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ABSTRACT

The discovery of high-redshift galaxies exhibiting a steep spectral ultraviolet (UV) downturn potentially indicative of two-
photon continuum emission marks a turning point in our search for signatures of star formation following a top-heavy
initial mass function in the early Universe. We develop a photometric search method for identifying further nebular-
dominated galaxy candidates, whose nebular continuum dominates over the starlight, due to the high ionizing photon
production efficiencies &;o, associated with massive star formation. We utilize the extensive medium-band imaging from
the JWST Advanced Deep Extragalactic Survey (JADES), which enables the identification of Balmer jumps across a wide
range of redshifts (1.5 < z < 8.5), through the deficit in rest-frame optical continuum level. As Balmer jumps are a general
recombination feature of young starbursts (< 3 Myr), we further demand a high observed log (&ion.obs/(Hz erg™)) > 25.60
to power the strong nebular continuum, together with a relatively non-blue UV slope (mp115w — Mp0ow > —0.4 atz = 6)
indicating a lack of stellar continuum emission. Our nebular-dominated candidates, constituting ~11 per cent of galaxies
atz ~ 6 (decreasing to ~2 per cent at z ~ 2, not completeness-corrected) are faint in the rest-frame optical (median M, =
—17.95) with extreme line emission (median EWyy rest = 1567 A, EW[0 m1j+18,rest = 2292 A). However, hot H1I region
temperatures, collisionally enhanced two-photon continuum emission, and strong UV lines are expected to accompany
top-heavy star formation. Thus nebular-dominated galaxies do not necessarily exhibit the biggest Balmer jumps, nor the
largest &jon obs OF reddest UV slopes. Hence continuum spectroscopy is ultimately required to establish the presence of
a two-photon downturn in our candidates, thus advancing our understanding of primordial star formation and active
galactic nucleus.
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1 INTRODUCTION

The James Webb Space Telescope (JWST; J. P. Gardner et al. 2006,
2023) seeks to uncover our cosmic origins, by witnessing the
formation of the first stars to shine in the cosmos. Forming out of
the primaeval clouds, this primordial star formation is expected
to follow a more top-heavy initial mass function (IMF), owing to
the lack of metal-line cooling (e.g. V. Bromm, P. S. Coppi & R.
B. Larson 1999). In the limit of zero metallicity, Population III
galaxies likely exhibit unique spectra and photometry, due to their
pristine, massive, hot stars (e.g. V. Bromm, R. P. Kudritzki & A.
Loeb 2001; D. Schaerer 2002, 2003; A. Raiter, D. Schaerer & R. A.
E. Fosbury 2010; E. Zackrisson et al. 2011; L. Mas-Ribas, M. Dijk-
stra & J. E. Forero-Romero 2016; K. Nakajima & R. Maiolino 2022;
H. Katz et al. 2023; M. Nishigaki et al. 2023; J. A. A. Trussler et al.
2023; S. Fujimoto et al. 2025). Characterized by exceptionally
strong H and He nebular emission, Pop III galaxies are thought to
have prominent hydrogen lines (e.g. He ) and nebular continuum
emission, as well as characteristically high equivalent width (EW)
He 11 emission lines, with a complete lack of metal lines. Indeed,
extremely metal-poor (possibly Pop III) galaxy candidates have
been identified through their strong He (or HB) and lack of [O 111]
A5007 emission, in both spectroscopy (E. Vanzella et al. 2023,
2026; S. Cai et al. 2025; T. Y.-Y. Hsiao et al. 2025; K. Nakajima et al.
2025; C.J. Willott et al. 2025; T. Morishita et al. 2025a; R. Maiolino
et al. 2026) and photometry (M. Nishigaki et al. 2023; S. Fuji-
moto et al. 2025), suggesting very low metallicity. Additionally,
Pop III candidates have also been found through high EW He I1
emission (R. Maiolino et al. 2024; X. Wang et al. 2024), indicat-
ing a very hard radiation field, possibly powered by pristine star
formation.

The search for signatures of a top-heavy IMF in the early Uni-
verse can be expanded by looking beyond just Pop III systems.
Setting the selection bar so high, by requiring the metallicity to
be so exceptionally low, causes galaxies exhibiting top-heavy star
formation (i.e. following a top-heavy IMF) in non-pristine envi-
ronments to be overlooked (A. J. Cameron et al. 2024; L. Mowla
et al. 2024; A. Upadhyaya et al. 2024; F. Cullen et al. 2025; H. Katz
et al. 2025). Venturing past zero metallicity, the iconically strong
He 11 emission dramatically wanes (D. Schaerer 2003; A. Raiter
et al. 2010), and metal emission lines start to become promi-
nent. Hence, these selection criteria are no longer as applicable.
Still, the bright hydrogen emission persists, both in terms of the
emission lines, and crucially, the nebular continuum emission
(A. J. Cameron et al. 2024; L. Mowla et al. 2024; H. Katz et al.
2025).

The serendipitous discovery of a steep downturn in the rest-
frame ultraviolet (UV) JWST Near Infrared Spectrograph (NIR-
Spec, P. Ferruit et al. 2022; P. Jakobsen et al. 2022) PRISM spec-
trum of GS-9422 (A. J. Cameron et al. 2024), a galaxy atz = 5.943,
marks a critical turning point in our search for signatures of star
formation following a top-heavy IMF in the early Universe. Be-
lieved to be attributable to two-photon continuum emission, the
nebular continuum must be exceptionally strong relative to the
starlight that is powering it, demanding a very high ionizing pho-
ton production efficiency &, (A. J. Cameron et al. 2024; H. Katz
et al. 2025) powered by massive star formation (or an active galac-
tic nucleus, AGN), for the steep decline of the two-photon contin-
uum to be visible over the rising stellar continuum in the vicinity
of Lya. With a nebular continuum f, e that is believed to domi-
nate over the starlight f, , (i.e. fineb > fi.4), GS-9422 is said to be
a nebular-dominated galaxy (A. J. Cameron et al. 2024; H. Katz
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et al. 2025). In contrast, under normal star formation (following a
regular IMF, e.g. E. E. Salpeter 1955; P. Kroupa 2001; G. Chabrier
2003) the two-photon continuum downturn is hidden beneath
the rise of the much brighter stellar continuum. This two-photon
continuum emission (M. C. Bottorff, G. J. Ferland & J. P. Straley
2006; D. E. Osterbrock & G. J. Ferland 2006; B. T. Draine 2011;
M. Schirmer 2016) generally arises due to the recombination of
hydrogen, which after cascading down to the 2s state, is forbidden
from emitting a single photon (i.e. Lyx) to reach the 1s state. In-
stead, two photons are emitted, whose total energy equals that of
Lya, with a continuum of photon-photon energy pairs possible,
resulting in the definitive downturn to zero flux density at the
Lya wavelength. In the case of the hot HII region temperatures
expected to accompany star formation following a top-heavy IMF,
collisional excitation to the 2s state can become appreciable (S. A.
Drake 1983; T. T. Scholz et al. 1990; D. Vrinceanu, R. Onofrio &
H. R. Sadeghpour 2014), boosting the two-photon continuum
emission (A. Raiter et al. 2010; L. Mas-Ribas et al. 2016; H. Katz
et al. 2025; D. Schaerer et al. 2025), favouring its detection. More-
over, GS-9422 exhibits a deficit in continuum flux density in the
rest-frame optical compared to the rest-frame UV (A. J. Cameron
et al. 2024; H. Katz et al. 2025). This is attributable to the Balmer
jump, a continuum discontinuity at the Balmer limit (3646 A),
due to the direct recombination of free proton—electron pairs to
the n = 2 state (i.e. free-bound emission, D. E. Osterbrock &
G. J. Ferland 2006; B. T. Draine 2011; M. Schirmer 2016). The
Balmer jump further indicates that GS-9422 is a young starburst
with a prominent nebular continuum, supporting the nebular-
dominated scenario (A. J. Cameron et al. 2024; H. Katz et al.
2025).

However, the nebular-dominated nature of GS-9422 is under
current debate. C. Terp et al. (2024) suggest that the UV downturn
in the spectrum of GS-9422 may be due to damped Lya(DLA)
absorption, from a massive neutral gas reservoir associated with
a z = 5.4 protocluster (identified by J. M. Helton et al. 2024a,
b) in the foreground of GS-9422. The offset in redshift between
foreground absorber and background galaxy helps explain why
GS-9422 exhibits strong Lyo emission despite (supposed) DLA
absorption. Indeed, K. E. Heintz et al. () find evidence of fore-
ground DLA absorption by the z = 5.4 protocluster in the spectra
of additional z > 5.4 galaxies behind the protocluster. Addition-
ally, Y. Li et al. (2024) find that the emission lines of GS-9422 are
compatible with an ionizing spectrum powered by a combination
of star formation and AGN activity. They find that the UV down-
turn is well described by DLA absorption by an absorber near to
(i.e. at the same redshift) as such an ionizing source. S. Tacchella
et al. (2025) further consider the morphology of GS-9422, finding
different spatial emission in JWST Near Infrared Camera (NIR-
Cam, M. J. Rieke et al. 2023) bands probing the rest-frame UV,
rest-frame optical, and nebular line emission, which is in contrast
to what would be expected (similar morphologies) if the emission
of GS-9422 was dominated by the nebular continuum and emis-
sion lines. They argue that the off-planar nebular emission (and
Lya) is due to an ionization cone powered by an AGN, while the
DLA absorption originates from the galaxy disc, explaining the
wavelength-dependent morphologies and coincidence of strong
Lya emission with notable DLA absorption. Hence, GS-9422 is
not necessarily powered by star formation following a top-heavy
IMF (Y. Li et al. 2024; S. Tacchella et al. 2025). Additionally, it
may not be nebular-dominated, with the UV downturn perhaps
attributable to DLA absorption (Y. Li et al. 2024; C. Terp et al.
2024; K. E. Heintz et al. ; S. Tacchella et al. 2025) rather than two-



photon continuum emission (A. J. Cameron et al. 2024; H. Katz
et al. 2025).

Given the currently ambiguous nature of GS-9422, fur-
ther progress requires the identification of additional nebular-
dominated candidates to better understand the mechanisms driv-
ing the downturn in the rest-frame UV. Indeed, H. Katz et al.
(2025) have comprehensively searched through existing NIRSpec
PRISM catalogues, finding four high-redshift sources (in addi-
tion to GS-9422) consistent with exhibiting nebular-dominated
emission, having both a prominent UV downturn and a Balmer
jump in their spectra. Two sources are galaxies, with 2198_7807
at z = 5.387, and 1210_5217 at z = 4.888 (both in the GOODS-
S field, M. Giavalisco et al. 2004), with the nebular-dominated
emission possibly powered by massive star formation. Two are
distinct regions (2561_17467 and 2756_301) within the Cosmic
Gummy Worm (E. Vanzella et al. 2022; X. Lin et al. 2023), a gravi-
tationally lensed arc at z = 3.99, where the spectra are thought
to be purely nebular emission, due to a possible spatial offset
(made possible by the lensing) between the H 11 region (captured
by the NIRSpec slit) and the star formation that is powering it (off
slit). Additionally, L. Mowla et al. (2024) find a prominent UV
downturn and substantial Balmer jump in the NIRSpec PRISM
spectrum of a a highly magnified star cluster within the Firefly
Sparkle, a strongly lensed galaxy at z = 8.296, which they there-
fore believe may be nebular-dominated. Moreover, H. Katz et al.
(2025) outline the definitive features associated with nebular-
dominated emission, these being the two-photon downturn, high
observed ionizing photon production efficiencies &on obs, red UV
slopes, a Balmer jump, and high Balmer line EWs (e.g. Ho or
Hp).

The current search for nebular-dominated candidates has been
limited to serendipitous discoveries in existing NIRSpec PRISM
catalogues (A.J. Cameron et al. 2024; L. Mowla et al. 2024; H. Katz
et al. 2025), the sources being chanced upon (though the JWST
Advanced Deep Extragalactic Survey [JADES] prioritization of
UV-bright sources did favour the selection of GS-9422), their
possible nebular-dominated nature a welcome surprise rather
than being expected. To accelerate our understanding of nebular-
dominated emission, we therefore develop a photometric search
method for systematically identifying nebular-dominated galaxy
candidates from photometric data. Key to this is the deep, ex-
tensive medium-band imaging (F162M, F182M, F210M, F250M,
F300M, F335M, F410M, F430M, FA60M, and F480M) in the Great
Observatories Origins Deep Survey South (GOODS-S) and North
(GOODS-N) fields from JADES (M. J. Rieke et al. 2023; A. J.
Bunker et al. 2024; K. N. Hainline et al. 2024; D. J. Eisenstein et al.
2025, 2026; F. D’Eugenio et al. 2025b), the JWST Extragalactic
Medium-band Survey (JEMS, C. C. Williams et al. 2023), the
First Reionization Epoch Spectroscopically Complete Observa-
tions (FRESCO, P. A. Oesch et al. 2023) survey, the Parallel wide-
Area NIRCam Observations to Reveal and Measure the Invisible
Cosmos (PANORAMIC, C. C. Williams et al. 2025) survey, and
the Bias-free Extragalactic Analysis for Cosmic Origins with NIR-
Cam (BEACON, T. Morishita et al. 2025b) survey, which enables
Balmer-jump galaxy candidates to be identified across a wide
range of redshifts (1.5 < z < 8.5), through their deficit in contin-
uum flux density in the rest-frame optical. As Balmer jumps are a
general recombination feature of all young starbursts (< 3 Myr),
and thus do not necessarily demand star formation following
a top-heavy IMF, we apply additional nebular-dominated selec-
tion criteria to identify nebular-dominated galaxy candidates. We
require a large observed ionizing photon production efficiency

Nebular-dominated galaxiesat1.5 <z <85 3

&ion,obs to power the strong nebular continuum emission, as well
as a relatively non-blue UV slope (mp11sw — Mraow > —0.4 at
Z = 6) indicating a lack of stellar continuum emission. We exam-
ine the continuum and emission-line properties of our Balmer-
jump and nebular-dominated candidates, tracing the evolution
of Balmer jumps in the galaxy population across cosmic time.

This article is structured as follows. In Section 2, we discuss
the data used in our analysis. In Section 3, we discuss nebular-
dominated emission, outlining how it demands high stellar ion-
izing photon production efficiencies &, . powered by star forma-
tion following a top-heavy IMF, and its dependence on H I1 region
temperature and the collisional enhancement of two-photon con-
tinuum emission. In Section 4, we discuss our selection procedure
for identifying Balmer-jump and nebular-dominated galaxy can-
didates. In Section 5, we discuss the continuum and emission-
line properties of our Balmer-jump and nebular-dominated can-
didates, as well as the redshift-evolution of Balmer jumps in
the galaxy population. Finally, we conclude in Section 6. We as-
sume a Planck Collaboration VI (2020) cosmology throughout
and adopt the AB magnitude system (J. B. Oke & J. E. Gunn
1983).

