by a paper through the SAPPHIRES
collaboration (Sun et al. 2025).

3 REDSHIFT DETERMINATION

Both JADES-GS-518794 and the extended region surrounding it
(Fig. 1) display clear photometric excess in F335M relative to
F356W, and in F444W relative to F410M. The magnitude of these
differences leaves no doubt about their interpretation as emission
lines with high EW. At the same time, the galaxy is a clear FO7T0W
dropout and very faint in FO90W, suggesting a redshift around
z ~ 6. Around this redshift, H 8 and [O 11]AA4959, 5007 emission
would fall in F335M, while Ha would fall in F444W, redward of
FA410M. The estimated photometric redshift of JADES-GS-518794
IS Zphot = 6.03f8;{g. The extended region surrounding the galaxy
consists of two main regions (hereafter: East and West clouds;
Fig. 1 b and c). The standard JADES imaging pipeline deblends
these two clouds into 10 sources. Of these, eight are consistent
with the photometric redshift of JADES-GS-518794, while the two
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Figure 2. NIRCam F444W grism spectrum of JADES-GS-518794 obtained through Cycle-3 PID 6434 (SAPPHIRES). Panels (a) and (b) are the same false-
colour RGB images as in Fig. 1(a) and (b), highlighting respectively the stellar continuum and [O 111] line emission; the images have been rotated and flipped
to align them with the dispersion direction of the 2D grism spectrum, shown on the right. Panels (c) shows the 2D grism spectrum; the bright continuum is
from a contaminating Gaia star. Panel (d) shows the 2D grism spectrum with the continuum subtracted; two boxcar apertures (W/E) for spectral extraction are
shown in pink and yellow, respectively, capturing emission from the East and West clouds (see Fig. 4). Panel (e) shows the 1D grism spectra extracted with the
two apertures; for both spectra, we identify the line at ~4.52 pum as H«. Other notable emission lines are indicated by vertical dotted lines (grey labels are

non-detections).

brightest regions are placed by EAZY at zpho, = 0.01, with a secondary
x2 minimum at Zphot ~ 6. This redshift mismatch is likely due to
the fact that the photometry for these sub-regions is dominated by
ionized gas emission, with very little underlying galaxy light, and
EAZY cannot reproduce the observed colours with galaxy templates.
Indeed, when performing SED modelling, we infer extremely high
EWs, which we discuss further in Section 5. In any case, these two
regions at Zpnoe = 0.01 are not detected by HST, and their minimum
x? value is unsatisfactorily large (x> = 140 and 160). Other nearby
objects detected by HST are clear foreground galaxies. These have
distinctively bluer colour, no photometric excess in the NIRCam
filters reported above, and reliable zpho placing them at various
redshifts between 1.5 and 3. These foreground galaxies are marked
by hatched circles in Fig. 1(a).

We determine the spectroscopic redshift of JADES-GS-518794
through NIRCam WEFSS. The SAPPHIRES grism spectra were
processed through the routine outlined by Sun et al. (2023), and the
codes and calibration data are publicly available.” We refer interested
readers to the SAPPHIRES early data release article for updated
descriptions of NIRCam WFSS calibration and SAPPHIRES data
processing (Sun et al. 2025).

Fig. 2 displays the reduced F444W grism spectrum of our target,
which covers the spectral region including Hea, [N HJAA6548,
6583 and [S 1]AA6716, 6731. JADES-GS-518794’s spectrum is
severely contaminated by the spectrum of the bright Gaia star

Zhttps://github.com/fengwusun/nircam_grism/

(Gaia DR3 5057502837774749952), which hampers measuring the
central galaxy’s redshift. However, diffuse line emission is visible
at ~ 4.52 um, which is spatially offset from the bright continuum
contaminant. We interpret the emission as H o emission at z ~ 5.89
according to the JADES zpp,o. The diffuse Ho emission is spatially
aligned with two line-emitting regions identified in NIRCam imaging
data, which are to the west and east of the central galaxy (Fig. 1).
We therefore extract the spectra for the two regions using boxcar
apertures, and the heights are 0.57 and 0.69 arcsec for aperture-W and
-E, respectively. The continuum is modelled and subtracted through
smoothing spline interpolation with line-emitting wavelength (4.49—
4.55 um) masked. We fit the emission lines with a Gaussian profile in
the continuum-subtracted 1D spectra. After considering the spatial
offsets of the line-emitting region relative to the central galaxy in
both NIRCam image and spectra, we measure spectroscopic redshifts
of 5.903 and 5.884 for the West and East clouds, respectively.
The redshift uncertainty is estimated to be Az = 0.002, which is
dominated by the uncertainty of centroid determination in both
imaging and grism data. The redshift offset between the two
clouds corresponds to a velocity offset of 830 & 130 kms~'. The
spectrum of the East clouds appears dominated by Ho emission,
with no evidence for [N IJAA6548, 6583 or [S I|AL6716, 6731.
The spectrum of the West cloud displays a secondary emission-line
peak near the wavelength of [N 1A6583], reaching 30 per cent of
the Ha peak. However, this emission could also be due to He,
spectrally offset with respect to the main peak due to the spatially
extended nature of the cloud and to the grism degeneracy between
spatial offset and spectral shift. Given this 30 percent upper limit

MNRAS 542, 960-981 (2025)
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Figure 3. Morphological analysis of JADES-GS-518794, with each column
showing the results for a different NIRCam filter as indicated. From top to
bottom, the rows are the data, fiducial Sérsic model, x residuals, and radial
surface-brightness profile. The grey rectangles mask nearby sources that are
not included in the fit.

and the fainter nature of the West cloud, we can safely conclude
that at wavelengths around 4.5 pum, the emission is dominated
by Ha.

4 MORPHOLOGICAL PARAMETERS

‘We use PYSERSIC (Pasha & Miller 2023) to measure the structural
parameters of JADES-GS-518794, using a single Sérsic light profile.
We limit our models to F200W, capturing the rest frame near-
ultraviolet (UV) blueward of the Balmer break, F335M (tracing H 8
and [O 111] emission), and F410M, tracing the stellar continuum in the
rest-frame optical. In each band, we use empirical PSFs measured
from the JADES data (Ji etal. 2024b). Nearby and foreground sources
are masked (Fig. 3). The fiducial model is the maximum a posteriori
model with a Student’s ¢ loss function, while the marginalized
posterior probabilities on the free parameters are estimated using the
stochastic variational inference method (Hoffman, Blei & Paisley
2013).

A summary of the analysis is presented in Fig 3; the marginalized
posterior probabilities of the model parameters are reported in
Table 2. In all bands, the model prefers a Sérsic index of 2-3,
particularly at the bluest wavelengths. The half-light semimajor axes
span 0.21-0.29 arcsec, corresponding to 1.2—1.7 kpc, which is typical

MNRAS 542, 960-981 (2025)

Table 2. Morphological parameters of the central galaxy JADES-
GS-518794 with PYSERSIC.

Filter Flux R. Sérsic n
(Wdy) (arcsec) -
F200W 0.19+£0.02 0.21 £0.03 2.8+0.3
F335M 0.91 £0.02 0.29 +£0.02 3.1+0.1
F410M 0.65+0.01 0.22+0.01 2.1£0.1

for star-forming galaxies at this redshift (Ormerod et al. 2024), but
much larger than quiescent galaxies (by extrapolating measurements
at z < 5; Ji et al. 2024a, or via direct measurements at z = 7.3;
Weibel et al. 2025). The galaxy images and Sérsic index reaching
n = 3 suggest the presence of a compact core surrounded by more
diffuse emission on galaxy scales, but modelling the galaxy with an
additional point source is disfavoured, with the fiducial point source
flux statistically consistent with 0.

Inspecting the fit residuals, we find evidence of substructures
not captured by a single Sérsic profile. These substructures appear
as regions where the residuals have consistently positive residuals
(particularly evident in F200W in panel c). In addition, in F200W,
the presence of substructures is also evident in the excess of the
observed surface-brightness profile relative to the best-fitting model
(black versus blue lines in panel d). These residual structures appear
aligned almost orthogonally to the position angle we infer from the
regions with the highest surface brightness. Due to their irregular
structures, these residuals suggest some recent merger event, rather
than a dynamically relaxed component.

5 SED MODELLING

‘We model the SED of each source using PROSPECTOR (Johnson et al.
2021), following the set-up of Tacchella et al. (2022, hereafter T22).
The redshiftis free, but we adopt a Gaussian prior withmeanz = 5.89
and dispersion o = 0.01. Preliminarily, we tested a Gaussian prior
with mean z = zpho and dispersion o = 0.5, and verified that the
resulting posterior probability is statistically consistent with the
spectroscopic redshift. We use flat priors on both stellar mass M, and
metallicity Z, (in log space). We test different SFH parametrizations,
but as a fiducial model we use a piecewise constant SFH over 10
time bins (using six time bins gives statistically consistent results).
The first three bins are chosen between t = 0-10, 10-30, and
30-100 Myr, with ¢ being the look-back time from the epoch of
observation. The remaining seven bins are logarithmically spaced
between ¢t = 100 and # = 730 Myr, the look-back time between
z =15.89 and z = 20. The SFR is set to O at any epoch earlier than
z = 20. In addition to the total mass formed, this parametrization
includes nine free parameters, which are taken to be the logarithm
of the SFR ratio between adjacent time bins. We adopt a probability
prior that favours a rising SFR with time, mirroring the increasing
accretion rate of dark matter haloes with cosmic time (e.g. Wechsler
etal. 2002; Neistein & Dekel 2008; Dekel et al. 2013; Tacchella et al.
2018). We use the implementation presented in Turner et al. (2025)
for the massive quiescent galaxy ZF-UDS-7329 (Glazebrook et al.
2024). Remarkably, this prior yields a better agreement between the
SFH inferred from the z ~ 3 observations and direct measurements
of the SFR of galaxies at earlier epochs (Turner et al. 2025). The
prior is enforced by a Student’s ¢ probability distribution on the
logarithm of the ratio of the SFRs between adjacent time bins,
with a redshift-dependent mean for each time bin (equation 4 in
Turner et al. 2025) and with a generous scale parameter of 1, which
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Table 3. Summary of the model parameters, prior and posterior probabilities for the central galaxy JADES-GS-518794 from PROSPECTOR.

