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A B S T R A C T 

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 ξion 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 (ξion , obs /(Hz erg−1 ) ) > 25 . 60 
to power the strong nebular continuum, together with a relatively non-blue UV slope ( mF115W 

−mF200W 

> −0 . 4 at z = 6 ) 
indicating a lack of stellar continuum emission. Our nebular-dominated candidates, constituting∼11 per cent of galaxies 
at z ∼ 6 (decreasing to∼2 per cent at z ∼ 2 , not completeness-corrected) are faint in the rest-frame optical (median Mopt = 

−17 . 95 ) with extreme line emission (median EW H α, rest = 1567 Å, EW [O III]+H β, rest = 2292 Å). However, hot H ii 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 ξion , obs or 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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 INTRODUCTION  

he James Webb Space Telescope (JWST ; J. P. Gardner et al. 2006 ,
023 ) seeks to uncover our cosmic origins, by witnessing the
ormation of the first stars to shine in the cosmos. Forming out of 
he primaeval clouds, this primordial star formation is expected
o follow a more top-heavy initial mass function (IMF), owing to
he lack of metal-line cooling (e.g. V. Bromm, P. S. Coppi & R.
. Larson 1999 ). In the limit of zero metallicity, Population III
alaxies likely exhibit unique spectra and photometry, due to their
ristine, massive, hot stars (e.g. V. Bromm, R. P. Kudritzki & A.
oeb 2001 ; D. Schaerer 2002 , 2003 ; A. Raiter, D. Schaerer & R. A.
. Fosbury 2010 ; E. Zackrisson et al. 2011 ; L. Mas-Ribas, M. Dijk-
tra & J. E. Forero-Romero 2016 ; K. Nakajima & R. Maiolino 2022 ;
. Katz et al. 2023 ; M. Nishigaki et al. 2023 ; J. A. A. Trussler et al.
023 ; S. Fujimoto et al. 2025 ). Characterized by exceptionally
trong H and He nebular emission, Pop III galaxies are thought to
ave prominent hydrogen lines (e.g. H α ) and nebular continuum
mission, as well as characteristically high equivalent width (EW)
e ii emission lines, with a complete lack of metal lines. Indeed,
xtremely metal-poor (possibly Pop III) galaxy candidates have
een identified through their strong H α (or H β) and lack of [O iii ]
5007 emission, in both spectroscopy (E. Vanzella et al. 2023 ,
026 ; S. Cai et al. 2025 ; T. Y.-Y. Hsiao et al. 2025 ; K. Nakajima et al.
025 ; C. J. Willott et al. 2025 ; T. Morishita et al. 2025a ; R. Maiolino
t al. 2026 ) and photometry (M. Nishigaki et al. 2023 ; S. Fuji-
oto et al. 2025 ), suggesting very low metallicity. Additionally,
op III candidates have also been found through high EW He ii
mission (R. Maiolino et al. 2024 ; X. Wang et al. 2024 ), indicat-
ng a very hard radiation field, possibly powered by pristine star
ormation. 
The search for signatures of a top-heavy IMF in the early Uni-
erse can be expanded by looking beyond just Pop III systems.
etting the selection bar so high, by requiring the metallicity to
e so exceptionally low, causes galaxies exhibiting top-heavy star
ormation (i.e. following a top-heavy IMF) in non-pristine envi-
onments to be overlooked (A. J. Cameron et al. 2024 ; L. Mowla
t al. 2024 ; A. Upadhyaya et al. 2024 ; F. Cullen et al. 2025 ; H. Katz
t al. 2025 ). Venturing past zero metallicity, the iconically strong
e ii emission dramatically wanes (D. Schaerer 2003 ; A. Raiter
t al. 2010 ), and metal emission lines start to become promi-
ent. Hence, these selection criteria are no longer as applicable.
till, the bright hydrogen emission persists, both in terms of the
mission lines, and crucially, the nebular continuum emission
A. J. Cameron et al. 2024 ; L. Mowla et al. 2024 ; H. Katz et al.
025 ). 
The serendipitous discovery of a steep downturn in the rest-

rame ultraviolet (UV) JWST Near Infrared Spectrograph (NIR-
pec, P. Ferruit et al. 2022 ; P. Jakobsen et al. 2022 ) PRISM spec-
rum of GS-9422 (A. J. Cameron et al. 2024 ), a galaxy at z = 5 . 943 ,
arks a critical turning point in our search for signatures of star
ormation following a top-heavy IMF in the early Universe. Be-
ieved to be attributable to two-photon continuum emission, the
ebular continuum must be exceptionally strong relative to the
tarlight that is powering it, demanding a very high ionizing pho-
on production efficiency ξion (A. J. Cameron et al. 2024 ; H. Katz
t al. 2025 ) powered by massive star formation (or an active galac-
ic nucleus, AGN), for the steep decline of the two-photon contin-
um to be visible over the rising stellar continuum in the vicinity
f Ly α. With a nebular continuum fν,neb that is believed to domi-
ate over the starlight fν, ∗ (i.e. fν,neb > fν, ∗), GS-9422 is said to be
 nebular-dominated galaxy (A. J. Cameron et al. 2024 ; H. Katz
NRAS 549, 1–27 (2026)
t al. 2025 ). In contrast, under normal star formation (following a
egular IMF, e.g. E. E. Salpeter 1955 ; P. Kroupa 2001 ; G. Chabrier
003 ) the two-photon continuum downturn is hidden beneath
he rise of the much brighter stellar continuum. This two-photon
ontinuum emission (M. C. Bottorff, G. J. Ferland & J. P. Straley
006 ; D. E. Osterbrock & G. J. Ferland 2006 ; B. T. Draine 2011 ;
. Schirmer 2016 ) generally arises due to the recombination of 
ydrogen, which after cascading down to the 2s state, is forbidden
rom emitting a single photon (i.e. Ly α) to reach the 1s state. In-
tead, two photons are emitted, whose total energy equals that of 
y α, with a continuum of photon–photon energy pairs possible,
esulting in the definitive downturn to zero flux density at the
y α wavelength. In the case of the hot H ii region temperatures
xpected to accompany star formation following a top-heavy IMF,
ollisional excitation to the 2s state can become appreciable (S. A.
rake 1983 ; T. T. Scholz et al. 1990 ; D. Vrinceanu, R. Onofrio &
. R. Sadeghpour 2014 ), boosting the two-photon continuum
mission (A. Raiter et al. 2010 ; L. Mas-Ribas et al. 2016 ; H. Katz
t al. 2025 ; D. Schaerer et al. 2025 ), favouring its detection. More-
ver, GS-9422 exhibits a deficit in continuum flux density in the
est-frame optical compared to the rest-frame UV (A. J. Cameron
t al. 2024 ; H. Katz et al. 2025 ). This is attributable to the Balmer
ump, a continuum discontinuity at the Balmer limit (3646 Å),
ue to the direct recombination of free proton–electron pairs to
he n = 2 state (i.e. free–bound emission, D. E. Osterbrock &
. J. Ferland 2006 ; B. T. Draine 2011 ; M. Schirmer 2016 ). The
almer jump further indicates that GS-9422 is a young starburst
ith a prominent nebular continuum, supporting the nebular-
ominated scenario (A. J. Cameron et al. 2024 ; H. Katz et al.
025 ). 
However, the nebular-dominated nature of GS-9422 is under
urrent debate. C. Terp et al. ( 2024 ) suggest that the UV downturn
n the spectrum of GS-9422 may be due to damped Ly α(DLA)
bsorption, from a massive neutral gas reservoir associated with
 z = 5 . 4 protocluster (identified by J. M. Helton et al. 2024a ,
 ) in the foreground of GS-9422. The offset in redshift between
oreground absorber and background galaxy helps explain why
S-9422 exhibits strong Ly α emission despite (supposed) DLA
bsorption. Indeed, K. E. Heintz et al. () find evidence of fore-
round DLA absorption by the z = 5 . 4 protocluster in the spectra
f additional z > 5 . 4 galaxies behind the protocluster. Addition-
lly, Y. Li et al. ( 2024 ) find that the emission lines of GS-9422 are
ompatible with an ionizing spectrum powered by a combination
f star formation and AGN activity. They find that the UV down-
urn is well described by DLA absorption by an absorber near to
i.e. at the same redshift) as such an ionizing source. S. Tacchella
t al. ( 2025 ) further consider the morphology of GS-9422, finding
ifferent spatial emission in JWST Near Infrared Camera (NIR-
am, M. J. Rieke et al. 2023 ) bands probing the rest-frame UV,
est-frame optical, and nebular line emission, which is in contrast
o what would be expected (similar morphologies) if the emission
f GS-9422 was dominated by the nebular continuum and emis-
ion lines. They argue that the off-planar nebular emission (and
y α) is due to an ionization cone powered by an AGN, while the
LA absorption originates from the galaxy disc, explaining the
avelength-dependent morphologies and coincidence of strong
y α emission with notable DLA absorption. Hence, GS-9422 is
ot necessarily powered by star formation following a top-heavy
MF (Y. Li et al. 2024 ; S. Tacchella et al. 2025 ). Additionally, it
ay not be nebular-dominated, with the UV downturn perhaps
ttributable to DLA absorption (Y. Li et al. 2024 ; C. Terp et al.
024 ; K. E. Heintz et al. ; S. Tacchella et al. 2025 ) rather than two-
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hoton continuum emission (A. J. Cameron et al. 2024 ; H. Katz
t al. 2025 ). 
Given the currently ambiguous nature of GS-9422, fur- 

her progress requires the identification of additional nebular- 
ominated candidates to better understand the mechanisms driv- 
ng the downturn in the rest-frame UV. Indeed, H. Katz et al.
 2025 ) have comprehensively searched through existing NIRSpec 
RISM catalogues, finding four high-redshift sources (in addi- 
ion to GS-9422) consistent with exhibiting nebular-dominated 
mission, having both a prominent UV downturn and a Balmer 
ump in their spectra. Two sources are galaxies, with 2198_7807 
t z = 5 . 387 , and 1210_5217 at z = 4 . 888 (both in the GOODS-
 field, M. Giavalisco et al. 2004 ), with the nebular-dominated
mission possibly powered by massive star formation. Two are 
istinct regions (2561_17467 and 2756_301) within the Cosmic 
ummy Worm (E. Vanzella et al. 2022 ; X. Lin et al. 2023 ), a gravi-
ationally lensed arc at z = 3 . 99 , where the spectra are thought
o be purely nebular emission, due to a possible spatial offset
made possible by the lensing) between the H ii region (captured
y the NIRSpec slit) and the star formation that is powering it (off
lit). Additionally, L. Mowla et al. ( 2024 ) find a prominent UV
ownturn and substantial Balmer jump in the NIRSpec PRISM 

pectrum of a a highly magnified star cluster within the Firefly
parkle, a strongly lensed galaxy at z = 8 . 296 , which they there-
ore believe may be nebular-dominated. Moreover, H. Katz et al. 
 2025 ) outline the definitive features associated with nebular- 
ominated emission, these being the two-photon downturn, high 
bserved ionizing photon production efficiencies ξion , obs , red UV
lopes, a Balmer jump, and high Balmer line EWs (e.g. H α or
 β). 
The current search for nebular-dominated candidates has been 

imited to serendipitous discoveries in existing NIRSpec PRISM 

atalogues (A. J. Cameron et al. 2024 ; L. Mowla et al. 2024 ; H. Katz
t al. 2025 ), the sources being chanced upon (though the JWST
dvanced Deep Extragalactic Survey [JADES] prioritization of 
V-bright sources did favour the selection of GS-9422), their 
ossible nebular-dominated nature a welcome surprise rather 
han being expected. To accelerate our understanding of nebular- 
ominated emission, we therefore develop a photometric search 
ethod for systematically identifying nebular-dominated galaxy 
andidates from photometric data. Key to this is the deep, ex- 
ensive medium-band imaging ( F 162 M , F 182 M , F 210 M , F 250 M ,
 300 M , F 335 M , F 410 M , F 430 M , F 460 M , and F 480 M ) in the Great
bservatories Origins Deep Survey South (GOODS-S) and North 
GOODS-N) fields from JADES (M. J. Rieke et al. 2023 ; A. J.
unker et al. 2024 ; K. N. Hainline et al. 2024 ; D. J. Eisenstein et al.
025 , 2026 ; F. D’Eugenio et al. 2025b ), the JWST Extragalactic
edium-band Survey (JEMS, C. C. Williams et al. 2023 ), the
irst Reionization Epoch Spectroscopically Complete Observa- 
ions (FRESCO, P. A. Oesch et al. 2023 ) survey, the Parallel wide-
rea NIR Cam Observations to Reveal and Measure the Invisible 
osmos (PANORAMIC, C. C. Williams et al. 2025 ) survey, and 
he Bias-free Extragalactic Analysis for Cosmic Origins with NIR- 
am (BEACON, T. Morishita et al. 2025b ) survey, which enables 
almer-jump galaxy candidates to be identified across a wide 
ange of redshifts ( 1 . 5 < z < 8 . 5 ), through their deficit in contin-
um flux density in the rest-frame optical. As Balmer jumps are a
eneral recombination feature of all young starbursts ( � 3 Myr),
nd thus do not necessarily demand star formation following 
 top-heavy IMF, we apply additional nebular-dominated selec- 
ion criteria to identify nebular-dominated galaxy candidates. We 
equire a large observed ionizing photon production efficiency 
ion , obs to power the strong nebular continuum emission, as well 
s a relatively non-blue UV slope ( mF115W 

−mF200W 

> −0 . 4 at
 = 6 ) indicating a lack of stellar continuum emission. We exam-
ne the continuum and emission-line properties of our Balmer- 
ump and nebular-dominated candidates, tracing the evolution 
f Balmer jumps in the galaxy population across cosmic time. 
This article is structured as follows. In Section 2 , we discuss

he data used in our analysis. In Section 3 , we discuss nebular-
ominated emission, outlining how it demands high stellar ion- 
zing photon production efficiencies ξion , ∗ powered by star forma- 
ion following a top-heavy IMF, and its dependence on H ii region
emperature and the collisional enhancement of two-photon con- 
inuum emission. In Section 4 , we discuss our selection procedure
or identifying Balmer-jump and nebular-dominated galaxy can- 
idates. In Section 5 , we discuss the continuum and emission-
ine properties of our Balmer-jump and nebular-dominated can- 
idates, as well as the redshift-evolution of Balmer jumps in 
he galaxy population. Finally, we conclude in Section 6 . We as-
ume a Planck Collaboration VI ( 2020 ) cosmology throughout 
nd adopt the AB magnitude system (J. B. Oke & J. E. Gunn
983 ). 