2 DATA

We use Hubble Space Telescope (HST) + NIRCam imaging data
in the GOODS-S and GOODS-N fields (M. Giavalisco et al. 2004).
Of primary interest is the medium-band imaging, as it enables
the identification of Balmer-jump galaxy candidates through
their drop in continuum flux density in the rest-frame opti-
cal compared with the UV. Hence, we restrict our analysis to
the GOODS-S and GOODS-N footprints where medium-band
imaging is available. Across the various contributing programs,
the medium-band filters covered are: F162M, F182M, F210M,
F250M, F300M, F335M, FA10M, FA30M, F460M, and F480M. The
extensive medium-band filter set thus allows Balmer-jump galaxy
candidates to be be identified across a wide range of redshifts
(1.5 < z < 8.5). The bulk of the medium-band depth and area
stems from JADES-related programs. Namely the JADES Guar-
anteed Time Observations (GTO, M. Rieke 2020; M. J. Rieke
et al. 2023; A. J. Bunker et al. 2024; K. N. Hainline et al. 2024;
F. D’Eugenio et al. 2025b; D. J. Eisenstein et al. 2026; A. J.
Bunker, NIRSPEC Instrument Science Team & JADES Collabora-
tion 2020), the JADES Origins Field (D. J. Eisenstein et al. 2025),
JEMS (C. C. Williams et al. 2023), and the Observing All phases
of StochastIc Star formation (OASIS, Looser et al., in prepara-
tion) survey. This is supplemented by data from FRESCO (P. A.
Oesch et al. 2023), PANORAMIC (C. C. Williams et al. 2025),
and BEACON (T. Morishita et al. 2025b). We further utilize the
NIRCam wide-band imaging (FO70W, FO90W, F115W, F150W,
F200W, F277W, F356W, and F444W) from the previously men-
tioned programs, as well as HST Advanced Camera for Surveys
(ACS) imaging in F435W, F606W, F775W, F814W, and F850LP
(M. Giavalisco et al. 2004; S. V. W. Beckwith et al. 2006; N. A.
Grogin et al. 2011; A. M. Koekemoer et al. 2011; R. S. Ellis et al.
2013; G. D. Illingworth et al. 2013; K. E. Whitaker et al. 2019).
Owing to the various programs contributing to the JADES DR5
footprint, the range of exposure times results in substantial vari-
ation in image depth across the GOODS-S and GOODS-N fields.
We note that the 50 aperture-corrected point source depths in
NIRCam filters with 0.2 arcsec diameter circular apertures is usu-
ally between 28.5-31.0 AB mag (see B. D. Johnson et al. 2026; B.
E. Robertson et al. 2026). We refer the reader to the JADES Data
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Release 5 (DRS5) papers (B. D. Johnson et al. 2026; B. E. Robertson
et al. 2026; Z. Wu et al. 2026) for an extensive discussion of the
depths and areas in the various NIRCam filters, as well as the full
details of the data reduction and cataloguing procedures.

Briefly, the data reduction and cataloguing process builds
on the procedure implemented in earlier JADES data releases.
We reduce NIRCam imaging data using a modified version of
the JWST reduction pipeline, incorporating 1/f noise correction,
background subtraction, and alignment onto the Gaia World Co-
ordinate System (WCS, B. D. Johnson et al. 2026). Notably, we
subtract wisps using newly developed wisp templates (Z. Wu et
al. 2026) and remove persistence. Source detection is performed
on an inverse-variance-weighted sum of the F277W, F335M,
F356W, FA10M, FA30M, F444W, FA460M, and F480M filter im-
ages (B. E. Robertson et al. 2026). The parameters governing
source deblending have been modified to allow for improved
deblending in crowded fields. Images are also visually inspected
to impose further source deblending and to mask diffraction
spikes from bright stars. Aperture photometry is performed us-
ing various aperture sizes, we utilize 0.3 arcsec diameter cir-
cular apertures in this analysis (CIRC2 in the photometric cat-
alogue). Uncertainties in the circular aperture photometry are
determined from the rms in flux densities measured in empty
apertures in the vicinity of the source of interest, which is
added in quadrature to the Poisson noise from the source it-
self. The circular aperture photometry is aperture-corrected us-
ing corrections based-off the simulated STPSF (M. D. Perrin et
al. 2012, 2014) point spread functions for each filter, using the
method described by Z. Ji et al. (2024). ‘Total’ source flux den-
sities are determined using a modified procedure for perform-
ing Kron elliptical aperture photometry (B. E. Robertson et al.
2026). We use the ratio of these total flux densities to the circular
aperture-based measurements, to scale the aperture-based line
fluxes and continuum flux densities into total line luminosities
and absolute magnitudes, taking into account also the source
redshift.

Photometric redshifts are determined (K. N. Hainline et
al. 2026) using the EAZY (G. B. Brammer, P. G. van Dokkum &
P. Coppi 2008) spectral energy distribution (SED)-fitting code, fol-
lowing a similar procedure to previous JADES data releases (K. N.
Hainline et al. 2024). The full NIRCam photometry, together with
HST/ACS FA35W, F606W, F775W, F814W, F850LP photometry in
0.2 arcsec diameter (i.e. different to the 0.3 arcsec diameters we
use in our analysis) circular apertures are fit in the SED-fitting
process, adopting a minimum error of 5 per cent in each band. As
before (K. N. Hainline et al. 2024), the EAZY fit is performed using
amodified template set, consisting of the original EAZY templates
plus seven additional templates that were created to better span
the observed colour space of galaxies in the JADES Extragalac-
tic Ultra-deep Artificial Realisation (JAGUAR, C. C. Williams
et al. 2018) simulations. The Y. Asada et al. (2025) intergalactic
medium (IGM) prescription to account for DLA absorption is
now newly implemented in the EAZY fitting process. We generally
use the EAZY best-fitting (i.e. minimum x2) photometric redshifts
in our analysis, though we adopt the JADES DR4 (E. Curtis-Lake
et al. 2025; J. Scholtz et al. 2025) spectroscopic redshifts whenever
these are available.

We construct our high-redshift sample (1.5 < z < 8.5) by ap-
plying the following quality cuts to the full photometric cata-
logue. We require the source to be >50 detected in all wide
bands fully redward of Lya. We further require the source to
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be <30 detected (i.e. non-detected) in all bands fully blueward
of the Lya break (for high-redshift galaxies) or fully blueward
of the Lyman break (for low-redshift galaxies where the Ly«
break is less strong). The appropriate redshifts for this dropout
requirement are determined by establishing when the bandpass-
averaged flux density in a given filter drops out by < 5 mag,
assuming a flat f, spectrum with the A. K. Inoue et al. (2014) IGM
prescription. To account for very bright dropout galaxies in the
deep imaging, we alternatively require the magnitude difference
AMpreax between the dropout filter and first filter fully redward
of Lya to be Amyeax > 4.5. Finally, we require the source to be
>50 detected in the medium-band filter used to probe the rest-
frame optical continuum level. We apply a reduced x2; < 6.25
cut for most galaxies, to ensure the EAZY fits provide a reasonable
description of the data. We do not apply the x2; cut for the
nebular-dominated galaxy candidates, as it is possible that the
EAZY templates may not provide a particularly good fit (as they
do not include nebular-dominated templates), despite correctly
identifying the redshift (given the prominent photometric excess
caused by the emission lines, plus Ly« break). As mentioned pre-
viously, the image depths vary across the GOODS-S and GOODS-
N fields, and between filters. We do not apply a magnitude or
stellar mass limit cut in our subsequent analysis. Photometry is
corrected for Galactic dust extinction using the E. F. Schlafly &
D. P. Finkbeiner (2011) E(B — V') dust map, adopting the E. L.
Fitzpatrick (1999) dust attenuation law with total-to-selective ex-
tinction ratio Ry = 3.1.

We fit the HST + NIRCam photometry of select sources with
Bagpipes (A. C. Carnall et al. 2018), adopting a minimum error
of 5 percent in each band. This is for display purposes only,
to accompany the photometry shown in our SED figures. We
use the v2.2 BPASS (E. R. Stanway & J. J. Eldridge 2018) stel-
lar templates with a 300 My upper mass threshold. We fix the
redshift to the best-fitting EAZY photometric redshift (or JADES
DR4 spectroscopic redshift, where available). We adopt uniform
priors on all fitted parameters, with the logarithm of the stellar
mass log,,(M./Mg) € [1,15], the logarithm of the metallicity
log,,(Z/Z¢) € [log,,0.005, 0], logarithm of the ionization param-
eterlog,, U € [—4, —1] and dust attenuation Ay € [0, 5] (with the
same total Ay for emission inside/outside birth clouds, assuming
the dust attenuation law from D. Calzetti et al. 2000). For the
star formation history (SFH), we generally use a single burst
model, with burst age a € [1, 5] Myr. However, for Balmer-jump
galaxy candidates with very blue slopes a double power-law SFH
may yield a better fit, where the falling power-law slope log,, o €
[—2, 3], rising power-law slope log,, B € [—2, 3], and time of peak
star formation t € [0, ageyniv(z)]-

We also use other data to characterize the observed properties
of previously known nebular-dominated galaxy candidates. We
utilise the 0.32 arcsec diameter circular aperture photometry tab-
ulated in the UNCOVER (R. Bezanson et al. 2024) + MegaScience
(K. A. Suess et al. 2024) data release photometric catalogue. This
is to photometrically determine the Balmer jump Amjymp and
observed ionizing photon production efficiency &on obs for the
two distinct regions (2561_17467 and 2756_301) in a z = 3.99
gravitationally lensed arc that may exhibit nebular-dominated
emission in their NIRSpec PRISM spectra (H. Katz et al.
2025).

We use the GS-9422 NIRSpec PRISM spectrum from the JADES
public data release 4 (E. Curtis-Lake et al. 2025; J. Scholtz et al.
2025). We also use v4 PRISM spectra from the DAWN JWST



Archive (A. de Graaff et al. 2025; K. E. Heintz et al. 2025) for the
four additional nebular-dominated galaxy candidates reported
by H. Katz et al. (2025): 1210_5217, 2198_7807, 2561_17467,
and 2756_301.These spectra are from programs 1210 (i.e. JADES
Deep-HST), 2198 (L. Barrufet et al. 2025), 2561 (i.e. UNCOVER,
R. Bezanson et al. 2024), and 2756 (PI: Chen).

3 NEBULAR-DOMINATED EMISSION

In this section, we discuss nebular-dominated emission. In this
work, we define a galaxy to be nebular-dominated if its nebular
continuum f, neb(A) exceeds its stellar continuum f, (1) at all
wavelengths beyond 1615 A, corresponding to the wavelength
where the two-photon continuum peaks (in f,), i.e. finen(2) >
frs()forx > 1615 A. This definition is motivated by the fact that
even in Pop III models (e.g. E. Zackrisson et al. 2011) the nebular
continuum becomes weaker than the stellar continuum slightly
redward of Lya (with the nebular-/stellar-dominated transition
wavelength depending on Pop III IMF and starburst age), due to
the steeply declining two-photon continuum near Ly«. With this
nebular-dominated galaxy definition, the two-photon downturn
should be evident in continuum spectroscopy. We examine the
most notable nebular-dominated galaxy candidate, GS-9422, in
Section 3.1. We describe the components and behaviour of the
nebular continuum in Section 3.2. Finally, we compare the rel-
ative normalization of the nebular versus stellar continuum in
Section 3.3.

3.1 GS-9422

We begin by examining the most notable known nebular-
dominated galaxy candidate, GS-9422 (A. J. Cameron et al.
2024; H. Katz et al. 2025), in more detail. We show its NIR-
Spec PRISM spectrum (dark green), HST + NIRCam pho-
tometry (black), and RGB cutout (2 x 2 arcsec, R: F444W, G:
F200W; B: F115W, generated using Trilogy, D. Coe et al. 2012)
in Fig. 1. Vertical dashed lines correspond to the location of
the Balmer jump (3646 A, green), HB (yellow), [O111] 15007
(orange), and He (red), respectively. Grey vertical dashed lines
and labels denote other notable rest-frame UV/optical emis-
sion lines. The signal-to-noise ratios (SNRs) in 0.3 arcsec di-
ameter circular apertures are listed at the bottom for each
filter.

A clear downturn in the rest-frame UV continuum level is
visible immediately redward of Lyw in the PRISM spectrum,
dropping sharply at wavelengths below ~1.1w m (1615 A rest-
frame). This steep continuum drop is thought to be due to either
two-photon continuum emission (i.e. the nebular-dominated sce-
nario, A. J. Cameron et al. 2024; H. Katz et al. 2025) or DLA
absorption (Y. Li et al. 2024; C. Terp et al. 2024; K. E. Heintz
et al. ; S. Tacchella et al. 2025). While a prominent feature in the
spectrum of GS-9422, there is no clear signature of the UV down-
turn in the photometry, notably in the FO90W dropout filter. Here
the strong Lyo emission hides the subtle photometric deficit that
the UV downturn would otherwise leave on the FO90W dropout
photometry. We discuss the challenges in identifying the imprint
of two-photon continuum emission on photometry in more detail
in Appendix A.

In addition, GS-9422 also exhibits a discontinuity in its contin-
uum levels between the rest-frame UV and optical (A. J. Cameron
et al. 2024; H. Katz et al. 2025). The drop in flux density at
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3646 A rest frame is the Balmer jump, a general recombination
feature of all young starbursts (< 3 Myr). While the rest-frame
UV level is well-traced using wide bands (e.g. F200W, coloured
blue), they are generally not satisfactory for tracing the rest-
frame optical continuum level in starbursts. This is because the
broad bands are sufficiently wide that they almost always have
their bandpass-averaged flux densities photometrically boosted
by strong line emission to be well-above the actual continuum
level. Here F444W is boosted by He, F356W is boosted by [O 111]
+ HpB, and F277W is boosted by the complex of weaker emission
lines (Hy, H§, He, [Ne 111], [O 11], etc.). Medium bands, with their
narrower spectral range, are able to fit inside the gap (for certain
redshift ranges) between the strong optical lines (e.g. [O 111] and
Ha), thus providing a cleaner measurement of the rest-frame op-
tical continuum level, such as the F410M (coloured red), F430M
and F480M filters in the case of GS-9422. Even then, the rest-
frame optical continuum level can still be overestimated due to
the photometric boost caused by the weaker He I 15876 line,
seen at ~4.1 p m in the spectrum. By comparing the continuum
levels in the F200W and F410M filters, we measure a Balmer jump
AMjymp = F200W — F410M = —0.71 £ 0.05 (noted in Fig. 1) for
GS-9422.