Parameter Description Prior Fiducial Continuity Bursty
(1 2) 3) (4) 5) (6)
Zobs Redshift N Zspec. 0.01) 5.897001 5.891000 5.891001
log M,(Mo) Total stellar mass formed U, 13) 10149 102401 10170}
log Z(Zo) Stellar metallicity U(=2,0.19) -0.715¢ 07108 -0.5793
log SFR ratios Ratio of the log SFR between adjacent bins of the T(Ei, 1,2 - - -
non-parametric SFH
n Power-law modifier of the dust curve (T22, their equation 5) U(-1.0,0.2) —0.0fg:% —O.Ifgé _0.24:8:%
Ty Optical depth of the diffuse dust (T22, their equation 5) G(0.3,1;0,2) O.ngé O.ngé 0.3:%
M Ratio between the optical depth of birth clouds and 7y (T22,  G(1,0.3;0,2) 10754 1.0753 1.0+04
their equation 4)

log Zg.s(Zo) Metallicity of the star-forming gas U(-2,0.19) O-Ofg% O-Otgji 0.0f8j§
logU Ionization parameter of the star-forming gas U4, -1) —2.0f8:§ —2.3Jj8:§ —2.4f812
log SFR1o(Mg yrfl) Star formation rate averaged over the last 10 Myr - 1.4f8j 1.3f8:§ 143f8:ﬁ
log SFR100(Mg yr’l) Star formation rate averaged over the last 100 Myr — 1.2f8:‘5‘ 1_2t8:§ l.lfgé
age (Gyr) Mass-weighted stellar age - O.23f8:g 0.404:8:82 0.38f8:]18
EW(On]) (A) Equivalent width of [O ]AA3726, 3729 - -30*% —40%20 —4072
EWHB+[0m])(A) Equivalent width of H 8 and [O m]A24959, 5007 - —130180 —1407% —130150
EW(Hoo+[N11]) (A) Equivalent width of Ha and [N 1]2.16548, 6583 - —310H7%0 —3301130 —3207150
D(Balmer) Balmer-break index of Binggeli et al. (2019) _ 2.244:8:{3 2-25f8ji§ 2'27f8:58
D, 4000 4000 A break index of Balogh et al. (1999) _ 1.141'8:% 1'15t8:g; 1.171—8:85
Zobs Redshift (alternative run) N (Zphot, 0.5) 58101 59701 59701

Note. (1) Parameter name (and units where applicable), (2) parameter description, (3) parameter prior probability distribution; N'(u, o) is the normal distribution
with mean p and dispersion o'; U(a, b) is the uniform distribution between a and b; T (i, o, v) is the Student’s ¢ distribution with mean w, dispersion o and v
degrees of freedom; G(u, o, a, b) is the normal distribution with mean p and dispersion o, truncated between a and b, (4) median and 16th—84th percentile range
of the marginalized posterior distribution for the model with the fiducial SFH prior (rising SFH); the nine log S F R ratios are considered nuisance parameters so
we do not report their posterior statistics, (5) same as (4), but for the model with the ‘continuity’ SFH prior, (6) same as (4), but for the model with the ‘bursty’
SFH prior.  The fiducial model uses a rising SFH prior (Turner et al. 2025); for each time bin i in the SFH, the mean of the log SFR ratio E; is set by the
accretion rate of dark matter haloes (Turner et al. 2025, their equation 4). For the continuity and bursty SFH priors, &; = 0; for the continuity prior only, the
scale parameter of the Student’s 7 prior is set to 0.3. » This row shows the posterior redshift probability from alternative runs of PROSPECTOR where the only
difference is the prior probability on the redshift; in this run, we assumed as prior zpno. All the resulting posterior probabilities are statistically consistent with

the spectroscopic redshift.

allows >1 dex variations in SFR. We use a variable dust-attenuation
law, parametrized as a free power-law modification index n with
respect to the Calzetti curve (Calzetti et al. 2000; Noll et al. 2009).
This dust-attenuation index is tied to the strength of the UV bump,
following the empirical relation by Kriek & Conroy (2013). The
overall attenuation is parametrized by the V-band equivalent optical
depth 7y, with an additional power-law attenuation screen towards
birth clouds (Charlot & Fall 2000), assumed to fully enshroud all
stars younger than 10 Myr. We use the Madau (1995) intergalactic
medium absorption profile. Stars with ages younger than 10 Myr
are associated with nebular emission, which is parametrized by the
ionization parameter U and by the gas metallicity Z,,,. For each guess
of these two model parameters, the strength of the nebular emission is
obtained from pre-computed CLOUDY models (Ferland et al. 2017),
using the set-up presented in Byler et al. (2017). Each parameter
is assigned a prior with varying degrees of information, which we
summarize in Table 3. By adopting this complex model, we do not
claim nor hope to meaningfully constrain all 17 free parameters,
particularly given that a fit to nine photometric data points alone
cannot break the degeneracy between stellar age, metallicity, and
dust attenuation (Trager et al. 1998). However, this set-up enables us
to obtain realistic uncertainties and degeneracies in the most relevant
parameters we are interested in: M, and recent trends in the SFR.

5.1 Central galaxy

The marginalized posterior probabilities of the model parameters for
JADES-GS-518794 are reported in Table 3. When using as input
the photometric redshift from EAZY, the posterior probability on
the PROSPECTOR redshift is fully consistent with the spectroscopic
redshift of the extended nebula (Section 3). Therefore, to reduce the
uncertainties, we use as default the much narrower probability prior
from SAPPHIRES. In this case, the prior is more informative than
the photometry, so the posterior is identical to the prior probability.

The observed SED and fiducial model are in Fig. 4(b), with the
fit residuals in panel (c). The galaxy SED displays a relatively
strong Balmer break [D(Balmer) = 2.247:1%; using the definition
of Binggeli et al. 2019], with a mass-weighted stellar age of
230 + 70 Myr, intermediate between recently quenched galaxies
(e.g. JADES-GS-z7-01-QU; Strait et al. 2023; Looser et al. 2024b;
Baker et al. 2025b) and quiescent galaxies (like RUBIES-UDS-QG-
77; Weibel et al. 2025). The stellar mass is of order M, = 10'° Mg,
similar to that of RUBIES-UDS-QG-z7 and much larger than
JADES-GS-z7-01-QU.

The SFH (Fig. 4d) displays a rapid rise at early times, but this is
driven entirely by the adopted prior. At later times the SFR declines
(in the last 100-10 Myr), followed by an upturn in the most recent
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Figure 4. Apertures (panel a) and PROSPECTOR SED models (panels b—k). Observed SEDs (red circles) and fiducial models (black diamonds) are accompanied
by the model SED (black line) and residuals x (adjacent bottom panels). The HST/ACS and JWST/NIRCam filters are highlighted by the shaded regions, while
thick solid lines are NIRCam medium-band filters. For the main target JADES-GS-518794 and the candidate satellite we also show the SFH [panels d and i, with
the star-forming main sequence of Popesso et al. (2023) shown by the blue dashed line]. These two galaxies display a clear break at 2.5 pm, corresponding to a
Balmer break at z ~ 6. Both SFHs display the early rise due to the prior; the satellite then quenches at z = 7-8 and becomes quiescent. JADES-GS-518794 also
displays a downturn in SFR around 10-100 Myr before observation, while a recent upturn in the last 10 Myr could be due to the photometric excess, consistent
with both a resurrection of the SFR or strong AGN. The downturn in SFR is robust and driven by the observed Balmer break; the large uncertainties about the
SFR in the range 10—-100 Myr reflect the inability of the data to distinguish scenarios of early versus late downturn (see median of individual chains in grey).
The line-emitting clouds (panels e—f and j—k) are poorly fit by PROSPECTOR, supporting their interpretation as gas clouds and not tidally disrupted satellites.
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10 Myr. The inference of this downturn is driven by the large flux
difference between F200W and F277W, the bands bracketing the
Balmer break. PROSPECTOR considers the flux excess of F277W with
respect to F200W to be too large to be due to emission lines (e.g. [O
1mAL3726,3729, [NeI]AA3869, 3967), and fits this excess as a stellar
Balmer break (Fig. 4b). Indeed, among the 130 000 models explored
by prospector during the inference, the model with the strongest [O
AA3726, 3729 emission (EW([O 11]) = —272 A) still requires a
noticeable Balmer break D(Balmer) = 1.99. Besides this relatively
high value, this particular SED model is highly disfavoured by the
data, with a difference in log evidence of 11 relative to the maximum a
posteriori model. We can also rule out strong dust attenuation causing
the flux drop between F277W and F200W, because the continuum
appears to be rather blue in the rest-frame UV. Notice that the model
prefers a Balmer break despite the rising SFH prior, which favours
high SFR at recent times and hence is biased against a Balmer
break. Rare scenarios like strong shocks could power extremely
bright [O mJAA3726, 3729 emission (Helton et al. 2021), but these
cases are extremely rare around non-quasar galaxies (D’Eugenio
et al. 2025b).