 DATA  

e use Hubble Space Telescope ( HST ) + NIRCam imaging data
n the GOODS-S and GOODS-N fields (M. Giavalisco et al. 2004 ).
f primary interest is the medium-band imaging, as it enables 
he identification of Balmer-jump galaxy candidates through 
heir drop in continuum flux density in the rest-frame opti- 
al compared with the UV. Hence, we restrict our analysis to
he GOODS-S and GOODS-N footprints where medium-band 
maging is available. Across the various contributing programs, 
he medium-band filters covered are: F 162 M , F 182 M , F 210 M ,
 250 M , F 300 M , F 335 M , F 410 M , F 430 M , F 460 M , and F 480 M . The
xtensive medium-band filter set thus allows Balmer-jump galaxy 
andidates to be be identified across a wide range of redshifts
 1 . 5 < z < 8 . 5 ). The bulk of the medium-band depth and area
tems from JADES-related programs. Namely the JADES Guar- 
nteed Time Observations (GTO, M. Rieke 2020 ; M. J. Rieke
t al. 2023 ; A. J. Bunker et al. 2024 ; K. N. Hainline et al. 2024 ;
. D’Eugenio et al. 2025b ; D. J. Eisenstein et al. 2026 ; A. J.
unker, NIRSPEC Instrument Science Team & JADES Collabora- 
ion 2020 ), the JADES Origins Field (D. J. Eisenstein et al. 2025 ),
EMS (C. C. Williams et al. 2023 ), and the Observing All phases
f StochastIc Star formation (OASIS, Looser et al., in prepara- 
ion) survey. This is supplemented by data from FRESCO (P. A.
esch et al. 2023 ), PANORAMIC (C. C. Williams et al. 2025 ),
nd BEACON (T. Morishita et al. 2025b ). We further utilize the
IRCam wide-band imaging ( F 070 W, F 090 W, F 115 W, F 150 W,
 200 W, F 277 W, F 356 W, and F 444 W) from the previously men-
ioned programs, as well as HST Advanced Camera for Surveys 
ACS) imaging in F 435 W, F 606 W, F 775 W, F 814 W, and F 850 LP
M. Giavalisco et al. 2004 ; S. V. W. Beckwith et al. 2006 ; N. A.
rogin et al. 2011 ; A. M. Koekemoer et al. 2011 ; R. S. Ellis et al.
013 ; G. D. Illingworth et al. 2013 ; K. E. Whitaker et al. 2019 ).
wing to the various programs contributing to the JADES DR5 
ootprint, the range of exposure times results in substantial vari- 
tion in image depth across the GOODS-S and GOODS-N fields. 
e note that the 5 σ aperture-corrected point source depths in 
IRCam filters with 0.2 arcsec diameter circular apertures is usu- 
lly between 28.5–31.0 AB mag (see B. D. Johnson et al. 2026 ; B.
. Robertson et al. 2026 ). We refer the reader to the JADES Data
MNRAS 549, 1–27 (2026)
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elease 5 (DR5) papers (B. D. Johnson et al. 2026 ; B. E. Robertson
t al. 2026 ; Z. Wu et al. 2026 ) for an extensive discussion of the
epths and areas in the various NIRCam filters, as well as the full
etails of the data reduction and cataloguing procedures. 
Briefly, the data reduction and cataloguing process builds
n the procedure implemented in earlier JADES data releases.
e reduce NIRCam imaging data using a modified version of 
he JWST reduction pipeline, incorporating 1/ f noise correction,
ackground subtraction, and alignment onto the Gaia World Co-
rdinate System (WCS, B. D. Johnson et al. 2026 ). Notably, we
ubtract wisps using newly developed wisp templates (Z. Wu et
l. 2026 ) and remove persistence. Source detection is performed
n an inverse -variance -weighted sum of the F 277 W, F 335 M ,
 356 W, F 410 M , F 430 M , F 444 W, F 460 M , and F 480 M filter im-
ges (B. E. Robertson et al. 2026 ). The parameters governing
ource deblending have been modified to allow for improved
eblending in crowded fields. Images are also visually inspected
o impose further source deblending and to mask diffraction
pikes from bright stars. Aperture photometry is performed us-
ng various aperture sizes, we utilize 0.3 arcsec diameter cir-
ular apertures in this analysis (CIRC2 in the photometric cat-
logue). Uncertainties in the circular aperture photometry are
etermined from the rms in flux densities measured in empty
pertures in the vicinity of the source of interest, which is
dded in quadrature to the Poisson noise from the source it-
elf. The circular aperture photometry is aperture-corrected us-
ng corrections based-off the simulated STPSF (M. D. Perrin et
l. 2012 , 2014 ) point spread functions for each filter, using the
ethod described by Z. Ji et al. ( 2024 ). ‘Total’ source flux den-
ities are determined using a modified procedure for perform-
ng Kron elliptical aperture photometry (B. E. Robertson et al.
026 ). We use the ratio of these total flux densities to the circular
perture-based measurements, to scale the aperture-based line
uxes and continuum flux densities into total line luminosities
nd absolute magnitudes, taking into account also the source
edshift. 
Photometric redshifts are determined (K. N. Hainline et
l. 2026 ) using the eazy (G. B. Brammer, P. G. van Dokkum &
. Coppi 2008 ) spectral energy distribution (SED)-fitting code, fol-
owing a similar procedure to previous JADES data releases (K. N.
ainline et al. 2024 ). The full NIRCam photometry, together with
ST /ACS F 435 W, F 606 W, F 775 W, F 814 W, F 850 LP photometry in
.2 arcsec diameter (i.e. different to the 0.3 arcsec diameters we
se in our analysis) circular apertures are fit in the SED-fitting
rocess, adopting a minimum error of 5 per cent in each band. As
efore (K. N. Hainline et al. 2024 ), the eazy fit is performed using
 modified template set, consisting of the original eazy templates
lus seven additional templates that were created to better span
he observed colour space of galaxies in the JADES Extragalac-
ic Ultra-deep Artificial Realisation (JAGUAR, C. C. Williams
t al. 2018 ) simulations. The Y. Asada et al. ( 2025 ) intergalactic
edium (IGM) prescription to account for DLA absorption is
ow newly implemented in the eazy fitting process. We generally
se the eazy best-fitting (i.e. minimum χ2 ) photometric redshifts
n our analysis, though we adopt the JADES DR4 (E. Curtis-Lake
t al. 2025 ; J. Scholtz et al. 2025 ) spectroscopic redshifts whenever
hese are available. 
We construct our high-redshift sample ( 1 . 5 < z < 8 . 5 ) by ap-
lying the following quality cuts to the full photometric cata-
ogue. We require the source to be > 5 σ detected in all wide
ands fully redward of Ly α. We further require the source to
NRAS 549, 1–27 (2026)
e < 3 σ detected (i.e. non-detected) in all bands fully blueward
f the Ly α break (for high-redshift galaxies) or fully blueward
f the Lyman break (for low-redshift galaxies where the Ly α
reak is less strong). The appropriate redshifts for this dropout
equirement are determined by establishing when the bandpass-
veraged flux density in a given filter drops out by < 5 mag,
ssuming a flat fν spectrum with the A. K. Inoue et al. ( 2014 ) IGM
rescription. To account for very bright dropout galaxies in the
eep imaging, we alternatively require the magnitude difference
mbreak between the dropout filter and first filter fully redward
f Ly α to be 
mbreak > 4 . 5 . Finally, we require the source to be
 5 σ detected in the medium-band filter used to probe the rest-
rame optical continuum level. We apply a reduced χ2 

red < 6 . 25
ut for most galaxies, to ensure the eazy fits provide a reasonable
escription of the data. We do not apply the χ2 

red cut for the
ebular-dominated galaxy candidates, as it is possible that the
azy templates may not provide a particularly good fit (as they
o not include nebular-dominated templates), despite correctly
dentifying the redshift (given the prominent photometric excess
aused by the emission lines, plus Ly α break). As mentioned pre-
iously, the image depths vary across the GOODS-S and GOODS-
 fields, and between filters. We do not apply a magnitude or
tellar mass limit cut in our subsequent analysis. Photometry is
orrected for Galactic dust extinction using the E. F. Schlafly &
. P. Finkbeiner ( 2011 ) E(B −V ) dust map, adopting the E. L.
itzpatrick ( 1999 ) dust attenuation law with total-to-selective ex-
inction ratio RV = 3 . 1 . 
We fit the HST + NIRCam photometry of select sources with
agpipes (A. C. Carnall et al. 2018 ), adopting a minimum error
f 5 per cent in each band. This is for display purposes only,
o accompany the photometry shown in our SED figures. We
se the v2.2 bpass (E. R. Stanway & J. J. Eldridge 2018 ) stel-
ar templates with a 300 M� upper mass threshold. We fix the
edshift to the best-fitting eazy photometric redshift (or JADES
R4 spectroscopic redshift, where available). We adopt uniform
riors on all fitted parameters, with the logarithm of the stellar
ass log 10 (M∗/ M�) ∈ [1 , 15] , the logarithm of the metallicity
og 10 (Z/ Z�) ∈ [log 10 0 . 005 , 0] , logarithm of the ionization param-
ter log 10 U ∈ [ −4 , −1] and dust attenuation AV ∈ [0 , 5] (with the
ame total AV for emission inside/outside birth clouds, assuming
he dust attenuation law from D. Calzetti et al. 2000 ). For the
tar formation history (SFH), we generally use a single burst
odel, with burst age a ∈ [1 , 5] Myr. However, for Balmer-jump
alaxy candidates with very blue slopes a double power-law SFH
ay yield a better fit, where the falling power-law slope log 10 α ∈

 −2 , 3] , rising power-law slope log 10 β ∈ [ −2 , 3] , and time of peak
tar formation τ ∈ [0 , ageuniv (z)] . 
We also use other data to characterize the observed properties
f previously known nebular-dominated galaxy candidates. We
tilise the 0.32 arcsec diameter circular aperture photometry tab-
lated in the UNCOVER (R. Bezanson et al. 2024 ) + MegaScience
K. A. Suess et al. 2024 ) data release photometric catalogue. This
s to photometrically determine the Balmer jump 
mjump and
bserved ionizing photon production efficiency ξion , obs for the
wo distinct regions (2561_17467 and 2756_301) in a z = 3 . 99
ravitationally lensed arc that may exhibit nebular-dominated
mission in their NIRSpec PRISM spectra (H. Katz et al.
025 ). 
We use the GS-9422 NIRSpec PRISM spectrum from the JADES
ublic data release 4 (E. Curtis-Lake et al. 2025 ; J. Scholtz et al.
025 ). We also use v4 PRISM spectra from the DAWN JWST
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rchive (A. de Graaff et al. 2025 ; K. E. Heintz et al. 2025 ) for the
our additional nebular-dominated galaxy candidates reported 
y H. Katz et al. ( 2025 ): 1210_5217, 2198_7807, 2561_17467, 
nd 2756_301.These spectra are from programs 1210 (i.e. JADES 
eep- HST ), 2198 (L. Barrufet et al. 2025 ), 2561 (i.e. UNCOVER,
. Bezanson et al. 2024 ), and 2756 (PI: Chen). 

 NEBULAR-DOMINATED  EMISSION  

n this section, we discuss nebular-dominated emission. In this 
ork, we define a galaxy to be nebular-dominated if its nebular
ontinuum fν,neb (λ) exceeds its stellar continuum fν, ∗(λ) at all 
avelengths beyond 1615 Å, corresponding to the wavelength 
here the two-photon continuum peaks (in fν), i.e. fν,neb (λ) > 

fν, ∗(λ) for λ > 1615Å. This definition is motivated by the fact that
ven in Pop III models (e.g. E. Zackrisson et al. 2011 ) the nebular
ontinuum becomes weaker than the stellar continuum slightly 
edward of Ly α (with the nebular-/stellar-dominated transition 
avelength depending on Pop III IMF and starburst age), due to
he steeply declining two-photon continuum near Ly α. With this 
ebular-dominated galaxy definition, the two-photon downturn 
hould be evident in continuum spectroscopy. We examine the 
ost notable nebular-dominated galaxy candidate, GS-9422, in 
ection 3.1 . We describe the components and behaviour of the
ebular continuum in Section 3.2 . Finally, we compare the rel-
tive normalization of the nebular versus stellar continuum in 
ection 3.3 . 

.1 GS-9422 

e begin by examining the most notable known nebular- 
ominated galaxy candidate, GS-9422 (A. J. Cameron et al. 
024 ; H. Katz et al. 2025 ), in more detail. We show its NIR-
pec PRISM spectrum (dark green), HST + NIRCam pho- 
ometry (black), and RGB cutout ( 2 × 2 arcsec, R: F 444 W; G:
 200 W; B: F 115 W, generated using Trilogy, D. Coe et al. 2012 )
n Fig. 1 . Vertical dashed lines correspond to the location of 
he Balmer jump (3646 Å, green), H β (yellow), [O iii ] λ5007 
orange), and H α (red), respectively. Grey vertical dashed lines 
nd labels denote other notable rest-frame UV/optical emis- 
ion lines. The signal-to-noise ratios (SNRs) in 0.3 arcsec di- 
meter circular apertures are listed at the bottom for each 
lter. 
A clear downturn in the rest-frame UV continuum level is 
isible immediately redward of Ly α in the PRISM spectrum, 
ropping sharply at wavelengths below ∼1 . 1µ m (1615 Å rest- 
rame). This steep continuum drop is thought to be due to either
wo-photon continuum emission (i.e. the nebular-dominated sce- 
ario, A. J. Cameron et al. 2024 ; H. Katz et al. 2025 ) or DLA
bsorption (Y. Li et al. 2024 ; C. Terp et al. 2024 ; K. E. Heintz
t al. ; S. Tacchella et al. 2025 ). While a prominent feature in the
pectrum of GS-9422, there is no clear signature of the UV down-
urn in the photometry, notably in the F 090 W dropout filter. Here
he strong Ly α emission hides the subtle photometric deficit that 
he UV downturn would otherwise leave on the F 090 W dropout
hotometry. We discuss the challenges in identifying the imprint 
f two-photon continuum emission on photometry in more detail 
n Appendix A . 
In addition, GS-9422 also exhibits a discontinuity in its contin- 
um levels between the rest-frame UV and optical (A. J. Cameron 
t al. 2024 ; H. Katz et al. 2025 ). The drop in flux density at
 w
646 Å rest frame is the Balmer jump, a general recombination 
eature of all young starbursts ( � 3 Myr). While the rest-frame
V level is well-traced using wide bands (e.g. F 200 W, coloured
lue), they are generally not satisfactory for tracing the rest- 
rame optical continuum level in starbursts. This is because the 
road bands are sufficiently wide that they almost always have 
heir bandpass-averaged flux densities photometrically boosted 
y strong line emission to be well-above the actual continuum 

evel. Here F 444 W is boosted by H α, F 356 W is boosted by [O iii ]
 H β, and F 277 W is boosted by the complex of weaker emission
ines (H γ , H δ, H ε, [Ne iii ], [O ii ], etc.). Medium bands, with their
arrower spectral range, are able to fit inside the gap (for certain
edshift ranges) between the strong optical lines (e.g. [O iii ] and
 α), thus providing a cleaner measurement of the rest-frame op-
ical continuum level, such as the F 410 M (coloured red), F 430 M
nd F 480 M filters in the case of GS-9422. Even then, the rest-
rame optical continuum level can still be overestimated due to 
he photometric boost caused by the weaker He I λ5876 line,
een at ∼4 . 1 µ m in the spectrum. By comparing the continuum
evels in the F 200 W and F 410 M filters, we measure a Balmer jump
mjump = F 200 W − F 410 M = −0 . 71 ± 0 . 05 (noted in Fig. 1 ) for
S-9422. 
Moreover, the measurement of the optical continuum level 

via F 410 M ) and photometric boost caused by H α (via F 444 W,
r possibly F 460 M ) enables the determination of the H α flux, a
racer for the ionizing photon production rate. Combined with 
he continuum level at 1500 Å (via F 115 W), the observed ioniz-
ng photon production efficiency ξion , obs can be determined. The 
nferred log (ξion , obs /(Hz erg−1 ) ) = 25 . 70 for GS-9422 is rather 
igh (compared to the typical value of 25.29 at z = 6 , C. Sim-
onds et al. 2024b ), suggesting a lot of recombination emis-
ion compared to the starlight that is powering it, hinting at its
ossible nebular-dominated nature (A. J. Cameron et al. 2024 ; 
. Katz et al. 2025 ). We will discuss this key observational
roxy for nebular-dominated emission in more detail in Section 
.2.1 . 