Moreover, the measurement of the optical continuum level
(via F410M) and photometric boost caused by Ho (via F444W,
or possibly F460M) enables the determination of the He flux, a
tracer for the ionizing photon production rate. Combined with
the continuum level at 1500 A (via F115W), the observed ioniz-
ing photon production efficiency &ion obs can be determined. The
inferred 1log (&ion,obs/(Hz erg™)) = 25.70 for GS-9422 is rather
high (compared to the typical value of 25.29 at z = 6, C. Sim-
monds et al. 2024b), suggesting a lot of recombination emis-
sion compared to the starlight that is powering it, hinting at its
possible nebular-dominated nature (A. J. Cameron et al. 2024;
H. Katz et al. 2025). We will discuss this key observational
proxy for nebular-dominated emission in more detail in Section
4.2.1.

3.2 Nebular continuum

We show the various components of the nebular continuum in
the top panel of Fig. 2. These were generated using PYNEB (V.
Luridiana, C. Morisset & R. A. Shaw 2015), assuming pure hydro-
gen gas at T = 20000 K (which is comparable to the T = 20156
K H1I region temperature inferred for GS-9422, H. Katz et al.
2025). The two-photon continuum (light green) rises steeply with
decreasing wavelength from the optical to the UV, plateaus in f,
at 1615 A, before precipitously declining towards zero at Apy, =
1216 A. The other nebular components displayed in Fig. 2 are
all normalized by the peak value of the two-photon continuum
emission at T = 20000 K (so that Am = 0 corresponds to the
continuum flux density f, being the same as the two-photon
peak).

The free-bound continuum emission (blue) is marked by dis-
continuities, with direct recombinations to n = 2 causing the
Balmer jump at 3646 A, and direct recombinations to n = 3 caus-
ing the Paschen jump at 8206 A. Outside the discontinuities, the
free-bound continuum goes approximately as f, oc e */*T (R, L.
Brown & W. G. Mathews 1970; B. Ercolano & P. J. Storey 2006).
This has three notable consequences. First, that the free-bound
emission is always rising (apart from at the discontinuities) with
increasing wavelength, i.e. it has a red colour (though can be blue
when bracketing discontinuities, like the Balmer jump). Thus, if
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Figure 1. The NIRSpec PRISM spectrum (dark green), HST + NIRCam photometry (black), and 2 x 2 arcsec RGB (F444W, F200W, and F115W) cutout
for GS-9422, the nebular-dominated galaxy candidate reported by A. J. Cameron et al. (2024). Vertical dashed lines indicate the location of the Balmer limit
at 3646 A (green), HB (yellow), [O 111] 45007 (orange), and Ha (red). Grey vertical dashed lines and labels denote other notable rest-frame UV/optical
emission lines. The SNR in 0.3 arcsec diameter circular apertures is denoted at the bottom for each filter. Non-detections are depicted as downward
arrows located at the 3o upper limit. The spectrum of GS-9422 exhibits a prominent downturn at ~1.1 . m, possibly due to two-photon continuum
emission (or perhaps DLA absorption), suggesting nebular-dominated emission (A. J. Cameron et al. 2024; H. Katz et al. 2025). GS-9422 also exhibits
a discontinuity (at 3646 A rest-frame, ~2.5 1L m observed frame) in its continuum levels between the rest-frame UV and optical: the Balmer jump, a
general recombination feature of all young (< 3 Myr) starbursts. Medium-band photometry, narrow enough to fit between the prominent rest-frame
optical emission lines ([O 111] and He), reveals the low-lying rest-frame optical continuum level (measured with F410M, red, though F430M and F480M
could also be adopted), being Amjyyp = —0.71 mag fainter than the rest-frame UV (measured with F200W, dark blue). The photometric boost caused
by the strong Ha emission in F444W, together with the 1500 A continuum measurement (via F115W), establish the high ionizing photon production
efficiency log (&on,obs/(Hz erg 1)) = 25.70 in this source, supporting the nebular-dominated scenario.

the full spectrum is blue, this must either be because of the two- tively). Increasing the temperature causes the Balmer jump to
photon continuum (if the source is nebular-dominated), or the decrease in terms of a magnitude shift Am. This is because the
starlight/AGN accretion disc emission. Second, the slope of the discontinuity at 3646 A is driven by proton—electron pairs re-
free-bound emission flattens with increasing wavelength, simply combining with exactly zero kinetic energy to the n = 2 state.
due to the 1/X behaviour. So while the free-bound emission no- The greater the temperature, the smaller the fraction of recom-
tably drops in the rest-frame UV, its decline is less prominent in binations taking place with zero kinetic energy. Moreover, the
the optical and even less so in the NIR (near-infrared). Third, the normalization of the free-free emission drops less strongly (o
free-bound emission flattens with increasing temperature due T~'/2) compared to the free-bound emission (ox T~%2), further
to the 1/T behaviour. The free-free emission (also referred to contributing to the decline in the Balmer jump. Thus top-heavy
as bremsstrahlung, purple) follows the same exponential depen- (higher average ionizing photon energy contributing more ISM

dence (R. L. Brown & W. G. Mathews 1970; B. Ercolano & P. J. heating), metal-poor (less effective ISM cooling) star formation
Storey 2006; D. E. Osterbrock & G. J. Ferland 2006; B. T. Draine may not necessarily be powering the largest Balmer jumps, due

2011), so has the same properties. to the hotter expected H 11 region temperatures. Additionally, the
The combined free—free + free-bound + two-photon contin- rest-frame UV (and optical) slope of the total nebular continuum
uum emission (ff + fb + 2y) is also shown (red). The introduc- flattens with increasing temperature, due to the gentler decline
tion of additional continuum components reduces the magni- of the free-bound emission.
tude shift Am associated with the Balmer jump, as the increased Under normal H 11 region conditions (T ~ 10 000 K), the two-
normalization now causes a given linear shift (the Balmer jump photon continuum emission arises solely due to recombination,
discontinuity) to correspond to a smaller multiplicative change. following the cascade of hydrogen to the 2s state. However, if the
Even at T = 20000 K, the total nebular continuum still has a H1I region temperature is sufficiently high (possibly powered by
relatively red UV slope, which acts to flatten the characteristically top-heavy, metal-poor star formation/AGN activity), collisional
blue slopes of young stellar populations, resulting in a combined excitation of ground state hydrogen to the n = 2 state occurs at

nebular + stellar spectrum with a less steep UV slope (e.g. J. S. an appreciable rate (S. A. Drake 1983; T. T. Scholz et al. 1990;
Dunlop 2013; N. Byler et al. 2017; M. W. Topping et al. 2022; F. D. Vrinceanu et al. 2014), opening up another channel for two-

Cullen et al. 2024; D. Austin et al. 2025). photon continuum emission (A. Raiter et al. 2010; L. Mas-Ribas
The dependence of the total nebular continuum on ISM et al. 2016; H. Katz et al. 2025; D. Schaerer et al. 2025). For ex-
temperature is shown in the middle panel of Fig. 2, at T = ample, at T = 10000 K, the n = 1 — 2 collisional excitation rate

[10000, 20000, 30000] K (dashed, solid, dot-dashed, respec- coefficient ki, ~ ap, the case-B recombination rate coefficient (S.
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Figure 2. Top panel: various components of the nebular continuum
emission, assuming pure hydrogen gas at T = 20000 K, generated us-
ing PYNEB (V. Luridiana et al. 2015). Shown are the two-photon con-
tinuum (light green), free-bound emission (blue) which is responsible
for the Balmer jump at 3646 A and Paschen jump at 8206 A, free—free
emission (purple), and the total nebular continuum (ff 4+ fb + 2y, red).
All components are normalized by the peak value of the two-photon
continuum at 1615 A. Middle panel: the temperature dependence of the
total nebular continuum, with ff + fb + 2y at T = 10000 K (dashed),
T = 20000 K (solid), and T = 30000 K (dot-dashed). The Balmer jump
decreases in |Am| with increasing temperature, so top-heavy, metal-
poor star formation (resulting in higher HII region temperatures) is not
necessarily powering the largest Balmer jumps. Bottom panel: the total
nebular continuum with varying amounts of collisional enhancement
(caused by high H1I region temperatures and non-negligible neutral H1
fractions) of two-photon continuum emission. Shown are regular two-
photon continuum emission (2y x 1, red), collisionally enhanced two-
photon emission with 2y x [2, 3, 4] (orange, green, blue, respectively)
and collisionally suppressed two-photon emission with 2y x 0.1 due to
high-density ne ~ 103 cm~3 gas (dark red).
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A. Drake 1983; T. T. Scholz et al. 1990; B. T. Draine 2011). Assum-
ing a neutral fraction (= ny;/ny) of 1074, the collisional excita-
tion rate (nynekis) to n = 2 is four orders of magnitudes lower
than the recombination rate (n,nc.o3) to n = 2, so negligible. In
contrast, at T = 30000 K k;, ~ 5000«p, so collisional excitation
enhances the two-photon continuum emission by 50 per cent. So
in addition to the H I region temperature, the ionization struc-
ture (neutral fraction) of the H1I region is important in deter-
mining the collisional enhancement of two-photon continuum
emission.

In addition to the total nebular continuum arising purely from
recombination (ff + fb + 2y, red lines in Fig. 2), we therefore
also show the total nebular continuum when the two-photon con-
tinuum is enhanced through collisional excitations, with 2y x
[2, 3, 4] shown in orange, green and blue, respectively. At T =
20000 K (T = 30000 K), these collisional enhancements corre-
spond to neutral fractions nyr/nyg = [2, 4, 6] x 1073 ([2, 4, 6] x
10~%), respectively. We note that collisional enhancements up to
2y x 3 are seen in the Pop III models of A. Raiter et al. (2010).
In the bottom panel of Fig. 2, we see that the enhanced two-
photon continuum emission reduces the Balmer jump and makes
the UV continuum slope less red (i.e. more blue). Comparing to
the relatively flat UV slope for GS-9422 in Fig. 1, this implies that
there is substantial collisional enhancement of the two-photon
continuum emission in this source (provided the UV downturn
is not due to a DLA).

The two-photon continuum emission can also be suppressed,
provided that the electron density approaches the critical den-
sity (~10* cm™3, B. T. Draine 2011) of the 2s state, through I-
changing collisions to the 2p state, resulting in enhanced Ly«
emission (A. J. Cameron et al. 2024; H. Katz et al. 2025; D.
Schaerer et al. 2025). Assuming n,~10° cm~3, the two-photon
continuum emission is reduced to 0.1 x the regular value (shown
in dark red), resulting in very red nebular continuum emission
(H. Katz et al. 2025), dominated by the free-free and free-bound
components.

3.3 Nebular versus stellar

Recombination powers both nebular line emission and nebular
continuum emission. Like e.g. He emission, the nebular contin-
uum emission is always present in recombination spectra. How-
ever, unlike Ho emission, the nebular continuum emission is
generally not very prominent, even for young starbursts. This is
because the normalization of the nebular continuum is usually
small compared to the starlight that is powering it, especially
in the rest-frame ultraviolet around 1500 A. Since the nebular
continuum is (mostly) powered by recombination (and thus pho-
toionization), this implies that the ionizing photon production
rate is relatively low compared to the level of the non-ionizing
stellar continuum, i.e. the stellar ionizing photon production ef-
ficiency &ion « is too small for the nebular continuum to dominate
(A.J. Cameron et al. 2024; H. Katz et al. 2025). We show this more
clearly in the left panel of Fig. 3, showcasing the stellar (blue),
nebular (green) and total (nebular + stellar, red) spectrum of a
1 Myr old starburst generated using BAGPIPES (A. C. Carnall et al.
2018). While the nebular continuum can be prominent immedi-
ately blueward of the Balmer jump (due to the sudden increase
in nebular continuum level), and at increasingly longer optical
wavelengths (due to the divergence in flat/red nebular slopes
versus blue stellar slopes), it is negligible around the vicinity of
the two-photon continuum turnover (1615 A). Thus, in the UV,
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Figure 3. Left panel: for normal starbursts (following a regular IMF, e.g. E. E. Salpeter 1955; P. Kroupa 2001; G. Chabrier 2003) with
log (£ion./(Hz erg—1)) ~ 25.85 such as the 1 Myr old starburst shown generated with BAGPIPES (A. C. Carnall et al. 2018), the normalization of the
nebular continuum (green) is too low for the steep decline of the two-photon continuum emission to be seen over the rise of the stellar continuum (blue)
in the total spectrum (red). Right panel: it is only with star formation following a top-heavy IMF (here a 1 Myr old Pop III.1 starburst from E. Zackrisson
et al. 2011), where the ionizing photon production efficiency is much higher (here log (&on »/(Hz erg™1)) & 26.70), so that the normalization of the
nebular continuum becomes substantial relative to the ionizing starlight that is powering it, that the two-photon turnover is very prominent in the total
spectrum: the galaxy is nebular-dominated (A. J. Cameron et al. 2024; H. Katz et al. 2025).

the nebular continuum mostly serves to make the slope of the
total continuum less blue (i.e. increasing B, J. S. Dunlop 2013;
M. W. Topping et al. 2022; F. Cullen et al. 2024; D. Austin et al.
2025).

Hence under regular circumstances, with starbursts follow-
ing a normal IMF (e.g. E. E. Salpeter 1955; P. Kroupa 2001; G.
Chabrier 2003), the decrease in nebular continuum due to the
two-photon continuum turnover is hidden beneath the rise of the
much brighter stellar continuum, as the nebular continuum is
too faint because of the low log (& ./ (Hz erg™1)) ~ 25.85 (for
a 1 Myr old starburst in BAGPIPES, A. C. Carnall et al. 2018).
Seeing the two-photon continuum turnover therefore demands a
much larger normalization of the nebular continuum, indicating
a very high &, « (A. J. Cameron et al. 2024; H. Katz et al. 2025).
We show this scenario in the right panel of Fig. 3, adopting a
1 Myr old Pop III.1 starburst from E. Zackrisson et al. (2011).
Here the typical mass of Pop III stars is ~100 Mg, resulting in
log (&ion.«/(Hz erg™')) ~ 26.70. Powered by the photoionization
of the massive, hot stars, now the normalization of the nebu-
lar continuum is much higher, the UV turnover is very promi-
nent in the total spectrum, and the incident starlight is fainter
than the nebular continuum at all wavelengths: the galaxy is
nebular-dominated (A. J. Cameron et al. 2024; H. Katz et al.
2025).