The scatter about the fiducial SFH is particularly large in the time
window between 10 and 100 Myr prior to observation, calling into
question the robustness of the claimed downturn. But this large scatter
does not take into account that the SFR values in different time bins
are strongly anticorrelated with each other, due to the inability of the
data to break the degeneracy between early versus late declines in the
SFR. This anticorrelation arises from the fact that any overestimate
of the SFR at early times leads to an underestimate at later times,
while keeping the strength of the Balmer break approximately the
same. To illustrate this point, in Fig. 4(d) we also show the median
SFH of all the chains whose SFR peaks earlier than 100 Myr (early,
dot—dashed grey line), between 30 and 100 Myr (middle, dotted
grey line), and between 10 and 30 Myr (late, dashed line). These
three SFHs underscore that there are no acceptable solutions where
the galaxy kept forming stars at a constant rate throughout the
period 10-100 Myr; after all, this would not be consistent with
the Balmer break. Hence the inferred downturn in SFR is robust,
even though with photometry alone we cannot time this event
precisely.

At more recent times ¢ < 10 Myr, there is a recent upturn in SFR
which is needed to explain the flux excess in F335M and F444W with
respect to F356W and F410M, respectively. This photometric excess
is interpreted by PROSPECTOR as being due to recent star formation,
causing bright H 8 and [O 11]AA4959, 5007 in F335M and Ho in
F444W. However, this strong line excess could also be caused by
a type-1 AGN, hence the recent 10-Myr upturn in SFR cannot be
tested without spectroscopy.

To understand the robustness of these results against the adopted
SFH prior, we also considered the ‘continuity’ prior, with the same
time bins as the fiducial model, but with the prior probability on the
log SFR ratios centred at 0 with a scale of 0.3 (Leja et al. 2019);
and the ‘bursty’ prior, same as the continuity prior but with a scale
of 1 (Tacchella et al. 2022). The ‘continuity’ and ‘bursty’ priors
implicitly assume a constant SFH across all of the time bins. The
model inference with either of these priors yields consistent redshifts,
stellar mass, and recent shape of the SFH. The major difference is
in the mass-weighted stellar age, where the rising SFH prior results
in younger age (Table 3) by suppressing the earliest stages of star
formation (yet the age difference between the fiducial and alternative
models is not statistically significant, only 1.50).

A 25-kpc nebula around a normal galaxy — 967

5.2 A low mass associated satellite?

In the mass maps traced by F410M (rest frame 6000 A; Fig. 1a),
the only other source in the vicinity of JADES-GS-518794 is the
faint galaxy JADES-GS-518709, located 1 arcsec (5.89 kpc) to the
South of the main galaxy. The photometric redshift of this source is
uncertain (the EAZY fit to the source is zphot = 4.8f8;2) owing to the
faint photometry of the source in the HST/ACS and NIRCam filters
shortward of 2.0 um (Fig. 4g). We do observe a clear drop between
the F277W and F200W filters which is consistent with a strong
Balmer break at the redshift z = 5.89 of JADES-GS-518794. Newer
observations in F200W also reveal a clear detection in F200W (90),
which rules out the F277W break being a Ly « break.’ Interpreting
the photometric drop as a Balmer break would be in agreement with
the relatively flat F335M to F356W and F444W to F410M colours,
which imply a lack of [O 11]JAA4959, 5007 and H o emission at this
redshift. Ironically, we cannot confirm if this galaxy is a faithful
satellite of JADES-GS-518794 or not, given the EAZY preference
for a lower redshift which is primarily driven by the observed
FO90W-F115W colour for the source. Still, the spatial proximity
and possible Balmer break compel us to explore the scenario of a
post-starburst satellite. For this purpose, we extract the photometry
of JADES-GS-518709 within a circular aperture of radius 0.25
arcsec (CIRC3 in the photometric catalogue, which we represent
with a small blue circle in Fig. 4a) and run the PROSPECTOR model
inference with the same set-up as JADES-GS-518794. The resulting
SED is shown in Fig. 4(g) and the SFH is in panel (i). Using the
same prior probability distribution on the redshift as for JADES-GS-
518794, the inferred posterior distribution is z = 5.3 4+ 0.3, lower
but still statistically consistent with the redshift of JADES-GS-
518794 as well as the EAZY photometric redshift. Emboldened by
this agreement, we repeat the inference using as redshift prior for
JADES-GS-518709 the same spectroscopic prior for JADES-GS-
518794. The posterior probabilities of the parameters of this fiducial
model are reported in Table 4. The mass is M, = 10°* M, six times
smaller than JADES-GS-518794. The current and recent SFRs are
both undetected, and the general shape of the SFH implies that this
galaxy, if confirmed to be at z = 5.89, reached the peak of its SFH
at z = 7-10 (roughly 100 Myr before JADES-GS-518794) and then
quenched permanently, reaching a sufficiently low SFR for 100 Myr
to be classified as quiescent. Owing to the faint nature and lack of
emission lines in JADES-GS-518709, this scenario requires deep
spectroscopy to be confirmed.

5.3 Emission-line regions

The large emission-line regions surrounding JADES-GS-518794 are
unlikely to be dominated by star formation photoionization, as we
will demonstrate in this Section. Galaxies have not been observed
to display the combination of very large size and very high [O
mjAr4959, 5007 and Ha EWs seen in the SED of these clouds
(Figs 4e and j). Large emission-line region sizes are associated with
high M, (Shen et al. 2003; van der Wel et al. 2014; Ito et al. 2024;
Ji et al. 2024a; Ormerod et al. 2024; Martorano et al. 2024; Miller
et al. 2025; Ward et al. 2024), while high EWs are associated with
young, low-mass galaxies.

3For consistency with the rest of the article, the SED fitting uses the v0.9.5
photometry, where F200W is not detected. Updating to the deeper photometry
gives a younger SFH, but confirms a strong Balmer break.
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Table 4. Summary of the posterior probabilities for the PROSPECTOR model
parameters of the candidate quiescent satellite JADES-GS-518709 and for
the East and West clouds.

Parameter ¢ JADES-GS-518709  East cloud”  West cloud”
log M,(Mg) 9.3791 8.3910:0¢ 8.0%3 |
log Z(Zo) ~1.6%03 —18%57  —175750
n -07%53 ~0987558  —0.97¢]
o 0593 0145900 030%04)
n 10753 0.2453 0.4%03
log Zgas(Zo) —0.9%03 —0.70%50  —0.69%55t
logU —2.8%p3 —12%5 -4
log SFR 19(Mg yr™!) —1.0198 1217502 073750
log SER 0o(Mg yr™1) -0.8%]3 0.35700  —0.207042
age (Gyr) 0.307919 0.047301 0.0575:02
EW({On)) (A) -1, 230713 2101y
EWHB+[0m]) (A) -8+, ~720073%  —7000*5%
EW(Ho+[N]) (A) -3013%, —610071%0 5800151
D(Balmer) 27794 1067591 1187903
D,4000 116750 0.97179001  0.9927900%

¢ A description of the parameters and their prior probabilities (where relevant)
is in Table 3. ® We do not interpret the East and West clouds as star-
forming galaxies; the parameters of the PROSPECTOR model are reported as a
benchmark, and to illustrate that interpreting their emission as a galaxy SED
results in implausible parameter combinations. In particular, the extremely
small uncertainties on certain parameters (e.g. dust index n, log U, mass-
weighted age, D,4000) are due to the models being a poor match to the
observations.

To quantify the plausibility of star formation photoionization,
we extract SEDs using large apertures encompassing most of the
East and West emission-line regions (yellow and purple lines in
Fig. 4a). The resulting models (Table 4) favour low-stellar masses
(1034 and 10® My, respectively for the East and West clouds)
with extremely high SFR of 17 and 5 My yr~'. Given their
inferred stellar masses and SFR values, these clouds would lie
1.5 and 1.7 dex above the star-forming main sequence (SFMS)
at z = 5.89 (Popesso et al. 2023). The inferred dust attenuation
is also very implausible. The diffuse attenuation (affecting both
birth clouds and older stars) is moderate, with 7y = 0.15 and
0.27, respectively. However, the ratio u between birth-cloud and
foreground attenuation is only 0.3, while typical values are around
=1 (Calzetti et al. 2000; Charlot & Fall 2000). The low value
of p arises from the competing requirements of achieving high
continuum attenuation, necessary to suppress weak/undetected UV
light, while maintaining low emission-line attenuation to preserve
the brightness of the emission lines. Similarly, the dust curve is as
steep as possible (given the top-hat prior probability cut atn > —1),
because with n = —1, the model again attempts to minimize the
UV continuum without suppressing the rest-frame optical emission
lines.

Nevertheless, even this contrived model cannot fully reproduce
the data. For both clouds, the UV continuum is overpredicted by up
to 7o (Figs 4f and k). Moreover, the model clearly overpredicts the
optical continuum traced by F410M (by about 10c in both cases).
Our parametric SFH approach with Student’s ¢ probability priors
leaves enough flexibility to reproduce sharp bin-to-bin variations in
the SFR, because the fat tails on the prior probability are certainly
less constraining than the poorly fit 7-10c Gaussians discussed
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above. Therefore, these major model mismatches suggest that the
star-forming interpretation is either highly incomplete or outright
incorrect, with the nebular emission driven by entirely different
energy sources.