.2 Nebular continuum 

e show the various components of the nebular continuum in 
he top panel of Fig. 2 . These were generated using pyneb (V.
uridiana, C. Morisset & R. A. Shaw 2015 ), assuming pure hydro-
en gas at T = 20 000 K (which is comparable to the T = 20156
 H ii region temperature inferred for GS-9422, H. Katz et al.
025 ). The two-photon continuum (light green) rises steeply with 
ecreasing wavelength from the optical to the UV, plateaus in fν
t 1615 Å, before precipitously declining towards zero at λLyα = 

216 Å. The other nebular components displayed in Fig. 2 are 
ll normalized by the peak value of the two-photon continuum 

mission at T = 20 000 K (so that 
m = 0 corresponds to the
ontinuum flux density fν being the same as the two-photon 
eak). 
The free–bound continuum emission (blue) is marked by dis- 
ontinuities, with direct recombinations to n = 2 causing the 
almer jump at 3646 Å, and direct recombinations to n = 3 caus-
ng the Paschen jump at 8206 Å. Outside the discontinuities, the 
ree–bound continuum goes approximately as fν ∝ e−hc/λkT (R. L. 
rown & W. G. Mathews 1970 ; B. Ercolano & P. J. Storey 2006 ).
his has three notable consequences. First, that the free–bound 
mission is always rising (apart from at the discontinuities) with 
ncreasing wavelength, i.e. it has a red colour (though can be blue
hen bracketing discontinuities, like the Balmer jump). Thus, if 
MNRAS 549, 1–27 (2026)
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Figure 1. The NIRSpec PRISM spectrum (dark green), HST + NIRCam photometry (black), and 2 × 2 arcsec RGB ( F 444 W, F 200 W, and F 115 W) 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 Å (green), H β (yellow), [O iii ] λ5007 (orange), and H α (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 3 σ upper limit. The spectrum of GS-9422 exhibits a prominent downturn at ∼1 . 1µm, 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 Å rest-frame, ∼2 . 5µm 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 iii ] and H α), reveals the low-lying rest-frame optical continuum level (measured with F 410 M , red, though F 430 M and F 480 M 

could also be adopted), being 
mjump = −0 . 71 mag fainter than the rest-frame UV (measured with F 200 W, dark blue). The photometric boost caused 
by the strong H α emission in F 444 W, together with the 1500 Å continuum measurement (via F 115 W), establish the high ionizing photon production 
efficiency log (ξion , obs /(Hz erg−1 ) ) = 25 . 70 in this source, supporting the nebular-dominated scenario. 
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he full spectrum is blue, this must either be because of the two-
hoton continuum (if the source is nebular-dominated), or the
tarlight/AGN accretion disc emission. Second, the slope of the
ree–bound emission flattens with increasing wavelength, simply
ue to the 1 /λ behaviour. So while the free–bound emission no-
ably drops in the rest-frame UV, its decline is less prominent in
he optical and even less so in the NIR (near-infrared). Third, the
ree–bound emission flattens with increasing temperature due
o the 1 /T behaviour. The free–free emission (also referred to
s bremsstrahlung, purple) follows the same exponential depen-
ence (R. L. Brown & W. G. Mathews 1970 ; B. Ercolano & P. J.
torey 2006 ; D. E. Osterbrock & G. J. Ferland 2006 ; B. T. Draine
011 ), so has the same properties. 
The combined free–free + free–bound + two-photon contin-
um emission (ff + fb + 2 γ ) is also shown (red). The introduc-
ion of additional continuum components reduces the magni-
ude shift 
m associated with the Balmer jump, as the increased
ormalization now causes a given linear shift (the Balmer jump
iscontinuity) to correspond to a smaller multiplicative change.
ven at T = 20 000 K , the total nebular continuum still has a
elatively red UV slope, which acts to flatten the characteristically
lue slopes of young stellar populations, resulting in a combined
ebular + stellar spectrum with a less steep UV slope (e.g. J. S.
unlop 2013 ; N. Byler et al. 2017 ; M. W. Topping et al. 2022 ; F.
ullen et al. 2024 ; D. Austin et al. 2025 ). 
The dependence of the total nebular continuum on ISM

emperature is shown in the middle panel of Fig. 2 , at T =
10 000 , 20 000 , 30 000] K (dashed, solid, dot–dashed, respec-
NRAS 549, 1–27 (2026)
ively). Increasing the temperature causes the Balmer jump to
ecrease in terms of a magnitude shift 
m . This is because the
iscontinuity at 3646 Å is driven by proton–electron pairs re-
ombining with exactly zero kinetic energy to the n = 2 state.
he greater the temperature, the smaller the fraction of recom-
inations taking place with zero kinetic energy. Moreover, the
ormalization of the free–free emission drops less strongly ( ∝
−1 / 2 ) compared to the free–bound emission ( ∝ T−3 / 2 ), further
ontributing to the decline in the Balmer jump. Thus top-heavy
higher average ionizing photon energy contributing more ISM
eating), metal-poor (less effective ISM cooling) star formation
ay not necessarily be powering the largest Balmer jumps, due
o the hotter expected H ii region temperatures. Additionally, the
est-frame UV (and optical) slope of the total nebular continuum
attens with increasing temperature, due to the gentler decline
f the free–bound emission. 
Under normal H ii region conditions ( T ∼ 10 000 K ), the two-
hoton continuum emission arises solely due to recombination,
ollowing the cascade of hydrogen to the 2s state. However, if the
 ii region temperature is sufficiently high (possibly powered by
op-heavy, metal-poor star formation/AGN activity), collisional
xcitation of ground state hydrogen to the n = 2 state occurs at
n appreciable rate (S. A. Drake 1983 ; T. T. Scholz et al. 1990 ;
. Vrinceanu et al. 2014 ), opening up another channel for two-
hoton continuum emission (A. Raiter et al. 2010 ; L. Mas-Ribas
t al. 2016 ; H. Katz et al. 2025 ; D. Schaerer et al. 2025 ). For ex-
mple, at T = 10 000 K , the n = 1 → 2 collisional excitation rate
oefficient k12 ≈ αB , 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 = 20 000 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 Å and Paschen jump at 8206 Å, free–free 
emission (purple), and the total nebular continuum (ff + fb + 2 γ , red). 
All components are normalized by the peak value of the two-photon 
continuum at 1615 Å. Middle panel: the temperature dependence of the 
total nebular continuum, with ff + fb + 2 γ at T = 10 000 K (dashed), 
T = 20 000 K (solid), and T = 30 000 K (dot–dashed). The Balmer jump 
decreases in | 
m| with increasing temperature, so top-heavy, metal- 
poor star formation (resulting in higher H ii 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 H ii region temperatures and non-negligible neutral H i 
fractions) of two-photon continuum emission. Shown are regular two- 
photon continuum emission ( 2 γ × 1 , red), collisionally enhanced two- 
photon emission with 2 γ × [2 , 3 , 4] (orange, green, blue, respectively) 
and collisionally suppressed two-photon emission with 2 γ × 0 . 1 due to 
high-density ne ∼ 105 cm 

−3 gas (dark red). 
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. Drake 1983 ; T. T. Scholz et al. 1990 ; B. T. Draine 2011 ). Assum-
ng a neutral fraction ( = nHI /nH ) of 10−4 , the collisional excita-
ion rate ( nHI ne k12 ) to n = 2 is four orders of magnitudes lower
han the recombination rate ( np ne αB ) to n = 2 , so negligible. In
ontrast, at T = 30 000 K k12 ≈ 5000 αB , so collisional excitation
nhances the two-photon continuum emission by 50 per cent. So 
n addition to the H ii region temperature, the ionization struc-
ure (neutral fraction) of the H ii region is important in deter-
ining the collisional enhancement of two-photon continuum 

mission. 
In addition to the total nebular continuum arising purely from 

ecombination (ff + fb + 2 γ , red lines in Fig. 2 ), we therefore
lso show the total nebular continuum when the two-photon con-
inuum is enhanced through collisional excitations, with 2 γ ×
2 , 3 , 4] shown in orange, green and blue, respectively. At T =
0 000 K ( T = 30 000 K ), these collisional enhancements corre-
pond to neutral fractions nHI /nH = [2 , 4 , 6] × 10−3 ( [2 , 4 , 6] ×
0−4 ), respectively. We note that collisional enhancements up to 
 γ × 3 are seen in the Pop III models of A. Raiter et al. ( 2010 ).
n the bottom panel of Fig. 2 , we see that the enhanced two-
hoton continuum emission reduces the Balmer jump and makes 
he UV continuum slope less red (i.e. more blue). Comparing to
he relatively flat UV slope for GS-9422 in Fig. 1 , this implies that
here is substantial collisional enhancement of the two-photon 
ontinuum emission in this source (provided the UV downturn 
s not due to a DLA). 
The two-photon continuum emission can also be suppressed, 
rovided that the electron density approaches the critical den- 
ity (∼104 cm 

−3 , B. T. Draine 2011 ) of the 2s state, through l-
hanging collisions to the 2p state, resulting in enhanced Ly α
mission (A. J. Cameron et al. 2024 ; H. Katz et al. 2025 ; D.
chaerer et al. 2025 ). Assuming ne ∼105 cm 

−3 , the two-photon 
ontinuum emission is reduced to 0 . 1 × the regular value (shown
n dark red), resulting in very red nebular continuum emission 
H. Katz et al. 2025 ), dominated by the free–free and free–bound
omponents. 

.3 Nebular versus stellar 

ecombination powers both nebular line emission and nebular 
ontinuum emission. Like e.g. H α emission, the nebular contin- 
um emission is always present in recombination spectra. How- 
ver, unlike H α emission, the nebular continuum emission is 
enerally not very prominent, even for young starbursts. This is 
ecause the normalization of the nebular continuum is usually 
mall compared to the starlight that is powering it, especially 
n the rest-frame ultraviolet around 1500 Å. Since the nebular 
ontinuum is (mostly) powered by recombination (and thus pho- 
oionization), this implies that the ionizing photon production 
ate is relatively low compared to the level of the non-ionizing
tellar continuum, i.e. the stellar ionizing photon production ef- 
ciency ξion , ∗ is too small for the nebular continuum to dominate 
A. J. Cameron et al. 2024 ; H. Katz et al. 2025 ). We show this more
learly in the left panel of Fig. 3 , showcasing the stellar (blue),
ebular (green) and total (nebular + stellar, red) spectrum of a
 Myr old starburst generated using bagpipes (A. C. Carnall et al.
018 ). While the nebular continuum can be prominent immedi- 
tely blueward of the Balmer jump (due to the sudden increase
n nebular continuum level), and at increasingly longer optical 
avelengths (due to the divergence in flat/red nebular slopes 
ersus blue stellar slopes), it is negligible around the vicinity of 
he two-photon continuum turnover (1615 Å). Thus, in the UV, 
MNRAS 549, 1–27 (2026)
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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 (ξion , ∗/(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 (ξion , ∗/(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 ). 
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he nebular continuum mostly serves to make the slope of the
otal continuum less blue (i.e. increasing β, J. S. Dunlop 2013 ;
. W. Topping et al. 2022 ; F. Cullen et al. 2024 ; D. Austin et al.
025 ). 
Hence under regular circumstances, with starbursts follow-

ng a normal IMF (e.g. E. E. Salpeter 1955 ; P. Kroupa 2001 ; G.
habrier 2003 ), the decrease in nebular continuum due to the
wo-photon continuum turnover is hidden beneath the rise of the
uch brighter stellar continuum, as the nebular continuum is
oo faint because of the low log (ξion , ∗/(Hz erg−1 ) ) ≈ 25 . 85 (for
 1 Myr old starburst in bagpipes , A. C. Carnall et al. 2018 ).
eeing the two-photon continuum turnover therefore demands a
uch larger normalization of the nebular continuum, indicating
 very high ξion , ∗ (A. J. Cameron et al. 2024 ; H. Katz et al. 2025 ).
e show this scenario in the right panel of Fig. 3 , adopting a

 Myr old Pop III.1 starburst from E. Zackrisson et al. ( 2011 ).
ere the typical mass of Pop III stars is ∼100 M�, resulting in
og (ξion , ∗/(Hz erg−1 ) ) ≈ 26 . 70 . Powered by the photoionization
f the massive, hot stars, now the normalization of the nebu-
ar continuum is much higher, the UV turnover is very promi-
ent in the total spectrum, and the incident starlight is fainter
han the nebular continuum at all wavelengths: the galaxy is
ebular-dominated (A. J. Cameron et al. 2024 ; H. Katz et al.
025 ). 
In addition to the ionizing photon production efficiency, the
ormalization of the nebular continuum is further affected by
dditional parameters. The H ii region temperature affects the
hape of the continuum, with increasing temperature flattening
NRAS 549, 1–27 (2026)
he slope in the UV (see Fig. 2 ). Moreover, the collisional en-
ancement of two-photon continuum emission naturally favours
ts detection. On the other hand, high electron density suppresses
he two-photon continuum emission. Finally, the ionizing photon
scape fraction further sets the level of the nebular continuum.
on-unity covering fractions (ionization-bounded case, e.g. E.
ackrisson, A. K. Inoue & H. Jensen 2013 ), a lack of H i gas
density-bounded case, e.g. E. Zackrisson et al. 2013 ; F. Cullen
t al. 2025 ; W. McClymont et al. 2025 ) or absorption of ionizing
hotons by dust grains in the H ii region (S. Tacchella et al. 2022 ,
023 ) all reduce the normalization of the nebular continuum
mission. 
We note that nebular-dominated emission does not necessarily

mply exceptionally high ionizing photon production efficiencies
owered by massive, hot stars (A. J. Cameron et al. 2024 ; H.
atz et al. 2025 ; S. Tacchella et al. 2025 ). AGN accretion discs
an also power strong nebular continuum emission. In princi-
le, this would demand hot disc temperatures (so that ξion , BH is
igh), through accretion onto low mass black holes and/or at
igh accretion rates (S. M. Wilkins et al. 2025 ). However, two-
hoton continuum emission will never be visible in the broad-
ine region (BLR), due to suppression by l-changing collisions
n the high-density gas ( ne ∼ 1010 cm 

−3 	 104 cm 

−3 = ncrit ) that
s well-above the critical density of the 2s state. Thus only two-
hoton continuum emission from the narrow-line region (NLR)
ill be visible. Provided that the accretion disc and BLR are
ully obscured, and the contribution from starlight in the host
alaxy is negligible, only the nebular continuum emission will
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e visible (S. Tacchella et al. 2025 ), so the two-photon contin-
um emission should dominate independent of the tempera- 
ure of the AGN accretion disc. Additionally, if the AGN has
aded, but the NLR emission has not yet, then again the neb-
lar continuum should dominate (A. J. Cameron et al. 2024 ). 
inally, if there is a spatial separation between the photoion- 
zation source (stars/AGN) and the H ii region, such that the
ebular emission can be isolated, the spectrum will be nebular- 
ominated (A. J. Cameron et al. 2024 ; H. Katz et al. 2025 ). This
an come about by e.g. AGN photoionization of giant H ii regions
n the haloes of galaxies (C. J. Lintott et al. 2009 ; F. D’Eugenio
t al. 2025a ), or by strong gravitational lensing of H ii regions
hat are being externally radiated by starlight (H. Katz et al. 
025 ). 