In addition to the ionizing photon production efficiency, the
normalization of the nebular continuum is further affected by
additional parameters. The HII region temperature affects the
shape of the continuum, with increasing temperature flattening
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the slope in the UV (see Fig. 2). Moreover, the collisional en-
hancement of two-photon continuum emission naturally favours
its detection. On the other hand, high electron density suppresses
the two-photon continuum emission. Finally, the ionizing photon
escape fraction further sets the level of the nebular continuum.
Non-unity covering fractions (ionization-bounded case, e.g. E.
Zackrisson, A. K. Inoue & H. Jensen 2013), a lack of H1 gas
(density-bounded case, e.g. E. Zackrisson et al. 2013; F. Cullen
et al. 2025; W. McClymont et al. 2025) or absorption of ionizing
photons by dust grains in the H 11 region (S. Tacchella et al. 2022,
2023) all reduce the normalization of the nebular continuum
emission.

We note that nebular-dominated emission does not necessarily
imply exceptionally high ionizing photon production efficiencies
powered by massive, hot stars (A. J. Cameron et al. 2024; H.
Katz et al. 2025; S. Tacchella et al. 2025). AGN accretion discs
can also power strong nebular continuum emission. In princi-
ple, this would demand hot disc temperatures (so that &, gy iS
high), through accretion onto low mass black holes and/or at
high accretion rates (S. M. Wilkins et al. 2025). However, two-
photon continuum emission will never be visible in the broad-
line region (BLR), due to suppression by I-changing collisions
in the high-density gas (n. ~ 10'° cm=3 > 10* cm™3 = ng;;) that
is well-above the critical density of the 2s state. Thus only two-
photon continuum emission from the narrow-line region (NLR)
will be visible. Provided that the accretion disc and BLR are
fully obscured, and the contribution from starlight in the host
galaxy is negligible, only the nebular continuum emission will



be visible (S. Tacchella et al. 2025), so the two-photon contin-
uum emission should dominate independent of the tempera-
ture of the AGN accretion disc. Additionally, if the AGN has
faded, but the NLR emission has not yet, then again the neb-
ular continuum should dominate (A. J. Cameron et al. 2024).
Finally, if there is a spatial separation between the photoion-
ization source (stars/AGN) and the HII region, such that the
nebular emission can be isolated, the spectrum will be nebular-
dominated (A. J. Cameron et al. 2024; H. Katz et al. 2025). This
can come about by e.g. AGN photoionization of giant H I1 regions
in the haloes of galaxies (C. J. Lintott et al. 2009; F. D’Eugenio
et al. 2025a), or by strong gravitational lensing of HII regions
that are being externally radiated by starlight (H. Katz et al.
2025).

4 SELECTION

4.1 Balmer-jump selection

We start our search for nebular-dominated candidates by apply-
ing a Balmer-jump selection, the principle being that galaxies
exhibiting a Balmer jump will be young starbursts, some subset
of which may be undergoing star formation following a top-heavy
IMF and exhibit nebular-dominated emission. The identification
of the Balmer jump ensures that the nebular continuum con-
tributes considerably to the rest-frame optical, so it is possible
that for some of these systems the nebular continuum may also
dominate in the rest-frame UV.

4.1.1 Balmer jump

As shown in the left panel of Fig. 4, the Balmer jump mj3es0 —
M3650, as traced by the immediate discontinuity blueward and red-
ward of 3646 A, decreases in absolute value with increasing tem-
perature and with increasing two-photon continuum contribu-
tion. Here we assume only the nebular continuum, including the
H and HeI contribution (using PYNEB, V. Luridiana et al. 2015),
but excluding any stellar continuum component. For regular star
formation, the stellar continuum is relatively substantial, further
reducing the magnitude shift Am associated with the Balmer
jump (see Fig. 3). Measuring the Balmer jump in this manner
would require high-resolution spectroscopy, to avoid blending
the higher order Balmer lines and e.g. [O II] emission with the
rest-frame optical continuum level. In the case of low-resolution
PRISM spectroscopy or photometry, a longer wavelength baseline
is needed to avoid this blending of emission lines and continuum
(see Fig. 1).

Hence, we show a more practical measure of the Balmer jump
M3000 — Ms7sp in the right panel of Fig. 4. Here, 3000 A corre-
sponds to the typical wavelength probed by the first NIRCam
wide-band filter fully blueward of the Balmer limit, and 5750
A corresponds roughly to the midpoint of the wavelength range
between [O 111] 15007 and He, which is relatively devoid of strong
emission lines, hence offering a measure of the rest-frame optical
continuum level via medium-band photometry. Interestingly, the
magnitude shift Am associated with our measure of the Balmer
jump now actually increases with increasing two-photon contin-
uum contribution. Due to the longer wavelength baseline, this
measure is sensitive to both the immediate discontinuity (left
panel), as well as the UV-optical slope. The smaller discontinuity
is more than compensated for by the flatter slopes in the UV and
optical.
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Depending on the source redshift, the HeI 15876 line may
contribute a photometric boost to the medium-band filter used to
assess the rest-frame optical continuum level. While weak (max-
imally ~100 A rest-frame EW, E. Zackrisson et al. 2011; K. Naka-
jima & R. Maiolino 2022), it can still lead to an overestimation of
the continuum level (and thus an underestimation of the Balmer
jump) by up to ~0.16 mag for most medium-band filters, and at
most ~0.32 mag for the narrowest filters (F430M and F460M).

Balmer-jump measurements using NIRCam photometry (pen-
tagons) and NIRSpec PRISM spectroscopy (squares) are shown
for the nebular-dominated candidates identified by H. Katz et al.
(2025) in Fig. 4 (the displayed temperatures are from their fitting
to the PRISM spectra). These candidates are GS-9422 (green),
2198_7807 (z = 5.347, cyan), 1210_5217 (z = 4.888, blue), and
two regions of a z=3.99 strongly gravitationally lensed arc
each thought to exhibit pure nebular continuum: 2561_17467
(light purple) and 2756_301 (dark purple). The photometric
Balmer jump measurement corresponds to the magnitude dif-
ference my yv — My ope between the first filter fully blueward of
the Balmer jump and the appropriate medium-band filter be-
tween [O111] A5007 and He (to be discussed in more detail in
the next section, though we determine the Balmer jump indi-
rectly for 2198_7807, see Appendix B). The spectroscopic Balmer
jump measurements are obtained by determining the bandpass-
averaged flux densities in the same filters using the NIRSpec
PRISM spectrum, so accounting for the photometric boost by
He1 15876 if in the filter. The candidates exhibit a wide range
in Balmer jump strengths, with photometric measurements be-
tween —0.712 < Amjymp < —0.146. The key point we wish to
make is that nebular-dominated galaxies, possibly powered by
star formation following a top-heavy IMF, need not necessarily
have the largest Balmer jumps. Although they are thought to lack
a substantial stellar continuum component (thus increasing the
Balmer jump), the massive, metal-poor star formation could lead
to high H 11 region temperatures (reducing the Balmer jump). In-
deed, using the K. Nakajima & R. Maiolino (2022) Pop III models,
we find that the Balmer jump measured in this way can be as
small as —0.15 mag, due to the He 1 15876 photometric boost and
ared UV slope.

Motivated by the smallest Balmer jumps seen in current obser-
vations of nebular-dominated galaxy candidates (A. J. Cameron
et al. 2024; H. Katz et al. 2025), as well as nebular-dominated
(i.e. Pop III) models (E. Zackrisson et al. 2011; K. Nakajima & R.
Maiolino 2022), we thus set our minimal Balmer jump threshold
as Amjump < —0.15. Our selection of nebular-dominated candi-
dates via the preliminary Balmer-jump cut may still not be com-
plete, due to photometric errors on the Balmer jump measure-
ment (especially driven by the medium-band continuum mea-
surement, which can cause galaxies to scatter out of the selec-
tion window, e.g. 2198_7807 upon reprocessing of the NIRCam
data).

We note that there is not always good agreement between
the photometric and spectroscopic Balmer jump measurements.
This may stem from slightly different extraction apertures for
the photometry or spectroscopy or it may be attributable to the
NIRSpec flux calibration and/or noise in the rest-frame optical
part of the PRISM spectrum where the SNR is lower. In particu-
lar, we note that for GS-9422 (Fig. 1) the photometric and spec-
troscopic measurements of the continuum appear very similar.
However, F410M, which we use in our Balmer-jump measure-
ment, is slightly boosted by He 1 15876. After accounting for this,
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Figure 4. Left panel: the Balmer jump, as traced by the magnitude difference mzes9 — M350 between the continuum levels immediately blueward and
redward of the Balmer limit at 3646 A, shown as a function of H 11 region temperature for different levels of collisionally enhanced two-photon continuum
emission (various colours). We assume only the nebular continuum, including the H and He I contribution (using PYNEB, V. Luridiana et al. 2015), but
excluding any stellar continuum component (which would reduce the magnitude shift, arrow). Right panel: low-resolution PRISM spectroscopy and
photometry demand longer wavelength baseline measurements msg0o — Ms7s0, to avoid blending of emission lines and continuum. Here, the continuum
level in the rest-frame optical ms7sg is measured using a medium-band filter that lies between [O 111] 25007 and Ha. HeI A5876 emission (maximally
~100 A EW), can cause a photometric boost in the medium band, causing the Balmer jump to be underestimated by up to 0.16-0.32 mag (depending
on filter spectral resolution R, arrows). Photometric (pentagons) and spectroscopic (squares) measurements of the Balmer jump in the spectroscopically
identified nebular-dominated galaxy candidates reported by H. Katz et al. (2025): GS-9422 (green), 2198_7807 (z = 5.347, cyan), 1210_5217 (z = 4.888,
blue), 2561_17467 (z = 3.99, light purple), and 2756_301 (z = 3.99, dark purple). Motivated by the smallest Balmer jumps seen in current observations of
nebular-dominated galaxy candidates (A. J. Cameron et al. 2024; H. Katz et al. 2025), as well as Pop III models (E. Zackrisson et al. 2011; K. Nakajima &
R. Maiolino 2022), we set our minimal Balmer jump threshold (dashed horizontal line) as Amjymy < —0.15.

the spectroscopic Balmer-jump measurement is ~0.20 mag larger
than the photometric measurement (see Fig. 4).

4.1.2 Balmer jump colour selection

We determine the Balmer jump by using a medium-band filter
to measure the rest-frame optical continuum level m;, o between
[O 11125007 and He. We adopt this spectral range as it is relatively
devoid of prominent emission lines, with the exception of Hel
15876 (EW,es maximally ~100 A, E. Zackrisson et al. 2011; K.
Nakajima & R. Maiolino 2022). In principle the spectral range
between Ha and [S111] A9069 could also be adopted, with the
continuum level even accessible to wide-band filters (M. Nishi-
gaki et al. 2023). The spectral range between the Balmer limit
(3646 A) and Hp is unsatisfactory, as the dense network of (weak)
emission lines means that a medium-band measurement (and
certainly a wide-band measurement) will always be substantially
photometrically boosted (in the case of a star-forming galaxy)
above the actual continuum level. However, we note that the
continuum between Hy and Hf is accessible by the narrow-
est medium-band filters (F250M, F430M, F460M, and F480M),
enabling the Balmer jump to be measured photometrically out
toz =9.6.

The redshift range of applicability for each medium-band filter
is set by when Ho redshifts out of the spectral range (yielding
the redshift lower limit) and when [O111] A5007 redshifts into
the spectral range (yielding the redshift upper limit) of the filter.
We define the filter spectral range by the wavelength interval
where the throughput is more than 2.5 per cent of the maximum
throughput. We set this very low throughput threshold to ensure
that the continuum measurement is not affected by [O 111] 25007
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or He line emission, even in the case of maximally strong emis-
sion (EW,egt ~ 4000 A).

Given the narrow nature of the medium bands, it is possible
that multiple bands simultaneously reside in the wavelength in-
terval between [O 111]A5007 and Hee. Hence, the redshift ranges of
applicability somewhat overlap. To ensure a unique filter choice
for a given redshift, we prioritise the filter with the greatest sensi-
tivity and area coverage, in this case F335M and F410M from the
deep extensive JADES imaging.

We determine the rest-frame UV continuum level m,, yy using
the first filter fully blueward of the Balmer limit (again using the
2.5 per cent of maximum throughput threshold to define the filter
spectral range). Generally a wide-band filter is used. Though if
the data quality is comparable in a medium-band filter, with the
NOISe omeq at most 1.25x that in the wide band oy;qe, the medium-
band filter is adopted to allow for a UV continuum measurement
closer to the Balmer limit.

The Balmer jump Amjunp is thus defined as the magnitude
difference between the continuum levels blueward and redward
of the Balmer limit:

Aleurnp = Mp,uv — My opt- (]-)

Negative Amjump values correspond to a lower lying rest-frame
optical continuum level, indicating a Balmer jump and/or blue
UV-optical slope, while positive values indicate an elevated op-
tical continuum level, indicating a Balmer break and/or red UV-
optical slope. As motivated earlier (the smallest Balmer jump
seen empirically in current known nebular-dominated galaxy
candidates, and in current models of Pop III galaxies), our
Balmer-jump galaxy candidates satisfy:

AMjymp < —0.15. 2)



4.1.3 Balmer-jump galaxy candidates

We show example Balmer-jump galaxy candidates selected via
our Balmer jump colour selection procedure in Fig. 5. The fil-
ters probing the continuum levels blueward my, yy and redward
M, op Of the Balmer jump are coloured blue and red, respectively.
The Balmer jump Amjump is also denoted (green). The BAGPIPES
fit to the full HST + NIRCam photometry is shown in light
blue.

We stress that these are Balmer-jump candidates, identified
through the gap in flux density between the UV and optical,
using just two filters. It is possible that this gap is attributable
to an immediate discontinuity (the Balmer jump), a blue UV-
optical slope, or a combination of the two. Hence not all of our
candidates likely actually exhibit a true Balmer jump. From the
context of the full HST 4+ NIRCam photometry, the BAGPIPES fits
suggest that the sources in the left panels have Balmer jumps
(assessed via visual inspection), while the UV-optical gap for
the sources in the right panels is due to a combination of a
Balmer jump and blue slope (top and middle), and a blue slope
(bottom).

We show the full distribution of sources in the Amjump—2
plane in Fig. 6, colour-coded by the medium-band filter used
to probe the rest-frame optical continuum level. Galaxies be-
low the horizontal dashed line are Balmer-jump candidates
(2646 in total) with Amjymp < —0.15. Galaxies that further sat-
isfy our nebular-dominated selection (discussed in the next sec-
tion) are nebular-dominated galaxy candidates (displayed as
stars).