6 AGN MODELLING

To test for on obscured AGN, we use the SED fitting tool CIGALE
(Yang et al. 2022), fitting to the Kron aperture NIRCam photometry
to the source. At longer wavelengths, we include ad hoc photometric
measurements from both Spitzer/IRAC ch3 and ch4 and JWST/MIRI
(Section 2). These fluxes are important as they help to constrain the
possibility of an obscured AGN that may only be visible in the near-
to-mid IR. For CIGALE, we employ the SKIRTOR AGN implementation
from Stalevski et al. (2016), while the host galaxy stellar-population
templates are from Bruzual & Charlot (2003). We used the default
SFH, parametrized by a delayed exponential. Dust attenuation as-
sumes the Gordon et al. (2003) law for the AGN, and the Calzetti et al.
(2000) law for the stellar populations. The resulting fits are shown in
Fig. 5, where we contrast the model where both include and do not
include emission from an AGN (panels a and c, respectively). Both
models are consistent with the observations within the uncertainties,
with reduced x2 of 1.9 and 1.5 for the model without and with an
AGN. However, the AGN model better reproduces the JWST/MIRI
flux at F1500W. Overall, the MIR observations are useful to constrain
the luminosity of an obscured AGN. The AGN model returns a
dust attenuation towards the AGN of Ay =4.5+2.9 mag. The
luminosity is log(Lye [erg s~']) = 45.8 + 0.6 dex, which we treat
as an upper limit given the non-detection by Spitzer/MIPS at 24 pm
and the low reduced x?2 of the non-AGN model. There is a large
discrepancy between the data and model around the Balmer-break
region, where both CIGALE model fits underpredict the strength of
the Balmer break. This is likely due to our SFH set-up in CIGALE,
which lacks the flexibility for allowing a period of low SFR followed
by a ‘crescendo’, as we discussed in Section 5.1. Overall, this
discrepancy results in a strong disagreement about the recent SFH,
with CIGALE inferring that the SFR averaged over the 10 Myr
prior to observation is 260 £ 15 Mg yr~!. In contrast, the stellar
mass is in good agreement with PROSPECTOR, with CIGALE finding
log(M,/Mg) = 10.06 £ 0.02, with minimal differences if an AGN
is included or not.

7 EMISSION-LINE LUMINOSITY

From the surface brightness distribution of the emission-line regions,
we can estimate the flux and equivalent width of the main emission-
line groups, HB and [O 1m]AA4959, 5007 in F335M and F356W,
and Ho in F410M and F444W. For the rest-frame EW of H 8 and
[O m]Ar4959, 5007, since the lines fall in both the medium- and
wide-band filters, we use the expression

2
1 )‘FSS()W Fv F335M

O " Seont Agsey F
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where A 335 is the pivot wavelength of the F335M filter, Upsasy
is the rectangular width of the F335M filter (defined as the effective
width of the filter divided by its maximum throughput), and 8¢ is a
continuum-colour correction term, whose value we do not know, due
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Figure 5. CIGALE SED modelling of the main galaxy JADES-GS-518794,
contrasting the model without AGN (panels a and b) and with AGN (panels ¢
and d). The filled filter transmission curves are JWST/NIRCam and MIRI
filters, while the empty transmission curves are Spitzer/IRAC and MIPS.
The two models are statistically consistent, as inferred from comparing the
reduced Xf, yet the AGN model is better at reproducing the MIRI F1500W
flux, which CIGALE interprets as evidence for an obscured AGN. The MIR
data place an upper limit on the AGN luminosity of Ly < 1048 erg s~1.

to the lack of sufficient medium bands to characterize the continuum
shape (see Appendix A for a derivation). For reference, for a flat
continuum in Fj, d¢one & 1. The resulting EW has the same units as
Or335m. For Ha, which falls in the wide-band filter but not in the
medium-band filter, we have

0 22 F
EW(Hoo) ~ S (1 — g - Hpan s ) &)

Kpgaaw FvFarom

2
_ )‘F444W Fv F410M, cont
6‘)n = N (4)
cont 2
)\-1:4101\/1 Fv F444W , cont

These approximations are somewhat simplistic: because the con-
tinuum spectral density features in the denominator of the EW
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definition, the errors of equations (1) and (3) can be large for any
range of EW values. These errors are driven primarily by the colour
of the continuum between the two photometric bands used.

In contrast, the corresponding emission-line fluxes are more stable
for regions with higher EW values. For H g and [O 11]AA4959, 5007,
we have

F(HP +[Om]) ~ 1075 =< Or33sm Orssew

2
)"F335M DF}SGW - |:|F335M

)\‘2
X (Fu F33sm — M F, F356W> , (5)
AFasew
while for Ha we have
_ c
F(Hx) ~ 107 5—— Opasaw
Faa4w
Mpaw
X |\ Fy Fagaw — = F, ratom ) » (6)
Ararow

where the pivot wavelengths and rectangular widths are in units
of um, c is the speed of light in km s~ F, are spectral flux densities
in nJy, and the resulting emission-line flux is in units of 107!8 erg s~!
cm™2. Identical expressions apply to surface brightness, by replacing
F, with SB,,.

The surface brightness maps obtained by applying equations (5)
and (6) to the JADES data are displayed in Fig. 6. The H 8 + [O 111]
map (panel a) and H o map (panel b) reach surface-brightness noise
levels of 1.4 and 1.2x107!7 erg s=! em~2 arcsec 2, corresponding
to 50 flux sensitivities of 6 and 5x 107! erg s™! cm™2 in a circular
aperture with 0.15-arcsec radius. The total area where flux is detected
in HB + [O 1] only is 44.6 kpc?.

To measure total line luminosities, we define two apertures for
estimating the emission from the host galaxy and from the nebula. For
the host, we define an elliptical aperture with the position angle and
shape of the stars in the host galaxy (Section 4), reaching 2 R, (solid
line in Fig. 6); for the nebula, we use a much larger circular aperture
of radius 2.1 arcsec (dashed line). For the nebula, we measure fluxes
of FHB 4+ [Om]) = (163 £2) x107 ¥ ergs~! cm™2 and F(Ho) =
(60 £ 1) x107'8 erg s7! cm™2. For comparison, integrating the H o
emission lines from the SAPPHIRES apertures and summing the two
clouds we find F(Hx) = (18 +2) x 1073 erg s~! cm~2, implying a
flux mismatch of about three. This is not surprising, and may arise
from a combination of inaccurate flux measurement from NIRCam
photometry, plus low sensitivity of NIRCam/WESS to diffuse and
broad-line emission. Neglecting dust attenuation, the luminosities of
the host galaxy in each of the two emission-line groups H8 + [O
m] and Ha are Lygijom = (2.10 £0.04) x 10° Lo and Ly, =
(0.86 & 0.04) x 10° Ly. The nebula (without the host galaxy) has
Lugjom) = (1.78 £0.02) x 10'° Ly and Lye = (0.66 £ 0.02) x
10'° L. In HB + [O mi], the nebula is 8 times more luminous
than the host galaxy. Even in the extreme scenario where the host
galaxy is corrected for significant dust attenuation (ty (1 + u) ~ 2.7;
Table 3*) while assuming no dust for the nebula, the luminosity
ratio would still be 0.5, making the nebula comparable to the whole
galaxy. To place these measurements in context, we estimate the H 8
luminosity from the Balmer decrement Ly /Ly = 2.86, assuming
Case B recombination, 7. = 10 000 K and electron density n. =

4For a single dust screen, one has Ay = 2.5log(e)ty, but since PROSPECTOR
uses two dust screens, the exact conversion between ty and Ay depends
on the ratio between young and old stellar populations, where the former
are attenuated by both the diffuse and ‘birth-cloud’ dust, while the latter are
attenuated only by diffuse dust.

MNRAS 542, 960-981 (2025)
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Figure 6. NIRCam-derived emission-line maps of H 8 and [O 1I]JAA4959,
5007 (panel a), and Ha (panel b). The colourbar shows the 60th—99.9th
percentile range, with the 1o noise level highlighted by a horizontal mark. The
dashed circle is the region where we estimate the total flux; the solid ellipse
is excluded and is considered to be associated with the galaxy (Section 4).
The observed [O 111] luminosity of the nebula exceeds that of the host galaxy
by an order of magnitude. Note the different morphology of the host galaxy
in the two images; differential concentration of [O IIJAA4959, 5007 versus
H o may indicate obscured AGN activity. The PSFs FWHM in F356W and
FA44W are indicated by the white circle.

100 cm—3; Osterbrock & Ferland (2006). With this assumption, an
[O 11] doublet ratio of 2.98 and no dust attenuation, we estimate
Lomsoo7 ~ 1.2 x 10" Ly = 4.6 x 10* erg s~'. With this value,
we derive Lomsoo7/Lupg ~ 5, lower than the narrow-line regions of
quasars at z = 0.4-0.7 (both obscured and unobscured; Liu et al.
2013; Liu, Zakamska & Greene 2014).

Alternatively, if we assume the typical [O 11JA5007/H 8 ~ 10 of
quasar-illuminated nebulae (Liu et al. 2013, 2014; Lyu et al. 2025)
or outflows (Scholtz et al. 2020), we would infer an H # luminosity
of 1.2 x 10° L, 2 times lower than the prediction from the observed
H o luminosity. The grism spectra suggests that the contribution of
[N 11]AA6548, 6583 to the nebular emission is negligible (Section 3),
which would imply some degree of dust attenuation. However, a
weak continuum could also alter the line ratios, so confirming the
presence of dust requires deeper, spatially resolved spectroscopy.

Regardless of the estimate of Ly, the resulting [O 1I]JA5007 lumi-
nosity is extremely high for a non-quasar galaxy; typical unobscured

MNRAS 542, 960-981 (2025)

quasars at z = 0.4-0.7 have Lioupso07~ 2.5 x 10° Ly (Liu et al.
2014), but JADES-GS-518794 shows no trace of an active quasar
at the centre of the host galaxy. Hainline et al. (2013) compared
the [O 1JA5007 and rest frame 8-pm luminosity of a sample of 50
obscured quasars; using their empirical relation (their fig. 5), we infer
that JADES-GS-518794 could have a flux density as high as Sso um
~ 10 ply, which is in the range of predictions of our CIGALE AGN
models (Fig. 5).

With Lys = 0.66 x 10'° Ly, assuming no dust attenuation and
all of the line emission arising from star formation, and adopting
the Kennicutt & Evans (2012) conversion, the nebula would have a
SFR ~ 80 Mg yr~!, which is larger than the host galaxy (Fig. 4c).