 SELECTION  

.1 Balmer-jump selection 

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

.1.1 Balmer jump 

s shown in the left panel of Fig. 4 , the Balmer jump m3640 −
3650 , as traced by the immediate discontinuity blueward and red- 
ard of 3646 Å, decreases in absolute value with increasing tem- 
erature and with increasing two-photon continuum contribu- 
ion. Here we assume only the nebular continuum, including the 
 and He i contribution (using pyneb , V. Luridiana et al. 2015 ),
ut excluding any stellar continuum component. For regular star 
ormation, the stellar continuum is relatively substantial, further 
educing the magnitude shift 
m associated with the Balmer 
ump (see Fig. 3 ). Measuring the Balmer jump in this manner
ould require high-resolution spectroscopy, to avoid blending 
he higher order Balmer lines and e.g. [O ii ] emission with the
est-frame optical continuum level. In the case of low-resolution 
RISM spectroscopy or photometry, a longer wavelength baseline 
s needed to avoid this blending of emission lines and continuum
see Fig. 1 ). 
Hence, we show a more practical measure of the Balmer jump
3000 −m5750 in the right panel of Fig. 4 . Here, 3000 Å corre- 
ponds to the typical wavelength probed by the first NIRCam 

ide-band filter fully blueward of the Balmer limit, and 5750 
corresponds roughly to the midpoint of the wavelength range 
etween [O iii ] λ5007 and H α, which is relatively devoid of strong
mission lines, hence offering a measure of the rest-frame optical 
ontinuum level via medium-band photometry. Interestingly, the 
agnitude shift 
m associated with our measure of the Balmer 
ump now actually increases with increasing two-photon contin- 
um contribution. Due to the longer wavelength baseline, this 
easure is sensitive to both the immediate discontinuity (left 
anel), as well as the UV–optical slope. The smaller discontinuity 
s more than compensated for by the flatter slopes in the UV and
ptical. 
Depending on the source redshift, the He i λ5876 line may
ontribute a photometric boost to the medium-band filter used to 
ssess the rest-frame optical continuum level. While weak (max- 
mally∼100 Å rest-frame EW, E. Zackrisson et al. 2011 ; K. Naka- 
ima & R. Maiolino 2022 ), it can still lead to an overestimation of 
he continuum level (and thus an underestimation of the Balmer 
ump) by up to ∼0 . 16 mag for most medium-band filters, and at
ost∼0 . 32 mag for the narrowest filters ( F 430 M and F 460 M ). 
Balmer-jump measurements using NIRCam photometry (pen- 

agons) and NIRSpec PRISM spectroscopy (squares) are shown 
or the nebular-dominated candidates identified by H. Katz et al. 
 2025 ) in Fig. 4 (the displayed temperatures are from their fitting
o the PRISM spectra). These candidates are GS-9422 (green), 
198_7807 ( z = 5 . 347 , cyan), 1210_5217 ( z = 4 . 888 , blue), and
wo regions of a z = 3 . 99 strongly gravitationally lensed arc
ach thought to exhibit pure nebular continuum: 2561_17467 
light purple) and 2756_301 (dark purple). The photometric 
almer jump measurement corresponds to the magnitude dif- 
erence mb , UV −mr , opt between the first filter fully blueward of 
he Balmer jump and the appropriate medium-band filter be- 
ween [O iii ] λ5007 and H α (to be discussed in more detail in
he next section, though we determine the Balmer jump indi- 
ectly for 2198_7807, see Appendix B ). The spectroscopic Balmer 
ump measurements are obtained by determining the bandpass- 
veraged flux densities in the same filters using the NIRSpec 
RISM spectrum, so accounting for the photometric boost by 
e i λ5876 if in the filter. The candidates exhibit a wide range
n Balmer jump strengths, with photometric measurements be- 
ween −0 . 712 ≤ 
mjump ≤ −0 . 146 . The key point we wish to
ake is that nebular-dominated galaxies, possibly powered by 
tar formation following a top-heavy IMF, need not necessarily 
ave the largest Balmer jumps. Although they are thought to lack
 substantial stellar continuum component (thus increasing the 
almer jump), the massive, metal-poor star formation could lead 
o high H ii region temperatures (reducing the Balmer jump). In-
eed, using the K. Nakajima & R. Maiolino ( 2022 ) Pop III models,
e find that the Balmer jump measured in this way can be as
mall as −0 . 15 mag, due to the He i λ5876 photometric boost and
 red UV slope. 
Motivated by the smallest Balmer jumps seen in current obser- 
ations of nebular-dominated galaxy candidates (A. J. Cameron 
t 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.
aiolino 2022 ), we thus set our minimal Balmer jump threshold
s 
mjump < −0 . 15 . Our selection of nebular-dominated candi-
ates via the preliminary Balmer-jump cut may still not be com-
lete, due to photometric errors on the Balmer jump measure- 
ent (especially driven by the medium-band continuum mea- 
urement, which can cause galaxies to scatter out of the selec-
ion window, e.g. 2198_7807 upon reprocessing of the NIRCam 

ata). 
We note that there is not always good agreement between 

he photometric and spectroscopic Balmer jump measurements. 
his may stem from slightly different extraction apertures for 
he photometry or spectroscopy or it may be attributable to the
IRSpec flux calibration and/or noise in the rest-frame optical 
art of the PRISM spectrum where the SNR is lower. In particu-
ar, we note that for GS-9422 (Fig. 1 ) the photometric and spec-
roscopic measurements of the continuum appear very similar. 
owever, F 410 M , which we use in our Balmer-jump measure-
ent, is slightly boosted by He i λ5876 . After accounting for this,
MNRAS 549, 1–27 (2026)
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Figure 4. Left panel: the Balmer jump, as traced by the magnitude difference m3640 −m3650 between the continuum levels immediately blueward and 
redward of the Balmer limit at 3646Å, shown as a function of H ii 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 m3000 −m5750 , to avoid blending of emission lines and continuum. Here, the continuum 

level in the rest-frame optical m5750 is measured using a medium-band filter that lies between [O iii ] λ5007 and H α. He i λ5876 emission (maximally 
∼100 Å 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 
mjump < −0 . 15 . 
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 jump 
he spectroscopic Balmer-jump measurement is∼0 . 20 mag larger
han the photometric measurement (see Fig. 4 ). 

.1.2 Balmer jump colour selection 

e determine the Balmer jump by using a medium-band filter
o measure the rest-frame optical continuum level mr , opt between
O iii ] λ5007 and H α. We adopt this spectral range as it is relatively
evoid of prominent emission lines, with the exception of He i
5876 (EWrest maximally ∼100 Å, E. Zackrisson et al. 2011 ; K.
akajima & R. Maiolino 2022 ). In principle the spectral range
etween H α and [S iii ] λ9069 could also be adopted, with the
ontinuum level even accessible to wide-band filters (M. Nishi-
aki et al. 2023 ). The spectral range between the Balmer limit
3646Å) and H β is unsatisfactory, as the dense network of (weak)
mission lines means that a medium-band measurement (and
ertainly a wide-band measurement) will always be substantially
hotometrically boosted (in the case of a star-forming galaxy)
bove the actual continuum level. However, we note that the
ontinuum between H γ and H β is accessible by the narrow-
st medium-band filters ( F 250 M , F 430 M , F 460 M , and F 480 M ),
nabling the Balmer jump to be measured photometrically out
o z = 9 . 6 . 
The redshift range of applicability for each medium-band filter

s set by when H α redshifts out of the spectral range (yielding
he redshift lower limit) and when [O iii ] λ5007 redshifts into
he spectral range (yielding the redshift upper limit) of the filter.
e define the filter spectral range by the wavelength interval
here the throughput is more than 2.5 per cent of the maximum
hroughput. We set this very low throughput threshold to ensure
hat the continuum measurement is not affected by [O iii ] λ5007
NRAS 549, 1–27 (2026)
r H α line emission, even in the case of maximally strong emis-
ion (EWrest ∼ 4000 Å). 
Given the narrow nature of the medium bands, it is possible

hat multiple bands simultaneously reside in the wavelength in-
erval between [O iii ] λ5007 and H α. Hence, the redshift ranges of 
pplicability somewhat overlap. To ensure a unique filter choice
or a given redshift, we prioritise the filter with the greatest sensi-
ivity and area coverage, in this case F 335 M and F 410 M from the
eep extensive JADES imaging. 
We determine the rest-frame UV continuum level mb , UV using

he first filter fully blueward of the Balmer limit (again using the
.5 per cent of maximum throughput threshold to define the filter
pectral range). Generally a wide-band filter is used. Though if 
he data quality is comparable in a medium-band filter, with the
oise σmed at most 1 . 25 × that in the wide band σwide , the medium-
and filter is adopted to allow for a UV continuum measurement
loser to the Balmer limit. 
The Balmer jump 
mjump is thus defined as the magnitude
ifference between the continuum levels blueward and redward
f the Balmer limit: 

mjump = mb , UV −mr , opt . (1) 

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

m < −0 . 15 . (2) 
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.1.3 Balmer-jump galaxy candidates 

e show example Balmer-jump galaxy candidates selected via 
ur Balmer jump colour selection procedure in Fig. 5 . The fil-
ers probing the continuum levels blueward mb , UV and redward 
r , opt of the Balmer jump are coloured blue and red, respectively. 
he Balmer jump 
mjump is also denoted (green). The bagpipes 
t to the full HST + NIRCam photometry is shown in light
lue. 
We stress that these are Balmer-jump candidates, identified 

hrough the gap in flux density between the UV and optical, 
sing just two filters. It is possible that this gap is attributable
o an immediate discontinuity (the Balmer jump), a blue UV–
ptical slope, or a combination of the two. Hence not all of our
andidates likely actually exhibit a true Balmer jump. From the 
ontext of the full HST + NIRCam photometry, the bagpipes fits
uggest that the sources in the left panels have Balmer jumps
assessed via visual inspection), while the UV–optical gap for 
he sources in the right panels is due to a combination of a
almer jump and blue slope (top and middle), and a blue slope
bottom). 
We show the full distribution of sources in the 
mjump –z 
lane in Fig. 6 , colour-coded by the medium-band filter used
o probe the rest-frame optical continuum level. Galaxies be- 
ow the horizontal dashed line are Balmer-jump candidates 
2646 in total) with 
mjump < −0 . 15 . Galaxies that further sat-
sfy our nebular-dominated selection (discussed in the next sec- 
ion) are nebular-dominated galaxy candidates (displayed as 
tars). 

.2 Nebular-dominated selection 

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

.2.1 ξion , obs selection 

s discussed earlier, for the nebular continuum to dominate, 
 high stellar ionizing photon production efficiency ξion , ∗ is re- 
uired (A. J. Cameron et al. 2024 ; H. Katz et al. 2025 ). Hence, we
pply a ξion , obs cut to identify possible nebular-dominated candi- 
ates. 
From the medium band tracing the rest-frame optical contin- 
um level mr , opt , together with the wide band whose bandpass- 
veraged flux density mH α is boosted by H α, we can determine the
 α flux FH α . This can be crudely estimated using the approximate 
ormula 
m = −2 . 5 log 10 (1 + EWrest (1 + z) / 
λ) , where 
m = 

H α −mr , opt , and 
λ is the width of the wide-band filter. How- 
ver, this formula does not take the filter throughput into account,
or the fact that the NIRCam detectors count electrons, rather 
han measure energy, so introducing unnecessary systematics. 
e therefore use the relation: 

 fλ,H α〉 =
∫ 
fλ(λ) λT (λ)d λ∫ 

λT (λ)d λ
= 〈 fλ,r , opt 〉 + FH αλH α, obs T (λH α, obs ) ∫ 

λT (λ)d λ
, 

(3) 

here fλ = fλ,cont + fλ,H α is the combined continuum + H α

ux density per unit wavelength interval, 〈 fλ〉 is the bandpass-
veraged flux density per unit wavelength interval, T (λ) is the
hroughput of the wide-band filter, and λH α, obs is the observed 
avelength of H α. Given the relatively flat optical slope for
ebular-dominated emission (see Fig. 2 ), we assume that the 
ource spectrum is flat in fν , i.e. 〈 fλ,r , opt 〉 = 〈 fν,r , opt 〉 c 

λ2 pivot , H α
, where

pivot , H α is the pivot wavelength of the wide-band filter cover- 
ng H α. Using the best-fitting photometric redshift we subse- 
uently determine the H α luminosity LH α . We estimate the ioniz- 
ng photon production rate Ṅion = 7 . 28 × 1011 LH α assuming the 
tandard case-B conversion rate at 10 000 K (D. E. Osterbrock &
. J. Ferland 2006 ). We adopt a model-independent approach 
as eazy/bagpipes may not provide an adequate description of 
ebular-dominated galaxies) for estimating the monochromatic 
uminosity density at 1500Å, Lν, 1500 , using the bandpass-averaged 
ux density 〈 fν〉 in the first wide-band filter fully redward of Ly α.
his procedure yields ξion , obs = Ṅion /Lν, 1500 . 
Now the 1500 Å monochromatic luminosity Lν, 1500 is the 
um of the stellar Lν, 1500 , ∗ and nebular Lν, 1500 ,neb components, 
.e. Lν, 1500 = Lν, 1500 , ∗ + Lν, 1500 ,neb (see also the discussion in D. 
chaerer et al. 2025 ). With ξion , ∗ = Ṅion /Lν, 1500 , ∗ and defining 
ion , neb = Ṅion /Lν, 1500 ,neb , we have that ξion , obs = Ṅion / (Lν, 1500 , ∗ + 