4.2 Nebular-dominated selection

Having identified Balmer-jump candidates through their gap
in continuum flux density between the UV and optical, we
now apply further selection criteria to identify possible nebular-
dominated galaxy candidates. In principle, one would aim to seek
the imprint of the two-photon downturn on the photometry, be-
ing the defining feature of nebular-dominated emission. In prac-
tice, this is challenging, as we outline in Appendix A. Thus we
instead select based off two further nebular-dominated features:
a high &on.obs (Section 4.2.1) and a relatively non-blue UV slope
(Section 4.2.2). We showcase example nebular-dominated galaxy
candidates in Section 4.2.3.

4.2.1 Eion.obs Selection

As discussed earlier, for the nebular continuum to dominate,
a high stellar ionizing photon production efficiency &jon « is re-
quired (A. J. Cameron et al. 2024; H. Katz et al. 2025). Hence, we
apply a &ion,obs Cut to identify possible nebular-dominated candi-
dates.

From the medium band tracing the rest-frame optical contin-
uum level m; o, together with the wide band whose bandpass-
averaged flux density my, is boosted by He, we can determine the
Ho flux Fy,. This can be crudely estimated using the approximate
formula Am = —2.51l0g,,(1 + EWe(1 + 2)/AL), where Am =
My — My opt, and AA is the width of the wide-band filter. How-
ever, this formula does not take the filter throughput into account,
nor the fact that the NIRCam detectors count electrons, rather
than measure energy, so introducing unnecessary systematics.
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We therefore use the relation:

[ £00AT()dA

(f ) FHa)\Ha,obsT()"Ha,obs)
PR AT (M)A

S AT (1 )dA ’
3

where f, = fi.cont + fige iS the combined continuum + Ho
flux density per unit wavelength interval, (f;) is the bandpass-
averaged flux density per unit wavelength interval, T (1) is the
throughput of the wide-band filter, and Ap, obs is the observed
wavelength of He. Given the relatively flat optical slope for
nebular-dominated emission (see Fig. 2), we assume that the
source spectrum is flatin f,,i.e. (fi,r.opt) = ( fv,ryopt)%,where

pivot, He

Apivot,He 1S the pivot wavelength of the wide-band filter cover-
ing Ha. Using the best-fitting photometric redshift we subse-
quently determine the Ha luminosity Ly, . We estimate the ioniz-
ing photon production rate Nio, = 7.28 x 10! Ly, assuming the
standard case-B conversion rate at 10000 K (D. E. Osterbrock &
G. J. Ferland 2006). We adopt a model-independent approach
(as EAZY/BAGPIPES may not provide an adequate description of
nebular-dominated galaxies) for estimating the monochromatic
luminosity density at 1500 A, L, 1500, using the bandpass-averaged
flux density (f,) in the first wide-band filter fully redward of Lye.
This procedure yields &ion.obs = Nion/Ly.1500-

Now the 1500 A monochromatic luminosity L, 1500 is the
sum of the stellar L, 500« and nebular L, 1500 neb COMponents,
i.e. Ly1500 = Ly.1500.« + Lv.1500.neb (s€€ also the discussion in D.
Schaerer et al. 2025). With &g, = Nion/Ly 1500 and defining
Siomneb = I{]’ion/LuJSOO.nebs we have that Sion,obs = Mon/(LuJSOO,* +
L, 1500.neb) < Min(&ion «» &ion.neb)- This distinction is important
because one observationally measures &jonobs and not &iop -
In normal circumstances the nebular component is negligible
(Ly.1500.neb < Ly, 1500.%, See Fig. 3), so the total continuum is only
slightly larger than the stellar continuum, with &qonops Only
slightly smaller than &ion «, i.€. Eion,obs = &ion,«. HOWever, in the
nebular-dominated scenario the nebular component can be sub-
stantial (L, 1500.neb >> Ly.1500.+), SO the total continuum is only
slightly larger than the nebular continuum, with &y obs OnDly
slightly smaller than ion,neb» i-€. Eion,obs = &ion,neb K &ion,+-

As shown in Fig. 7, for normal starbursts with a regular
IMF (e.g. E. E. Salpeter 1955; P. Kroupa 2001; G. Chabrier
2003), log (&ion.«/(Hz erg™)) (& 25.85) is substantially smaller
than log &onneb With regular two-photon continuum emission
2y x 1, ~ 26.4), i.e. the stellar continuum at 1500 A is approx-
imately 3-4x larger than the nebular continuum, so the total
continuum and thus 1og (&ion.obs/(Hz erg™!)) (& 25.75) is only
slightly smaller than log &, .. For a starburst following a top-
heavy IMF, log (&ion../(Hz erg™)) (= 26.70 for a Pop III.1 IMF
from E. Zackrisson et al. 2011) can be substantially larger than
log &ion.neb, €specially if the two-photon continuum emission is
collisionally enhanced, i.e. the nebular continuum dominates
and log &ion obs is only slightly smaller than log &ion neb-

In other words, &jon obs does not become arbitrarily large with an
increasingly more top-heavy IMF (i.e. does not indefinitely scale
with increasing &,n «), but instead saturates at the nebular value
&Eion.neb (for more details, see also the helpful discussions in H.
Katz et al. 2025; D. Schaerer et al. 2025). With the higher H11
region temperatures expected to accompany top-heavy, metal-
poor star formation, as well as the collisionally enhanced two-
photon continuum emission (both of which decrease &jon nev ), the
limiting nebular 10g (£ion.0bs/(Hz erg™!)) value (~ 26.0, depend-
ing on temperature and collisional enhancement) is not substan-

= (fk.r,opt) +
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Figure 5. SEDs of Balmer-jump galaxy candidates, selected as having UV-optical colours Amjym, < —0.15. BAGPIPES fits to the full photometry are
shown in light blue. As in Fig. 1, the RGB (F444W, F200W, and F115W) cutout spans 2 x 2 arcsec. Left panels: candidates where the UV-optical flux
density gap is assessed to mostly be due to the Balmer jump (through visual inspection of the BAGPIPES fit). Right panels: candidates where the UV-optical
flux density gap is due to a combination of a Balmer jump and blue slope (top and middle), and a blue slope (bottom).

tially larger than the log &ion obs Values expected for normal star-
bursts (~ 25.75), as also discussed in H. Katz et al. (2025) and D.
Schaerer et al. (2025). Hence observationally, one unfortunately
deduces relatively comparable &jon obs fOr these two extremely dif-
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ferent scenarios. It is only in the case of star formation following
a top-heavy IMF that is radiating into high-density gas (n. >
10* cm~3, dark red in Fig. 7) that &y, 0bs can become arbitrarily
large.
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Figure 7. For normal starbursts (1 Myr old starburst from BAGPIPES shown, dotted horizontal line), due to the relatively low stellar ionizing photon
production efficiency &jon . = Nion/Ly.1500.+, the stellar continuum at 1500 A L, 1500, is substantially brighter than the nebular continuum L, ;500 neb, SO
the observed ionizing photon production efficiency &ion, obs = Nion/Lyv.1500 < &ion, - With star formation following a top-heavy IMF (here a 1 Myr old Pop
II1.1 starburst from E. Zackrisson et al. 2011), due to the much larger &y, ., the nebular continuum dominates and &ion obs < &ion,neb = Nion /Ly, 1500, neb-
Given the high H1I region temperatures and collisionally enhanced two-photon continuum emission expected to accompany star formation following
a top-heavy IMF, the & obs (photometric: pentagons; and spectroscopic: squares) for nebular-dominated galaxy candidates (H. Katz et al. 2025) is not
substantially larger than that expected for normal starbursts. Hence, we set our nebular-dominated selection threshold: log (£ion,obs/(Hz erg™1)) > 25.60
(green dashed horizontal line).

We show the spectroscopic (pentagon, reported in H. Katz didates reported by H. Katz et al. (2025). Due to the possibly

et al. 2025) and photometric &jon obs (Square, derived using the considerable collisional enhancement of two-photon continuum
procedure outlined above) values for GS-9422 (light green) in emission in GS-9422, the spectroscopic (25.78) and photometric
Fig. 7, as well as the other nebular-dominated spectroscopic can- (25.70) log (£ion.obs/(Hz erg=1)) values are not exceptionally large
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(though still high compared to most galaxies). Motivated by this,
we set our nebular-dominated selection threshold:

log (&ion,obs/(Hz ergil)) > 25.60. (4)

We allow for some buffer with respect to the measured photomet-
ric value to account for photometric measurement uncertainties,
as well as accommodating even stronger collisional enhance-
ment of the two-photon continuum emission. Thus, our nebular-
dominated &, obs Cut is readily achievable by normal starbursts
(especially if dust attenuation is present, inflating the &on obs val-
ues), and is not unique to top-heavy starbursts (C. Simmonds et al.
2023; K. Boyett et al. 2024; P. Rinaldi et al. 2024; A. Saxena et al.
2024; C. Simmonds et al. 2024a, b; R. Begley et al. 2025; 1. H.
Laseter et al. 2025; C. Papovich et al. 2026).! Hence, we cannot
guarantee that our nebular-dominated candidates will actually
exhibit a two-photon continuum turnover in their spectra.

We note that we do not correct our & obs Values for possible
dust attenuation effects. This is because the inferred dust cor-
rection may depend on the IMF assumed. SED-fitting is often
used to estimate the amount of dust reddening from the observed
photometry (e.g. I. Shivaei et al. 2018; A. Pahl et al. 2025; A.
J. Pahl et al. 2026), based on how much redder the continuum
appears relative to the dust-free scenario. As we shall discuss
in Section 4.2.2, the unreddened UV slopes for young starbursts
following a regular IMF (e.g. E. E. Salpeter 1955; P. Kroupa 2001;
G. Chabrier 2003) are generally bluer than for nebular-dominated
galaxies. Hence, the amount of dust reddening inferred to match
a given observed UV slope will be greater than in the nebular-
dominated case. Since we are considering the possibility of the
nebular-dominated scenario, but likely cannot adequately distin-
guish between dust-reddened starbursts and nebular-dominated
galaxies using photometry alone, we apply no dust correction to
the &;on,obs Values. The development of nebular-dominated spec-
tral templates would facilitate such dust corrections in future
work.

At z > 6.6, Ho is redshifted out of the NIRCam spectral
range, so &ion obs cannot be estimated following the above proce-
dure. Instead, we rely on using the combined equivalent width
EW/o urj+up of [O 1I1] 114959, 5007 and Hp as a tracer of &jon, obs (J-
Chevallard et al. 2018; M. Tang et al. 2019; Y. L. Izotov et al. 2021;
K. Boyett et al. 2024; C. Simmonds et al. 2024a; I. H. Laseter et al.
2025). As shown in Fig. 8 (left panel), there is a clear correlation
between &jon obs and EWy, (see also M. Tang et al. 2019; Y. I. Izotov
et al. 2021; I. H. Laseter et al. 2025) for Balmer-jump galaxies,
with the scatter mostly being driven by the range of relative con-
tinuum levels in the UV and optical, traced by the Balmer jump
AMjymp. For a given Ha luminosity, increasing the Balmer jump
reduces the optical continuum level, thereby increasing EWy,, for
a given &jon obs- However, we find no such clear trend to describe
the scatter in the correlation between &ion obs and EW(o rmj1mp
(right panel), where the solid orange and light lines correspond
to the median and (16,84) percentiles, respectively. This should
not come as a surprise, as the [OI11] emission (which tends to
dominate over HB, J. Matthee et al. 2023; R. A. Meyer et al. 2024)
introduces additional dependencies on metallicity and ionization
parameter, complicating the scatter compared to what was seen
with Ho.

1See also the tabulated list of &gy , (stellar continuum only) and &on ops
(stellar + nebular) values for a range of IMFs in D. Schaerer et al. (2025).
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Here, we estimate EW|o mij4+up following a similar procedure
to Hu (using equation 3), now using the wide-band filter boosted
by [O 111] 15007, also accounting for the contributions from [O 111]
4959 and HB (assuming [O 111] A5007/HB = 5, which is compa-
rable to the line ratio typically seen in high-redshift galaxies, J.
Matthee et al. 2023; R. A. Meyer et al. 2024). We note that a line
ratio needs to be assumed to account for and weight correctly the
filter throughputs at the [O 111] and Hp lines, though generally the
ratio assumed has a very negligible effect on the EW determined,
unless the lines are near a filter edge.

From the observed correlation between EWy, and
Eion.obs, EWpe &~ 1200 A roughly corresponds to a median
log (Eion.obs/(Hz erg™1)) = 25.60 (without further accounting
for the Amjuy,p, dependence). Assuming a line flux ratio
Ho/HB = 2.86, and a flat f, spectrum, this corresponds to
EWys = 230 A. Further assuming a typical flux ratio [O11]
A5007/HB =5, our nebular-dominated &jonobs threshold
corresponds EW/q 1)+ = 1850 A. Hence, we select nebular-
dominated candidates at z > 6.6 with:

EW[O mI+Hg > 1850 A (5)

At the 1850 A threshold, we expect (assuming no red-
shift evolution) ~50 percent of these to actually exhibit
log (&ion.obs/(Hz erg™)) > 25.60. We acknowledge that extremely
metal-poor galaxies (with weak [O11I] emission and thus low
EW|o m+np) that actually have large &ion obs Would not be se-
lected through this procedure, due to our assumption of [O 111]
A5007/HpB =5 in determining the EW threshold. We also adopt
this procedure to identify nebular-dominated galaxy candidates
when Ho resides in the gap between NIRCam wide-band
filters.

We close by briefly noting some challenges with correctly es-
timating &jon,obs- First, Ly, can be underestimated due to the
photometric boost by He 15876 causing the rest-frame optical
continuum level to be overestimated (~10 percent effect). On
the other hand, we assume that Ho solely contributes to the
photometric excess seen in its accompanying wide-band filter.
However, helium and metal (i.e. [N 11] and [Ar 111]) lines can also
contribute, so Ha can be overestimated (~10 per cent). Addi-
tionally, the higher HII region temperatures expected for metal-
poor star formation following a top-heavy IMF, demand a larger
Ly, to Nio, conversion factor (~10 per cent), increasing &ion obs
(H. Katz et al. 2025). However, just like collisional excitations
can enhance the two-photon continuum emission, so too can
they enhance Ho emission, through excitation to the n = 3 state
(though at a lesser rate than to n = 2, A. Raiter et al. 2010), caus-
ing the photoionization rate to be overestimated (~30 per cent).
Finally, strong UV lines (see Fig. 1) can contribute to a photo-
metric excess in the wide-band filter used to determine L, ;500,
causing &ion,obs t0 be underestimated (~20 per cent, which might
explain the slight discrepancy in the spectroscopic and photomet-
Tic &ion,obs Values seen for GS-9422 in Fig. 7). We will discuss the
implications of these strong UV lines in more detail in the next
section.