8 LARGE-SCALE ENVIRONMENT

Early massive galaxies, such as JADES-GS-518794, are thought to
trace some of the most active star-forming regions in the Universe.
As a result of this, dusty star-forming galaxies (DSFGs) and sub-
millimetre galaxies (SMGs) have often been used to identify galaxy
protoclusters at high redshifts (Chapman et al. 2009; Riechers et al.
2014; Umehata et al. 2015; Oteo et al. 2018; Long et al. 2020;
Sun et al. 2024; Fudamoto et al. 2025). One reason for this is the
growing evidence for accelerated galaxy evolution within overdense
environments (e.g. Arribas et al. 2024; Helton et al. 2024a, b;
Morishita et al. 2025). DSFGs and SMGs are some of the most
extreme objects found at high redshifts, so it would make sense for
these to be situated within an overdense region of galaxies.

Indeed, there is already spectroscopic evidence for an overdensity
in GOODS-S around z = 5.8-5.9, based on Keck redshifts from Ly o
emission for i-band drop galaxies in this redshift range (Bunker et al.
2003; Stanway et al. 20044, b).

To explore the large-scale environment surrounding JADES-
GS-518794, we searched for relatively bright galaxies (m <
28.5 AB mag in F444W, adopting Kron photometry) that are con-
sistent with the redshift of JADES-GS-518794 by using the v0.9.5
JADES GOODS-S photometric catalogue (Rieke et al. 2023). We
measured photometric redshifts with EAZY (Brammer et al. 2008)
following the methodology of Hainline et al. (2024) using CIRC1
photometry (0.10-arcsec radius) and adopting the redshift where
the likelihood is maximized (x> is minimized), which produced
Zphot = 6.01 for JADES-GS-518794. The median photometric red-
shift uncertainty at Zppe ~ 6 is Azppe ~ 0.24 (corresponding to
velocity uncertainties of roughly 10 000 km s~!). Photometric
redshift uncertainties are measured as the difference between the
16th and 84th percentiles of the photometric redshift posterior distri-
butions. We choose to not make any cut on the photometric redshift
uncertainty since this would bias against dusty and quiescent galaxies
like JADES-GS-518794 and the candidate satellite galaxy. Based on
the typical photometric redshift uncertainty, we select galaxies that
are within Azphe of JADES-GS-518794 (i.e. 5.77 < Zphot < 6.25).
There is some evidence for the uncertainties on zph from EAZY
being underpredicted, but investigating this possibility goes beyond
the scope of this article. Following these selections, we are left with
a photometric sample of N = 998 sources at zpo ~ 6. We identify
nine sources within 2 arcsec from JADES-GS-518794, of which six
were selected in the sample of 998; including these six sources in
the clustering analysis would increase the significance of our results.
However, since these sources are most likely gas clouds and not
galaxies, we conservatively remove them from the sample.

Following the methodology outlined in Sandles et al. (2023) and
Alberts et al. (2024), we utilize a kernel density estimator (KDE) to
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estimate the underlying density field for the photometric sample. We
assumed Gaussian kernels and optimize the assumed bandwidth (i.e.
the smoothing scale) by maximizing the likelihood cross-validation
quantity (Chartab et al. 2020). The optimized bandwidth for the
photometric sample is 2.402 cMpc and corresponds to roughly
1.0 arcmin at the redshift of JADES-GS-518794. We further imple-
ment a correction factor to compensate for KDEs underestimating
densities near the edge of footprints (Taamoli et al. 2024). We finally
subtract the individual density values for each galaxy by the mean
density value estimated across the entire field to ensure that only half
of the photometric sample is classified as overdense.

8.1 A new candidate overdensity in GOODS-S

The adopted methodology using the KDE identifies two spatially
distinct galaxy overdensities that have peak significance levels higher
than 30, where o is defined to be the standard deviation of the
density values across the entire field. The former of these two
overdensities is at RA 53.1297, Dec. —27.7854 with a peak density
of 3.3 times that of a random volume. This peak corresponds to
the spectroscopically confirmed galaxy overdensity JADES-GS-OD-
5.928 (Helton et al. 2024b). The second of these overdensities is
at RA 53.0239, Dec. —27.84233 with a peak density of 3.8 times
that of a random volume. It consists of 44 galaxies (including
JADES-GS-518794), with mean redshift zppo = 5.99 and a standard
deviation of 0.04. The centre of this new overdensity is sufficiently
far from previously known Ly o emitters (Stanway et al. 2004b) to
be considered separate. If we include the six sources identified as
clouds in the analysis, the significance would increase to 4.1 times
the random value, and the number of galaxies would increase from
44 to 56 (since the size of overdensity also increases slightly). Our
inferred centre is separated by only 2.760 cMpc (1.126 arcmin) from
JADES-GS-518794 (at the centre of the overdensity we find a close
group of five galaxies; Appendix B). However, since JADES-GS-
518794 is near the edge of the footprint for which we have imaging
from HST and JWST, it is possible that there is a substantial number
of galaxies missed by our catalogue and therefore by the KDE. These
missing galaxies would bias the KDE estimate of the peak density
away from JADES-GS-518794 and towards the North, as observed.
Nevertheless, while this overdensity is photometrically even more
significant than JADES-GS-OD-5.928, it lacks spectroscopic confir-
mation and is thus considered a candidate overdensity.

Fig. 7 illustrates the spatial distribution of the N = 992 galaxy
candidates in the photometric sample using points that are colour-
coded by their photometric redshifts. These galaxy candidates are
at 5.77 < Zphot < 6.25 in GOODS-S and are selected based on the
available HST and JWST photometry. The underlying density field is
estimated with a KDE and is illustrated by the contours. The contours
increment by 1o, where o corresponds to the standard deviation of the
density values across the entire field. The purple contour represents a
significance level of 30, which is the threshold we adopt to identify
galaxy overdensities. The gold star illustrates the location of JADES-
GS-518794, which falls near the edge of the JADES footprint, shown
by the thick black line.

Given the proximity with one of the extreme galaxy overdensities
identified here, it is possible that the large-scale environment is in
some part linked to the extended line-emitting nebulae surround-
ing JADES-GS-518794. Environmental effects may have caused
accelerated galaxy evolution and the creation of an AGN within
JADES-GS-518794 that is responsible for the expelled gas, or they
could have increased the rate of mergers and interactions that has
tidally stripped the gas from JADES-GS-518794. Either way, it
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is likely that environment has played an important role, and it is
possible that JADES-GS-518794 is a brightest cluster galaxy (BCG)
in the making. Future spectroscopic observations will provide more
information about the large-scale structure surrounding JADES-GS-
518794 and the impact of environment.

8.2 Environment impact on galaxy properties

To gauge the possible effects of large-scale environment on the SFH
of JADES-GS-518794, in Fig. 8 we compare the properties of the
56 galaxies in the candidate overdensity (purple empty histogram)
to the control sample of 914 galaxies that are not in any known
overdensity (filled grey histogram).’ To test if the two samples are
consistent with being drawn from the same distribution, we use a
Kolmogorov—Smirnov (KS) test (but we also report the P-value from
Anderson—Darling, AD test). Fig. 8(a) compares the distributions of
FA444W magnitude, which at z ~ 6 traces the rest-frame red optical,
including H  emission. We find no statistical evidence of a difference
between the two distributions. Similarly, we find no evidence of a
difference in the F410M-F444W colour (Fig. 8b), which at z ~ 6
traces primarily the EW of Hoa (equation 3; [N 1]AL6548, 6583
and [SI]AA6716, 6731 are much fainter than H « at 7 > 5; Cameron
et al. 2023; Sandles et al. 2024). In contrast, we find strong evidence
of a colour difference in F200W—F277W, the two NIRCam bands
bracketing the Balmer break at z ~ 6 (Fig. 8c; P-value P < 107).
This remarkable difference in F200W—-F277W colour suggests that
galaxies in overdensities have on average older light-weighted stellar-
population ages than galaxies in non-overdense regions, consistent
with an earlier start of their SFHs. Stellar metallicity could also
play some role, due to the physical degeneracy between stellar age
and metallicity, but a significant metallicity enhancement on large
scales seems less likely at these early epochs (but has been observed
in clusters of galaxies at lower redshifts z = 0.35; Gupta et al.
2016). A contribution from emission lines (chiefly [O 1]AA3726,
3729 and [Ne 11]A3869) is also possible, but it is unlikely to be the
dominant effect. First, the large values of F200W-F277W (reaching
1 mag; Fig. 8c) strongly suggest that a difference in continuum
shape must be present, at least in some galaxies (see also discussion
about the Balmer break in JADES-GS-518794; Section 5.1). Second,
we detect no enhancement in F410M-F444W (Fig. 8b), so the
EW of emission lines between galaxies in overdensities and the
control must be similar. Therefore, increasing F200W-F277W at
fixed EW (Ho) requires very low ionization and/or high metallicity,
which seems unlikely at z ~ 6 and on large scales. If the F200W-
F277W is pointing to stronger Balmer breaks, then this would imply
a higher average mass-to-light ratio for galaxies in overdensities,
meaning that the similar distribution in £444W magnitude may hide
different distributions in M,, that is, at fixed luminosity, galaxies
in the overdensity are more massive than those in the control
sample.