ν, 1500 ,neb ) ≤ min (ξion , ∗, ξion , neb ) . This distinction is important 
ecause one observationally measures ξion , obs and not ξion , ∗. 
n normal circumstances the nebular component is negligible 
 Lν, 1500 ,neb 
 Lν, 1500 ,∗, see Fig. 3 ), so the total continuum is only
lightly larger than the stellar continuum, with ξion , obs only 
lightly smaller than ξion , ∗, i.e. ξion , obs � ξion , ∗. However, in the 
ebular-dominated scenario the nebular component can be sub- 
tantial ( Lν, 1500 ,neb 	 Lν, 1500 , ∗), so the total continuum is only 
lightly larger than the nebular continuum, with ξion , obs only 
lightly smaller than ξion , neb , i.e. ξion , obs � ξion , neb 
 ξion , ∗. 
As shown in Fig. 7 , for normal starbursts with a regular

MF (e.g. E. E. Salpeter 1955 ; P. Kroupa 2001 ; G. Chabrier
003 ), log (ξion , ∗/(Hz erg−1 ) ) ( ≈ 25 . 85 ) is substantially smaller 
han log ξion , neb with regular two-photon continuum emission 
 2 γ × 1 , ≈ 26 . 4 ), i.e. the stellar continuum at 1500 Å is approx-
mately 3–4 × larger than the nebular continuum, so the total 
ontinuum and thus log (ξion , obs /(Hz erg−1 ) ) ( ≈ 25 . 75 ) is only 
lightly smaller than log ξion , ∗. For a starburst following a top- 
eavy IMF, log (ξion , ∗/(Hz erg−1 ) ) ( ≈ 26 . 70 for a Pop III.1 IMF
rom E. Zackrisson et al. 2011 ) can be substantially larger than
og ξion , neb , especially if the two-photon continuum emission is 
ollisionally enhanced, i.e. the nebular continuum dominates 
nd log ξion , obs is only slightly smaller than log ξion , neb . 
In other words, ξion , obs does not become arbitrarily large with an 

ncreasingly more top-heavy IMF (i.e. does not indefinitely scale 
ith increasing ξion , ∗), but instead saturates at the nebular value 
ion , neb (for more details, see also the helpful discussions in H. 
atz et al. 2025 ; D. Schaerer et al. 2025 ). With the higher H ii
egion temperatures expected to accompany top-heavy, metal- 
oor star formation, as well as the collisionally enhanced two- 
hoton continuum emission (both of which decrease ξion , neb ), the 
imiting nebular log (ξion , obs /(Hz erg−1 ) ) value ( ≈ 26 . 0 , depend- 
ng on temperature and collisional enhancement) is not substan- 
MNRAS 549, 1–27 (2026)
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Figure 5. SEDs of Balmer-jump galaxy candidates, selected as having UV–optical colours 
mjump < −0 . 15 . bagpipes fits to the full photometry are 
shown in light blue. As in Fig. 1 , the RGB ( F 444 W, F 200 W, and F 115 W) cutout spans 2 × 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). 
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ially larger than the log ξion , obs values expected for normal star-
ursts ( ≈ 25 . 75 ), as also discussed in H. Katz et al. ( 2025 ) and D.
chaerer et al. ( 2025 ). Hence observationally, one unfortunately
educes relatively comparable ξion , obs for these two extremely dif-
NRAS 549, 1–27 (2026)
erent scenarios. It is only in the case of star formation following
 top-heavy IMF that is radiating into high-density gas ( ne 	
04 cm 

−3 , dark red in Fig. 7 ) that ξion , obs can become arbitrarily
arge. 
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Figure 6. The distribution of sources in the 
mjump –z plane, colour-coded by the medium-band filter used to measure the rest-frame optical continuum 

level. Vertical dashed lines indicate the redshift range of applicability for each medium band. Note that the depth and area covered by the various medium 

bands varies, hence why there are e.g. a lack of sources associated with the redshifts spanned by the shallower, limited coverage of the F 430 M , F 460 M , and 
F 480 M filters. Balmer-jump candidates are below the horizontal dashed line, with 
mjump < −0 . 15 . Galaxies that further satisfy our nebular-dominated 
criteria (high ξion , obs and non-blue UV slopes) are nebular-dominated candidates (stars). 

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 ξion , ∗ = Ṅion /Lν, 1500 , ∗, the stellar continuum at 1500 Å Lν, 1500 , ∗ is substantially brighter than the nebular continuum Lν, 1500 ,neb , so 
the observed ionizing photon production efficiency ξion , obs = Ṅion /Lν, 1500 � ξion∗ . With star formation following a top-heavy IMF (here a 1 Myr old Pop 
III.1 starburst from E. Zackrisson et al. 2011 ), due to the much larger ξion , ∗, the nebular continuum dominates and ξion , obs � ξion , neb = Ṅion /Lν, 1500 ,neb . 
Given the high H ii region temperatures and collisionally enhanced two-photon continuum emission expected to accompany star formation following 
a top-heavy IMF, the ξion , 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 (ξion , obs /(Hz erg−1 ) ) > 25 . 60 
(green dashed horizontal line). 
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We show the spectroscopic (pentagon, reported in H. Katz 
t al. 2025 ) and photometric ξion , obs (square, derived using the 
rocedure outlined above) values for GS-9422 (light green) in 
ig. 7 , as well as the other nebular-dominated spectroscopic can- 
idates reported by H. Katz et al. ( 2025 ). Due to the possibly
onsiderable collisional enhancement of two-photon continuum 

mission in GS-9422, the spectroscopic (25.78) and photometric 
25.70) log (ξion , obs /(Hz erg−1 ) ) values are not exceptionally large 
MNRAS 549, 1–27 (2026)
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4

though still high compared to most galaxies). Motivated by this,
e set our nebular-dominated selection threshold: 

log (ξion , obs /(Hz erg−1 ) ) > 25 . 60 . (4) 

e allow for some buffer with respect to the measured photomet-
ic value to account for photometric measurement uncertainties,
s well as accommodating even stronger collisional enhance-
ent of the two-photon continuum emission. Thus, our nebular-
ominated ξion , obs cut is readily achievable by normal starbursts
especially if dust attenuation is present, inflating the ξion , obs val-
es), and is not unique to top-heavy starbursts (C. Simmonds et al.
023 ; K. Boyett et al. 2024 ; P. Rinaldi et al. 2024 ; A. Saxena et al.
024 ; C. Simmonds et al. 2024a , b ; R. Begley et al. 2025 ; I. H.
aseter et al. 2025 ; C. Papovich et al. 2026 ). 1 Hence, we cannot
uarantee that our nebular-dominated candidates will actually
xhibit a two-photon continuum turnover in their spectra. 
We note that we do not correct our ξion , obs values for possible
ust attenuation effects. This is because the inferred dust cor-
ection may depend on the IMF assumed. SED-fitting is often
sed to estimate the amount of dust reddening from the observed
hotometry (e.g. I. Shivaei et al. 2018 ; A. Pahl et al. 2025 ; A.
. Pahl et al. 2026 ), based on how much redder the continuum
ppears relative to the dust-free scenario. As we shall discuss
n Section 4.2.2 , the unreddened UV slopes for young starbursts
ollowing a regular IMF (e.g. E. E. Salpeter 1955 ; P. Kroupa 2001 ;
. Chabrier 2003 ) are generally bluer than for nebular-dominated
alaxies. Hence, the amount of dust reddening inferred to match
 given observed UV slope will be greater than in the nebular-
ominated case. Since we are considering the possibility of the
ebular-dominated scenario, but likely cannot adequately distin-
uish between dust-reddened starbursts and nebular-dominated
alaxies using photometry alone, we apply no dust correction to
he ξion , obs values. The development of nebular-dominated spec-
ral templates would facilitate such dust corrections in future
ork. 
At z > 6 . 6 , H α is redshifted out of the NIRCam spectral

ange, so ξion , obs cannot be estimated following the above proce-
ure. Instead, we rely on using the combined equivalent width
W[O III]+H β of [O iii ] λλ4959 , 5007 and H β as a tracer of ξion , obs (J.
hevallard et al. 2018 ; M. Tang et al. 2019 ; Y. I. Izotov et al. 2021 ;
. Boyett et al. 2024 ; C. Simmonds et al. 2024a ; I. H. Laseter et al.
025 ). As shown in Fig. 8 (left panel), there is a clear correlation
etween ξion , obs andEWH α (see also M. Tang et al. 2019 ; Y. I. Izotov
t al. 2021 ; I. H. Laseter et al. 2025 ) for Balmer-jump galaxies,
ith the scatter mostly being driven by the range of relative con-
inuum levels in the UV and optical, traced by the Balmer jump
mjump . For a given H α luminosity, increasing the Balmer jump
educes the optical continuum level, thereby increasing EWH α for
 given ξion , obs . However, we find no such clear trend to describe
he scatter in the correlation between ξion , obs and EW[O III]+H β
right panel), where the solid orange and light lines correspond
o the median and (16,84) percentiles, respectively. This should
ot come as a surprise, as the [O iii ] emission (which tends to
ominate over H β, J. Matthee et al. 2023 ; R. A. Meyer et al. 2024 )
ntroduces additional dependencies on metallicity and ionization
arameter, complicating the scatter compared to what was seen
ith H α. 
NRAS 549, 1–27 (2026)

 See also the tabulated list of ξion , ∗ (stellar continuum only) and ξion , obs 
stellar + nebular) values for a range of IMFs in D. Schaerer et al. ( 2025 ). 

I  

n  

s  

(  
Here, we estimate EW[O III]+H β following a similar procedure
o H α (using equation 3 ), now using the wide-band filter boosted
y [O iii ] λ5007 , also accounting for the contributions from [O iii ]
4959 and H β (assuming [O iii ] λ5007 / H β = 5 , which is compa-
able to the line ratio typically seen in high-redshift galaxies, J.
atthee et al. 2023 ; R. A. Meyer et al. 2024 ). We note that a line
atio needs to be assumed to account for and weight correctly the
lter throughputs at the [O iii ] and H β lines, though generally the
atio assumed has a very negligible effect on the EW determined,
nless the lines are near a filter edge. 
From the observed correlation between EWH α and

ion , obs , EWH α ≈ 1200 Å roughly corresponds to a median
og (ξion , obs /(Hz erg−1 ) ) = 25 . 60 (without further accounting
or the 
mjump dependence). Assuming a line flux ratio
 α/H β = 2 . 86 , and a flat fν spectrum, this corresponds to
WH β = 230 Å. Further assuming a typical flux ratio [O iii ]
5007 / H β = 5 , our nebular-dominated ξion , obs threshold
orresponds EW[O III]+H β = 1850 Å. Hence, we select nebular-
ominated candidates at z > 6 . 6 with: 

W[O III]+H β > 1850 Å. (5) 

t the 1850 Å threshold, we expect (assuming no red-
hift evolution) ≈50 per cent of these to actually exhibit
og (ξion , obs /(Hz erg−1 ) ) > 25 . 60 . We acknowledge that extremely
etal-poor galaxies (with weak [O iii ] emission and thus low
W[O III]+H β) that actually have large ξion , obs would not be se-
ected through this procedure, due to our assumption of [O iii ]
5007 / H β = 5 in determining the EW threshold. We also adopt
his procedure to identify nebular-dominated galaxy candidates
hen H α resides in the gap between NIRCam wide-band
lters. 
We close by briefly noting some challenges with correctly es-

imating ξion , obs . First, LH α can be underestimated due to the
hotometric boost by He i λ5876 causing the rest-frame optical
ontinuum level to be overestimated (∼10 per cent effect). On
he other hand, we assume that H α solely contributes to the
hotometric excess seen in its accompanying wide-band filter.
owever, helium and metal (i.e. [N ii ] and [Ar iii ]) lines can also
ontribute, so H α can be overestimated (∼10 per cent). Addi-
ionally, the higher H ii region temperatures expected for metal-
oor star formation following a top-heavy IMF, demand a larger
H α to Ṅion conversion factor (∼10 per cent), increasing ξion , obs 
H. Katz et al. 2025 ). However, just like collisional excitations
an enhance the two-photon continuum emission, so too can
hey enhance H α emission, through excitation to the n = 3 state
though at a lesser rate than to n = 2 , A. Raiter et al. 2010 ), caus-
ng the photoionization rate to be overestimated (∼30 per cent).
inally, strong UV lines (see Fig. 1 ) can contribute to a photo-
etric excess in the wide-band filter used to determine Lν, 1500 ,
ausing ξion , obs to be underestimated (∼20 per cent, which might
xplain the slight discrepancy in the spectroscopic and photomet-
ic ξion , obs values seen for GS-9422 in Fig. 7 ). We will discuss the
mplications of these strong UV lines in more detail in the next
ection. 

.2.2 UV colour selection 

n addition to demanding a high ξion , obs , we further require our
ebular-dominated candidates to have a relatively non-blue UV
lope. The reason for this is that under normal star formation
i.e. regular IMF, E. E. Salpeter 1955 ; P. Kroupa 2001 ; G. Chabrier



Nebular-dominated galaxies at 1.5 < z < 8.5 15

Figure 8. Left panel: the observed ionizing photon production efficiency ξion , obs is clearly correlated with the H α equivalent width EWH α(with both 
parameters determined empirically from the photometry) for our sample of Balmer-jump candidates at z < 6 . 6 . The scatter in the relation is mostly 
explained by variations in the Balmer jump 
mjump (colour coding). Right panel: we find no such clear trend to describe the scatter in the correlation 
between ξion , obs and the [O iii ] λλ4959 , 5007 + H β equivalent width EW[O III]+H β (so colour-coding by Balmer jump not shown), which is perhaps 
to be expected given the additional dependence of [O iii ] emission on metallicity and ionization parameter. At z > 6 . 6 , H α is redshifted out of the 
NIRCam spectral range, so we instead use EW[O III]+H β as a proxy for ξion , obs in our nebular-dominated selection. As z < 6 . 6 Balmer-jump candidates 
start appreciably populating the nebular-dominated regime (log (ξion , obs /(Hz erg−1 ) ) > 25 . 60 , green) at EW[OIII]+H β � 1850 Å, we use this EW cut at 
z > 6 . 6 . 
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Figure 9. The UV slope 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 + 2 γ , red) is red. 
This distinction wanes with increasing collisional enhancement of the 
two-photon continuum emission ( 2 γ × 4 , dark blue). Moreover, strong 
UV lines (C iv , He ii , O iii ], and C iii ]) 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 F 115 W − F 200 W > −0 . 4 (horizon- 
tal dashed line). 

n

003 ), the UV slope is rather blue due to the rising stellar con-
inuum that dominates, especially at UV wavelengths well below 

he Balmer limit, see the 1 Myr starburst (light blue) generated 
ith Bagpipes shown in Fig. 9 . On the other hand, the UV con-
inuum for a nebular-dominated galaxy (here at T = 20156 K, 
he inferred temperature for GS-9422, H. Katz et al. 2025 ) with
o collisional enhancement of the two-photon emission (ff + 