4.2.2 UV colour selection

In addition to demanding a high &y obs, We further require our
nebular-dominated candidates to have a relatively non-blue UV
slope. The reason for this is that under normal star formation
(i.e. regular IMF, E. E. Salpeter 1955; P. Kroupa 2001; G. Chabrier
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2003), the UV slope is rather blue due to the rising stellar con-
tinuum that dominates, especially at UV wavelengths well below
the Balmer limit, see the 1 Myr starburst (light blue) generated
with Bagpipes shown in Fig. 9. On the other hand, the UV con-
tinuum for a nebular-dominated galaxy (here at T = 20156 K,
the inferred temperature for GS-9422, H. Katz et al. 2025) with
no collisional enhancement of the two-photon emission (ff +
fb + 2y, red) is red. With collisional enhancement of the two-
photon continuum emission, the UV slope of the nebular contin-
uum flattens (see Fig. 2), as the fall of the free-bound and free-
free emission is compensated for by the rise of the two-photon
continuum emission (A. J. Cameron et al. 2024). However, in the
case of considerable collisionally-enhanced two-photon contin-
uum emission (e.g. ff + fb + 2y x 4, dark blue), the nebular
UV slope becomes comparably blue to that of a normal star-
burst, weakening the distinction between regular and nebular-
dominated galaxies. Note that the continuum of GS-9422 (dark
green), here redshifted to z = 5.60, is rather well described as
having considerable collisional enhancement (2y x 4).

In addition, GS-9422 exhibits strong UV emission lines (A. J.
Cameron et al. 2024): C1v AA1548, 1550, HeIl A1640 + O111]
AA1661, 1666 and C111] 21907, 1909. The C1v and He 11 + O 111]
lines likely contribute to the photometric excess (~0.2 mag) seen
in the F115W filter in Fig. 1. By placing GS-9422 at z = 5.60, the
C 1] line further contributes to the photometric excess, result-
ing in UV photometry (light green, Fig. 9) that is almost indis-
tinguishable from that of a normal starburst (dark blue). Such
high EW UV lines are expected in the case of star formation
following a top-heavy IMF in a non-pristine environment (K.
Nakajima et al. 2018). Hence, the same star formation follow-
ing a top-heavy IMF that powers the high normalization of the
nebular continuum, also possibly powers strong UV lines and
collisional enhancement of the two-photon continuum, which
results in hiding the otherwise characteristically red UV slope of

9 o g —— (S-9422 at z=5.60
‘ = — ff+h+2y
—1.0 4 i lo ! —— ff+fh+2yx4
=] —— 1 Myr normal starburst
5051
3 L
g
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<
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1.0 . . . . . . .
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Figure 9. The UVslope of a 1 Myr old normal starburst (generated using
BAGPIPES, light blue) is blue, while the UV slope of a nebular-dominated
galaxy (at T = 20156 K, the inferred temperature for GS-9422, H. Katz
et al. 2025) with regular two-photon emission (ff + fb + 2y, red) is red.
This distinction wanes with increasing collisional enhancement of the
two-photon continuum emission (2y x 4, dark blue). Moreover, strong
UV lines (C1v, He1I1, O111], and C111]) are expected (K. Nakajima et al.
2018) for top-heavy starbursts (such as GS-9422, redshifted to z = 5.60,
dark green), which contribute a photometric excess, yielding photome-
try (light green) that is very similar to that of a normal starburst (dark
blue). Thus, we apply a relatively conservative UV colour cut (equation
6) to select nebular-dominated candidates (serving as more of a consis-
tency check). At z = 5.60, this cut is F115W — F200W > —0.4 (horizon-
tal dashed line).

nebular-dominated emission (H. Katz et al. 2025) in photometric
data.

MNRAS 549, 1-27 (2026)
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It is for this reason that we apply a relatively conservative UV
colour cut, that demands the UV colour to be less blue than some
threshold. We require the magnitude difference between the first
myv,1 and third wide-band myy ; filters fully redward of Ly« to
be greater than —0.4:

mUV,l — Myy 3 > —0.4. (6)

So at e.g. z = 5.60, this amounts to F115W — F200W > —0.4.
The —0.4 colour threshold is motivated by the example of GS-
9422 redshifted to z = 5.60, introducing some buffer to account
for possibly even stronger UV lines and/or photometric error on
the colour measurement. The &jon 0bs Cut (equation 3) is the rel-
atively more demanding nebular-dominated selection criterion,
while the UV colour cut (equation 6) serves as more of a consis-
tency check.

4.2.3 Nebular-dominated galaxy candidates

We show example nebular-dominated galaxy candidates in
Fig. 10, arranged in order of increasing &ion obs (noted in red in
the individual panels), going from left to right, top to bottom.
BAGPIPES fits to the HST + NIRCam photometry are shown in
dark green. The sources exhibit notable Balmer jumps, strong
emission lines, high &y 0bs and relatively flat UV slopes, fol-
lowing our selection procedure. Thus they are compatible with
being nebular-dominated galaxies (A. J. Cameron et al. 2024;
H. Katz et al. 2025), given our various cuts, though we stress
that they do not necessarily have to be nebular-dominated. To
accommodate e.g. the range of possible Balmer jump strengths,
&ion.obs Values and UV colours, we have had to be quite general,
adopting relatively relaxed selection criteria (equations 2, 4, and
6,). Hence it is possible that when fitting the full photometry
(rather than the select data points comprising our cuts) with tai-
lored nebular-dominated templates, that not all of our candidates
persist.

Furthermore, we see that the standard BAGPIPES templates
provide adequate fits to the photometry of the nebular-dominated
candidates displayed in Fig. 10. Thus one does not have to
invoke star formation following a top-heavy IMF with nebular-
dominated emission in all cases to explain their photometry,
since regular star formation with a standard IMF (e.g. E. E.
Salpeter 1955; P. Kroupa 2001; G. Chabrier 2003) may suffice.
Here, the large log (&ion.obs/(Hz erg™')) values (25.91, 26.00),
exceeding what is possible for a starburst following a normal
IMF, are attributable to dust attenuation. This attenuates the
rest-frame UV (L, 1500) more than the rest-frame optical (Ha),
thus inflating &on obs- Assuming the dust attenuation around Ho
is approximately given by Ay, and the attenuation around 1500
A is Ayy, then the shift in &ion,obs 1S approximately A 1og &ion obs X
(Ayv — Av)/2.5 ~ 0.6Ay, where Ayy ~ 2.5Ay for the D. Calzetti
et al. (2000) law. So one should not have the expectation that
nebular-dominated galaxies will exhibit unique photometry.
Rather the very fact that the photometry of a galaxy is
consistent with nebular-dominated templates (or nebular-
dominated cuts) makes a compelling case for the source to ac-
tually be nebular-dominated. Ultimately, deep follow-up contin-
uum spectroscopy with the NIRSpec PRISM is needed to establish
the presence or absence of the two-photon continuum turnover
in the nebular-dominated candidate spectra, thus determining
whether they are nebular-dominated galaxies or dust-reddened
starbursts.
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We list the properties of a randomly-selected subsample of
50 of our nebular-dominated galaxy candidates in Table 1, ar-
ranged in order of decreasing redshift. The listed Balmer jump
AmMjump, observed ionizing photon production efficiency &ion,obs,
UV colour myv,; — myv. 3, absolute UV magnitude at ~1500 A
Muyy, the absolute magnitude in the medium-band filter tracing
the rest-frame optical continuum My, [O 111] + HB EW, Hae EW
correspond to the values measured from the actual photometry.
The (16, 84) percentiles for each parameter were determined by
randomly shifting each photometric data point according to its
error (assuming a normal distribution), measuring the subse-
quent parameter values for the new realization of the photometry,
and repeating this procedure for 100 randomly shifted samples to
establish the parameter errors.

Across 1.5 < z < 8.5, we identify 2646 Balmer-jump galaxy
candidates and 937 nebular-dominated galaxy candidates out of
the total sample of 15259 galaxies (see Fig. 6). We note that
some of the nebular-dominated galaxy candidates are at pho-
tometric redshifts where Ho is at the edge of a wide-band fil-
ter. Given the lower filter throughput (minimally 50 per cent of
maximum, given our redshift cuts), the inferred Ha emission is
strong, despite the relatively small observed photometric boost by
Ha. Additionally, due to the more strongly varying throughput
at the filter edge, the inferred Hoe EW (and resulting &on obs) iS
particularly sensitive to uncertainties in the redshift. Hence, it
is possible that these nebular-dominated galaxy candidates are
less reliable than the candidates at redshifts away from the filter
edge.

5 BALMER-JUMP AND NEBULAR-DOMINATED
STATISTICS

Having outlined our selection procedures, we now discuss the
general properties of our Balmer-jump and nebular-dominated
galaxy candidate samples. We focus here on empirical, model-
independent properties. Physical properties, such as stellar mass
M, and star formation rate are of course of interest, though de-
pend on the choice of IMF adopted to convert the observables
(photometry) into physically inferred quantities. Since we believe
some of our sources may exhibit nebular-dominated emission,
which demands a top-heavy IMF if powered by star formation,
physical parameters derived using standard templates incorpo-
rating normal IMFs will be inaccurate.

5.1 Continuum and line statistics

We show normalized histograms of continuum properties in Fig.
11, for our Balmer-jump candidates (satisfying the Balmer-jump
criterion: equation 2, blue), the subset of nebular-dominated can-
didates (further satisfying equations 4/5 and 6, green), and con-
trol galaxies which do not satisfy the Balmer-jump criterion (i.e.
which have Amjyyp, > —0.15, red). As a reminder, we apply no
apparent/absolute magnitude cut or stellar mass limit cut to our
samples. The Balmer-jump and nebular-dominated candidates,
together with the control sample, are all drawn from the same
GOODS-S and GOODS-N fields which typically vary in depth
from 28.5-31.0 AB mag in 0.2 arcsec diameter circular apertures
(B.D.Johnson et al. 2026; B. E. Robertson et al. 2026). We find that
applying apparent magnitude cuts myy (mimicking the depths
in shallower JWST imaging programs) qualitatively preserves
the relative trends between the Balmer-jump, nebular-dominated
and control samples, yet biases the median absolute magnitudes
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Figure 10. SEDs of nebular-dominated galaxy candidates. These are Balmer-jump candidates, that further satisfy our nebular-dominated selection
criteria: a high observed ionizing photon production efficiency with log (£ion_obs/(Hz erg—!)) > 25.60 (equation 4) to power the strong nebular continuum
emission, and relatively non-blue UV colour (equation 6) indicating a lack of stellar continuum emission. Note that the BAGPIPES fits (using normal stellar
populations, dark green) to the HST 4+ NIRCam photometry provide a reasonable description of the data, indicating that these galaxies do not necessarily
have to be starbursts following a top-heavy IMF with nebular-dominated emission. Deep follow-up continuum spectroscopy with the NIRSpec PRISM
is needed to establish the presence or absence of the two-photon continuum turnover in their spectra, thus determining whether they are nebular-

dominated galaxies or dust-reddened starbursts.

and luminosities for these samples to brighter values. The ab-
solute magnitudes displayed in Fig. 11 correspond to total flux
densities, derived from scaling by the flux density ratio between
the Kron aperture and a 0.3 arcsec diameter circular aperture.
From the left panel we see that these systems exhibit relatively
similar distributions in Myy, the absolute magnitude in the first
wide-band filter fully redward of Lyw. The median Myy value
(indicated by the vertical dashed lines) for the three samples is
~ —18.35. Given (by definition of the Balmer jump selection) the
redder UV-optical colours for the control sample, these tend to
exhibit a brighter M, the absolute magnitude in the medium-
band filter tracing the rest-frame optical continuum, with a me-
dian M,y = —18.80 compared to —17.95 for the Balmer-jump
and nebular-dominated candidate samples (see the right panel).
G. Roberts-Borsani et al. (2024) stack NIRSpec PRISM spectra for
Lyo emitters (LAEs, EWyy, > 30 A) and non-LAEs (EWrye < 10
A) at 5 < z < 8, finding similar qualitative results. Whilst the
LAE and non-LAE stacks have comparable Myy ~ —18.6, the

LAE stack exhibits a Balmer jump, which the non-LAE stack
lacks. Thus, the stronger line-emitting LAE stack (somewhat
analogous to our Balmer-jump and nebular-dominated candidate
samples), has a fainter optical continuum compared to the non-
LAE stack (somewhat analogous to our control sample), despite
the similar Myy.

We show normalized histograms of the emission-line proper-
tiesin Fig. 12. As expected from our Balmer-jump cut, which aims
to select young starbursts, our Balmer-jump candidates generally
have larger He EWs (top-left panel) than the control sample, with
medians of 1007 and 294 A, respectively. There is a low EW tail of
Balmer-jump candidates, which could correspond to sources with
blue slopes (rather than an actual Balmer jump) that satisfy our
UV-optical colour cut, or sources which spuriously satisfy the cut
due to photometric uncertainties (systematic/statistical), which
do not have particularly strong line emission. Given the high
&ion.obs Of our nebular-dominated candidates (equation 4), and
the correlation between &jon obs and EWy,, (Fig. 8), these sources
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Table 1. Propertiesof a randomly selected subsample of 50 nebular-dominated galaxy candidates, ordered by decreasing redshift. Listed are the
JADES DR4 photometric catalog ID, right ascension, declination, redshift, Balmer jump Amjunmp (equation 1), observed ionizing photon production
efficiency log &ion obs (cf. equation 4), UV colour myy,1 — myv,3 (cf. equation 6), absolute magnitude at ~1500 A rest-frame Myy, rest-frame optical
continuum absolute magnitude Moy, [O 111] + Hp rest-frame EW, and Ha rest-frame EW. Photometric redshifts are denoted with (16, 84) percentile
errors with respect to the best-fitting EAZY redshift, while JADES DR4 spectroscopic redshifts are denoted without errors. Empty entries (denoted by
-) indicate the parameter could not be determined, because the appropriate emission line (Ha or [O 111] A5007) resides in the gap between wide-band

filters, or is redshifted out of the NIRCam spectral range.