To better characterize the physical properties of the galaxies
in the candidate overdensity, we use PROSPECTOR 8 (Wang et al.
2023a), a version of PROSPECTOR (Johnson et al. 2021) optimized for
redshift recovery. PROSPECTOR B utilizes a series of galaxy evolution
priors, including a stellar mass prior derived in Leja et al. (2020),
a prior on galaxy number density as a function of redshift, and the
continuity prior for the SFH described in Section 5, but here with
seven logarithmically spaced time bins. In addition, there is a mass-
dependence on the SFH prior, where the start of each age bin is shifted

SFor a test of small-scale environment effects, see Appendix B.
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Figure 7. The spatial distribution of the N = 992 galaxy candidates in the photometric sample using points that are colour-coded by their photometric redshifts.
These galaxy candidates are at 5.77 < zphot < 6.25 in GOODS-S and are selected based on the available HST and JWST photometry. The thick black polygon
is the GOODS-S NIRCam footprint of JADES, while the dotted grey contours trace the JADES Origins Field, the deepest NIRCam imaging. The underlying
density field is estimated with a KDE and is illustrated by the contours. The contours increment by 1o, where o is the standard deviation of the density values
across the entire field. The purple contour represents a significance level of 3o, which is the threshold we adopt to identify galaxy overdensities. We identify two
spatially distinct galaxy overdensities. One of these corresponds to a spectroscopically confirmed galaxy overdensity in GOODS-S (JADES-GS-OD-5.928 from
Helton et al. 2024b). The other one of these is only 2.311 cMpc (0.943 arcmin) in separation from JADES-GS-518794. The gold star illustrates the location of
JADES-GS-518794, which falls near the edge of the JADES footprint, shown by the black line.

based on the stellar mass, as described in Wang et al. (2023a). We
refer the reader here for a complete description of the PROSPECTOR
priors. For consistency with the clustering analysis, the redshift is
fixed to the photometric redshift inferred with EAZY.

The distribution of the resulting galaxy properties is shown in
Fig. 9. We find no evidence for a difference in M, between members
and non-members of the overdensity (according to the KS and AD
tests, respectively; panel a). Similarly, we find no difference in
specific SFR (panel b, in agreement with no difference in F410M-
F444W), and no difference in the mass-weighted age and dust
attenuation properties (panels ¢ and d). The lack of difference in
mass-weighted age maybe due to the known difficulty of measuring
accurate mass-weighted stellar properties for young galaxies —
particularly when relying on rest-frame UV and optical wavelengths.
Alternatively, the constraining power of our small photometric
sample may be insufficient to overcome the constraints from the
prior probabilities assumed by PROSPECTOR f.

MNRAS 542, 960-981 (2025)

9 DISCUSSION

The discovery of a large, 25-kpc diameter emission-line nebula at
z = 5.89 underscores the combined power of medium- and wide-
band photometry to identify and characterize extended line-emitting
nebulae (Zhu et al. 2025). While there are other large emission-line
regions within the 300-arcmin? area of the GOODS fields covered by
JADES (Scholtz et al. 2020; D’Eugenio et al. 2024; Zhu et al. 2025),
this nebula is unique at such early times as z = 5.89. However,
building a larger sample for this kind of bright and rare source
requires a large-area medium-band survey and deep follow-up with
spectroscopy.

For the case of JADES-GS-518794, while only further observa-
tions can give definitive answers, the galaxy location at the centre
of the nebula and at a photometric redshift consistent with the
nebular spectroscopic redshift leaves little doubt about the physical
association of this system.
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Figure 8. Comparing the properties of 56 galaxies in the candidate over-
density (purple) to the control sample of 914 galaxies not in any overdensity
(filled grey). We report the P-value P of the null hypothesis that the two
samples are drawn from the same distribution (according to the KS and AD
tests). We find no difference in F444W magnitude and in F410M-F444W
colour, but a statistically significant excess in F200W—F277W colour (tracing
the Balmer break at z ~ 6), likely indicating that galaxies in overdensities
have on average older light-weighted ages.

9.1 Large-scale environment

The galaxy and its nebula belong to a candidate large-scale galaxy
overdensity, with a significance higher than JADES-GS-OD-5.928
(which has been spectroscopically confirmed; Helton et al. 2024b).
JADES-GS-518794 is located at the same redshift as the candidate
overdensity and within a projected distance of 2.3 cMpc from the
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Figure 9. Comparing the physical properties of galaxies in the candidate
overdensity (purple) to a control sample of galaxies not in any overdensity
(filled grey). We report the P-value P of the null hypothesis that the two
samples are drawn from the same distribution (according to the KS and AD
tests), but find no evidence for differences in the physical properties between
galaxies in the overdensity and the control sample.

peak density (Section 8). While the depth of the JADES imaging
varies significantly across the survey footprint in GOODS-S, using
a magnitude cut in F444W magnitude of 28.5 mag and no cut on
the photometric redshift uncertainties should remove any bias due to
varying survey depth. Indeed, we find that the highest-significance
peak is not in the deepest region of the field (which is the JADES
Origins Field; Eisenstein et al. 2023b; dotted grey lines in Fig. 7).
Because overdensities as large as the one considered here are far from
having collapsed, we do not expect the environment-driven processes
seen on Mpc scales at z < 2 to be already in place (e.g. Ji et al. 20138;
Donnari et al. 2019, 2021). However, being part of an overdensity,
the galaxy may still be subject to other effects, such as an earlier-
than-average gravitational collapse, a higher-than-average ionization
fraction of the intergalactic medium (Lu et al. 2024; Whitler et al.
2024), and higher gas metallicity.

Previous studies have found an excess of galaxies with low-
EW Ha + [N 11] emission in two galaxy overdensities at z = 5.7
(Morishita et al. 2025, 25 4 7 per cent versus 6 % 2 per cent for non-
overdensity galaxies), but we find no difference in the F410M—
F444W colour (tracing Ho EW) distribution between galaxies
inside or outside the overdensity (Fig. 8b). The discrepancy could
be in part due to galaxies in overdensities displaying a broader
range of EWs, due to environment-driven processes acting to both
enhance and suppress star formation — as also discussed in Morishita
et al. (2025). Another possible explanation for the discrepancy are
different methods: Morishita et al. (2025) use deep NIRSpec and
NIRCam/WEFSS spectroscopy, while this work relies on photometry
only. Indeed, the observations from Morishita et al. (2025) reach
EW = 30-100 A, which would correspond to a F410M-F444W
colour of ~ 0.2 mag. Given the survey depth of the JADES medium-
depth regions (Eisenstein et al. 2023a; D’Eugenio et al. 2025b), this
effect is too subtle to capture in individual galaxies at the faint end
of our sample (28.5 mag in F444W), and would correspond to only
a 3o colour difference at 27.5 mag.

MNRAS 542, 960-981 (2025)
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However, Morishita et al. (2025) also find that their low-EW
galaxies have evidence of Balmer breaks (their D.4000 index maps
very well to the definition of Balmer-break index used here). This
result is in qualitative agreement with the observations from Naidu
et al. (2024). Our work presents statistical evidence for galaxies in
the candidate overdensity having redder F200W—F277W colour than
typical galaxies at the same redshift. We discussed that a difference
in emission-line properties is unlikely, given the lack of difference in
FA10M-F444W (tracing primarily £EW (Hx)), which together with
the redder F200W-F277W colour would imply a systematically
stronger [O 1JAA3726, 3729 emission. We therefore interpret the
colour difference as evidence for galaxies in overdensities having
stronger Balmer breaks (Section 8). This could in turn be due to
older light-weighted ages and/or higher metallicities. While higher
gas metallicities in dense environments than in the field have been
measured up to z = 0.35 (Gupta et al. 2016), there is yet no direct
evidence for metallicity enhancements at z ~ 6. Besides, a higher
stellar metallicity would almost certainly imply much larger stellar
masses to explain the chemical enrichment. In contrast, older stellar
population ages would naturally fit in the standard ACDM model,
where overdense regions start to collapse earlier, giving their galaxies
a head start in the SFH. Deep medium-band imaging (e.g. Trussler
et al. 2025) or follow-up spectroscopy (e.g. Looser et al. 2024b;
Baker et al. 2025b) are required to confirm the presence of these
Balmer breaks and to investigate their physical cause.

On the spatial scales of the CGM (tens of kpc), we may already be
seeing environment-driven effects, as already witnessed at z ~ 3.5
(Alberts et al. 2024). The centre of the overdensity (Fig. B1) contains
six galaxies, which as a sample stand out in both F444W magnitude
and F200W-F277W colour (Fig. B2). This suggests that large
overdensities may be connected to the early formation of massive
galaxies in their centres, consistent with the finding that massive,
dusty star-forming galaxies are good tracers of galaxy proto-clusters
(Daddi et al. 2009; Riechers et al. 2010; Oteo et al. 2018; Pavesi
et al. 2018; Drake et al. 2020), including at high redshifts (Smolcié
et al. 2017; Lewis et al. 2018; Hashimoto et al. 2023; Arribas et al.
2024). However, neither JADES-GS-518794 nor the galaxies nearest
to the centre of the overdensity are particularly dusty, so we could be
witnessing the assembly phase before the dusty starburst event.

An excess of Balmer-break galaxies in the densest environments
may point to the synergy between internal feedback and environment.
Star formation or AGN-driven feedback can temporarily interrupt
star formation (Ceverino, Klessen & Glover 2018; Lovell et al.
2023), while the central galaxy could be appropriating the gas
reservoir of the satellite, preventing re-accretion and rejuvenation
(Gelli et al. 2025). Large-scale AGN outflows like the one seen
around JADES-GS-518794 —if they are sufficiently common — could
also impact low-mass satellites, for instance by triggering a starburst
and accelerating the depletion and/or removal of gas (Croft et al.
2006; Inskip et al. 2008; Salomé, Salomé & Combes 2015).

The possible presence of a satellite (JADES-GS-518709) with
a strong Balmer break and a mass ratio of 1:6 seems significant
(Section 5.2). This is because galaxies with strong Balmer breaks
(i.e. having had negligible star formation for hundreds of Myr) with
masses 10° < M, < 10'© M, are rare at z > 3 (Baker et al. 2025a;
Trussler et al. 2025). If confirmed, the coincidence would be signifi-
cant, suggesting that ‘environment pre-processing’ may be already at
work in the first billion years after the big bang (Alberts et al. 2024).
It is worth remarking that the best-fitting EAZY photometric redshift
of JADES-GS-518709 is zphot = 4.4, therefore our results should
be considered with caution (Section 5.2). However, the absence of
emission lines and possible contamination of the photometry by the

MNRAS 542, 960-981 (2025)

brighter central could be biasing this measurement. Besides, such
a low-mass quiescent galaxy, if confirmed to be at z = 4.4, would
be remarkably isolated, which would be even more extraordinary
than a satellite at z = 5.89. Either way, spectroscopic confirmation
is required.