+ 2 γ , red) is red. With collisional enhancement of the two-
hoton continuum emission, the UV slope of the nebular contin- 
um flattens (see Fig. 2 ), as the fall of the free–bound and free–
ree emission is compensated for by the rise of the two-photon
ontinuum emission (A. J. Cameron et al. 2024 ). However, in the
ase of considerable collisionally-enhanced two-photon contin- 
um emission (e.g. ff + fb + 2 γ × 4 , dark blue), the nebular
V slope becomes comparably blue to that of a normal star-
urst, weakening the distinction between regular and nebular- 
ominated galaxies. Note that the continuum of GS-9422 (dark 
reen), here redshifted to z = 5 . 60 , is rather well described as
aving considerable collisional enhancement ( 2 γ × 4 ). 
In addition, GS-9422 exhibits strong UV emission lines (A. J. 
ameron et al. 2024 ): C iv λλ1548 , 1550 , He ii λ1640 + O iii ]
λ1661 , 1666 and C iii ] λ1907 , 1909 . The C iv and He ii + O iii ]
ines likely contribute to the photometric excess (∼0 . 2 mag) seen
n the F 115 W filter in Fig. 1 . By placing GS-9422 at z = 5 . 60 , the
 iii ] line further contributes to the photometric excess, result-
ng in UV photometry (light green, Fig. 9 ) that is almost indis-
inguishable from that of a normal starburst (dark blue). Such 
igh EW UV lines are expected in the case of star formation
ollowing a top-heavy IMF in a non-pristine environment (K. 
akajima et al. 2018 ). Hence, the same star formation follow- 
ng a top-heavy IMF that powers the high normalization of the
ebular continuum, also possibly powers strong UV lines and 
ollisional enhancement of the two-photon continuum, which 
esults in hiding the otherwise characteristically red UV slope of 
d

ebular-dominated emission (H. Katz et al. 2025 ) in photometric 
ata. 
MNRAS 549, 1–27 (2026)
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It is for this reason that we apply a relatively conservative UV
olour cut, that demands the UV colour to be less blue than some
hreshold. We require the magnitude difference between the first
UV, 1 and third wide-band mUV, 3 filters fully redward of Ly α to
e greater than −0 . 4 : 
UV, 1 −mUV, 3 > −0 . 4 . (6) 

o at e.g. z = 5 . 60 , this amounts to F 115 W − F 200 W > −0 . 4 .
he −0 . 4 colour threshold is motivated by the example of GS-
422 redshifted to z = 5 . 60 , introducing some buffer to account
or possibly even stronger UV lines and/or photometric error on
he colour measurement. The ξion , obs cut (equation 3 ) is the rel-
tively more demanding nebular-dominated selection criterion,
hile the UV colour cut (equation 6 ) serves as more of a consis-
ency check. 

.2.3 Nebular-dominated galaxy candidates 

e show example nebular-dominated galaxy candidates in
ig. 10 , arranged in order of increasing ξion , obs (noted in red in
he individual panels), going from left to right, top to bottom.
agpipes fits to the HST + NIRCam photometry are shown in
ark green. The sources exhibit notable Balmer jumps, strong
mission lines, high ξion , obs and relatively flat UV slopes, fol-
owing our selection procedure. Thus they are compatible with
eing nebular-dominated galaxies (A. J. Cameron et al. 2024 ;
. Katz et al. 2025 ), given our various cuts, though we stress
hat they do not necessarily have to be nebular-dominated. To
ccommodate e.g. the range of possible Balmer jump strengths,
ion , obs values and UV colours, we have had to be quite general,
dopting relatively relaxed selection criteria (equations 2 , 4 , and
 ,). Hence it is possible that when fitting the full photometry
rather than the select data points comprising our cuts) with tai-
ored nebular-dominated templates, that not all of our candidates
ersist. 
Furthermore, we see that the standard bagpipes templates
rovide adequate fits to the photometry of the nebular-dominated
andidates displayed in Fig. 10 . Thus one does not have to
nvoke star formation following a top-heavy IMF with nebular-
ominated emission in all cases to explain their photometry,
ince regular star formation with a standard IMF (e.g. E. E.
alpeter 1955 ; P. Kroupa 2001 ; G. Chabrier 2003 ) may suffice.
ere, the large log (ξion , obs /(Hz erg−1 ) ) values (25.91, 26.00),
xceeding what is possible for a starburst following a normal
MF, are attributable to dust attenuation. This attenuates the
est-frame UV ( Lν, 1500 ) more than the rest-frame optical (H α),
hus inflating ξion , obs . Assuming the dust attenuation around H α

s approximately given by AV , and the attenuation around 1500
is AUV , then the shift in ξion , obs is approximately 
 log ξion , obs ≈

(AUV − AV ) / 2 . 5 ≈ 0 . 6 AV , where AUV ≈ 2 . 5 AV for the D. Calzetti
t al. ( 2000 ) law. So one should not have the expectation that
ebular-dominated galaxies will exhibit unique photometry.
ather the very fact that the photometry of a galaxy is
onsistent with nebular-dominated templates (or nebular-
ominated cuts) makes a compelling case for the source to ac-
ually be nebular-dominated. Ultimately, deep follow-up contin-
um spectroscopy with the NIRSpec PRISM is needed to establish
he presence or absence of the two-photon continuum turnover
n the nebular-dominated candidate spectra, thus determining
hether they are nebular-dominated galaxies or dust-reddened
tarbursts. 
NRAS 549, 1–27 (2026)

a  
We list the properties of a randomly-selected subsample of 
0 of our nebular-dominated galaxy candidates in Table 1 , ar-
anged in order of decreasing redshift. The listed Balmer jump
mjump , observed ionizing photon production efficiency ξion , obs ,
V colour mUV, 1 −mUV, 3 , absolute UV magnitude at ∼1500 Å
UV , the absolute magnitude in the medium-band filter tracing
he rest-frame optical continuum Mopt , [O iii ] + H β EW, H α EW
orrespond to the values measured from the actual photometry.
he (16, 84) percentiles for each parameter were determined by
andomly shifting each photometric data point according to its
rror (assuming a normal distribution), measuring the subse-
uent parameter values for the new realization of the photometry,
nd repeating this procedure for 100 randomly shifted samples to
stablish the parameter errors. 
Across 1 . 5 < z < 8 . 5 , we identify 2646 Balmer-jump galaxy
andidates and 937 nebular-dominated galaxy candidates out of 
he total sample of 15 259 galaxies (see Fig. 6 ). We note that
ome of the nebular-dominated galaxy candidates are at pho-
ometric redshifts where H α is at the edge of a wide-band fil-
er. Given the lower filter throughput (minimally 50 per cent of 
aximum, given our redshift cuts), the inferred H α emission is
trong, despite the relatively small observed photometric boost by
 α. Additionally, due to the more strongly varying throughput
t the filter edge, the inferred H α EW (and resulting ξion , obs ) is
articularly sensitive to uncertainties in the redshift. Hence, it
s possible that these nebular-dominated galaxy candidates are
ess reliable than the candidates at redshifts away from the filter
dge. 

 BALMER-JUMP  AND  NEBULAR-DOMINATED  

TATISTICS  

aving outlined our selection procedures, we now discuss the
eneral properties of our Balmer-jump and nebular-dominated
alaxy candidate samples. We focus here on empirical, model-
ndependent properties. Physical properties, such as stellar mass

∗ and star formation rate are of course of interest, though de-
end on the choice of IMF adopted to convert the observables
photometry) into physically inferred quantities. Since we believe
ome of our sources may exhibit nebular-dominated emission,
hich demands a top-heavy IMF if powered by star formation,
hysical parameters derived using standard templates incorpo-
ating normal IMFs will be inaccurate. 

.1 Continuum and line statistics 

e show normalized histograms of continuum properties in Fig.
1 , for our Balmer-jump candidates (satisfying the Balmer-jump
riterion: equation 2 , blue), the subset of nebular-dominated can-
idates (further satisfying equations 4 / 5 and 6 , green), and con-
rol galaxies which do not satisfy the Balmer-jump criterion (i.e.
hich have 
mjump > −0 . 15 , red). As a reminder, we apply no
pparent/absolute magnitude cut or stellar mass limit cut to our
amples. The Balmer-jump and nebular-dominated candidates,
ogether with the control sample, are all drawn from the same
OODS -S and GOODS -N fields which typically vary in depth
rom 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
pplying apparent magnitude cuts mUV (mimicking the depths
n shallower JWST imaging programs) qualitatively preserves
he relative trends between the Balmer-jump, nebular-dominated
nd 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 (ξion , obs /(Hz erg−1 ) ) > 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 + 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. 
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nd luminosities for these samples to brighter values. The ab- 
olute magnitudes displayed in Fig. 11 correspond to total flux 
ensities, derived from scaling by the flux density ratio between 
he Kron aperture and a 0.3 arcsec diameter circular aperture. 
rom the left panel we see that these systems exhibit relatively 
imilar distributions in MUV , the absolute magnitude in the first 
ide-band filter fully redward of Ly α. The median MUV value 
indicated by the vertical dashed lines) for the three samples is

−18 . 35 . Given (by definition of the Balmer jump selection) the
edder UV–optical colours for the control sample, these tend to 
xhibit a brighter Mopt , the absolute magnitude in the medium- 
and filter tracing the rest-frame optical continuum, with a me- 
ian Mopt = −18 . 80 compared to −17 . 95 for the Balmer-jump
nd nebular-dominated candidate samples (see the right panel). 
. Roberts-Borsani et al. ( 2024 ) stack NIRSpec PRISM spectra for
y α emitters (LAEs, EWLyα > 30 Å) and non-LAEs (EWLyα < 10 
) at 5 < z < 8 , finding similar qualitative results. Whilst the
AE and non-LAE stacks have comparable MUV ≈ −18 . 6 , the
AE stack exhibits a Balmer jump, which the non-LAE stack 
acks. Thus, the stronger line-emitting LAE stack (somewhat 
nalogous to our Balmer-jump and nebular-dominated candidate 
amples), has a fainter optical continuum compared to the non- 
AE stack (somewhat analogous to our control sample), despite 
he similar MUV . 
We show normalized histograms of the emission-line proper- 

ies in Fig. 12 . As expected from our Balmer-jump cut, which aims
o select young starbursts, our Balmer-jump candidates generally 
ave larger H α EWs (top-left panel) than the control sample, with
edians of 1007 and 294 Å, respectively. There is a low EW tail of 
almer-jump candidates, which could correspond to sources with 
lue slopes (rather than an actual Balmer jump) that satisfy our
V–optical colour cut, or sources which spuriously satisfy the cut 
ue to photometric uncertainties (systematic/statistical), which 
o not have particularly strong line emission. Given the high 
ion , obs of our nebular-dominated candidates (equation 4 ), and 
he correlation between ξion , obs and EWH α (Fig. 8 ), these sources 
MNRAS 549, 1–27 (2026)
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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 
mjump (equation 1 ), observed ionizing photon production 
efficiency log ξion , obs (cf. equation 4 ), UV colour mUV, 1 −mUV, 3 (cf. equation 6 ), absolute magnitude at ∼1500 Å rest-frame MUV , rest-frame optical 
continuum absolute magnitude Mopt , [O iii ] + H β rest-frame EW, and H α 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 (H α or [O iii ] λ5007 ) resides in the gap between wide-band 
filters, or is redshifted out of the NIRCam spectral range. 

ID RA Dec. z 
mjump log ξion , obs mUV, 1 −mUV, 3 MUV Mopt EW[O III]+H β EWH α
(mag) (Hz erg−1 ) (mag) (mag) (mag) (Å) (Å) 

1225368 189.40965 62.26255 6 . 85+0 . 03 
−0 . 02 −0 . 32+0 . 22 

−0 . 18 - −0 . 20+0 . 12 
−0 . 11 −19 . 56+0 . 08 

−0 . 10 −19 . 16+0 . 16 
−0 . 19 2728+565 

−761 - 
9723 53.03720 −27 . 89547 6 . 57+0 . 04 

−0 . 01 −0 . 28+0 . 15 
−0 . 13 25 . 78+0 . 12 

−0 . 11 −0 . 01+0 . 16 
−0 . 18 −17 . 87+0 . 13 

−0 . 19 −17 . 70+0 . 10 
−0 . 14 2048+311 

−470 1551+390 
−540 

407498 52.99844 −27 . 83942 6 . 53+0 . 05 
−0 . 02 −0 . 17+0 . 04 

−0 . 05 25 . 67+0 . 04 
−0 . 04 −0 . 08+0 . 04 

−0 . 04 −19 . 84+0 . 02 
−0 . 03 −20 . 13+0 . 04 

−0 . 04 1567+87 
−106 1161+138 

−146 
144012 53.10025 −27 . 75862 6 . 53+0 . 06 

−0 . 03 −0 . 37+0 . 11 
−0 . 10 25 . 77+0 . 05 

−0 . 07 −0 . 17+0 . 06 
−0 . 09 −19 . 45+0 . 05 

−0 . 05 −18 . 98+0 . 08 
−0 . 12 2828+277 

−382 1909+311 
−559 

354358 53.04097 −27 . 92838 6 . 50+0 . 25 
−0 . 03 −0 . 28+0 . 14 

−0 . 11 25 . 67+0 . 08 
−0 . 09 −0 . 12+0 . 10 

−0 . 12 −19 . 06+0 . 07 
−0 . 08 −18 . 89+0 . 09 

−0 . 11 1552+225 
−315 1352+308 

−394 
473105 53.14579 −27 . 93137 6 . 36+0 . 22 

−0 . 06 −0 . 23+0 . 10 
−0 . 09 25 . 86+0 . 03 
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enerally have even larger H α EWs, with a median of 1567 Å,
ith our additional cuts mostly eliminating the low EW tail from
he sample. Similar trends are seen for the [O iii ] + H β EWs (top-
ight panel), with median EWs of 342, 1555, and 2292 Å for the
ontrol galaxies, the Balmer-jump candidates, and the nebular-
ominated candidates, respectively. This mirrors the correlation
een between the Balmer jump 
mjump and EW[O III] from the
NRAS 549, 1–27 (2026)
IRSpec PRISM stacking analysis of 4 < z < 10 galaxies by M. J.
ayes et al. ( 2025 ). Thus, our continuum-selected Balmer-jump
andidates can generally be classified as extreme emission-line
alaxies (EWrest � 750 Å, S. Withers et al. 2023 ; K. Boyett et al.
024 ; K. Davis et al. 2024 ; M. Llerena et al. 2024 ). 
Despite their fainter optical continua Mopt , Balmer-jump can-
idates 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 
galaxies with 
mjump > −0 . 15 (i.e. which fail the Balmer-jump selection, red). Left panel: the median (indicated by the vertical dashed lines) absolute 
magnitude in the first wide-band fully redward of Ly α MUV ≈ −18 . 35 is similar for the three samples. Right panel: owing to the redder UV–optical 
colours for the control sample, their median absolute magnitude in the medium-band filter tracing the rest-frame optical continuum Mopt = −18 . 78 is 
brighter than the median Mopt = −17 . 95 for the Balmer-jump and nebular-dominated candidates. 
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 α (bottom-left panel) and [O iii ] + H β luminosities (bottom
ight), due to their higher line EWs. The median log (LH α/erg s−1 ) 
s 41.46, 41.65, and 41.86, for control galaxies, Balmer-jump 
andidates, and nebular-dominated candidates, respectively. For 
og (L[O III]+H β/erg s−1 ) , the medians are 41.71, 42.06, and 42.24, 
espectively. Thus, the [O iii ] + H β emission is generally 
2–2.5 × brighter than H α across our samples. The brighter line 
uminosities for our Balmer-jump and nebular-dominated can- 
idates relative to the control sample, is qualitatively consistent 
ith the results of M. Llerena et al. ( 2024 ), who found that ex-
reme emission-line galaxies colour-selected via their emission- 
ine photometric excess tended to have brighter H α and [O iii ]
 H β fluxes than their control sample. 
We note a subset of sources, especially control galaxies, with 
ery small ( < 10 Å) EWs and low line luminosities ( < 1039 erg
−1 ). These need not all be quiescent galaxies. From our colour-
ased approach for determining the line EWs, if the wide-band 
fν measurement covering the emission line happens to be fainter 
han the rest-frame optical continuum measurement, then the 
nferred EW is negative, which we set to 10 Å for display purposes
n Fig. 12 . This situation can occur due to photometric noise
n the flux density measurements and/or a blue (red) optical 
lope in the case of H α ([O iii ] + H β), coupled with relatively
eak emission lines. Furthermore, our colour-based approach 
ssumes a flat optical fν slope. In the case of very red con-
rol galaxies, e.g. dusty galaxies, quiescent galaxies, Little Red 
ots (V. Kokorev et al. 2024 ; D. D. Kocevski et al. 2025 ), this
ould cause the H α EW ([O iii ] + H β EW) to be overestimated
underestimated). 