ID RA Dec. z AMjump 10g &ion,obs Muv,1 — Muv,3 Muyy Mopt EW|o Tj+Hp E\YHa
(mag) (Hzerg™) (mag) (mag) (mag) (A) (A)
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generally have even larger Ho EWs, with a median of 1567 A,
with our additional cuts mostly eliminating the low EW tail from
the sample. Similar trends are seen for the [O 111] + HB EWs (top-
right panel), with median EWs of 342, 1555, and 2292 A for the
control galaxies, the Balmer-jump candidates, and the nebular-
dominated candidates, respectively. This mirrors the correlation
seen between the Balmer jump Amjymp and EW(o 1y from the
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NIRSpec PRISM stacking analysis of 4 < z < 10 galaxies by M. J.
Hayes et al. (2025). Thus, our continuum-selected Balmer-jump
candidates can generally be classified as extreme emission-line
galaxies (EW,eq > 750 A, S. Withers et al. 2023; K. Boyett et al.
2024; K. Davis et al. 2024; M. Llerena et al. 2024).

Despite their fainter optical continua My, Balmer-jump can-
didates and nebular-dominated candidates tend to have brighter
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Figure 11. Normalized histograms of absolute magnitudes for Balmer-jump candidates (blue), nebular-dominated candidates (green), and control
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brighter than the median Mgy = —17.95 for the Balmer-jump and nebular-dominated candidates.

Ha (bottom-left panel) and [O111] + HB luminosities (bottom
right), due to their higher line EWs. The median log (Ly, /erg s™!)
is 41.46, 41.65, and 41.86, for control galaxies, Balmer-jump
candidates, and nebular-dominated candidates, respectively. For
log (Lo mrj+np/erg s *), the medians are 41.71, 42.06, and 42.24,
respectively. Thus, the [Om1] + HB emission is generally
~2-2.5x brighter than Ha across our samples. The brighter line
luminosities for our Balmer-jump and nebular-dominated can-
didates relative to the control sample, is qualitatively consistent
with the results of M. Llerena et al. (2024), who found that ex-
treme emission-line galaxies colour-selected via their emission-
line photometric excess tended to have brighter He and [O 1]
+ Hp fluxes than their control sample.

We note a subset of sources, especially control galaxies, with
very small (< 10 A) EWs and low line luminosities (< 10* erg
s71). These need not all be quiescent galaxies. From our colour-
based approach for determining the line EWSs, if the wide-band
f, measurement covering the emission line happens to be fainter
than the rest-frame optical continuum measurement, then the
inferred EW is negative, which we set to 10 A for display purposes
in Fig. 12. This situation can occur due to photometric noise
on the flux density measurements and/or a blue (red) optical
slope in the case of He ([O111] + HB), coupled with relatively
weak emission lines. Furthermore, our colour-based approach
assumes a flat optical f, slope. In the case of very red con-
trol galaxies, e.g. dusty galaxies, quiescent galaxies, Little Red
Dots (V. Kokorev et al. 2024; D. D. Kocevski et al. 2025), this
could cause the He EW ([O111] + HB EW) to be overestimated
(underestimated).

5.2 Redshift evolution

We further investigate the incidence rate of Balmer jumps
and possible nebular-dominated emission in the galaxy popu-
lation. We count the number of Balmer-jump candidates and
nebular-dominated candidates in absolute magnitude bins of
width AM =1, and divide this by the total number of galax-
ies (= Balmer-jump candidates + control galaxies) within that

bin. We split galaxies in redshift, according to the medium band
used to trace the rest-frame optical continuum level. In the case
of low statistics, we group multiple medium bands (i.e. red-
shift intervals) together. The resulting Balmer-jump fractions and
nebular-dominated fractions are shown in the left and right pan-
els of Fig. 13, respectively.

The Balmer-jump fractions clearly increase with increasing
redshift. When binning by Myy (top panels), the Balmer-
jump fraction grows from ~7 percent at 1.65 <z < 2.92
(using the F162M + F182M + F210M filters, blue) to
~19 percent at 2.92 <z <4.54 (F250M + F300M, green)
and ~32 percent at 5.68 < z < 6.58 (F410M, orange). This
rise in Balmer-jump fraction (a continuum-based tracer of
starburst activity) with increasing redshift is qualitatively similar
to the rise in extreme (EWyes > 750 A) emission-line galaxy
fractions (line-based tracer) with redshift (K. Boyett et al.
2024).

Across the different redshift bins, the Balmer-jump fractions
are generally relatively flat with Myy, with perhaps a tenta-
tive deficit at the brightest magnitudes. On the other hand, the
Balmer-jump fraction exhibits a clearly increasing trend with
increasing M,y (bottom-left panel), i.e. Balmer-jump galaxies
dominate at fainter optical magnitudes. For example, at 4.54 <
Z < 5.25 (F335M, yellow), the Balmer-jump fraction rises from
~4 percent at Mo,y = —21 to ~21 percent at Mg, = —19 and
~49 per cent at My, = —17. This might suggest that while galax-
ies can be UV faint for a variety of reasons (low-mass starburst,
inactive/dusty massive galaxy), galaxies tend to be optically-faint
if they are low-mass starbursts. However, the rising Balmer-
jump fraction with increasing M,,; may also (partly) reflect
a selection bias. By definition, Balmer-jump galaxies will be
brighter in the UV than in the optical, so they should remain
detectable (passing our 50 SNR cut) in the rest-frame UV, even
at faint Moy On the other hand, control galaxies, with their
red UV-optical colours (possibly Balmer breaks, e.g. A. Ku-
ruvanthodi et al. 2024; D. Langeroodi & J. Hjorth 2024; T. J.
Looser et al. 2024; J. A. A. Trussler et al. 2024, 2025; W. M.
Baker et al. 2025; C. Witten et al. 2025b; A. Covelo-Paz et al.
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respectively.

2026) will be fainter in the UV than in the optical, hindering
their rest-frame UV detection at fainter My, so they may not
be selected. The fainter the M,y bin, the smaller the maximal
red UV-optical colour that will still pass our 5o initial selec-
tion procedure, increasingly biasing the sample to Balmer-jump
galaxies.

The nebular-dominated fractions follow similar qualitative
trends. Binning by Myy (top-right panel), the nebular-dominated
fraction increases from ~2 percent at 1.65 <z <292 to
~11percentat5.68 < z < 6.58. While an Myy trend is not imme-
diately evident, the nebular-dominated fraction clearly increases
with increasing Mop;.

Finally, we show the redshift-evolution of the distribution of
Balmer jumps Amjump in Fig. 14. Negative Amjump values cor-
respond to Balmer jumps and/or blue UV-optical slopes, while
positive values correspond to Balmer breaks and/or red UV-
optical slopes. The vertical dashed line at Amjymp = —0.15 de-
notes our Balmer-jump candidate selection criterion. As already
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1), the medians are 42.24, 42.06, and 41.71,

indicated by Fig. 13, Balmer jumps become increasingly com-
mon at higher redshift. For example, the cumulative fraction
of galaxies with Amjmp < —0.15 is only 5 percent at 1.65 <
Z < 2.03 (F162M, purple) and rises to 32 percent at 5.68 < g <
6.58 (F410M, yellow). Moreover, while the median Amjuymp =
0.02 at 5.68 < z < 6.58 indicates that Balmer jumps are com-
mon, the median Amjymp = 0.67at1.65 < z < 2.03 indicates that
Balmer breaks dominate in the galaxy population. Thus, Fig. 14
traces the transition of a Universe dominated by young starbursts
with prominent Balmer jumps at high redshift, to a Universe
dominated by evolved galaxies with sizable Balmer breaks at
lower redshift. Similarly, G. Roberts-Borsani et al. (2024) and D.
Langeroodi & J. Hjorth (2024) both find, through stacking anal-
yses of NIRSpec PRISM spectra at 5 <z < 10 and 3 < z < 10,
respectively, that the Balmer break in spectra stacked according
to redshift tends to increase with decreasing redshift. Moreover,
a Balmer jump emerges in the stacked spectra (analogous to our
median Amjyyp < 0 measurement) for redshift stacks withz > 6.
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the vertical axis limits are different in the various panels.

6 CONCLUSIONS

Motivated by the serendipitous spectroscopic discovery of high-
redshift galaxies exhibiting the UV downturn associated with
two-photon continuum emission (implying nebular-dominated
emission, or possibly a downturn due to DLA absorption),
we develop a photometric search method to identify further
nebular-dominated galaxy candidates. Key to this is the exten-
sive medium-band imaging offered by JADES, which enables the
identification of Balmer-jump galaxy candidates across a wide
range of redshifts (1.5 < z < 8.5).

We outline how the profile of the nebular continuum de-
pends on H 11 region temperature and collisionally enhanced two-
photon continuum emission, which requires high temperatures
and non-negligible neutral HI fractions in the H1I region. The
collisional enhancement of two-photon emission raises the neb-
ular continuum (reducing &jon nev), Which favours the detection
of the two-photon downturn, makes the UV slope less red, and

affects the magnitude shift associated with the Balmer jump.
As the Balmer jump decreases with increasing temperature, we
show that nebular-dominated emission (possibly powered by top-
heavy, metal-poor star formation) does not necessarily have the
largest Balmer jumps due to the likely higher HII region tem-
peratures, despite the relative lack of stellar continuum. Normal
starbursts (following a regular IMF, e.g. E. E. Salpeter 1955; P.
Kroupa 2001; G. Chabrier 2003) lack the stellar ionizing photon
production efficiency &op . for the UV downturn associated with
two-photon continuum emission to be evident in the spectra,
being hidden underneath the much brighter stellar contin-
uum. It is only with the increased normalization of the neb-
ular continuum powered by star formation following a top-
heavy IMF with much higher &g, ., that the nebular con-
tinuum dominates over the incident starlight and the two-
photon downturn becomes prominent: the galaxy is nebular-
dominated.
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Figure 14. The redshift evolution (colour coding) of the distribution
of AMjump = Mp,uv — M, opt, the gap in flux density between the UV and
optical (equation 1). Negative values correspond to Balmer jumps and/or
blue UV-optical slopes. Positive values correspond to Balmer breaks
and/or red UV-optical slopes. The vertical dashed line at Amjymp =
—0.15 corresponds to our Balmer-jump selection criterion. Balmer jumps
become increasingly more common at higher redshift, indicating that the
Universe is dominated by young starbursts at high redshift, and transi-
tions to being dominated by evolved galaxies with sizable Balmer breaks
at lower redshift.

We identify Balmer-jump galaxy candidates through their
deficit in rest-frame optical continuum level (relative to the
UV), using medium-band filters that reside in the emission-line
gap between the strong [O111] A5007 and He lines. Motivated
by the smallest Balmer jumps seen in the nebular-dominated
galaxy candidates identified spectroscopically thus far, and in
current Pop IIT models, we set a relatively modest Balmer jump
cut Amjymp < —0.15 for our Balmer-jump selection. As Balmer
jumps are a general recombination feature of all young starbursts,
and thus do not necessarily demand star formation following
a top-heavy IMF, we apply additional selection criteria to iden-
tify possible nebular-dominated galaxy candidates. We demand
a high log (&ion.0bs/(Hz erg™!)) > 25.60 to power the strong neb-
ular continuum, as well as a relatively non-blue UV colour (e.g.
F115W — F200W > —0.4) indicating a lack of stellar continuum
emission. However, the same star formation following a top-
heavy IMF that would power the strong nebular continuum, pos-
sibly also powers strong UV lines and significant collisionally-
enhanced two-photon continuum emission, which reduce the
otherwise distinct gap in &ion obs and UV colour between normal
starbursts and nebular-dominated emission. Hence our nebular-
dominated selection criteria are still quite modest, and dust-
reddened starbursts may form part of our nebular-dominated
candidate list.

We investigate the continuum and emission-line properties
of our starburst candidates. We find that nebular-dominated
candidates, Balmer-jump candidates and control galaxies (with
AMjymp > —0.15) are similarly distributed in absolute UV mag-
nitude Myy, with a similar median Myy ~ —18.35 for the three
samples. Owing to their redder UV-optical colours, the control
sample exhibits brighter rest-frame optical continuum absolute
magnitudes, with a median M, = —18.80, compared to the me-
dian My, = —17.95 for the Balmer-jump and nebular-dominated
candidates. As expected from the Balmer-jump selection and
subsequent &ion obs cut, Balmer-jump candidates and nebular-
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dominated candidates are very strong line emitters. The me-
dian rest-frame EWs for nebular-dominated candidates, Balmer-
jump candidates, and control galaxies are 1567, 1007, and 294
A for He, and 2292, 1555, and 342 A for [O111] + Hp, respec-
tively. The median Ho luminosities log (Ly, /erg s™!) are 41.86,
41.65, and 41.46, while the median [O111] + HB luminosities
log (Lo mnj+np/erg s1) are 42.24, 42.06, and 41.71, respectively.

Enabled by the plethora of medium bands (F162M, F182M,
F210M, F250M, F300M, F335M, F410M, F430M, F460M, and
F480M), we trace the evolution of Balmer jumps across cosmic
time. We find that the fraction of galaxies exhibiting Balmer
jumps tends to increase with increasing redshift. The Balmer-
jump fraction grows from ~7 percent at 1.65 <z < 2.92 to
~19 percent at 2.92 < z < 4.54 and ~32 percent at 5.68 < z <
6.58. Balmer-jump fractions are relatively flat with Myy, though
strongly increase with increasing Moy, i.e. Balmer-jump galax-
ies dominate at fainter optical magnitudes. However, this Moy,
trend may (partly) be driven by a selection bias, that disfavours
the rest-frame UV detection of red UV-optical galaxies at faint
optical magnitudes. Nebular-dominated fractions follow simi-
lar qualitative trends. The nebular-dominated fraction increases
from ~2 percentat1.65 < z < 2.92to ~11 percentat5.68 < z <
6.58). While Balmer jumps are common at high redshift, with a
median Amjymp = 0.02 at 5.68 < z < 6.58, the median Amjymp =
0.67 at 1.65 < z < 2.03, indicating that Balmer breaks dominate
in the galaxy population. Thus the Universe is dominated by
young starbursts with prominent Balmer jumps at early cosmic
epochs, and transitions to being dominated by evolved galaxies
with sizable Balmer breaks at lower redshift.