9.2 Main galaxy

The galaxy SED shows strong evidence of a break or line excess
between F200W and F277W (Fig. 4a). If due to line emission,
this would imply a rest-frame E W ([O 1JAA3726, 3729) < —250 A,
extremely high for [O 1IJAA3726, 3729 (Blanton & Lin 2000; Yan
et al. 2006). If true, such a high-magnitude EW is certainly worth
studying. However, our fiducial interpretation is that the difference
between F200W and F277W is due to a Balmer break, implying
that evolved stars are present and dominate the mass budget. This is
supported by our SED models, which still find a Balmer break even
for the highest-magnitude EW([O 11]) explored. While remarkable,
a strong Balmer break at z = 5.89 is not implausible, with the most
distant such case being at z = 7.3 (Weibel et al. 2025), and weaker
breaks at even higher redshifts (Kuruvanthodi et al. 2024; Looser
et al. 2024b; Baker et al. 2025b), and some z = 6 cases even pre-
dating JWST (Eyles et al. 2005, 2007). With M, ~ 10! My, JADES-
GS-518794 appears to be fairly massive (for z ~ 6), only 2 times
lower than the first massive, quiescent galaxies (Weibel et al. 2025)
and comparable to the knee of the galaxy mass function at z =6
(Weaver et al. 2023; Weibel et al. 2024). We remark that M, is
also subject to systematic uncertainties of 0.3 dex (as found by e.g.
Conroy, Gunn & White 2009; Muzzin et al. 2009; Pacifici et al.
2023). These uncertainties arise due to the inability of photometry in
the rest-frame UV — optical to fully break the degeneracy between
age and dust, or age and metallicity (e.g. Trager et al. 1998; Nersesian
et al. 2024). As for the SFH, SED modelling suggests that the
galaxy may have experienced an upturn in the most recent 10 Myr
(Fig. 4c). This upturn is required to explain the medium-band excess
in F335M versus F356W, itself due to H 8 and [O TTJAA4959, 5007
line emission. We caution that by construction, our PROSPECTOR set-
up interprets this emission as due to star formation photoionization,
hence the upturn in SFR. However, AGN photoionization and shocks
are equally plausible drivers of the observed photometric excess but
are not included in our model. For this reason, the SFR upturn in
the last 10 Myr is not conclusive. To confirm if the SFR in JADES-
GS-518794 is really resurrecting, we need 3—4 pm spectroscopy. In
contrast, the downturn 10—100 Myr prior to observation is driven by
the Balmer break and shape of the stellar continuum, so it should be
fairly robust against AGN- and shock-driven emission. The large
scatter in the SFH during the period 10-100 Myr is due to the
photometry being unable to precisely pinpoint in time the epoch
of the SFR downturn. However, the presence of a downturn seems
robust (Section 5.1; Fig. 4d). A case of a strong shock in a galaxy
with a Balmer break was recently identified at z = 4.7 by the WIDE
Survey (Maseda et al. 2024; D’Eugenio et al. 2025b). However, the
similarity is not complete, because while their galaxy presents very
strong [O []JAX3726, 3729 emission, its [O II]AA4959, 5007 emission
is remarkably weak and the SFH does not display any substantial
downturn (D’Eugenio et al. 2025b).

9.3 Origins of the emission-line nebula

The large physical size, velocity and high luminosity of the nebula
suggest that its origin may be linked to AGN-driven outflows and
AGN photoionization (Lintott et al. 2009). While some extreme
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Figure 10. Evidence of kinematic broadening supports the biconical outflow interpretation for the emission-line nebula. Panel (a): Ho emission constructed
from F444W to F410M image, aligned with dispersion direction. Panel (b): H o emission in the 2D grism spectra. Panel (c): H « profiles in the image (grey) and
grism (pink) extracted from the apertures shown by the dashed lines in panels (a) and (b). Velocity offset in the slitless spectrum is degenerate with spatial offset.
By fitting the profiles with double Gaussian functions we obtain evidence of kinematic broadening of ~ 300 kms~!. This is consistent with the expectation

from biconical gas outflow as illustrated by the cartoon in panel (d).

starbursts are also thought to drive massive, extended outflows
(Rupke et al. 2019), the SFH in JADES-GS-518794 disfavours this
interpretation. Still, tidal disruption or strong shocks are still possible
alternatives to the AGN scenario and will require spectroscopy (e.g.
D’Eugenio et al. 2025b) and ideally integral-field spectroscopy (e.g.
Venturi et al. 2023; Saxena et al. 2024) for a definitive assessment.
Still, with the data in hand, several lines of evidence favour AGN
outflows. First, the extremely compact morphology of HB + [O
1] in the galaxy itself supports the presence of a point source or
extremely compact narrow-line region (Fig. 6). When we consider
the tentative MIR fluxes from Spitzer and the MIRI detection at
15 wm (Section 6), the data are best reproduced by a model with
an obscured AGN (Fig. 5). The similar reduced-x> values between
the AGN and no-AGN models are driven by the large discrepancy
around the Balmer break, likely due the SFH parametrization we
used in CIGALE. Nevertheless, the two models are formally consistent
with the data, so we consider this circumstantial evidence only.
The presence of an AGN, if confirmed, would resonate with recent
outflows, though admittedly mergers and tidal disruption could also
trigger an AGN (Ellison et al. 2025; Perna et al. 2025). The presence
of two clouds symmetrically located on either side of the galaxy also
favours an AGN origin, as do their convex shapes, reminiscent of bow
shocks and bubbles (Nelson et al. 2019; see e.g. Cresci et al. 2023;
Veilleux et al. 2023; Venturi et al. 2023 for observational evidence).
From the grism spectrum, we find some indications that the Ho
emission from the East cloud is broader than in the NIRCam image
(cf. pink versus black lines in Fig. 10c). This additional broadening
corresponds to a velocity dispersion of ~ 300 km s~!, consistent with
the expected kinematic broadening from conical outflow geometry
(Fig. 10). However, this will need to be further confirmed with
NIRSpec/IFS data at higher spectral resolution and sensitivity. A
final argument in favour of an AGN is the high Ho luminosity;
in the merger/tidal disruption scenario, the Ho luminosity would
imply a very high SFR of 80 Mg, yr~! in the nebula, which should
be associated with easily detectable stellar continuum light, yet very
little continuum is seen. Extreme emission-line galaxies are generally
found to be compact (Withers et al. 2023; Boyett et al. 2024), unlike
our case. The SFR value is very large for a tidally disrupted satellite;
for comparison, the extended emission-line region in the Tusitala
group, around the much more massive galaxy COS20115 (‘Jekyll’,
M, = (0.9-1.8) x 10'! Mg ; Glazebrook et al. 2017; Schreiber et al.
2018; Pérez-Gonzélez et al. 2024) has a total equivalent SFR that is
3 times lower, raising the question of whether JADES-GS-518794,
which is 10 times less massive than Jekyll, could disrupt 3 times
more gas. Moreover, the high line-to-continuum ratio in the clouds

(which SED modelling struggles to reproduce, Section 5.3) imply
extremely young mass-weighted stellar ages (of order ~ 1 Myr).
These young ages are implausible over such an extended region,
because the speed of the signal needed to synchronize star formation
over 10 kpc would be of order 10* km s~!. This is much larger than
the outflow velocities typically measured on comparable scales.

While the tidal disruption explanation seems unlikely, our favoured
AGN-outflows scenario is not without problems. Powerful outflows
are generally associated with intense accretion activity, but JADES-
GS-518794 appears to be a fairly faint, spatially resolved target,
unlike bright and point-like quasars. A similar but less extended
and luminous case has been recently found near the faint QSO HSC
J22394-0207 (Lyu et al. 2025). The comparison with Lyu et al. (2025)
makes our nebula even more puzzling, since their nebula is less
extended and luminous, while the central galaxy is at least a QSO,
unlike JADES-GS-518794. The MIR constraints place an upper limit
on the AGN luminosity of Ly, < 108 erg s~!, significantly lower
than bright quasars. Still, observations from the local Universe show
that AGN can fade by orders of magnitude over time-scales of a
few Myr (Finlez et al. 2022), so even though JADES-GS-518794
is not a bright QSO, we could be observing a relic nebula (Lintott
et al. 2009). Future MIRI observations are necessary to place more
stringent constraints on the obscured AGN.

9.4 A link with quenching?

Intriguingly, SED modelling suggests that the galaxy may have ex-
perienced a downturn in recent star formation (Fig. 4¢). If confirmed,
this scenario may be linked to the presence of the large nebula. In the
absence of strong ionizing emission (as suggested by the faint nature
of JADES-GS-518794), the lifetime of collisionally excited emission
should be fairly short, of order 10* yr. In addition, the velocity offset
between the East and West clouds is A v &~ 800 kms~! (Section 3).
Interpreting the clouds as originating from the galaxy, and using the
projected separation of 6 kpc between JADES-GS-518794 and the
highest-brightness cloud, we can derive an outflow age of at least
~ 15 Myr, clearly longer than the cooling time, and thus requiring
external photoionization (for example, from a faded AGN in JADES-
GS-518794), or a local source of power like fast shocks. The age
of the putative outflow matches well the recent upturn in the SFH
(Fig. 4d).