.2 Redshift evolution 

e further investigate the incidence rate of Balmer jumps 
nd possible nebular-dominated emission in the galaxy popu- 
ation. We count the number of Balmer-jump candidates and 
ebular-dominated candidates in absolute magnitude bins of 
idth 
M = 1 , and divide this by the total number of galax-
es ( = Balmer-jump candidates + control galaxies) within that 
in. We split galaxies in redshift, according to the medium band
sed to trace the rest-frame optical continuum level. In the case
f low statistics, we group multiple medium bands (i.e. red- 
hift intervals) together. The resulting Balmer-jump fractions and 
ebular-dominated fractions are shown in the left and right pan- 
ls of Fig. 13 , respectively. 
The Balmer-jump fractions clearly increase with increasing 

edshift. When binning by MUV (top panels), the Balmer- 
ump fraction grows from ∼7 per cent at 1 . 65 < z ≤ 2 . 92
using the F 162 M + F 182 M + F 210 M filters, blue) to
19 per cent at 2 . 92 < z ≤ 4 . 54 ( F 250 M + F 300 M , green)
nd ∼32 per cent at 5 . 68 < z ≤ 6 . 58 ( F 410 M , orange). This
ise in Balmer-jump fraction (a continuum-based tracer of 
tarburst activity) with increasing redshift is qualitatively similar 
o the rise in extreme (EWrest > 750 Å) emission-line galaxy 
ractions (line-based tracer) with redshift (K. Boyett et al. 
024 ). 
Across the different redshift bins, the Balmer-jump fractions 
re generally relatively flat with MUV , with perhaps a tenta- 
ive deficit at the brightest magnitudes. On the other hand, the
almer-jump fraction exhibits a clearly increasing trend with 
ncreasing Mopt (bottom-left panel), i.e. Balmer-jump galaxies 
ominate at fainter optical magnitudes. For example, at 4 . 54 <
 ≤ 5 . 25 ( F 335 M , yellow), the Balmer-jump fraction rises from
4 per cent at Mopt = −21 to ∼21 per cent at Mopt = −19 and
49 per cent at Mopt = −17 . This might suggest that while galax-
es can be UV faint for a variety of reasons (low-mass starburst,
nactive/dusty massive galaxy), galaxies tend to be optically-faint 
f they are low-mass starbursts. However, the rising Balmer- 
ump fraction with increasing Mopt may also (partly) reflect 
 selection bias. By definition, Balmer-jump galaxies will be 
righter in the UV than in the optical, so they should remain
etectable (passing our 5 σ SNR cut) in the rest-frame UV, even
t faint Mopt . On the other hand, control galaxies, with their
ed UV–optical colours (possibly Balmer breaks, e.g. A. Ku- 
uvanthodi et al. 2024 ; D. Langeroodi & J. Hjorth 2024 ; T. J.
ooser et al. 2024 ; J. A. A. Trussler et al. 2024 , 2025 ; W. M.
aker et al. 2025 ; C. Witten et al. 2025b ; A. Covelo-Paz et al.
MNRAS 549, 1–27 (2026)
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M

Figure 12. Top panel: similar to Fig. 11 , now showing normalized histograms for the H α rest-frame equivalent widthEWH α (left) and [O iii ] λλ4959 , 5007 
+ H β rest-frame equivalent width EW[O III]+H β (right). The median EWs for nebular-dominated and Balmer-jump candidates are substantially larger 
than for control galaxies, at 1567, 1007, and 294 Å for H α, and 2292, 1555, and 342 Å for [O iii ] + H β, respectively. Bottom panel: normalized histograms 
for the H α luminosity LH α (left) and [O iii ] + H β luminosity L[O III]+H β (right). The median log (LH α/erg s−1 ) is 41.86, 41.65, and 41.46, for nebular- 
dominated candidates, Balmer-jump candidates, and control galaxies, respectively. For log (L[O III]+H β/erg s−1 ) , the medians are 42.24, 42.06, and 41.71, 
respectively. 
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026 ) will be fainter in the UV than in the optical, hindering
heir rest-frame UV detection at fainter Mopt , so they may not
e selected. The fainter the Mopt bin, the smaller the maximal
ed UV–optical colour that will still pass our 5 σ initial selec-
ion procedure, increasingly biasing the sample to Balmer-jump
alaxies. 
The nebular-dominated fractions follow similar qualitative

rends. Binning by MUV (top-right panel), the nebular-dominated
raction increases from ∼2 per cent at 1 . 65 < z ≤ 2 . 92 to
11 per cent at 5 . 68 < z ≤ 6 . 58 . While an MUV trend is not imme-
iately evident, the nebular-dominated fraction clearly increases
ith increasing Mopt . 
Finally, we show the redshift-evolution of the distribution of 
almer jumps 
mjump in Fig. 14 . Negative 
mjump values cor-
espond to Balmer jumps and/or blue UV–optical slopes, while
ositive values correspond to Balmer breaks and/or red UV–
ptical slopes. The vertical dashed line at 
mjump = −0 . 15 de-
otes our Balmer-jump candidate selection criterion. As already
NRAS 549, 1–27 (2026)
ndicated by Fig. 13 , Balmer jumps become increasingly com-
on at higher redshift. For example, the cumulative fraction
f galaxies with 
mjump < −0 . 15 is only 5 per cent at 1 . 65 <
 ≤ 2 . 03 ( F 162 M , purple) and rises to 32 per cent at 5 . 68 < z ≤
 . 58 ( F 410 M , yellow). Moreover, while the median 
mjump =
 . 02 at 5 . 68 < z ≤ 6 . 58 indicates that Balmer jumps are com-
on, the median 
mjump = 0 . 67 at 1 . 65 < z ≤ 2 . 03 indicates that
almer breaks dominate in the galaxy population. Thus, Fig. 14
races the transition of a Universe dominated by young starbursts
ith prominent Balmer jumps at high redshift, to a Universe
ominated by evolved galaxies with sizable Balmer breaks at
ower redshift. Similarly, G. Roberts-Borsani et al. ( 2024 ) and D.
angeroodi & J. Hjorth ( 2024 ) both find, through stacking anal-
ses of NIRSpec PRISM spectra at 5 < z < 10 and 3 < z < 10 ,
espectively, that the Balmer break in spectra stacked according
o redshift tends to increase with decreasing redshift. Moreover,
 Balmer jump emerges in the stacked spectra (analogous to our
edian 
mjump ≤ 0 measurement) for redshift stacks with z > 6 .
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Figure 13. Left panels: Balmer-jump fractions, defined as the number of Balmer-jump candidates divided by the total number of galaxies in absolute 
magnitude bins of 
M = 1 width, for MUV (top) and Mopt (bottom). Error bars denote the errors propagated in quadrature, assuming Poisson errors 
on the counts. Galaxies are split in redshift (colour coding), according to the medium-band filter(s) used to trace the rest-frame optical continuum. The 
Balmer-jump fraction tends to increase with increasing redshift, is relatively flat with MUV , and is strongly increasing with increasing Mopt (which may 
be driven by selection bias). Right panels: nebular-dominated fractions, which exhibit similar qualitative trends to the Balmer-jump fractions. Note that 
the vertical axis limits are different in the various panels. 

6

M
r
t
e
w
n
s
i
r

p  

p
a  

c
u
o

a
A
s
h
l  

p
s  

K  

p
t
b
u  

u
h
t
p
d

 CONCLUSIONS  

otivated by the serendipitous spectroscopic discovery of high- 
edshift galaxies exhibiting the UV downturn associated with 
wo-photon continuum emission (implying nebular-dominated 
mission, or possibly a downturn due to DLA absorption), 
e develop a photometric search method to identify further 
ebular-dominated galaxy candidates. Key to this is the exten- 
ive medium-band imaging offered by JADES, which enables the 
dentification of Balmer-jump galaxy candidates across a wide 
ange of redshifts ( 1 . 5 < z < 8 . 5) . 
We outline how the profile of the nebular continuum de- 
ends on H ii region temperature and collisionally enhanced two-
hoton continuum emission, which requires high temperatures 
nd non-negligible neutral H i fractions in the H ii region. The
ollisional enhancement of two-photon emission raises the neb- 
lar continuum (reducing ξion , neb ), which favours the detection 
f the two-photon downturn, makes the UV slope less red, and 
ffects the magnitude shift associated with the Balmer jump. 
s the Balmer jump decreases with increasing temperature, we 
how that nebular-dominated emission (possibly powered by top- 
eavy, metal-poor star formation) does not necessarily have the 
argest Balmer jumps due to the likely higher H ii region tem-
eratures, despite the relative lack of stellar continuum. Normal 
tarbursts (following a regular IMF, e.g. E. E. Salpeter 1955 ; P.
roupa 2001 ; G. Chabrier 2003 ) lack the stellar ionizing photon
roduction efficiency ξion , ∗ for the UV downturn associated with 
wo-photon continuum emission to be evident in the spectra, 
eing hidden underneath the much brighter stellar contin- 
um. It is only with the increased normalization of the neb-
lar continuum powered by star formation following a top- 
eavy IMF with much higher ξion , ∗, that the nebular con- 
inuum dominates over the incident starlight and the two- 
hoton downturn becomes prominent: the galaxy is nebular- 
ominated. 
MNRAS 549, 1–27 (2026)
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M

Figure 14. The redshift evolution (colour coding) of the distribution 
of 
mjump = mb , UV −mr , 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 
mjump = 

−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. 
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We identify Balmer-jump galaxy candidates through their
eficit in rest-frame optical continuum level (relative to the
V), using medium-band filters that reside in the emission-line
ap between the strong [O iii ] λ5007 and H α lines. Motivated
y the smallest Balmer jumps seen in the nebular-dominated
alaxy candidates identified spectroscopically thus far, and in
urrent Pop III models, we set a relatively modest Balmer jump
ut 
mjump < −0 . 15 for our Balmer-jump selection. As Balmer
umps are a general recombination feature of all young starbursts,
nd thus do not necessarily demand star formation following
 top-heavy IMF, we apply additional selection criteria to iden-
ify possible nebular-dominated galaxy candidates. We demand
 high log (ξion , obs /(Hz erg−1 ) ) > 25 . 60 to power the strong neb-
lar continuum, as well as a relatively non-blue UV colour (e.g.
 115 W − F 200 W > −0 . 4 ) indicating a lack of stellar continuum
mission. However, the same star formation following a top-
eavy IMF that would power the strong nebular continuum, pos-
ibly also powers strong UV lines and significant collisionally-
nhanced two -photon continuum emission, which reduce the
therwise distinct gap in ξion , obs and UV colour between normal
tarbursts and nebular-dominated emission. Hence our nebular-
ominated selection criteria are still quite modest, and dust-
eddened starbursts may form part of our nebular-dominated
andidate list. 
We investigate the continuum and emission-line properties
f our starburst candidates. We find that nebular-dominated
andidates, Balmer-jump candidates and control galaxies (with
mjump > −0 . 15 ) are similarly distributed in absolute UV mag-
itude MUV , with a similar median MUV ≈ −18 . 35 for the three
amples. Owing to their redder UV–optical colours, the control
ample exhibits brighter rest-frame optical continuum absolute
agnitudes, with a median Mopt = −18 . 80 , compared to the me-
ian Mopt = −17 . 95 for the Balmer-jump and nebular-dominated
andidates. As expected from the Balmer-jump selection and
ubsequent ξion , obs cut, Balmer-jump candidates and nebular-
NRAS 549, 1–27 (2026)
ominated candidates are very strong line emitters. The me-
ian rest-frame EWs for nebular-dominated candidates, Balmer-
ump candidates, and control galaxies are 1567, 1007, and 294
for H α, and 2292, 1555, and 342 Å for [O iii ] + H β, respec-

ively. The median H α luminosities log (LH α/erg s−1 ) are 41.86,
1.65, and 41.46, while the median [O iii ] + H β luminosities
og (L[O III]+H β/erg s−1 ) are 42.24, 42.06, and 41.71, respectively. 
Enabled by the plethora of medium bands ( F 162 M , F 182 M ,