Finally, we close by noting that our nebular-dominated can-
didates were identified using the select few filters that comprise
our Balmer jump, &ion obs and UV colour selections. These mea-
surements are further affected by emission lines which reduce the
inferred Balmer jump (He 1 A5876) and reduce &, obs plus make
the UV slope more blue (C1v, He11, O u1], and C111]). Through
the development of nebular-dominated galaxy templates, this se-
lection procedure can be refined. By utilizing the full set of avail-
able photometry via SED-fitting, which naturally accounts for the
previously mentioned emission-line effects, an even stronger case
can be made for possible nebular-dominated candidates. Even
then however, normal starbursts can exhibit comparable pho-
tometry to starbursts following a top-heavy IMF with nebular-
dominated emission. Hence deep follow-up continuum spec-
troscopy with the NIRSpec PRISM is ultimately needed to es-
tablish the presence or absence of the two-photon continuum
turnover in the spectra, thus determining whether the galaxy is
truly nebular-dominated or rather a dust-reddened starburst.
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APPENDIX A: TWO-PHOTON DOWNTURN:
DROPOUT PHOTOMETRIC DEFICIT

The steep downturn associated with the two-photon contin-
uum represents a significant departure from the generally rather
smooth rest-frame UV slopes. It is for this reason that the two-
photon (or possibly DLA) downturn is such a notable feature
in rest-frame UV spectroscopy. In this section, we discuss the
challenges in identifying the imprint of the lack of flux density
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associated with the two-photon downturn in rest-frame UV pho-
tometry.

We begin by noting that even NIRCam medium-band filters
(with R~10) are too wide to adequately sample the decline in flux
density (towards shorter wavelengths) associated with the two-
photon downturn. As shown in the top panel of Fig. A1, although
the two-photon continuum reaches its peak value (in f,) at 1615
A, it only begins to appreciably decline at A < 1450 A, so there is
only really a single medium-band filter (and one wide-band filter)
tracing the lack of flux density associated with the downturn.
Better sampling would demand 3-4 filters with R~20 to reveal
the steep drop in the continuum that is evident in spectra.

Rather one has to rely on the lack of flux density in one
wide band (and one medium band, if available), specifically
the dropout filter containing the Lyw break, as the gap in flux
density (and thus bandpass-averaged flux density) between the
steeply declining two-photon continuum (red) and regular UV
slopes, e.g. B = —2 (green) and B = —3 (blue), is greatest closer
to Lya. We show the magnitude difference between the bandpass-
averaged flux density that would be measured in the wide-band
dropout filter if two-photon continuum is present vs. a f = —2
slope (green) and a 8 = —3 slope (blue) in the bottom panel
of Fig. Al. Opposite to an emission line causing a photometric
excess, the steep decline in the two-photon continuum causes a
photometric deficit in the dropout filter, causing the source to
appear much fainter than it otherwise should be (given normal
UV slopes) for its redshift. As Ly« begins to enter the wide-band
filter (the scenario in the top panel of Fig. Al), the photometric
deficit Am is already 0.37 mag, for 8 = —2. By the time Ly« is lo-
cated halfway through the dropout filter, the photometric deficit
is 0.78 mag, continuing to grow as Ly« passes through the dropout
filter, as the bandpass-averaged gap in flux density between the
two-photon continuum and regular UV slopes increases. To be
general, we have assumed a top-hat filter with R = 4.5 (typical
for NIRCam) when generating the photometric deficit curves,
plotted against the rest-frame wavelength at the red edge of the
dropout filter, which decreases with increasing redshift as Ly«
passes through the filter.

The photometric deficit caused by the two-photon downturn
is reminiscent of the lack of flux density (e.g. K. E. Heintz et al.
2024b, 2025) in the dropout filter caused by DLA absorption (see
e.g. the photometric deficit in F115W for members of a z = 7.88
protocluster, C. Witten et al. 2025a). Indeed, it has been demon-
strated that at high-redshift, photometric redshifts tend to over-
estimate the true (spectroscopic) redshifts of galaxies (P. Arrabal
Haro et al. 2023; S. Fujimoto et al. 2023; S. L. Finkelstein et al.
2024; K. N. Hainline et al. 2024; Y. Asada et al. 2025; K. E. Heintz
et al. 2025). DLA absorption is widespread and tends to be strong
in the epoch of reionization (Y. Asada et al. 2025; K. E. Heintz
etal. 2025), causing a prominent UV downturn resulting in a lack
of flux density in the dropout filter (C. Witten et al. 2025a), in
addition to the usual deficit caused by the Lyw break. The Ly«
damping wings from a highly neutral IGM cause a weaker soft-
ening of the Ly« break (E. Curtis-Lake et al. 2023), resulting in a
subtler lack of flux density in the dropout filter. Photometric red-
shift fitting codes which do not include this additional DLA ab-
sorption solely attribute this lack of flux density to the Lyw break,
causing the redshift to be overestimated (Y. Asada et al. 2025; K.
E. Heintz et al. 2025; J. Witstok et al. 2026). Hence, the photomet-
ric deficit associated with typical high-redshift DLA absorption
(Ni &~ 1025215 cm=2Y. Asada et al. 2025) is appreciable enough

Nebular-dominated galaxiesat1.5 <z < 8.5 25

)‘obs, z=10 (,um)
14 1.4 1.5 1.6 1.7 1.8

1.2 4

1.0 4

F162M
0.8 |

P

F150W
0.6 4

0.4 4 140M
—— Two-photon continuum

0.2 — B=-2
— 3=-3

0.0 v : : .
1200 1300 1400 1500 1600

)\rest (A)

3.0
251 |
2.01
g :

1517 1
< !

1.0] ¢

0.5 4 3

'
' ' '
'Lya exits 'Lya halfway 'Lya enters wide filter
L L L

0.0 . . . !
1200 1300 1400 1500 1600

)\red edge (A>

Figure Al. Top panel: the steep downturn associated with the two-
photon continuum (red) results in a lack of bandpass-averaged flux den-
sity in dropout filters (here F140M and F150W at z = 10) compared to
regular smooth UV slopes, e.g. B = —2, —3 (green and blue, respectively),
causing the source to appear fainter in the dropout filter than it otherwise
should be given its redshift. Bottom panel: the resulting photometric
deficit Am, i.e. the magnitude difference between the bandpass-averaged
flux density measured in the wide-band dropout filter in the case of
two-photon continuum emission vs. § = —2 (green) and g = —3 (blue),
increases as Lyo shifts through the dropout filter (with the rest-frame
wavelength at the red edge of the filter Areq eqge decreasing), due to the
widening gap in flux density between the two-photon continuum and
regular UV slopes. As the photometric deficit caused by the two-photon
downturn is degenerate with the lack of flux density due to the Ly«
break, precise redshift constraints are required to distinguish between
these two cases. Thus, nebular-dominated candidates (as well as galaxies
with DLA absorption) could be identified in this way, through the imprint
of the two-photon downturn (or DLA downturn) on dropout photometry,
though any Lye emission would reduce the photometric deficit, compli-
cating the search.

to bias the photometric redshifts in this way. Given that the spec-
tral profile of the two-photon continuum of GS-9422 can closely
resemble that of an extreme DLA system (with Ny ~ 10% cm™~2,
A. J. Cameron et al. 2024) it should have a significant effect
on the dropout photometry, as indicated in the bottom panel of
Fig. Al.

However, one of the main challenges in identifying nebular-
dominated candidates through the two-photon downturn photo-

MNRAS 549, 1-27 (2026)
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downturn results in a significant departure (red) from the medium/wide dropout colours for regular UV slopes: 8 = —3 (blue), B = —2 (green), and 8 =
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F150W — F200W. Right panel: dropout colours with F162M — F200W and F150W — F200W.
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Figure A3. Balmer-jump galaxy candidates identified indirectly, using the photometric boost by Ha in both a medium- and wide-band filter to indirectly
determine the rest-frame optical continuum level (red plus symbol). Left panel: a Balmer-jump candidate where the rest-frame optical continuum level
determined indirectly is comparable to that determined directly (red circle). Right panel: a Balmer-jump candidate where the indirect approach has
vastly overestimated the Balmer jump, due to the large uncertainty on the rest-frame optical continuum level for a given uncertainty on the differential
photometric boost between the medium and wide bands, in the limit of high EW emission lines.

metric deficit is distinguishing this from the Ly« break, as both
cause a lack of flux density in the dropout filter. This requires
precise redshift constraints, offered by e.g. slitless spectroscopy
(e.g. F. Sun et al. 2022, 2023; J. M. Helton et al. 2024a; Y. Fu-
damoto et al. 2025), and possibly extensive medium-band pho-
tometry (K. A. Suess et al. 2024; A. Muzzin et al. 2025; G. T. E.
Sarrouh et al. 2026). If the redshift of the source is known, then
the contribution of the Lyx break can be precisely determined.
Sources that appear appreciably fainter in the dropout filter than
they should be given their redshift (C. Witten et al. 2025a),
likely have DLA absorption and/or strong two-photon continuum
emission.

At z > 10,the Lya break starts passing through the NIR-
Cam medium-band filters. This offers an additional avenue
to search for the photometric deficit associated with the
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two-photon downturn, perhaps not dependent on spectroscopic
redshift constraints. Generally, the strengths of the Lya break
in a wide-band filter and its accompanying medium-band filters
are closely related, determined by their relative spectral ranges,
and further affected by the UV slope. We show this at 10 <
z < 13 using the F140M, F150W, F162M dropout filters, and
F200W detection filter, in Fig. A2. In the left panel, F140M starts
dropping out at the same redshift as F150W, with its dropout
strength F140M — F200W evolving more quickly with redshift
than F150W — F200W, due to its narrower spectral range. On
the other hand (right panel), F162M starts dropping out when the
Lya break is already halfway through F150W, with its dropout
strength F162M — F200W evolving more quickly with redshift,
with both the F162M and F150W filters fully dropping out at
the same redshift. Thus galaxies follow well-defined trajectories



in their medium- and wide-band dropout colours, according to
their UV slopes (8 = —3, —2, —1 are shown in blue, green, and
orange, respectively). The two-photon continuum (red), with its
strong downturn, further affects the dropout strength, causing
a significant departure from the general medium- and wide-
band dropout trends. In principle, nebular-dominated candidates
could be identified through their unique medium/wide dropout
colours in this way, taking into account also the UV slopes mea-
sured using the rest-frame UV photometry. In practice, due to
the small colour offsets in the dropout-dropout curves, it will
be difficult as dropout photometry is generally low SNR, unless
candidates are especially bright or the medium-band imaging is
particularly deep.

Finally, we close by noting that we have only been consider-
ing the contribution of two-photon continuum emission to the
dropout photometry. However, if Lya emission is present it will
reduce the photometric deficit caused by the two-photon down-
turn, making this nebular-dominated search method even more
challenging. Indeed, this is the case for GS-9422 (Fig. 1), with
the Lyo photometric boost mostly hiding the two-photon photo-
metric deficit, meaning that nebular-dominated candidates can-
not always be identified in this manner. Although we would ex-
pect nebular-dominated galaxies to have intrinsically very strong
Lyo emission (e.g. E. Zackrisson et al. 2011; K. Nakajima & R.
Maiolino 2022; J. A. A. Trussler et al. 2023), it could effectively
appear very weak, if the system does not reside in a substantially
ionized bubble (e.g. J. A. A. Trussler et al. 2023; S. Fujimoto et al.
2024; J. Witstok et al. 2024, 2025a, b). Hence, it should still be
possible to identify some (not all) nebular-dominated galaxies via
this photometric deficit procedure.

APPENDIX B: INDIRECT BALMER-JUMP
SELECTION

In the main body of the article we determined the Balmer jump
directly by probing the deficit in the rest-frame optical contin-
uum directly with a medium-band filter. Here, we discuss the
prospects of determining the Balmer jump indirectly using the
emission-line photometric excess in a medium-band filter. The
benefit of this approach is that it relies on an excess (emission-
line boost), rather than a deficit (drop in continuum), so the SNR
is greater and thus can be pushed to fainter systems. However,
this approach also has its challenges, which we discuss.

Owing to their narrower spectral range, the bandpass-averaged
flux density is boosted more strongly above the continuum level
by a given emission line in a medium band than in a wide band.
It is this differential photometric boost dm = Myeq — Myige be-
tween the medium- mpyeq and wide-band measurements My;ge
that encodes information about the emission-line EW, and thus
the rest-frame optical continuum level. In the limit of very weak
(i.e. low EW) lines, there is no photometric boost and the medium
and wide bands trace the same underlying continuum and so are
equal (if the continuum is flat in f,). In the limit of very strong
emission lines (i.e. high EW), the differential photometric boost
approaches an asymptotic limit, set by the relative widths of the
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medium- and wide-band filters. Assuming the wide-band spec-
tral resolution R = 4.5 (typical for most NIRCam wide bands)
and the medium-band spectral resolution R = 9 (typical for most
NIRCam medium bands), then the limiting differential photo-
metric boost dmyim ~ —2.5log;,(9/4.5) ~ —0.75. This limiting
behaviour can be seen using the approximate formula for the

photometric boost Am = —2.51og,,(1 + EWret(1 +2)/AL), as
EW,t becomes substantially large. For emission lines of inter-

mediate strength, the differential photometric boost dm is some-
where between these two extremes, increasing in absolute value
with increasing emission-line EW. Hence, the differential photo-
metric boost can be used to determine the line EW, and thus the
underlying rest-frame optical continuum level.

We take the measured differential photometric boost for the
medium and wide bands probing Ho together with the best-
fitting photometric redshift. Iterating over different line EWs, we
determine the bandpass-averaged flux densities in the medium
and wide bands, assuming a flat f, spectrum with a single emis-
sion line (Ha) at the redshift of the source. We find the line
EW that yields a differential photometric boost that matches the
observed value. The continuum level of the flat f, spectrum is
scaled so that the model bandpass-averaged flux densities match
the observed flux densities in the medium and wide bands. This
establishes the rest-frame optical continuum level.

We show two examples of Balmer-jump candidates identified
following this indirect approach in Fig. A3. In the left panel, the
rest-frame optical continuum level determined indirectly through
the F460M filter (red plus symbol) is comparable to that deter-
mined directly through the F410M filter (red circle). Hence, the
Balmer jump determined indirectly Amy,e = —0.44 is very sim-
ilar to the value determined directly Amjymp, = —0.41. However,
in the right panel, the indirect approach has vastly overestimated
the Balmer jump, with Amyipe = —0.94 vs. Amjymp = —0.61.

The issue with this indirect approach is that in the limit of large
emission-line EWs (relevant for nebular-dominated galaxies), the
inferred rest-frame optical continuum level is very sensitive to
slight shifts in the measured differential photometric boost. Ap-
proaching the asymptotic value, large changes in EW (and thus
continuum level) only translate into small changes in the differ-
ential photometric boost. So any error on the medium- and wide-
band measurements (statistical or systematic) can cause a very
inaccurate determination of the Balmer jump (and to a lesser
degree &on.obs)- It is for this reason that we do not utilise this
indirect approach in our colour-based analysis. However, we note
that the photometric excess in medium bands can certainly be
useful for deriving continuum constraints when performing SED-
fitting of the full photometry, increasing the redshift range over
which the continuum level can be inferred for a given medium-
band filter.
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