Could massive outflow events be linked to galaxies quenching?
Most definitions of quiescence require no star formation for hundreds
of Myr; assuming the visibility time for the cloud to be 15 Myr,
galaxies like JADES-GS-518794 could be the progenitors of 10x
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larger volume densities of quiescent galaxies, meaning that extended,
luminous nebulae may be a common but short-lived evolutionary
phase around massive galaxies at these high redshifts. The presence
of possible signatures of a recent merger (Section 4) resonate with the
merger-then-quenching scenario (Hopkins et al. 2008), where a major
merger increases both the SFR and the accretion rate of the super-
massive black hole until a ‘blowout’ phase that precedes quenching.
If we are truly witnessing this short-lived blowout phase in JADES-
GS-518794, this would have implications for our understanding of
how SMBH feedback affects the host galaxy and causes quenching.
So far there are only few observations of the circumgalactic medium
around massive, quiescent galaxies at z > 3; however, where data
are sufficiently deep, all these systems appear to have some more or
less extended emission-line regions (D’Eugenio et al. 2024; Pérez-
Gonzalez et al. 2024 using NIRSpec/IFS; Pascalau et al. 2025, using
NIRCam). This may point to a connection between these extended
emission-line regions and neutral-gas outflows, which have been
confirmed in several quiescent galaxies around and before cosmic
noon (Davies et al. 2024), including the galaxy from D’Eugenio et al.
(2024), where NIRSpec/IFS confirms the simultaneous presence of
both extended ionized-gas emission and neutral outflows with high
mass-outflow rate (Scholtz et al. 2024).

Unfortunately, distinguishing between the scenarios presented
earlier is impossible with photometry alone, but with JWST integral
field spectroscopy capable of revealing the chemical and kinematic
properties of the nebula, the key to unlocking many of the open
questions surrounding JADES-GS-518794 lies within reach.

10 SUMMARY AND CONCLUSIONS

In this work, we report the discovery of a large and luminous line-
emitting nebula around a massive galaxy at z = 5.89 (Fig. 1). The
galaxy and nebula have consistent photometric redshifts, driven
by the Ly o break and photometric excess driven by strong emis-
sion lines. The nebula is confirmed spectroscopically using NIR-
Cam/WESS from SAPPHIRES (Fig. 2), which detects H « at a mean
redshift zgpe. = 5.89 £0.01.

(i) SED modelling with PROSPECTOR (Fig. 4b) shows that the
central galaxy JADES-GS-518794 has a stellar mass log(M, /Mg) =
10.1f8;;, near the knee of the mass function. In addition, the SFH
shows a drop in star formation (10-100 Myr before observation,
causing the observed Balmer break) followed by a recent upturn
(powering the emission lines; Fig. 4d).

(ii) The emission-line regions cannot be modelled satisfactorily
with our PROSPECTOR setup, implying these are gas clouds and not
galaxies (Figs 4e and j).

(iii) The galaxy has a possible nearby satellite JADES-GS-518709
(Figs 1a and 4g). If confirmed, this would have a strong Balmer break
(Fig. 41). Its coincidence with JADES-GS-518794 would imply short-
range interactions can enable or even cause quenching at z > 5.89.

(iv) SED modelling with CIGALE does not require an AGN, but
places a limit on the AGN Iuminosity of log(Ly [erg s7!]) < 45.8 £
0.6 dex.

(v) The size, shape, kinematics, and high luminosity of the nebula
(Liompsoor = 4.6 x 10% erg s~!, Section 7) suggest a link with
AGNSs.

(vi) JADES-GS-518794 is found ~ 2 cMpc from the centre of a
candidate galaxy overdensity (Fig. 7). This coincidence suggests a
link between the massive nature of the galaxy and its membership
into the overdensity (Section 8.1).
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(vii) When compared to a control sample of coeval galaxies, the
members of the overdensity have redder F200W-F277W colour,
suggesting a stronger Balmer break strength and pointing to an earlier
formation of galaxies in the overdensity (Section 8.2, Fig. 8).

(viii) We speculate about a possible link between the presence of
such aremarkable nebula and the downturn in SFR, possible evidence
of a short lived ‘blowout’ phase before the onset of quiescence.

Future observations with JWST are required to fully understand
the nature of this source, and its significance in the broader context
of galaxy evolution.
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APPENDIX A: LINE FLUXES FROM
MULTIBAND PHOTOMETRY

Here, we derive the approximate expressions for the equivalent width
EW and line flux Fj,e of an emission line at observed wavelength
Mo, for the two cases where the line is observed in two overlapping
filters (equations 1 and 5) or in only one of two overlapping filters
(equations 3 and 6). We denote the two filters as ‘a’ and ‘b’, their
pivot wavelengths as A, and Ap, and their transmission curves as f,
and f,. We further define the rectangular filter width as

O, = Ti / f(L)dr, (A1)

where T, is the maximum of #,. We also assume that z,()), the filter
transmission at the wavelength of the line, is always approximately
equal to 7,, which unless applies to our observations, but is not
necessarily true in general. The spectral flux density can be written
as

HQ) =s@) +1) (A2)

where s and [ are the flux densities of the continuum and of the
emission line, the latter being negligible a few FWHM away from
Xo. The weighted flux density through filter a is

_ A2 [ M) +10) dr

F,.= A3
' c [ t(0)da (A3)
From the definition of EW, we have
1 (A
EW =— / Qd)», (A4)
14z s(A)
which we can approximate as
1 t()L(A
EW ~ — / WK )dk, (AS)
(1 + 2)t(Ao) s(h)

because the JWST filters are reasonably well approximated by a
top-hat function, and the factor 7(A() ensures that the transmission
value at Ao does not change the integral. We now substitute /(A) =
s(A) + I(A) — s(A), obtaining

_ 1 / t) ) +s(r)) a ft()»)d)»

(1 + 2)t(ho) s(0) (I+2)t(ho)"
Assuming the continuum to be constant s(A) = sy, we can write
EW 1 /t(k) (I(A) + s(A)dAa + f H(A)dA

T — Ky —_—
(1 4 2)t(ko)so (14 2)t (o)

and recalling the definitions of [J, and F, ,, equations (A1) and (A3),
we obtain

EW ~ (A6)

(A7)

CDaTa + DaTa
(L+2to)rsy ™" (1 +2)t(ho)

~

(A8)
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We rearrange for convenience, and substitute T, = #(A¢), which is
appropriate if the line is well centred in the filter a, and follows from
the assumption that the NIRCam filters are approximately shaped as
top-hat functions. We thus obtain
(1 + Z) c F v,a

EW -1~ —— .
a )\g S0

(A9)

From here, we can obtain equation (1) by dividing equation (A9) by
the corresponding expression for filter b, assuming a and b to be the
F335M and F356W filters, and solving for EW. In this case, since we
assumed s(1) = sy to be constant, we also have §.,, = 1. To obtain
equation (3), where F410M does not contain the emission line, we
can set filter a to be F444W, and substitute

C

(A10)

so = F\ ratom-

Araiom

The correction terms for the case of continuum that is constant in f,

can be obtained by replacing s(1) = foc/A%. In this case, instead of

equation (A9), we obtain
142z F,

( )EW _ 1 ~ — v,a ,

a v,a,cont

(A11)

from which we can derive equations (1) and (3) in a similar fashion
as done for the case when the continuum is constant in f;.

For the emission-line fluxes, equations (5) and (6), we start
again from equation (A3). Assuming the continuum s(A) = sy to
be constant, the first addend can be written as
/\75 S t.()s()dA _ ,\jso' (AL2)

¢ [r()dr c

This term is instead equal to simply sy, for the case where the
continuum s is constant in f,, since there would be an additional
factor ¢/A2 that simplifies the original expression. As for the second
addend in equation (A3), we have

)‘73 fta(}‘)l()‘)d)" ~ ﬁ Flineta()VO) ~ )\73 Fline

a Ay .
c 0O,

~ Al13
¢ [nmdr Mo O i

In these expressions, &, is a space-saving notation, taken tobe o, = 1
if the emission line is observed in filter ‘a’, and 0 otherwise.
Summarizing, and considering both filters a and b, we have

2 2

F,.= —)La F s
va = g line T — S0

cl, c

) (A14)

A A
Fv,b - c'5b7Fline + —380.

cly c
equations (1) and (6) can be obtained from equation (Al4) by
considering

22 A2

Fu,a - % vb = *dFline <& - &> (AIS)
Ay c

and solving for Fj,. For equation (5), the filters a and b are F335M

and F356W, so o, = 1 = ap, while for equation (6), a and b are

F444W and F410M, so @, = 1 and o, = O.

APPENDIX B: CENTRE OF THE OVERDENSITY

The sources nearest to the centre of the candidate overdensity form a
close group of at least five distinct galaxies, all within 1.5 arcsec from
the source JADES-GS-429475. Based on their zpn, and location,
all these sources belong to the candidate overdensity. JADES-GS-
429475 is located 17.5 arcsec (103 pkpc) from the centre of the
candidate overdensity. The presence of several galaxies at the same
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Figure B1. NIRCam false-colour image of the S5-arcsec square near the
centre of the candidate overdensity (Fig. 7). We find five galaxies with zppo
consistent with the redshift of the overdensity. All these galaxies have positive
F200W-F277W (Fig. B2c).

redshift and in such a small area of the sky (a square of less
than 3-arcsec side, Fig. B1) suggests that the centre of large-scale
overdensities may be connected to the formation of massive, early
galaxies. We find some evidence for these galaxies being brighter
than the typical galaxy at z ~ 6 (Fig. B2a; 2.50"). The fact that all
five galaxies have positive F200W—-F277W colour seems significant,
given a sample size of only five (30, Fig. B2c). This excess of
Balmer-break galaxies may point to older stellar populations, likely
due to an earlier start of the SFH.
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Figure B2. Same as Fig. 8, but also showing the five galaxies nearest to the
centre of the overdensity (red hatched histogram). Despite the much smaller
sample size, we still find a statistically significant difference in the F200W—
F277W colour (panel ¢), pointing to small-scale environment having a distinct
effect on the SFH of galaxies.
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