 210 M , F 250 M , F 300 M , F 335 M , F 410 M , F 430 M , F 460 M , and
 480 M ), we trace the evolution of Balmer jumps across cosmic
ime. We find that the fraction of galaxies exhibiting Balmer
umps tends to increase with increasing redshift. The Balmer-
ump fraction grows from ∼7 per cent at 1 . 65 < z ≤ 2 . 92 to
19 per cent at 2 . 92 < z ≤ 4 . 54 and ∼32 per cent at 5 . 68 < z ≤
 . 58 . Balmer-jump fractions are relatively flat with MUV , though
trongly increase with increasing Mopt , i.e. Balmer-jump galax-
es dominate at fainter optical magnitudes. However, this Mopt 
rend may (partly) be driven by a selection bias, that disfavours
he rest-frame UV detection of red UV–optical galaxies at faint
ptical magnitudes. Nebular-dominated fractions follow simi-
ar qualitative trends. The nebular-dominated fraction increases
rom∼2 per cent at 1 . 65 < z ≤ 2 . 92 to∼11 per cent at 5 . 68 < z ≤
 . 58) . While Balmer jumps are common at high redshift, with a
edian 
mjump = 0 . 02 at 5 . 68 < z ≤ 6 . 58 , the median 
mjump =
 . 67 at 1 . 65 < z ≤ 2 . 03 , indicating that Balmer breaks dominate
n the galaxy population. Thus the Universe is dominated by
oung starbursts with prominent Balmer jumps at early cosmic
pochs, and transitions to being dominated by evolved galaxies
ith sizable Balmer breaks at lower redshift. 
Finally, we close by noting that our nebular-dominated can-
idates were identified using the select few filters that comprise
ur Balmer jump, ξion , obs and UV colour selections. These mea-
urements are further affected by emission lines which reduce the
nferred Balmer jump (He i λ5876 ) and reduce ξion , obs plus make
he UV slope more blue (C iv , He ii , O iii ], and C iii ]). Through
he development of nebular-dominated galaxy templates, this se-
ection procedure can be refined. By utilizing the full set of avail-
ble photometry via SED-fitting, which naturally accounts for the
reviously mentioned emission-line effects, an even stronger case
an be made for possible nebular-dominated candidates. Even
hen however, normal starbursts can exhibit comparable pho-
ometry to starbursts following a top-heavy IMF with nebular-
ominated emission. Hence deep follow-up continuum spec-
roscopy with the NIRSpec PRISM is ultimately needed to es-
ablish the presence or absence of the two-photon continuum
urnover in the spectra, thus determining whether the galaxy is
ruly nebular-dominated or rather a dust-reddened starburst. 
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PPENDIX  A:  TWO-PHOTON  DOWNTURN:  
ROPOUT  PHOTOMETRIC  DEFICIT  

he steep downturn associated with the two-photon contin-
um represents a significant departure from the generally rather
mooth rest-frame UV slopes. It is for this reason that the two-
hoton (or possibly DLA) downturn is such a notable feature
n rest-frame UV spectroscopy. In this section, we discuss the
hallenges in identifying the imprint of the lack of flux density
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Figure A1. 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 F 140 M and F 150 W at z = 10 ) compared to 
regular smooth UV slopes, e.g. β = −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 
m , 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. β = −2 (green) and β = −3 (blue), 
increases as Ly α shifts through the dropout filter (with the rest-frame 
wavelength at the red edge of the filter λred edge 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 α
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 Ly α emission would reduce the photometric deficit, compli- 
cating the search. 

t  

t
r
A  

o
F

ssociated with the two-photon downturn in rest-frame UV pho- 
ometry. 
We begin by noting that even NIRCam medium-band filters 

with R∼10 ) are too wide to adequately sample the decline in flux
ensity (towards shorter wavelengths) associated with the two- 
hoton downturn. As shown in the top panel of Fig. A1 , although
he two-photon continuum reaches its peak value (in fν) at 1615 
, it only begins to appreciably decline at λ � 1450 Å, so there is
nly really a single medium-band filter (and one wide-band filter) 
racing the lack of flux density associated with the downturn. 
etter sampling would demand 3–4 filters with R∼20 to reveal 
he steep drop in the continuum that is evident in spectra. 
Rather one has to rely on the lack of flux density in one
ide band (and one medium band, if available), specifically 
he dropout filter containing the Ly α break, as the gap in flux
ensity (and thus bandpass-averaged flux density) between the 
teeply declining two-photon continuum (red) and regular UV
lopes, e.g. β = −2 (green) and β = −3 (blue), is greatest closer
o Ly α. We show the magnitude difference between the bandpass-
veraged flux density that would be measured in the wide-band 
ropout filter if two-photon continuum is present vs. a β = −2 
lope (green) and a β = −3 slope (blue) in the bottom panel
f Fig. A1 . Opposite to an emission line causing a photometric
xcess, the steep decline in the two-photon continuum causes a 
hotometric deficit in the dropout filter, causing the source to 
ppear much fainter than it otherwise should be (given normal 
V slopes) for its redshift. As Ly α begins to enter the wide-band
lter (the scenario in the top panel of Fig. A1 ), the photometric
eficit 
m is already 0.37 mag, for β = −2 . By the time Ly α is lo-
ated halfway through the dropout filter, the photometric deficit 
s 0.78 mag, continuing to grow as Ly α passes through the dropout
lter, as the bandpass-averaged gap in flux density between the 
wo-photon continuum and regular UV slopes increases. To be 
eneral, we have assumed a top-hat filter with R = 4 . 5 (typical
or NIRCam) when generating the photometric deficit curves, 
lotted against the rest-frame wavelength at the red edge of the
ropout filter, which decreases with increasing redshift as Ly α
asses through the filter. 
The photometric deficit caused by the two-photon downturn 

s reminiscent of the lack of flux density (e.g. K. E. Heintz et al.
024b , 2025 ) in the dropout filter caused by DLA absorption (see
.g. the photometric deficit in F 115 W for members of a z = 7 . 88
rotocluster, C. Witten et al. 2025a ). Indeed, it has been demon-
trated that at high-redshift, photometric redshifts tend to over- 
stimate the true (spectroscopic) redshifts of galaxies (P. Arrabal 
aro et al. 2023 ; S. Fujimoto et al. 2023 ; S. L. Finkelstein et al.
024 ; K. N. Hainline et al. 2024 ; Y. Asada et al. 2025 ; K. E. Heintz
t al. 2025 ). DLA absorption is widespread and tends to be strong
n the epoch of reionization (Y. Asada et al. 2025 ; K. E. Heintz
t al. 2025 ), causing a prominent UV downturn resulting in a lack
f flux density in the dropout filter (C. Witten et al. 2025a ), in
ddition to the usual deficit caused by the Ly α break. The Ly α
amping wings from a highly neutral IGM cause a weaker soft-
ning of the Ly α break (E. Curtis-Lake et al. 2023 ), resulting in a
ubtler lack of flux density in the dropout filter. Photometric red-
hift fitting codes which do not include this additional DLA ab- 
orption solely attribute this lack of flux density to the Ly α break,
ausing the redshift to be overestimated (Y. Asada et al. 2025 ; K.
. Heintz et al. 2025 ; J. Witstok et al. 2026 ). Hence, the photomet-
ic deficit associated with typical high-redshift DLA absorption 
 NHI ≈ 1020 . 5- 21 . 5 cm 

−2 , Y. Asada et al. 2025 ) is appreciable enough 

d

o bias the photometric redshifts in this way. Given that the spec-
ral profile of the two-photon continuum of GS-9422 can closely 
esemble that of an extreme DLA system (with NHI ≈ 1023 cm 

−2 , 
. J. Cameron et al. 2024 ) it should have a significant effect
n the dropout photometry, as indicated in the bottom panel of 
ig. A1 . 
However, one of the main challenges in identifying nebular- 
ominated candidates through the two-photon downturn photo- 
MNRAS 549, 1–27 (2026)
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M

Figure A2. At z > 10 , the Ly α break starts passing through the NIRCam medium-band filters. The dual medium/wide dropout measurement helps to 
lift the degeneracy between the two-photon downturn photometric deficit and the Ly α break, without precise redshift constraints. The steep two-photon 
downturn results in a significant departure (red) from the medium/wide dropout colours for regular UV slopes: β = −3 (blue), β = −2 (green), and β = 

−1 (orange). Left panel: dropout colours at 10 < z < 13 (circles denote 
z = 0 . 5 steps, with circle size increasing with redshift) withF 140 M − F 200 W and 
F 150 W − F 200 W . Right panel: dropout colours with F 162 M − F 200 W and F 150 W − F 200 W . 

Figure A3. Balmer-jump galaxy candidates identified indirectly, using the photometric boost by H α 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. 
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etric deficit is distinguishing this from the Ly α break, as both
ause a lack of flux density in the dropout filter. This requires
recise redshift constraints, offered by e.g. slitless spectroscopy
e.g. F. Sun et al. 2022 , 2023 ; J. M. Helton et al. 2024a ; Y. Fu-
amoto et al. 2025 ), and possibly extensive medium-band pho-
ometry (K. A. Suess et al. 2024 ; A. Muzzin et al. 2025 ; G. T. E.
arrouh et al. 2026 ). If the redshift of the source is known, then
he contribution of the Ly α break can be precisely determined.
ources that appear appreciably fainter in the dropout filter than
hey should be given their redshift (C. Witten et al. 2025a ),
ikely have DLA absorption and/or strong two-photon continuum
mission. 
At z > 10 ,the Ly α break starts passing through the NIR-
am medium-band filters. This offers an additional avenue
o search for the photometric deficit associated with the
NRAS 549, 1–27 (2026)
wo-photon downturn, perhaps not dependent on spectroscopic
edshift constraints. Generally, the strengths of the Ly α break
n a wide-band filter and its accompanying medium-band filters
re closely related, determined by their relative spectral ranges,
nd further affected by the UV slope. We show this at 10 <
 < 13 using the F 140 M , F 150 W, F 162 M dropout filters, and
 200 W detection filter, in Fig. A2 . In the left panel, F 140 M starts
ropping out at the same redshift as F 150 W, with its dropout
trength F 140 M − F 200 W evolving more quickly with redshift
han F 150 W − F 200 W , due to its narrower spectral range. On
he other hand (right panel), F 162 M starts dropping out when the
y α break is already halfway through F 150 W, with its dropout
trength F 162 M − F 200 W evolving more quickly with redshift,
ith both the F 162 M and F 150 W filters fully dropping out at
he same redshift. Thus galaxies follow well-defined trajectories
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n their medium- and wide-band dropout colours, according to 
heir UV slopes ( β = −3 , −2 , −1 are shown in blue, green, and
range, respectively). The two-photon continuum (red), with its 
trong downturn, further affects the dropout strength, causing 
 significant departure from the general medium- and wide- 
and dropout trends. In principle, nebular-dominated candidates 
ould be identified through their unique medium/wide dropout 
olours in this way, taking into account also the UV slopes mea-
ured using the rest-frame UV photometry. In practice, due to 
he small colour offsets in the dropout–dropout curves, it will 
e difficult as dropout photometry is generally low SNR, unless 
andidates are especially bright or the medium-band imaging is 
articularly deep. 
Finally, we close by noting that we have only been consider-

ng the contribution of two-photon continuum emission to the 
ropout photometry. However, if Ly α emission is present it will 
educe the photometric deficit caused by the two-photon down- 
urn, making this nebular-dominated search method even more 
hallenging. Indeed, this is the case for GS-9422 (Fig. 1 ), with
he Ly α photometric boost mostly hiding the two-photon photo- 
etric deficit, meaning that nebular-dominated candidates can- 
ot always be identified in this manner. Although we would ex- 
ect nebular-dominated galaxies to have intrinsically very strong 
y α emission (e.g. E. Zackrisson et al. 2011 ; K. Nakajima & R.
aiolino 2022 ; J. A. A. Trussler et al. 2023 ), it could effectively
ppear very weak, if the system does not reside in a substantially
onized bubble (e.g. J. A. A. Trussler et al. 2023 ; S. Fujimoto et al.
024 ; J. Witstok et al. 2024 , 2025a , b ). Hence, it should still be
ossible to identify some (not all) nebular-dominated galaxies via 
his photometric deficit procedure. 

PPENDIX  B:  INDIRECT  BALMER-JUMP  

ELECTION  

n the main body of the article we determined the Balmer jump
irectly by probing the deficit in the rest-frame optical contin- 
um directly with a medium-band filter. Here, we discuss the 
rospects of determining the Balmer jump indirectly using the 
mission-line photometric excess in a medium-band filter. The 
enefit of this approach is that it relies on an excess (emission-
ine boost), rather than a deficit (drop in continuum), so the SNR
s greater and thus can be pushed to fainter systems. However, 
his approach also has its challenges, which we discuss. 
Owing to their narrower spectral range, the bandpass-averaged 
ux density is boosted more strongly above the continuum level 
y a given emission line in a medium band than in a wide band.
t is this differential photometric boost d m = mmed −mwide be- 
ween the medium- mmed and wide-band measurements mwide 
hat encodes information about the emission-line EW, and thus 
he rest-frame optical continuum level. In the limit of very weak 
i.e. low EW) lines, there is no photometric boost and the medium
nd wide bands trace the same underlying continuum and so are 
qual (if the continuum is flat in fν). In the limit of very strong
mission lines (i.e. high EW), the differential photometric boost 
pproaches an asymptotic limit, set by the relative widths of the
The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
 https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, a
edium- and wide-band filters. Assuming the wide-band spec- 
ral resolution R = 4 . 5 (typical for most NIRCam wide bands)
nd the medium-band spectral resolution R = 9 (typical for most
IRCam medium bands), then the limiting differential photo- 
etric boost d mlim 

≈ −2 . 5 log 10 (9 / 4 . 5) ≈ −0 . 75 . This limiting
ehaviour can be seen using the approximate formula for the 
hotometric boost 
m = −2 . 5 log 10 (1 + EWrest (1 + z) / 
λ) , as 
Wrest becomes substantially large. For emission lines of inter- 
ediate strength, the differential photometric boost d m is some- 
here between these two extremes, increasing in absolute value 
ith increasing emission-line EW. Hence, the differential photo- 
etric boost can be used to determine the line EW, and thus the
nderlying rest-frame optical continuum level. 
We take the measured differential photometric boost for the 
edium and wide bands probing H α together with the best- 
tting photometric redshift. Iterating over different line EWs, we 
etermine the bandpass-averaged flux densities in the medium 

nd wide bands, assuming a flat fν spectrum with a single emis-
ion line (H α) at the redshift of the source. We find the line
W that yields a differential photometric boost that matches the 
bserved value. The continuum level of the flat fν spectrum is 
caled so that the model bandpass-averaged flux densities match 
he observed flux densities in the medium and wide bands. This
stablishes the rest-frame optical continuum level. 
We show two examples of Balmer-jump candidates identified 

ollowing this indirect approach in Fig. A3 . In the left panel, the
est-frame optical continuum level determined indirectly through 
he F 460 M filter (red plus symbol) is comparable to that deter-
ined directly through the F 410 M filter (red circle). Hence, the
almer jump determined indirectly 
mline = −0 . 44 is very sim-
lar to the value determined directly 
mjump = −0 . 41 . However,
n the right panel, the indirect approach has vastly overestimated 
he Balmer jump, with 
mline = −0 . 94 vs. 
mjump = −0 . 61 . 
The issue with this indirect approach is that in the limit of large
mission-line EWs (relevant for nebular-dominated galaxies), the 
nferred rest-frame optical continuum level is very sensitive to 
light shifts in the measured differential photometric boost. Ap- 
roaching the asymptotic value, large changes in EW (and thus 
ontinuum level) only translate into small changes in the differ- 
ntial photometric boost. So any error on the medium- and wide-
and measurements (statistical or systematic) can cause a very 
naccurate determination of the Balmer jump (and to a lesser 
egree ξion , obs ). It is for this reason that we do not utilise this
ndirect approach in our colour-based analysis. However, we note 
hat the photometric excess in medium bands can certainly be 
seful for deriving continuum constraints when performing SED- 
tting of the full photometry, increasing the redshift range over 
hich the continuum level can be inferred for a given medium-
and filter. 
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